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RESUMEN

Una primera aproximacién al potencial de la técnica de filtracién de ribera (o RBF por sus
siglas en inglés) para ser utilizada en Colombia como alternativa en el tratamiento de agua
para consumo humano fue el principal foco de esta tesis de doctorado. La técnica de RBF
consiste en extraer agua de una corriente superficial a través de un pozo perforado en la
llanura aluvial de la misma y utilizar el acuifero como filtro no sélo fisico sino también
quimico y biolégico. RBF se ha utilizado en Europa por mas de un siglo pero su estudio
sistematico es relativamente reciente y hasta ahora, ademas de Estados Unidos, son
pocos los paises que han aprovechado, o incluso explorado, su potencial. En vista de los
altos costos asociados con las técnicas convencionales de tratamiento de aguas
superficiales que se utilizan en el pais, sumado al hecho de que mas de la mitad de la
poblaciéon no cuenta con acceso a agua de buena calidad y a que, aparentemente, se
cuentan con escenarios apropiados para la implementacién de la técnica pero no hay
documentacidn sobre su uso, se decidié entonces abordar el problema desde tres puntos
de vista diferentes que permitieran una evaluacion global a las posibilidades reales de
aplicar RBF en el pais de una manera exitosa. En primer lugar se utilizé la geomorfologia
fluvial de tramo con el objetivo de comparar sitios donde actualmente se utiliza RBF y
determinar la existencia de caracteristicas comunes que puedan ser utilizadas para
evaluar el potencial de un sitio nuevo con informacion escasa. Adicionalmente, se traté de
establecer si la alta carga de sedimentos en suspensién de los rios Colombianos podria ser
una limitante a la utilizacién de la técnica. En segundo lugar, se escogieron dos sitios en
Antioquia donde existian pozos localizados en llanuras aluviales y donde se habia
establecido la existencia de una conexidn directa entre el acuifero y las corrientes. Alli se
realizaron campafias de muestreo de agua para andlisis de calidad a la luz de Ia
normatividad vigente para establecer el grado de remocién de ciertos compuestos
presentes en el agua del rio en comparacion con el agua del pozo. Ademas, se determind
el porcentaje de agua del rio en el pozo utilizando un trazador quimico. Finalmente, se
evalué el potencial de RBF en la remocién de algunos pesticidas que se emplean
actualmente en Colombia, mediante ensayos de laboratorio y modelacion numérica de
transporte de contaminantes. En términos generales se encontraron resultados positivos
gue apuntan a que la implementacion y uso de RBF en el pais son posibles y se considera
que la técnica es una alternativa promisoria en el tratamiento de agua potable. Es
necesario, sin embargo, realizar mas trabajo de investigacidn para poder entender de una
manera mas precisa algunos de los mecanismos detras de la técnica y las posibles
limitaciones asociadas a caracteristicas particulares del pais y los rios locales, en especial
lo que tiene que ver con fendmenos climdaticos, carga de sedimentos en suspension y
dinamica de las corrientes.

Palabras clave: Filtracion de ribera, interacciéon acuifero-rio, geomorfologia fluvial, calidad
de agua, pesticidas
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ABSTRACT

A first approach to the potential of riverbank filtration (RBF) to be used in Colombia as an
alternative in the treatment of drinking water was the main focus of this dissertation. This
technology involves removing water from a surface current through a well on the
floodplain and use the aquifer as a physical, chemical and biological filter. RBF has been
used in Europe for over a century, but its systematic study is relatively recent and so far,
besides the United States, few countries have used, or even explored, its potential. In view
of the high costs associated with conventional surface water treatment techniques used in
the country, plus the fact that more than half the population has no access to water of
good quality, and that apparently there are appropriate settings for the implementation
of technical but there is no documentation about its use, it was decided to approach the
problem from three different points of view that would enable an overall assessment to
the real possibilities of applying RBF in the country in a successful manner. Stream-reach
geomorphology was used in order to compare sites where RBF is currently operating to
determine the existence of common features that could be employed to evaluate the
potential of a new site with scarce information. In addition, an attempt was made to
establish whether the high load of suspended sediments of Colombian rivers could be a
limitation to the use of the technique. Secondly, two sites were chosen in Antioquia with
wells located in floodplains and where the existence of a direct connection between
aquifers and currents had been established. There, water sampling campaigns were
carried out for quality analysis in the light of the current regulations to establish the
degree of removal of certain compounds in the river water compared with the well water.
In addition, the percentage of river-borne water in the well was determined using a
chemical tracer. Finally, the potential of RBF in the removal of some pesticides currently
used in Colombia was evaluated through column experiments and numerical modeling of
contaminant transport. Overall positive results were obtained, suggesting that the
implementation and use of RBF in the country are possible, and therefore the technique is
considered a promising alternative in the treatment of drinking water. It is necessary,
however, to do more research in order to understand more precisely some of the
mechanisms behind the technique and the possible limitations associated with specific
characteristics of the country and the local rivers, especially what has to do with climatic
events, suspended sediment load and current dynamics.

Key Words: Riverbank filtration, aquifer-river interaction, fluvial geomorphology, water
quality, pesticides
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1 INTRODUCTION

1.1 MOTIVATION AND OBIJECTIVE

Water scarcity affects one third of the population worldwide (WHO, 2009). In 2008 there
were over 800 million people lacking access to improved drinking water sources, i.e. water
sources that are protected from outside contamination, in particular fecal matter. This
situation is much more critical in developing regions where the coverage in rural areas is
only 76% compared to 94% in urban sectors (WHO — UNICEF, 2010). The circumstances
are getting worse due to population growth, urbanization processes, and increased
resource use in both homes and industries (WHO, 2009).

Colombia is one of the countries with higher availability of natural water in the world, with
approximately 8000 km*, 28% corresponding to surface water reserves and 72% to
groundwater (IDEAM, 2010). The country also has encouraging figures in terms of
coverage of improved drinking water sources: in 2008 an average of 92% of the
population had access to such sources, 99% in urban areas and 73% in rural regions (WHO,
2011), and the number of people who gained access to improved drinking water sources
from 1990 to 2008 was over 12 million (WHO — UNICEF, 2010). However, according to the
Colombian Ombudsman’s Office (Defensoria del Pueblo, 2010), in the second semester of
2009 only 32% of the cities received water that was safe for human consumption, i.e.
when the water quality meets 95% of the standards established in the Colombian
legislation. Table 1 shows some of the main water quality parameters that failed to reach
the minimum admissible number (mAN) according to the legislation.

Table 1-1 Water-quality parameters that did not meet the standards in the second semester of
2009 (Defensoria del Pueblo, 2010)

Parameter % of cases | IRCA
Total coliforms 71,1 15
E. coli 54,9 25
Residual chlorine 53,9 15
Color 34,5 6
Turbidity 33,8 15
pH 25,4 1,5
Total iron 11,5 1,5
Aluminum 2,0 3
Nitrites 1,9 3
TOC 1,0 3

As shown in Table 1-1, the most failed parameters are also those with higher risk scores
according to the Drinking Water Quality Risk Index or IRCA for its Spanish acronym
(Republica de Colombia, 2007), i.e. with higher risk for human health. Those parameters
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are: total coliforms, E.coli, residual chlorine from the disinfection process, color, and
turbidity.

One of the reasons for the high presence of total coliforms and E.coli in the drinking water
in Colombia could be the fact that only 15% of the country’s waste water is somehow
treated before its discharge into the environment (Defensoria del Pueblo, 2010). Table 1-2
presents the amount (in tons) of organic matter and total suspended solids (TSS)
originated from domestic and industrial activities discharged in the rivers in 2008 (IDEAM,
2010). The organic matter is represented by the Biochemical Oxygen Demand (BOD), and
the Chemical Oxygen Demand (COD).

Table 1-2 Source and amount (in tons) of organic matter and suspended solids discharged into the
surface water bodies in 2008 (Source: IDEAM, 2010)

Other contaminants of consideration are

BOD CcoD TSS
Domestic | 474.045 | 938.556 992.083
Industry | 211.497 | 631.098 89.176
TOTAL | 685.542 | 1.569.654 | 1.081.259

nutrients, mercury and pesticides. In 2008,

117000 tons of total nitrogen, 29400 tons of total phosphorous, and 178 tons of mercury
are believed to have been discharged in the rivers as a result of domestic and industrial
activities for the first two cases, and from gold and silver mining for the last one (IDEAM,
2010). The sales of pesticides in 2009 were of the order of 12.8 kilotons in its solid form
and 35000 m? in its liquid form (ICA, 2010). However, the country does not have yet a
system that permits to estimate the amount of pesticides that are being discharged
annually into the water bodies (IDEAM, 2010).

Of special concern in Colombia is that the highest pressure in rivers and water bodies in
terms of BOD, COD and TSS occurs in the hydrographic areas of Magdalena — Cauca and
Caribe, where most of the country’s population is concentrated (63% of the Colombian
cities) and only represent 28% of the total national surface water supply (IDEAM, 2010). A
Hydrographic Area is defined as natural territory composed of big drainage systems where
the lotic waters flow either to towards the ocean, a lake, or a main river (IDEAM, 2010).
Colombia is divided in 5 hydrographic regions: Magdalena-Cauca, Caribe, Pacifico, Orinoco
and Amazonas. Table 1-3 shows the percentages of Colombian cities and the total surface
water supply for the five hydrographic areas in Colombia.

Table 1-3 Percentage of Colombian cities and of total surface water supply within the five
hydrologic areas in which the Colombian territory is divided (Source: IDEAM, 2010)

Hydrographic Area | % of Colombian cities within the hydrographic area | % Total surface water supply
Magdalena — Cauca 63 13,2
Caribe 10,8 7,8
Orinoco 11 27
Pacifico 9 12
Amazonas 4.7 38,7




Chapter 1 — Introduction

Other possible causes for the poor drinking water quality, according to the Colombian
Ombudsman’s Office, besides the quality of the water sources, are (Defensoria del Pueblo,
2007):

= Absence of drinking water treatment plants (DWTP): most of the sixth class
municipalities do not have potable water treatment plants, and its inhabitants are
supplied with raw water from different sources. Sixth class municipalities are those
districts or municipalities with a population exceeding ten thousand (10000)
inhabitants, and free destination income per year not exceeding fifteen thousand
(15000) legal monthly minimum wages (Article 2™ of Law 617 of 2000). The legal
monthly minimum wage in Colombia in 2011 was $536000 Colombian pesos = US$280.

* Treatment plants with very basic procedures: DWTP are not built with the specific
technical regulations and are inefficient, or their capacity is not consistent with the
requirements of the municipality.

= |nadequate operation of DWTP: in some places the procedures at the DWTP are not
adjusted to the water quality of the source, or to the conditions of the plant itself, but
procedures from other plants or regions are implemented without making adjustments
to the local conditions.

= Low technical knowledge of the people operating the DWTP: in many cases the
plumber is the same person that operates the plant, without knowing how to execute
correctly the different procedures during the water treatment.

» Problems in distribution networks: inefficient and obsolete. In general, the water that
comes out of the DWTP in Colombia is of better quality than that analyzed in the pipe
network or in households.

= Scarce financial resources destined to DWTP: The resources for drinking water and
basic sanitation are not always implemented or are diverted to different purposes. If
the budget for water supply (aqueduct) had been properly executed, the 100% of the
country’s population would have had access to improved sources of drinking water by
the year 2005 (DNP, 2011).

The lower the water quality of the source, the more complex and expensive the treatment
processes, increasing the risk of diarrhoeal diseases like cholera, typhoid and dysentery,
and other water-borne diseases. Also, it forces people to search for different sources,
even at great distances from population centers, encouraging the storage of water in the
houses, thus incrementing the chance of breeding of mosquitoes carrying dengue, malaria
and other diseases, and liquid contamination (WHO, 2009). In Colombia, the main water-
related diseases are typhoid and paratyphoid fever, hepatitis A, leptospirosis, dengue and
malaria (Defensoria del Pueblo, 2010). These diseases are related either to the treatment
or water distribution, but also to storage conditions.

In order to prevent waterborne diseases is essential that people have access to water of
adequate quality and sufficient quantity, as well as sanitation facilities. As the number of
people with access to improved services increases, the incidence of water-borne diseases
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will diminish. Preventing these diseases also contributes to poverty reduction, keeping in
mind that the poorest people in the world are the ones that pose the greatest health
problems of this type (WHO — UNICEF, 2008).

It is therefore necessary to evaluate alternatives that allow the population to have access
to water of adequate quality, thus reducing the risks to public health, and the treatment
and maintenance costs, since the conventional surface water systems are not always
applicable due to the high costs they generate. In these aspects, the exploitation of
alluvial aquifers, hydraulically connected to surface water, has advantages such as high
production potential, ease and economy of extraction (Doussan et al., 1997).

By pumping, surface water can be forced through the bed and banks of the river, mixing
with water in the aquifer, and experiencing a reduction in contaminant levels due to
physical, chemical and biological processes that take place both between the two types of
water, and between them and the substrate. This process, known as Riverbank Filtration
(RBF) has proven to be an efficient technology in the pretreatment of surface water for
over a century in Europe and half a century in the United States, replacing or reducing the
number of processes commonly used for this task (Kuehn and Mueller, 2000).

In addition to its extensive use in Europe and the U.S., some cities in India, Brazil and
South Korea have begun using RBF for water supply (Ray, 2008), and its potential has been
studied in India (Sandhu et al.,, 2010) and Egypt (Abdalla and Shamrukh, 2011). In
Colombia, however, there are no studies reporting the use of RBF technology as an
alternative system for drinking water treatment, but the reasons for this to happen are
still unknown, and there are apparently favorable scenarios for its implementation. The
latter allows speculating that the RBF technique itself is being used in our country but
empirically or even unconsciously.

The current understanding of the processes and mechanisms behind RBF is still very
empirical (Tufenkji et al., 2002). Because the efficiency of RBF depends on specific site
conditions (hydraulics, hydrogeology and hydrochemistry), there are limitations to define
general guidelines on the conditions necessary for the protection and optimization of RBF
sites (Hiscock and Grischek, 2002). The completion of more studies on the performance of
RBF under a wide range of environmental conditions, may improve the design, operation
and monitoring of RBF systems (Tufenkji et al., 2002).

Given the considerations presented above, it was decided to conduct a doctoral thesis
with the main objective of exploring the potential of riverbank filtration in Colombia as a
technology for the pretreatment of surface water for human consumption, and contribute
to the state of global knowledge of the RBF technique, especially on its application in
tropical regions where specialized studies are scarce.
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1.2 DOCUMENT OVERVIEW

The document is organized as follows:

This chapter (Chapter 1) presents a brief introduction on the motivations and main
objective of this dissertation.

Chapter 2 provides a general theoretical framework on basic concepts about riverbank
filtration, starting from its definition, and covering subjects such as the design of RBF
wells, the attenuation processes that take place during the passage of water from the
river to the well, the type of contaminants that can be removed by bank filtration and the
physical, chemical or biological processes responsible for such reductions, and some
information on the influence of the hyporheic zone in the quality of the bank filtrated
water. Also, RBF is compared to the traditional steps in conventional water treatment
plants, and a summary of the main limitations associated to the technique is presented at
the end of the chapter.

The following three chapters, which represent the core of the thesis, are independent of
each other and explore the potential of RBF in Colombia from different points of view.

Chapter 3 contains the results of geomorphological analysis performed to selected
stream-reaches in potential RBF sites Colombia and in existent RBF sites in Europe and the
United States. The chapter presents similitudes and differences that allow drawing some
conclusions on the possibility of selecting a suitable site for riverbank filtration using
readily available geo-processing tools and simple hydraulic geometry relationships, before
on-site measurements are made. Furthermore, the chapter includes data on average
discharge and sediment load, and comparison between the sites in Colombia and those
abroad, in order to determine possible limitations of local sites due to physical clogging
and the self-cleaning capacity of the rivers.

The effectiveness of RBF in the removal (or reduction in the concentration) of common
water quality parameters is evaluated in Chapter 4. There, the results of the analysis of
water samples collected in two different sites of the department of Antioquia, both from
the river and the well located next to it, were compared to the maximum admissible
values according to the current Colombian legislation for drinking water standards. Also,
the portion of river-borne water in the bank filtrate or degree of mixing of the water from
the river and the aquifer was estimated by using chloride as a conservative tracer.

The fate of agrochemicals during RBF is studied in Chapter 5. In this chase, five pesticides
used in Colombia were selected to perform column tests to determine properties such as
retardation factor, dispersion coefficient and degradation coefficient. Subsequently, the
results were used as input of a contaminant transport model from an RBF site in Germany
to determine that way the potential of RBF to remove these organic compounds from the
river water.

Finally, Chapter 6 presents the most significant conclusions and contributions of this
doctoral thesis and some important recommendations to take into account for future
research.







2 THEORETICAL FRAMEWORK

2.1 INTRODUCTION

Alluvial aquifers are widely used as a groundwater source in many countries, mainly due
to their high production potential, proximity to demand areas, their ease, and economy of
extraction (Doussan et al., 1998). With the pumping of wells located in an alluvial plain
hydraulically connected to a river it is possible to generate a hydraulic gradient so that
surface water is forced to flow through the bed and the banks of the river (Figure 2-1).
During this process, known as riverbank filtration (RBF), a reduction in the concentration
of pollutants is achieved by physical, chemical, and biological processes that take place,
between the surface water and groundwater, and with the substrate (Tufenkji et al.,
2002).

Bank Filtrate 4—‘

L.

[

Alluvial Aquifer

SIS s
Aquitard

Figure 2-1 Basic scheme of Riverbank Filtration

The reduction of pollution levels is accomplished by a number of processes including
physical filtration, microbial degradation, ion exchange, precipitation, sorption, and
dilution (Ray et al., 2002). Other factors that also contribute to the treatment are the river
water and the groundwater quality, the porosity of the medium, the water residence time
in the aquifer, temperature and pH conditions of water, and oxygen concentrations
(Kuehn and Mueller, 2000).

In addition to the removal of pollutants (particles, microorganisms, organic, and inorganic
compounds, etc.) there are two additional advantages of RBF. The first is relative to the
fact that the flow through the aquifer acts as a barrier against concentration peaks that
may result from accidental spills of pollutants. The second is the regulation on the
temperature variations in the river water: during winter, when the air temperatures are
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low, the filtered water is usually warmer than surface water, and in summer it is cooler.
The lowest variation in temperature improves the quality and further processing of the
bank filtrate (Hiscock and Grischek, 2002).

Riverbank filtration technology has been a common practice in Europe for over 100 years,
particularly in countries such as Switzerland where 80 % of drinking water comes from RBF
wells, 50 % in France, 48 % in Finland, 40 % in Hungary, 16 % in Germany, and 7 % in the
Netherlands (Tufenkji et al., 2002). In Germany, for example, 75 % of the city of Berlin
depends on RBF, and in Disseldorf RBF has been used since 1870 as the main drinking
water supply (Schubert, 2002a). In the United States, on the other hand, this technique
has been used for nearly half a century, especially in the states of Ohio, Kentucky, Indiana,
lllinois, among others (Ray et al., 2002). Other countries that have recently started
implementing RBF for drinking water supply are India (Sandhu et al., 2010), China, and
South Korea (Ray, 2008).

2.2 SITING AND DESIGN

Local factors such as river hydrology, hydrogeological site conditions (i.e. aquifer thickness
and hydraulic conductivity), and the aims of water withdrawal determine not only the
capacity of the wells, but also the travel time of the bank filtrate, and distance between
the river and the well (Grischek et al., 2002).

According to Schubert (2006a), two principles have to be taken into account when
designing RBF sites. The first one is the retention time of the river water in the aquifer
which the author states should be at least three weeks, and depends on the distance of
the wells form the riverbank and the pumping rate. The second principle is the verification
of the position of the drawdown curve relative to the riverbed so the steeper part of the
curve is completely confined to the aquifer, to minimize mechanical clogging.

Riverbank filtration wells can be designed either vertically (as the most common practice
especially for the extraction of low water quantities) or horizontally (for higher extraction
rates). Horizontal wells (sometimes with a radial pattern), also known as collector wells,
are usually directed toward the river and extract water from beneath the riverbed,
whereas vertical wells extract water along the riverbed (Ray et al., 2002). Also, RBF wells
can be distributed parallel to the riverbank in galleries or groups (Grischek et al., 2002).

Geomorphology of the river is an important factor to determine the suitability of a site for
RBF. Erosion regions or areas where very fine particles are deposited should be avoided
(e.g. upstream of dams, river mouth regions) (Schubert, 2002b). It means the ideal reach is
the one where transport occurs, where there is a rather broad flood plain, gentle slopes,
and riverbed sediments in the sizes of sands and bigger. Bedrock rivers are not suitable.
The hydraulic gradient of the river can provide information about grain-size distribution,
mean flow velocity in the river, and bed load transport capacity (Schubert, 2002b).
However, a first selection of river reaches apt for RBF can be made by looking at
topographic and geologic maps, aerial photographs, satellite images, Google Earth images,
among others.
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Experience has shown that the inside loop of a meander is the best place to do it to avoid
mechanical clogging (Schubert, 2002a). For example, Schubert (2006b) presents two cases
in the Lower Rhine region near Disseldorf. The Flehe waterworks is located on the outer
bend of the river and during flood events the clogged area spread out the driving head
beneath the river, and the water level decreases abruptly. On the contrary, at the “Auf
dem Grind” well, located inside the loop of a meander there is no significant variation in
the driving head between the river and the groundwater during flood events. These
differences between two sites separated no more than 3 km can be explained by the
location of the well with respect to the meander. As Schubert (2006b) explains, the outer
section of the bend, close to the wells, is almost impermeable because the ground is fully
clogged and “paved”, while the inner side has a movable ground. Therefore, clogging is
more strongly marked by bank filtration wells along the outer section of a bend.

Finally, Grischek et al. (2002) compiled available information from RBF systems in the
United States and Europe, and concluded that the most important parameters for success
during RBF are the flow path length, the thickness of the aquifer, and the infiltration area
in the river. Finally, the authors conclude that the siting and design of an RBF system does
not only depend on hydrogeological factors, but also on technical, economical, regulatory,
and land-use factors.

2.3 ATTENUATION PROCESSES DURING RBF

Four attenuation processes are involved in RBF: hydrodynamic, mechanical, biological, and
physicochemical (Doussan et al., 1998). Figure 2-2 summarizes the main attenuation
processes during riverbank filtration.

In-stream
bioaccumulation

Borehole Recharge and biodegradation
D, v v |
I
v ¥ ¥ —y— ¥y
\ Bank filtrate Fitration River bed —_
Biodegradation (colmation layer)™
Adsorption

/ Chemical precipitation
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-_— Groundwater flow

(/7777777777777 2227227727772

Figure 2-2 Attenuation processes during RBF (Hiscock and Grischek, 2002)

Hydrodynamic processes include convective-dispersive transport, and dilution. The aquifer
acts as a filter for the temporal variation of the pollutant compounds in the river caused
by accidental (or intentional) spills, which, due to the connection between the river and
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the aquifer, represent a risk of contamination to the groundwater. As a result, high
frequency variations in the surface water quality are reduced in groundwater. Beyond
smoothing fluctuations in river water quality, dilution takes place when the river water
mixes with groundwater, which is usually of higher quality, further enhancing the quality
of bank filtrate (Doussan et al., 1998).

The most important mechanical processes for the improvement of water quality is the
natural filtration of fine sediments, particulate organic matter, and pathogens, especially
in the first few meters from the river to the well (Hiscock and Grischek, 2002; Doussan et
al., 1998). A disadvantage of physical filtration is associated with the obstruction or the
clogging of the porous media, as will be explained later.

The biological processes that occur during RBF are directly dependent on the type of
microorganisms that inhabit the aquifer (Doussan et al., 1998; Gollnitz et al., 2005). The
metabolic processes of these microorganisms mainly determine the final quality of filtered
water.

Finally, physicochemical processes are associated with sorption, precipitation reactions,
flocculation, coagulation, and redox reactions (Doussan et al., 1998). All these processes
govern the removal of particles from the porous media, affecting the concentration and
the behavior of metals and other inorganic compounds, thus having implications for the
chemical evolution of water.

2.4 CONTAMINANT REMOVAL

2.4.1 Organic Contaminants

Organic pollutants such as pesticides, herbicides, odorous compounds, oil sub-products,
and pharmaceuticals are of great concern for water quality. Riverbank filtration has been
extensively used for drinking water pretreatment in places with such pollution problems
(JUttner, 1995, 1999). The removal and the behavior of organic compounds during RBF
depends on factors specific to pollutants such as the hydrophobicity of the compound, the
potential for biochemical degradation, the amount of organic matter in the aquifer,
microbial activity, infiltration rate, biodegradability, etc. (Tufenkji et al., 2002). Another
aspect that apparently influences the removal of certain organic contaminants such as
antimicrobial residues is the redox condition of the aquifer together with the travel time
(Heberer et al., 2008).

Although RBF has proven to be a good pretreatment technique for a large number of
organic compounds, it has been found that some certain pesticides, pharmaceuticals, and
halogenated organic compounds are more resistant to removal (Kuehn and Mueller, 2000;
Ray et al., 2002; Tufenkji et al., 2002).

2.4.2 Inorganic Compounds

The main and most common processes that control the transport and fate of inorganic
compounds in RBF are (Tufenkji et al., 2002):

10
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v/ Redox reactions: manganese and iron oxides are mobilized under reducing
conditions and adsorbed, precipitated, or co-precipitated under oxidizing
conditions.

v Microbial degradation of organic matter: this can alter the geochemical conditions
and mobilize metals usually associated with natural organic matter (NOM) such as
copper and cadmium.

v' Dilution: high concentrations of inorganic compounds in river water are depleted
by the mixing of surface and groundwater.

2.4.3 Microbial Pathogens

The primary processes for the removal of pathogens during soil passages are inactivation,
attachment to the aquifer grains (adsorption), straining, and sedimentation (Schijven et
al., 2002). These processes depend on the climate (temperature, rainfall, etc.), the nature
of the porous media (clay content, moisture-holding capacity), and the type of
microorganism (Yates et al., 1985).

2.4.3.1 |Inactivation

Inactivation is a pathogen’s loss of ability to infect host cells. This happens with time
because of the disruption of coat proteins and the degradation of nucleic acids (Gerba,
1984).

Among the main factors that influence virus inactivation rates are temperature,
adsorption to particulate matter and soil, and microbial activity (Schijven et al., 2002).
Many authors consider temperature to be the most significant factor for inactivation;
however, temperature sensitivity and inactivation speed appear to be virus-dependent
(de Roda Husman et al., 2009). For instance, at normal groundwater temperatures (8 to 25
°C), inactivation rates for pathogens are very low: 1.42/day for Shigella sp. (McFeters et
al., 1974), 0.51/day for Salmonella sp. (Keswick et al., 1982), and 0.33/day for E. coli 0157
(Rice et al., 1992).

2.4.3.2 Adsorption

Adsorption is defined as the sum of the electrostatic, hydrophilic, and steric interactions
between viruses and the media itself (Aronino et al., 2009). The interactions that take
place between a microorganism (especially a virus) and soil particles depend on their
surface characteristics (Schijven and Hassanizadeh, 2000). Those characteristics may be
altered by changes in pH, ion strength, multivalent ions, organic matter (Gerba, 1984), and
temperature (Reed et al., 1999).

2.4.3.3 Straining

Straining is the physical removal of microbial particles, and depends on their size and that
of the pore throats. According to McDowell-Boyer et al. (1986), if the ratio of the diameter
of the media to the diameter of the particle is greater than 20, then the straining is not
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considerable, but if the same ratio is between 10 and 20 the removal of particles is
significant. Below a ratio of 10 there is not penetration of the particle through the porous
media.

2.4.3.4 Settling

Also known as sedimentation in pores, settling is determined by Stoke’s settling velocity
which states that the settling velocity directly depends on the mass density difference
between the particle and the fluid, particle size, and gravity force, and inversely, on the
fluid viscosity. In the case of the settling of pathogens in groundwater, the flow velocity is
an important factor, as the settling is most likely to occur at low groundwater velocities
(Schijven et al., 2002).

Several authors have confirmed the efficiency of RBF in the reduction of pathogenic
microorganisms. Wang (2002), for example, reports a 3.8-log reduction for total coliform,
and 2.0-log units for HPC bacteria in Louisville, Kentucky [% removal = 100 — 107(2-x),
where x is the number of log removal, i.e. 1 log = 90 % removal]. Weiss et al. (2002) found
a removal of 2.9 to 3.4 logs for Clostridium, 2.3 to 3.0 logs for E. coli C, and 1.6 to 2.0 logs
for E. coli Famp, in three RBF systems along the Ohio, Wabash, and Missouri rivers in the
United States. Also, at the Greater Cincinnati Water Works in Ohio, a minimum of 4-log
removal of Giardia and Cryptosporidium was reported by Gollnitz et al. (2003). During a
24-month study at the Central Wyoming Regional Water System, Gollnitz et al. (2005)
found an average of 2.1-log reduction for surrogates of Giardia and Cryptosporidium (total
coliform, E. coli, enterococci, total aerobic endospores, algae, diatoms, and turbidity). In
Germany, Schubert (2002b, 2002c) reports a 5-log removal of bacteria, viruses, and
parasites at the Flehe Waterworks in Disseldorf (which began operation in 1870).

2.5 THE HYPORHEIC ZONE

The hyporheic zone is defined as the transition zone between surface water and
groundwater in the alluvial aquifer. This area experiences biogeochemical activity which is
much more intense than surface water or groundwater (Gibert et al., 1997). This
biochemical activity is reflected in the complex and dynamic gradients of light,
temperature, pH, redox potential, oxygen content, and organic matter content (Tufenkji et
al., 2002).

The most important biochemical change that takes place in the hyporheic zone in some
RBF sites is the creation of an anaerobic zone (Figure 2-3). This occurs as a result of the
rapid oxygen consumption involved in microbial activity associated with the degradation
of organic matter and organic contaminants. These anaerobic conditions increase the
activity of denitrifying bacteria and sulfate-reducing bacteria, creating a highly reductive
area, which causes the dissolution of manganese and iron oxides, thus affecting the
quality of filtered water (Bourg and Bertin, 1993).

12



Chapter 2 — Theoretical Framework

Aeration Well field
River

B

A Reduced Mixing zone

| zone Dissolved

oXygen

Manganese

Concentration

Dissolved
organic carbon

Figure 2-3 Water chemistry changes in the hyporheic zone of some RBF sites (Tufenkji et al., 2002)

Another consequence of microbial activity in the hyporheic zone is the formation of
biofilms that can block the pores of the aquifer and reduce its permeability. Clogging of
the pores of the aquifer can also be induced by the retention of fine sediments (< 2 mm)
in the hyporheic zone, especially the precipitation of sulfides and oxides (Gibert et al.,
1997).

2.6 RBF VS. CONVENTIONAL WATER TREATMENT

Coagulation-flocculation followed by sedimentation, filtration and disinfection (often
chlorination) is used worldwide in the treatment of surface water before storage and
distribution to the consumers (Ndabigengesere and Narasiah, 1998).

Based on German experience with bank filtration along the Rhine River, Kuehn and
Mueller (2000) compared the processes for the treatment of raw river water versus those
needed for bank filtrate, and found that some conventional surface water treatment
processes can be eliminated if RBF water is used, i.e. coagulation-flocculation,
sedimentation and, sometimes, filtration (Figure 2-4). Bank-filtrate water usually requires
additional treatment before disinfection, such as activated carbon filtration (ACF),
ozonation - filtration - ACF, or aeration -> filtration (Figure 2-5). This is especially
common in rivers with high concentration of ammonia, organic compounds, and micro-
contaminants.
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I Raw water | Coagulation I Flocculation |
RBF
I Disinfection™ | I Filtration | ISedimentatiunl
Storage Distribution

#Disinfection: Chlorination, ozonation, activated carboon, etc.

Figure 2-4 Scheme of conventional steps during surface water treatment processes vs. RBF

The content of dissolved oxygen (DO) in river water is an important factor for determining
the need for further bank filtrate treatment before disinfection. For example, if conditions
become anaerobic either due to the low DO content in the river water or because of a
high oxygen demand due to the presence of microorganisms in the soil, iron and
manganese will undergo chemical reduction and solubilize in the water, requiring their
removal by further treatment such as aeration and filtration, before disinfection (Mucha
et al., 2006).

| I |

|riverbank filtration | flocculation/ preozonation
T . -
[ | sedimentation flocculation/
activated ozonation sedimentation

carbon filters

ozonation

filtration

filtration

_ activated
activated carbon filters
carbon filters
groundwater
enrichment
| safety chlorination | | safety chlorination |

Figure 2-5 Processes for the treatment of raw river water and bank filtrate in Germany (Kuehn and
Mueller, 2000)

Ammonia content in river water also determines the quality of bank filtrate (Kuehn and
Mueller, 2000) and the necessity of performing other treatment processes before
disinfection. This is because nitrification (the oxidation of ammonia into nitrites and then
into nitrates) is an aerobic process that consumes oxygen in river water. If DO content in
river water is already low, then anaerobic conditions will develop, and the iron and
manganese which would otherwise be present as precipitated in their oxidized form (Fe**
and Mn**), will be solubilized (as explained above) (Tufenkji et al., 2002).
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Biological processes can also contribute to oxygen consumption and thus to the
solubilization of iron and manganese. These processes depend on different factors such as
pH, temperature, DO, and the content of organic compounds in the water (Kuehn and
Mueller, 2000).

Kim and Corapcioglu (2002) and Kim et al. (2003) demonstrated that colloidal particles
and dissolved organic matter (DOM) present in the water can increase the mobility of
contaminants by the reduction of retardation, and that they can change the degree of
sorption and microbial degradation. If this happens, the efficiency of RBF will be
compromised since those contaminants might be present in the bank filtrate. Depending
on the nature and final concentration of the contaminant, the bank-filtrate will need
further treatment before disinfection.

When chlorination is used as the disinfection process, chlorine reacts with natural organic
matter (NOM) and halides (Cl-, Br-) to form disinfection byproducts (DBPs) such as
trihalomethanes (THMs). Those DBPs are harmful for human health, especially
brominated trihalomethanes (THMs-Br) which are suspected to be much stronger
carcinogens and mutagens than their chloride-containing analogues (Richardson, 2003).

Although the RBF has proven to be efficient in removing organic matter (total and
dissolved organic carbon, TOC and DOC), as well as certain DBPs (Weiss et al., 2003), if
chlorination is used as the disinfection method, there might be an increase in THM
concentration. It could then be recommended to use ACF before disinfection to reduce
the amount of TOC and then the formation of THMs.

2.7 LIMITATIONS

In addition to the inability of RBF to remove certain biological, inorganic, and organic
contaminants, limitations associated with the hydrology and dynamics of the river and
groundwater cannot be ignored. On the contrary, these aspects should be taken into
account when RBF is considered as a pretreatment solution (Schubert, 2002a).

Changes in the hydraulic gradient from the river to the aquifer, and in the hydraulic
conductivity of the alluvial deposits, generate changes in the pore water velocity as well as
in the retention time, which may limit or change the biogeochemistry activity that takes
place in the hyporheic zone. Finally, changes in water temperature affect not only the
hydraulic conductivity due to the reduction of the viscosity of water, but also the rate of
biogeochemical processes and microbial activity, which could weaken the final quality of
the filtered water (Vanek, 1997).

Fluctuations in the river stage alter water saturation, biofilms content, geochemistry, and
even the structure of the RBF system, thus affecting the performance of the treatment.
Such variations can affect the flow and transport characteristics of the whole system
because the unsaturated region, which may not have the same removal potential as the
saturated zone, could be infiltrated by river water during an increased stage level and,
therefore, the filtered water obtained will have a poorer quality (Schubert, 2000).
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The efficiency and performance of RBF can also be compromised by scouring processes
carried out on the river bed and banks when the flow rates are very high, which is a fairly
common problem (Gollnitz et al., 2004). The consequent loss of fine sediments,
responsible for the low permeability of the river bed (usually one to three orders of
magnitude below the permeability of the aquifer) could be a problem in the treatment
process since the efficiency of filtration decreases. Another effect of scouring is the
removal of microorganisms which are essential for improving the quality of river water in
the hyporheic zone.

Another limitation associated with RBF is the obstruction or clogging of the porous media.
There are four types of clogging: mechanical, physical, biological, and chemical.

Mechanical clogging is defined as the blocking of flow through porous media due to the
entrapped gas that is released from or dissolved into the porous media can change the
permeability of media, thus preventing the water from making its way through the aquifer
(Zhou et al., 2010).

Microorganisms produce a range of poorly soluble gases such as carbon dioxide (CO,),
nitrogen (N;), hydrogen (H;), oxygen (O,), and methane (CH;). However, O, and H, have
rarely been reported to accumulate in soil (Baveye et al., 1998). Nitrogen gas produced by
denitrification, and methane produced during methanogenesis have been further
identified as the most prevalent gases thus entrapped.

Physical clogging is caused by the continual percolation of river water containing
suspended matter due to well pumping (Schubert, 2006c). This process is governed by the
dynamics of the river (runoff, erosion, transport, and sedimentation), the quality of the
river water, the location of the wells related to river geomorphology, and the distance
between the well and the riverbank (Schubert, 2006b).

The settling velocity of fine particles inside the aquifer pores depends not only on the
physical properties of the sediments (size, weight, etc.), but also on the water velocity
(river discharge) and viscosity (Hubbs, 2006a). This means that a particle will settle easier
on a low-flow low-viscosity river.

Sometimes reductions on the hydraulic conductivity of the aquifer (manifested by
increasing drawdown) are related not only to clogging, but also to low water
temperatures (Schafer, 2006; Hubbs, 2006b).

Hubbs (2006a) presents another possibility for mechanical clogging that has to do with the
development of unsaturated conditions under the riverbed. In that case, the forces of the
overlying water column compress the loose soil into a structure with much lower
hydraulic conductivity.

Biological clogging is caused by excessive biomass accumulation in the riverbed
(Engesgaard et al., 2006). The distribution of biomass has been assumed to be uniform as
a biofilm covering the grain surfaces. However, it has been found that microorganisms
grow in micro-colonies, and that plugs of biomass, rather than biofilms, are responsible
for bioclogging (Seifert and Engesgaard, 2007).
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Biofilms are the normal environment for most microbial cells (especially bacteria) in many
natural and artificial habitats. They are an aggregation of microorganisms growing in a
matrix of expolysaccharides, by adhering either to each other or to a grain surface
(Sutherland, 2001). The production of polysaccharides can be favored by factors such as
temperature, redox potential, the availability and nature of organic substrate, nitrogen
availability, O, concentration, and the physiological status of microorganisms (Baveye et
al., 1998).

Due to the fact that each type of microorganism has its own optimum growth
temperature (Schijven et al., 2002) the extension and formation rates of biofilms in a
riverbed will depend highly on the temperature of the water infiltrating the riverbed.

Chemical clogging is caused by the precipitation of compounds into the pores of the
aquifer. Some factors thought to influence chemical clogging are iron, ammonia, and
nitrate concentrations, and the hardness of the water (Caldwell, 2006).

High loads of biodegradable substances in the river water can lead to chemical clogging
due to strong changes in redox-potential and pH values, which may cause the
precipitation of substances into the pores of the aquifer (Schubert, 2002a). These changes
are strongly related to the microbial activities in the riverbed, since it controls the redox
conditions of the medium to a high degree, preventing or stimulating the precipitation of
inorganic substances (Caldwell, 2006). That is the reason why some authors refer to
biochemical clogging.

In general, biochemical clogging occurs beyond the infiltration area where mechanical
clogging predominates (Schubert, 2006b).

Clogging may be limited or removed by the self cleaning potential of the river: scouring
(Schubert, 2002a). The scouring process is the result of the shear forces imparted by the
movement of water flowing into the river, and the resistance to the movement provided
by the riverbed itself, which is a function of the river slope, the vertical velocity profile,
and sediment transport (Hubbs, 2006a). However, in some cases, larger sediments form a
sort of armor that prevents sediment resuspension from the bed by the action of flood
waves (Stuyfzand et al., 2006).

2.8 CONCLUSIONS

During RBF, pumping pressure in the alluvial aquifer adjacent to the river can force the
water to percolate from the river into the aquifer. In this path, a series of physical and
biogeochemical processes take place, including physical filtration, adsorption, absorption,
biodegradation, and dilution. Thus, riverbank-filtrate often shows better quality than river
water, making its treatment for human consumption a lot easier and less expensive.

The removal of sediment, organic and inorganic compounds, and pathogens takes place
during the first meters from the river in what is known as the hyporheic zone, which
usually presents reducing conditions due to the high microbial activity which consumes
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the oxygen in the water. Within this zone there are important biochemical processes and
redox reactions that affect groundwater quality.

The efficiency of RBF depends on local conditions including the hydrology and
hydrogeology of the site, the geochemistry of water (from both the river and the aquifer),
the geochemistry of microbial populations, and associated metabolic activity. This is the
reason why is difficult to define general procedures for identifying appropriate sites to
implement the RBF technique, as well as the expected efficiency of the process.

One limitation on the efficiency of RBF is the clogging of the bed and the banks of the
river, which decreases the hydraulic conductivity in the hyporheic zone. This clogging can
be caused by the infiltration of fine sediments, gas entrapment, biofilm formation related
to microbiological activity, or the precipitation and co-precipitation of inorganic
compounds, being the first of these the most influential factor in clogging formation.

Although the practice of riverbank filtration has been used in Europe for more than a
century, the current understanding of the processes and mechanisms behind this
technique are still very empirical. Besides, its use in tropical countries is almost
nonexistent. At the PARH (Posgrado en Aprovechamiento de Recursos Hidraulicos) of the
Universidad Nacional de Colombia in Medellin, we believe there is a great potential for
RBF in our country, and that is why we are exploring this issue with more detail.
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3 POTENTIAL RIVERBANK FILTRATION SITES |IN
COLOMBIA - A GEOMORPHOLOGICAL ANALYSIS

3.1 INTRODUCTION

One of the problems that arises when looking for the right place for a riverbank filtration
site is the fact that the efficiency of the technology depends on local conditions such as
river hydrology (discharge, sediment load, etc.) and hydrogeology of the site (aquifer
geometry, hydraulic conductivity, etc.), the geochemistry of water (from both, the river
and the aquifer), and the biochemistry of microbial populations, just to name a few. This is
the reason why it is difficult to define general procedures for identifying appropriate sites
to implement RBF: because it is governed by site-specific conditions (Grischek et al.,
2002).

It is also known, that the geomorphology of a stream is an important factor to determine
the suitability of a site for RBF. Schubert (2002a), states that the hydraulic gradient of the
river can provide information about grain-size distribution, mean flow velocity in the river,
and bed load transport capacity. He also affirms that, based on the typical longitudinal
river profile proposed by Shumm (1977), where three regions can be distinguished based
on the dominant processes (erosion in the upper part, transport in the middle and
deposition in the lower part), erosion reaches and areas where very fine particles are
deposited should be avoided as RBF sites, due to the problems associated with scouring
and clogging, respectively (Figure 3-1).
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Figure 3-1 Typical longitudinal river profile and associated processes (Fitzpatrick et al., 2006)

Schubert (2006c) also suggests that the inside of meander loops are preferred locations
for RBF sites, because of the higher proportions of river-borne water that can be extracted
as a result of the natural cross flow between the upstream and the downstream of the
loop, and the fact that the movable riverbed along the border of the river in such sites
promote the self-cleaning process of clogged areas.
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These appreciations about the most desirable geomorphological settings for an RBF site
have been obtained in an empirical way, just as much of the knowledge that exists on the
technology. It is important, then, to find out whether existing, successful and efficient RBF
sites share similar geomorphological characteristics that could be easily measured through
the use of geospatial data, aerial images, satellite images, etc. in order to help when
looking for new, potential RBF sites.

In order to do this, some of the RBF sites in Europe and the United States where RBF is
being used in a successful way were analyzed from a geomorphological point of view, and
then compared to some pre-selected sites in Colombia. This was done by following the
methodology proposed by Jimenez (2015), who, as part of his doctoral dissertation,
analyzed the morphology of 123 stream reaches in Colombia and Venezuela, allowing the
distinction of universal classes of downstream hydraulic geometry (DHG) for bankfull
width. His work has a strong basis on the findings of Montgomery and Buffington (1997)
and Flores et al. (2006), who studied channel-reach morphologies in mountain drainage
basins and considered channel-reach as an important scale parameter in hydraulic
geometry.

On one hand, because the assumption of a simple longitudinal river profile model does
not really match most natural rivers, Montgomery and Buffington (1997) proposed an
expansion of such channel-reach classification, as shown in Figure 3-2. In their scheme,
alluvial channels can be classified in five different morphologies according to their slope
and position within the channel network: cascade, step-pool, plane-bed, pool-riffle, and
dune-ripple. Each morphology has its own particularities according to the confinement
degree, the presence of a well-developed channel migration zone, and the relationship
between sediment supply (Qs) and transport capacity (Qc). Thus, the downstream
sequence shown in Figure 3-2 is accompanied by a progressive decrease in valley-wall
confinement (hence, a better established floodplain) and transport capacity, whereas
sediment supply increases with drainage area (Figure 3-3).

initiation Debris Flows

Large Woody Debris

o

largely immobile: largely mobile:
traps sediment acts as sediment

plane-bed
pool-riffie

Figure 3-2 General distribution of alluvial channel types along a river longitudinal profile
(Montgomery and Buffington, 1997)
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Figure 3-3 Relative trends in sediment supply (Qs) and transport capacity (Qc) in alluvial mountain
channels (Montgomery and Buffington, 1997)

Flores et al. (2006), on the other hand, went a little bit further and investigated whether,
besides channel-reach bed slope, the morphologies defined by Montgomery and
Buffington (1997) also depended on basin scale, more specifically drainage area. The
authors proposed a classification tree model based on the sediment transport capacity
along the stream, expressed in terms of the index of specific stream power, SoA%?, where
So is the bed slope and A is the contributing watershed area associated to the channel-
reach. They found a threshold for S, equal to 0.025, below which the reaches can be
classified as transport-limited (Qc << Qs), as is the case for pool-riffle and plane-bed
morphologies, and above such value they can be considered supply-limited (Qc>>Qs), i.e.
either step-pool or cascade reaches (Figure 3-4). Besides, they also found that the index
SoA% allows a better distinction of stream types into each coarse-category than using only

the downstream slope.

Slope <0.025 Slope > 0.025
SpAY* £0.055 SpA% <0.206
SpA% < 0.055 SpA% > 0.055 SyA% < 0.208 SpAM > 0.206
|
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Figure 3-4 Stream morphology classification framework proposed by Flores et al. (2006)

It is known that one of the limitations of RBF is the reduction of the hydraulic conductivity
of the riverbed and banks due to clogging, which can be caused by the continual
percolation of river water containing suspended sediments (Schubert, 2002a; 2006c).
However, clogging may be reduced or removed by the self-cleaning potential of the river,
i.e. scouring (Schubert, 2002a). Therefore, being able to determine such river potential to
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erode the banks and bed is considered in this work as an important part of the
determination of sites with potential for RBF.

According to Hubbs (2006a), the scouring process is the result of the shear forces
imparted by the movement of water flowing into the river, and the resistance to the
movement provided by the riverbed itself, which is a function of the river slope, the
vertical velocity profile, and sediment transport. The author proposes an indirect way of
evaluating the river capacity for scouring and sediment transport by using the
downstream variations of the longitudinal profile, according to the equation presented by
Julien (1998): T, = ¥,,,h,S,, Where T, is the riverbed shear stress [N/m?], ¥,,, is the specific
weight of the mixture of water and sediments [N/m?], which Hubbs (2006a) suggests can
be simplified as the specific weight of clean water, h,, is the normal flow depth [m], and S,
is the bed slope [dimensionless].

Another way to measure the main driving forces acting in a channel, and thus the river’s
capacity to transport sediment and to erode, is through the joint effect of channel
gradient and discharge, also known as stream power (Bagnold, 1977; Newson et al., 1998;
Ferguson, 2005; Bizzi and Lerner, 2013). Total stream power (in wWm™) is defined
as 2 = yQS,, whereas specific stream power (in Wm™) can be expressed as w = 2/W,
where y is the unit weight of water (9800 N/m3), Q is discharge (m3/s), So is the bed slope
(m/m), and W is the channel bankfull width (m).

The fact that the formula for shear stress that Hubbs (2006a) recommends encompasses a
series of simplifications and requires knowledge of flow depth, which is not always
available unless on-site measurements have been carried out, and given that stream
power can be easily estimated using geo-processing tools, makes the latter a better
variable to evaluate the self-cleaning potential of a river to counteract for possible
clogging. However, one of the limitations of using stream power instead of shear stress is
that it only takes into consideration the river driving forces but excludes the resisting
forces such as sediment size distribution, or limiting factors such as sediment availability
(Bizzi and Lerner, 2013).

This chapter has two main purposes then. The first one is to determine if, by using readily
available geo-processing tools and simple hydraulic geometry relationships, it is possible
to select a site suitable for riverbank filtration before on-site and detailed measurements
need to be made. The second is to find out if, under those premises, Colombian rivers
possess the necessary qualities to act as potential RBF sites.

3.2 METHODS

3.2.1 Site Selection
Colombia

Aiming at covering as much area of the Colombian territory as possible, and including
different hydrological and geomorphological settings (elevation above sea level, stream
width, discharge rates, sediment load, precipitation regime, etc.), a set of 14 stream
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reaches spread across the country, with a well-developed alluvial plain, was selected using
Google Earth satellite images.

These sites were chosen because they were close to gauging stations belonging to the
IDEAM (Colombian Institute of Hydrology, Meteorology and Environmental Studies), and
where both discharge and sediment load were being measured. The idea behind this was
to have reliable information in order to be able to make comparisons between the sites,
not only on a geomorphological scale but also on a hydrological one.

Finally, the selected reaches were picked because there are population centers of
different sizes nearby, so the results obtained here could provide the basis to implement a
real alternative for drinking water supply in specific communities.

USA and Europe

The sites in the United States and Europe, against which the selected sites in Colombia
were compared, were some of the RBF systems discussed by Caldwell (2006), and are
presented in Table 3-1.

Table 3-1 Riverbank filtration sites in USA and Europe used for comparison with the selected
potential sites in Colombia (Caldwell, 2006)

Location Waterworks Wellfield
Gre.at M'a”T' River Greater Cincinnati Waterworks Charles M. Bolton
(Cincinnati, OH)
M Ri
|ssour|. ver Kansas City Board of Public Utilities Nearman WTP
(Kansas City, KS)
hio Ri
0 .IO. ver Louisville Water Company B.E. Payne WTP
USA (Louisville, KY)
Platte River
ity of Lincol Ashl
(Ashland, NE) City of Lincoln shland
Raccoon River
Des Moi W k Pl Ri
(Des Moines, IA) es Moines Waterworks atte River
Russian River .
(Sonoma Co., CA) Sonoma County Water Agency Wohler and Mirabel
Ri E
ver nns. Ennskraft Company KRB02
(Steyr, Austria)
EUROPE - -
Rhine River . .
.. Flehe, Grind and Staad Flehe, Grind and Staad
(Dusseldorf, Germany)

3.2.2 Google Earth Digitalization

Using the satellite images in Google Earth, the margins and main axis of the selected
reaches were digitalized, trying to follow the path of what would be the higher
geomorphically-effective discharge, i.e. the discharge that, on average, transports the
largest portion of a river’s annual sediment load (Wolman and Miller, 1959).
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3.2.3 Reach Analysis

Different morphological features were found using the AutoCAD Visual Basic macros and
MATLAB routines developed by Jimenez (2015). These include the reach-averaged width,
W, sinuosity, and the median curvature radius, R,.

To calculate the average width, W, an AutoCAD VB macro was used as follow: i) the
digitalized margins and axis are transformed from a Google Earth format into a shape file;
ii) the axis is resampled using a regular spacing, close to the expected width; iii)
perpendicular transects are defined along the resampled axis intersecting the digitalized
margins; iv) the macro estimates the width corresponding to each axis node and calculates
the average and standard deviation of the width, as well as the length of the reach, and its
sinuosity. Figure 3-5 shows one example of the different components that intervene in the
estimation of W.

The estimation of a representative curvature radius, R, was made with a MATLAB routine
that iteratively re-meshes the axis using a regular spacing AX; within the interval [0.01W —
10W], where W is the reach-averaged bankfull width previously estimated. Afterwards, a
radius of curvature is assigned to every three consecutive points along the re-meshed axis
and, when the entire mesh interval is sampled (using incremental values of 0.01W) a
diagram of AX versus R, is obtained (Figure 3-6).

AR d ] TR

-Width values

©2013 Google

Image © 2013 DigitalGlobe

Figure 3-5 Example of a digitalized reach and some of the components in width estimation
(Jimenez, 2015)

According Jimenez (2015) “The first maximum local variance and the second minimum
local variance of the obtained diagram allow the identification of a W fraction for which
the median radius estimation remains almost invariant. Such fraction is used to assess the
R., value corresponding to each stream reach.” The MATLAB routine also estimates the
median reach amplitude and the wave length of the meander bends.
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REACHT71;W=1105m

Local variance

Figure 3-6 Example of the diagram resulting from the estimation of the mean curvature radius, R,
based on maximum and minimum local variances (Jimenez, 2015)

3.2.4 GIS Processing

Two different Geographic Information Systems were used during the development of this
work: HidroSIG 4.0 and QGIS 2.2.

HidroSIG 4.0 is a set of plugins implemented into MapWindow GIS [www.mapwindow.org]
and it was developed at the Graduate Program in Water Resources of the School of
Geosciences and Environment at the Universidad Nacional de Colombia
[http://www.medellin.unal.edu.co/~hidrosig/]. This tool package was utilized to delineate
watersheds and the main water courses at the selected sites.

On the other hand, the free and open source Geographic Information System, QGIS 2.2,
[http://www.qggis.org/en/site/] was used to extract, from digital elevation models, the
longitudinal profiles of the analyzed rivers, and to calculate watershed areas (in km?).
Those profiles were then corrected with an excel macro developed by Jimenez (2015).
Figure 3-7 shows an example of the type of correction performed by the mentioned
macro. The blue solid line shows the original elevations from the DEM, whereas the red
dotted line is the profile resulting from the filtering.

The digital elevation models (DEM) and the flow direction maps used here corresponded
to 15 seconds arc pixel size HydroSHEDS maps [http://hydrosheds.cr.usgs.gov/index.php].
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Figure 3-7 Example of the correction performed by the macros to a river profile extracted from the
digital elevation model.

3.2.5 Reach-Morphology Type Definition

The classification method proposed by Flores et al. (2006) was used to categorize each
stream reach as either transport-limited (pool-riffle or plane-bed), or supply-limited (step-
pool or cascade) (Figure 3-4).

The reach slope, Sy, was calculated as the difference in heights between the upstream and
downstream edges of the reach (taken after carrying out the filtering procedures), divided
by the length of the reach calculated in QGIS. The watershed area, A, was calculated using
GIS software as explained above.

3.2.6 Hydraulic Geometry Analysis

The planform features found during the stream-reach processing were then compared to
each other (R, Amp and L, vs W, R, vs Ly, R, vs Amp and Amp vs L), against drainage
area (W, R, Amp and L, vs A) and against discharge (W and R, vs Q), in order to find
hydraulic geometry relations that could allow making distinctions or generalizations
between the RBF sites selected in the US and Europe, and those potential sites selected in
Colombia for comparison. This was done mainly with the use of scatter graphs in log-log
axis scale, and box and whisker plots.

3.2.7 Streams Self-Cleaning Potential

Total stream power (Q) and specific stream power (w) were used to compare the reaches
according to their self-cleaning potential. The reach slope and the bankfull width were
those values obtained previously during the reach-processing. The stream discharge used
for the Colombian rivers was the flood having a 2.33 years recurrence interval, whereas
for the sites in the US the discharge was the one reported by Caldwell (2006) as bankfull
discharge. In the case of the two RBF sites in Europe, the mentioned author does not
report the bankfull discharge but only the average discharge, so the calculations were
made using such value.

26



Chapter 3 — Potential Riverbank Filtration Sites in Colombia

3.3 RESULTS AND DISCUSSION

3.3.1 Site Selection in Colombia

The gauging stations, and hence channel reaches, selected in Colombia for the analysis
and comparison with functioning RBF sites in Europe and the US, are shown in Figure 3-8.
The name of the gauging stations (which will be used to identify the site from now on), the
name of the river where they are located, the daily average variables that are measured in
each station (discharge, sediment concentration and/or sediment load), and the
geographical coordinates of the sites are shown in Table 3-2. In those stations where
suspended sediment concentration, or total suspended solids (7SS), was not measured,
the value was calculated dividing the suspended sediment load by the discharge (m/Q),
previously having converted m to kilograms per second.
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Figure 3-8 Localization of the selected gauging stations in Colombia

At the time the information was received, the station with the longest registry period was
La Virginia, with 41 years for discharge and 37 years for both, sediment concentration and
sediment load; whereas the station with the shortest registry period was Sta Rita with 14
years for discharge, 8 years for sediment load and no registry for sediment concentration.
However, the parameter with less data was sediment load for Pefas Blancas station, with
only 4 years of registry.

27



Evaluation of the Potential for Riverbank Filtration in Colombia

Table 3-2 Information about the used gauging stations in Colombia

ID Station Name Department River Parameters* | Lat. Long.
1201706 | Apartado Antioquia Apartado Q,C m 7.88 | -76.62
2612701 | El Alambrado Valle del Cauca La Vieja Q,C m 4.41 | -75.88
3207711 | El Limon Meta Guejar Q,C m 3.37 | -74.03
2119715 | El Limonar Tolima Sumapaz Q,C m 4.23 -74.62
2624702 | La Coquera Antioquia Cauca Q, C**, m 7.96 | -75.20
2617703 | La Virginia Risaralda Cauca Q,C m 4.89 | -75.88
2316701 | Pefas Blancas Antioquia Magdalena | Q, C**, m 6.95 | -73.95
3501702 | Pte Lleras Meta Meta QC m 4,10 | -72.94
2308715 | Pte Real Antioquia Negro Q,Cm 6.14 | -75.38
4701716 | Pte Texas Putumayo Putumayo | Q,C, m 0.58 | -76.58
3521701 | Pte Yopal Casanare Cravo Sur Q,C m 5.37 | -72.42
1602706 | Pto Leon Norte de Santander | Zulia Q,C m 8.37 | -72.43
2703703 | SanJuan Antioquia Nechi Q, C**, m 7.48 | -74.92
3307701 | Sta Rita Vichada Vichada Q, C**, m 4.87 | -68.36

*Q: discharge [L3/T], C: suspended sediment concentration [M/L3], m: suspended sediment load [M/T]. **C
not measured but calculated as m/Q.

The daily data for discharge (Q) and total suspended solids (7SS) was taken to a monthly
resolution for all the available years, and then the average multiannual monthly values
were calculated and plotted against time (in months), as shown in Appendix A. In the
graphs, the blue bars represent Q in cubic meters per second, and the orange lines denote
7SS in kilograms per cubic meter.

Two examples of the graphs contained in Appendix A are presented in Figure 3-9. From
the figures, it becomes clear that some stations present a bimodal hydrological behavior
of Q whilst others display a unimodal distribution of the same parameter, which goes in
concordance with the findings of Mesa et al. (1997) about Colombian hydrological cycles.
In general terms, the TSS graphs show a similar trend than the ones for discharge.
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Figure 3-9 Examples of multiannual monthly values of discharge in m>/s (blue bars) and total
suspended solids in kg/m? (orange line) for two of the selected stations in Colombia.

The highest discharge values were those measured at Pefias Blancas station (located on
the Magdalena River), whereas the lowest were those for Apartado station, on the river
that has the same name (see Table 3-3). Also, the highest sediment concentration values

28



Chapter 3 — Potential Riverbank Filtration Sites in Colombia

were registered at La Coquera station, on the Cauca River, and the lowest at Sta Rita, on
the Vichada River. Thus, the highest average discharge is of the order of 2900 m?3/s, whilst
the lowest is close to 5 m>/s. In terms of TSS, the maximum concentration measured was
1.4 kg/m>, whereas the lowest was 0.02 kg/m>. The fact that the data is covering a wide
range of both discharge and TSS, allow making comparisons at different scales.

Table 3-3 Average values for discharge and total suspended solids at the gauging stations selected

in Colombia
Station Q(m’/s) | TSS (kg/m?)
Apartado 4.65 0.241
El Alambrado 55.07 0.781
El Limon 32.06 0.216
El Limonar 43.18 0.098
La Coquera* 1,380.98 1.409
La Virginia 545.75 0.435
Pefias Blancas* 2,912.96 0.469
Pte Lleras 434.04 0.677
Pte Real 7.22 0.111
Pte Texas 500.15 0.082
Pte Yopal 89.34 0.525
Pto Leon 120.8 0.236
San Juan* 479.2 0.390
Sta Rita* 1,032.38 0.024

*TSS estimated as m/Q

3.3.2 River Profiles

The longitudinal profiles of the rivers, after filtering as explained in section 3.2.4, are
presented in Figure 3-10. Due to the amount of rivers, it was decided to divide them
according to river length. Thus, rivers with a longitude up to 200 km are shown in Figure
3-10 (a), those longer than 200 km but shorter than 500 km are presented in Figure 3-10
(b), rivers with length between 500 and 1400 km can be seen in Figure 3-10 (c), and finally,
those longer than 1400 km are in Figure 3-10 (d). The square blue markers (and associated
blue lines) represent those sites where there are at present, successfully functioning RBF
sites, while the round black markers (and associated black lines) denote those potential
RBF sites selected in Colombia where the gauging stations are located.

The longest river is the Missouri with a total length of about 3900 km, followed by the
Putumayo with 2110 km and the Ohio with 2030 km. The shortest, on the other hand, is
the Apartado River with barely 35 km in longitude. As expected, the head drop between
the highest point of the river profile and the RBF site, either existent or potential, is
evidently higher for the Colombian rivers than for those in the US and Europe.

In all cases, the existing or potential RBF sites are located in reaches with low slopes,
hence where transport or sedimentation processes are the most important. However, this
simple classification does not allow differentiations between such processes and therefore
is not useful as a classification tool.
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3.3.3 Stream Reaches Digitalization

For each selected gauging station, a stream-reach was digitalized in Google Earth,
ensuring that the length of the reach was higher than 15 times its width since that is
considered to be a useful scale over which to relate stream morphology to channel
processes (Montgomery and Buffington, 1997; Flores et al., 2006; Jimenez, 2015). The
selected reaches include straight, meandering and braided, in order to cover different
types of channels. Figure 3-11 to Figure 3-13 show the Colombian reaches chosen at every
station and the populated sites nearby. The yellow line represents the main axis, and the
light blue ones are the margins. The same procedure was done for the RBF sites in Europe
(Figure 3-14) and the United States (Figure 3-15) used for comparison. Note that at the
Rhine River, as well as at the Russian, there is more than one well field (three on the
former and two on the latter); however, the processing and analysis was made for one
reach as a whole.
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Figure 3-11 Digitalized stream reaches in Colombia: Apartado, El Alambrado, El Limon and El
Limonar
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Figure 3-12 Digitalized stream reaches in Colombia: La Coquera, La Virginia, Pefias Blancas, Pte
Lleras, Pte Real and Pte Texas
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Figure 3-14 Digitalized stream reaches in Europe: Enns River and Rhine River
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Figure 3-15 Digitalized stream reaches in the US: Great Miami River, Missouri River, Ohio River,
Platte River, Raccoon River and Russian River
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3.3.4 Morphologic Classification

The stream-reaches were morphologically classified following the scheme posed by Flores
et al. (2006), shown in Figure 3-4. The reach slope was calculated with data from the DEM
and the filtered longitudinal profile of the river, and the basin area was defined using the
HidroSIG software, as explained in section 3.2.4. The watershed for the Rhine and Russian
rivers were determined at the point of the furthest wellfield downstream, i.e. Staad PW |
and Mirabel, respectively.

The morphology type displayed by all the reaches in Europe and the US, where there are
functioning RBF sites, corresponds to Pool-Riffle (Table 3-4). This is the same morphology
for most of the stream-reaches in Colombia, with the exception of the Sumapaz River,
where El Limonar station is located, the Cravo Sur River, where Pte Yopal station is found,
and the Nechi River at San Juan gauging station. These reaches turned out to be classified
as plane-bed.

Table 3-4 Reach morphology type according to the classification tree of Flores et al. (2006)

Location River RBF Site Reach Slope SA%* Morphology

(m/m) Type

Apartado Apartado 0.0026 0.0160 Pool-Riffle

La Vieja El Alambrado 0.0011 0.0215 Pool-Riffle

Guejar* El Limon 0.0013 0.0124 Pool-Riffle

Sumapaz El Limonar 0.0049 0.1107 Plane-bed

Cauca La Coquera 0.0002 0.0174 Pool-Riffle

Cauca La Virginia 0.0004 0.0202 Pool-Riffle

. Magdalena Pefias Blancas 0.0003 0.0300 Pool-Riffle
Colombia -

Meta Pte Lleras 0.0002 0.0063 Pool-Riffle

Negro Pte Real 0.0008 0.0075 Pool-Riffle

Putumayo Pte Texas 0.0010 0.0266 Pool-Riffle

Cravo Sur* Pte Yopal 0.0091 0.1505 Plane-bed

Zulia Pto Leon 0.0003 0.0076 Pool-Riffle

Nechi San Juan 0.0029 0.1070 Plane-bed

Vichada Sta Rita 0.0001 0.0056 Pool-Riffle

Europe Enns KRBO2 0.0017 0.0510 Pool-Riffle

Rhine Grind/Flehe/Staad 0.0002 0.0219 Pool-Riffle

Great Miami | Charles M. Bolton 0.0008 0.0302 Pool-Riffle

Missouri Nearman 0.0002 0.0464 Pool-Riffle

USA Ohio B.E. Payne 0.0001 0.0111 Pool-Riffle

Platte Ashland 0.0003 0.0457 Pool-Riffle

Raccoon Maffitt 0.0006 0.0237 Pool-Riffle

Russian Mirabel/Wohler 0.0008 0.0196 Pool-Riffle

* Reaches visually classified as braided

It is important to notice that two reaches that can be visually categorized as braided, El
Limon and Pte Yopal, were classified as pool-riffle and plane-bed, respectively, proving to
be one of the limitation of the methodology, as mentioned by Jimenez (2015). Also,
although the analyzed reach of the Enns river at the RBF site KRB02 was classified as pool-
riffle according to the Flores et al. (2006) criteria (Sp< 0.025 and SoA%% < 0.055), this could
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be arguable due to the fact that the product S,A%*in this case is 0.051, just a difference of
4 x 107 with the plane-bed category, which could be attributed to uncertainties induced
by the methods used to calculate the slope in the first place. Consequently, the reach
could also be interpreted as a plane-bed channel and, therefore, it will be considered as
both in the analysis of hydraulic geometry.

Montgomery and Buffington (1997) report that pool-riffle, as well as plane-bed channels,
show a combination of both, supply- and transport-limited characteristics, depending on
the bed sediments mobility thresholds, i.e. the degree of bed-surface armoring. Thus,
armored channels represent persevering supply-limited conditions, whereas unarmored
channels indicate a balance between transport capacity and sediment supply. However,
the authors report a general trend towards transport-limited conditions.

The main difference between these two types of morphology is that plane-bed channels
lack the characteristic rhythmic bedforms present in pool-riffle channels (bars, pools), and
that pool-riffle channels are usually unconfined, whereas plane-bed channels may be
either unconfined or confined by valley walls. Also, plane-bed reaches occur at moderate
to high slopes in relatively straight channels, while pool-riffle reaches happen at moderate
to low gradients and have well-established flood-plains. Lastly, the typical substrate in
pool-riffle streams is gravel sized, and in plane-bed channels is gravel to cobble.
(Montgomery and Buffington, 1997)

Finally, Figure 3-16 presents a box plot of the slope (in m/m) for the stream-reaches
classified as pool-riffle, for the data sets of Colombia (textured boxes) and the United
States and Europe together (blank boxes). The graph shows that, for the selected reaches
in Colombia, the median of the values is slightly lower than the median for the slope
reaches in Europe and the US, but the interquartile values for both data sets are very
similar with reach slope ranging in average from 2.5 x 10 to 8.5 x 10. The maximum
value of slope in Colombia was 0.0026 and in Europe and the US together it was 0.0017.
The minimum value of slope in both data sets was around 0.0001.
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Figure 3-16 Box plots of the slopes for the pool-riffle reaches in Colombia (hashed boxes), and
Europe and the United States (blank boxes)
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3.3.5 Stream-Reach Features

The results of the stream-reach processing using the AutoCAD macros and MatLAB
routines are shown in Table 3-5. Appendix B presents the resulting diagrams for the
estimation of mean curvature radius based on maximum and minimum local variances.

Table 3-5 Results of the stream-reach processing through AutoCAD macros and MatLAB routines

Location RBF Site W (m) | Sinuous Rm (M) Amp (m) L, (m)
Apartado 34.6 1.36 234.53 111.50 361.15
El Alambrado 57.1 1.20 469.59 187.00 866.46
El Limon* 152.7 1.07 1,440.78 -9999 -9999
El Limonar 81.5 1.20 984.75 253.35 1,296.37
La Coquera 323.1 1.28 1,669.02 1,232.32 | 3,465.07
La Virginia 140.5 1.43 2,310.77 880.36 | 3,273.35
Colombia Pefias Blancas 1,413.8 1.20 10,228.02 1,762.01 9,953.90
Pte Lleras 346.4 2.24 931.96 1,588.64 | 1,762.98
Pte Real 16.6 1.36 123.93 63.97 221.85
Pte Texas 282.7 1.58 1,273.03 963.33 1,822.85
Pte Yopal* 289.1 1.09 3,220.82 -9999 -9999
Pto Leon 175.0 3.09 825.12 801.57 797.78
San Juan 148.2 2.06 1,311.90 1,388.82 | 2,493.16
Sta Rita 641.5 1.75 1,637.42 1,346.66 | 3,186.38
Europe Enns 141.5 1.28 717.39 557.86 | 1,746.96
Rhine 349.1 1.71 2,039.81 2,606.83 | 4,717.31
Great Miami 128.6 1.56 672.4 636.75 1,148.31
Missouri 259.5 1.26 2,736.7 -9999 -9999
USA Ohio 760.4 1.06 12,127.2 -9999 -9999
Platte 567.9 1.09 5,415.6 -9999 -9999
Raccoon 107.2 1.85 400.2 212.05 917.14
Russian 47.3 1.62 589.2 688.58 | 1,512.21

* Reaches visually classified as braided

The calculated width values, W, for the Colombian reaches vary from 16.6 m at Pte Real
station on the Negro River to 1.4 km for the Magdalena River at Penas Blancas station.
The European rivers do not exceed 350 m in width, whereas the value of W for the
stream-reaches in the US ranges between 47 m for the reach of the Russian River located
at the Mirabel and Wohler wellfields, and 760 m for the Ohio River reach in Louisville, KY,
at B.E. Payne.

Sinuosity, or the ratio between the stream-reach length along its axis and the distance in a
straight line between the two extreme points of the reach, is presented in the numerical
column number two. The lowest value of sinuosity for the entire data set is 1.1, displayed
by two reaches in Colombia and another two in the US, whereas the maximum is 3.1 for
the reach of the Zulia River at Pto Leon station, followed by 2.2 and 2.1 at Pte Lleras (Meta
River) and San Juan (Nechi River), respectively. For the data set corresponding to Europe
and the USA, the highest sinuosity is presented by the Raccoon River at Maffit wellfield
reach (1.8), followed by that of the Rhine River at Diisseldorf (1.7).
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The obtained median curvature radii, R, are also presented in Table 3-5 (Appendix B
contains the resulting graphs of median curvature radius and associated local variance
diagrams for all the reaches). Just as for W, the highest value for the Colombian sites is for
the reach of the Magdalena River at Pefias Blancas (10.2 km), and for the sites in the US
the highest is that of the Ohio River (12.1 km). The lowest value of the whole data set is
for the Negro River at Pte Real with 123.9 km. The high value of R, at Pefias Blancas could
be explained due to the fact that this reach visually presents characteristics of both,
braided channel in some parts, but meandering overall (Figure 3-12).

Finally, for the entire data set the values of amplitude, Amp, range between 64 m and 2.6
m, whereas those for bend wave length, L,, vary from 221.85 m and 9.95 km. It is
important to notice that for the Guejar River at El Limon, Cravo Sur River at Pte Yopal, and
the Ohio, Platte and Missouri river-reaches, the Matlab routine could not find a value for
Amp and L, and that is the reason of the -9999 values that appear in the table. For the first
four cases, this is explained by the fact that they are also the reaches with the lowest
values of sinuosity, meaning that they are almost straight channels. The Missouri river-
reach, on the other hand, presents meanders (see Figure 3-15), and the inability of the
routine to find a value for both Amp and L, could be related to the reach length not being
long enough for the calculations.

In order to morphologically compare the reaches in Colombia with those in Europe and
the US, a series of hydraulic geometry relationships were assessed. In the first place, all
the parameters in Table 3-5 were plotted against the drainage area (see Figure 3-17),
which has been suggested as a surrogate variable for formative discharge (Jimenez, 2015).
The blue-filled triangles represent the stream-reaches in Colombia and the orange-filled
circles represent those in Europe and the US. The two reaches in Colombia visually
classified as braided (El Limon and Pte Yopal) are shown as blue triangles inside a red
circle, whereas the two channels classified as plane-bed (El Limonar and San Juan) are
presented as blue triangles inside a black square. The orange-filled circle inside a black
square corresponds to the Enns river-reach which, as explained before, could have also
been classified as plane-bed. The power trend line corresponds only to the data from the
reaches classified as pool-riffle.

Although there is a clearly-defined trend between the watershed area (A) and the
planform features W, R,,, Amp and Ly, the correlation is strong only for the last case where
(R? = 0.8344). It is not possible to determine a unique behavior for the stream-reaches in
Europe and the US, as they can be found to either side of the trend lines. Braided
channels, on the other side, do appear to have a distinctive tendency way above the
power trend lines, as can be seen in Figure 3-17 (a) and (b); however, there is not enough
data to support this hypothesis. Reaches with plane-bed morphology behave similarly to
the pool-riffle channels, since they are also transport-limited stream-reaches.
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Figure 3-17 Average width (a), median curvature radius (b), bend amplitude (c), and bend
wavelength (d), related to watershed area

The fact that is not appropriate to define a unique power law relationship to drainage area
coincides with the findings of Jimenez (2015) who, like other authors (Leopold and
Wolman, 1960; Williams, 1986; Nicoll and Hickin, 2010), propose the use of bankfull width
for making dimensionless morphological comparisons. Therefore, the next step was to
compare the planform features of mean curvature radius, R, amplitude, Amp, and bend
wavelength, L, to bankfull width, W (see Figure 3-18 a, b and c).

In all cases, the relationship with the bankfull width for the pool-riffle reaches is a strong
one (R*> 0.75), especially for the curvature radius (R* = 0.8061) (Figure 3-18 a). However,
based only on the scatter diagrames, it is not possible to distinguish between the stream-
reaches in Europe and the US, of those in Colombia.

When looking at the boxplots of the ratios R,/W, Amp/W and L,/W (Figure 3-18 d, e and
f), and despite the fact of the highly different data ranges and interquartile values, it is
possible to see that the median values for the data sets in Colombia (textured boxes) and
Europe and the US (blank boxes) are similar, with a median in Colombia of 6 for R,,/W, 3.6
for Amp/W, and 8.7 for L,/W; for the US and Europe the median values were, in the same
order, 7.7, 5, and 12.3.
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Figure 3-18 Curvature radius (a), amplitude (b) and bend length (c), related to bankfull width, and
the box plots correspondent to the ratios R,,/W (d), Amp/W (e) and L,/W (f)

Additionally, the planform features R,, Amp and L, were compared with each other,
resulting in the graphs shown in Figure 3-19 a, b and c. In general terms, a strong
relationship was found among those parameters, being the highest the one between the
median curvature radius and the bend wavelength, with an R? equal to 0.9195. For cases
(a) and (b), the RBF sites in Europe and the US seem to be distributed along the lower side
of the trend lines, whereas for case (c) no differentiation can be made.

The boxes and whiskers graphs presented in Figure 3-19 d, e and f, show the comparison
between the data set values for the selected reaches in Colombia (textured boxes) and
those RBF sites in Europe and the US (blank boxes). For all the cases, the data ranges differ
a lot between the compared sets of values. For cases (d) and (e) this is also true for the
interquartile and the median values, especially for the relation R,/L,. On the other hand,
the relation Amp/L, (Figure 3-19, f) displays a very similar interquartile ratio for both data
sets ranging between 0.3 and 0.5, and a combined median around 0.4.

From the previous comparisons, a graph of median curvature radius, R, and bankfull
width, W, was made showing only the pool-riffle stream-reaches (Figure 3-20). It was
found that the power trend line is separating reaches according to their L,/W ratio, which
can be associated to the confinement degree of the channels, according to Jimenez (2015)
and Nicoll and Hickin (2010). In this particular case, the reaches with an L,/W ratio higher
than 13.3, located above the trend line (pink-filled triangles), can be considered as free
meandering reaches according to the findings of Jimenez (2015) who established a
threshold of 13.23 for transport-limited reaches with free meandering. On the other hand,
those reaches with a ratio equal or lower than 13.3 are found below the trend line,
represented as green markers. The three orange-filled circles represent the three reaches
in the US for which the Matlab routine was unable to find a bend wavelength value. The
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green marker above the trend line and furthest to the right represents the reach of the
Magdalena River at Pefias Blancas station which, as explained before, has the highest
value of R, probably due to its characteristics of both braided and meandering channel.
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Finally, the bankfull width, W, and the median curvature radius, R, were compared
against the bankfull discharge, Q, (Figure 3-21). For the Colombian reaches, the maximum
discharge for a 2.33 year-recurrence period was selected as bankfull discharge, while for
the rivers in the US, it was used the value of bankfull discharge presented by Caldwell
(2006) even though it is not clear how such value was found. For the two streams in
Europe (Enns and Rhine rivers) Caldwell does not present a bankfull discharge so the
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average discharge was used instead. Again, the power trend line is for those values
correspondent to pool-riffle reaches only.

In both cases a strong relationship to bankfull discharge was found, being especially high
for the R,/Q ratio, with a correlation coefficient of 0.85. The box plots displayed in Figure
3-21 (c) and (d) show that the Colombia and the EU+US data sets are very similar, not only
on the value ranges (maximums and minimums) but also on the interquartile values, and
the median values. Thus, the W/Q ratio in Colombia shows an interquartile that ranges
from 0.15 to 0.31 with a median of 0.27, and in the US and Europe combined the
interquartile goes from 0.09 to 0.21, with a median of 0.15. Lastly, for the R,,/Q ratio the
interquartile values for the Colombian reaches vary from 0.81 to 1.78, with a median of
1.42, and for the reaches in the United States and Europe the interquartile is between
0.92 and 1.44, with a median value of 1.26.
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Figure 3-21 Bankfull width (a) and median curvature radius (b) compared with bankfull discharge,
and their correspondent box plots (c) and (d)

3.3.6 Stream Power as an Indicator of the River Self-Cleaning Capacity

The results of the estimation of total stream power (Q) and specific stream power (w) are
shown in Table 3-6, along with the discharge used for the calculations as explained in
section 3.2.7.

The maximum value of Q for the reaches in Colombia was 43,660 Wm™ at Pte Yopal
(Cravo Sur River), followed by 35,890 Wm™ at San Juan (Nechi River) and 20,770 Wm™ at
Pte Texas (Putumayo River). On the other hand, the maximum values for w in Colombian
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reaches were for San Juan (242 Wm™), El Limonar at Sumapaz River (238 Wm?3), and Pte
Yopal (151 Wm™). The specific stream power for the rest of the stream-reaches did not
exceed 75 Wm-2, with the lowest values being for Sta Rita (Vichada River) with 3 Wm?,
and Pte Lleras (Meta River) with 5.4 Wm™. Thus, the reaches morphologically classified as
plane-bed were the ones with highest values of stream power.

Table 3-6 Total stream power (Q) and specific stream power (w) for all the analyzed reaches

Location RBF Site Q(ms/s) | owWm?) | w(Wm?) Newson et al. (1998)
Apartado 48.7 1,230.5 35.5 Erosion
El Alambrado 313.7 3,382.3 59.2 Erosion
El Limon® 226.1 2,864.8 18.8 Equilibrium
El Limonar* 405.1 19,461.8 238.8 Erosion
La Coquera 2,956.8 7,203.3 22.3 Both
La Virginia 1,403.0 5,221.0 37.2 Erosion
. Pefias Blancas 5,622.3 17,3719 12.3 Equilibrium
Colombia —
Pte Lleras 1,124.5 1,869.4 5.4 Deposition
Pte Real 41.0 308.8 18.6 Equilibrium
Pte Texas 2,122.3 20,768.3 73.5 Erosion
Pte Yopal** 488.0 | 43,659.1 151.0 Erosion
Pto Leon 612.2 1,765.0 10.1 Equilibrium
San Juan* 1,262.1 35,893.9 242.2 Erosion
Sta Rita 2,049.2 1,931.6 3.0 Deposition
Europe Enns 160.0 2,659.0 18.8 Equilibrium
Rhine 2,100.0 3,850.9 11.0 Equilibrium
Great Miami 900.0 6,746.2 52.4 Erosion
Missouri 5,100.0 8,862.7 35.2 Erosion
USA Ohio 8,500.0 6,579.5 8.7 Equilibrium
Platte 3,700.0 12,038.5 21.2 Equilibrium
Raccoon 300.0 1,821.3 17.0 Equilibrium
Russian 500.0 3,731.9 78.9 Erosion

* Reaches morphologically classified as plane-bed
+ Reaches visually classified as braided

In the US and Europe the reach with a highest total stream power is the Platte River
(12,040 Wm™), followed by the Missouri River (8,860 Wm'?), whereas the river-reach with
the highest specific stream power is the Great Miami (52.4 Wm). The lowest value of w,
on the other hand, is 8.7 Wm™ at the B.E. Payne wellfield in Louisville, KY.

Bizzi and Lerner (2013) demonstrated that there is a significant relationship between Q
and w and distinctive features of erosion a deposition. According to their work, a total
stream power of 1,648 Wm™and a specific stream power of 34Wm™ are the threshold for
the minimum energy necessary to trigger erosion processes, mobilize sediments, and to
activate bank erosion and lateral channel migration. The authors also suggest that w is an
indicator of a “stability” threshold, whereas Q is one for channel patterns transition and
sediment budget analysis. Previously, Newson et al. (1998) considered specific stream
power as the most important predictive variable in classification of channel types and
found that channels with w values lower than 7.5 Wm™ showed a tendency to
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depositional processes, whereas those with w higher than 35 Wm? reflected signs of
instability, i.e. erosion.

Considering the findings of Bizzi and Lerner (2013) on the threshold for total stream
power (Q), most of the stream-reaches analyzed would have the energy to start erosion
processes. Furthermore, when looking at the values of specific stream power (w), and
taking into account the thresholds suggested by Bizzi and Lerner (2013) and Newson et al.
(1998), it would be possible to define three main groups: those reaches with w lower than
7.5 Wm™ where deposition would be dominant, the ones with w higher than 34 Wm™
where the leading process is erosion, and the rest in between where no prevailing process
is expected.

Finally, the data set for the reaches in Colombia classified as pool-riffle was compared to
the data set for Europe and the US together, in terms of total suspended solids (7SS),
bankfull discharge (Qgf), total stream power (Q) and specific stream power (w), (Figure
3-22).
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Figure 3-22 Box plots of the total suspended solids (a), discharge (b), total stream power (c) and
specific stream power (d) for the data sets of the pool-riffle reaches in Colombia, and Europe and
the US combined.

From the upper part of Figure 3-22, which shows the distributions for 7SS and Qg for
Colombia (textured boxes) and the US and Europe (blank boxes), it is clear that Colombian
rivers carry a much higher concentration of suspended sediments than the rivers in
Europe and the United States but, at the same time, the bankfull discharges are

44



Chapter 3 — Potential Riverbank Filtration Sites in Colombia

significantly lower. This could suppose a higher potential to mechanical clogging and a
limitation in the implementation of the RBF technology in Colombia, since one of the main
causes for such clogging is the concentration of suspended sediments in the river water.
However, when looking at the lower part of Figure 3-22, which presents the box plots of Q
and w, it can be seen that the distributions for both sets of data (Colombia and EU+US) are
very similar, which indicates that the Colombian rivers possess the require energy to clean
themselves from clogging via erosion of banks and beds.

It must be taking into account that bankfull stage was calculated assuming a 2.33-years
recurrence period, which it is not necessary true for Colombian rivers taking into account
that higher floods can be triggered by “La Nifia” phase of the ENSO. That is why Q is also
slightly lower in Colombian rivers than in those from abroad, and that is the reason why w

would be more appropriate in order to make comparisons.

3.4 CONCLUSIONS AND RECOMMENDATIONS

The potential of having successful and functioning riverbank filtrations sites in Colombia,
just as the ones currently working in some places in Europe and the United States, was
evaluated from the point of view of downstream hydraulic geometry and the self-cleaning
capacity of the rivers to counteract for possible mechanical clogging due to the high
concentrations of suspended sediments in Colombian rivers. The main idea behind this
goal was to find elements, easily measurable through the use of readily available geo-
processing tools, AutoCAD and Excel macros, Matlab routines, and information facile to
obtain, such as river discharge and sediment load, that could help not only find similarities
among those sites where RBF is currently the water treatment technology being used, but
to act as a filter in the selection of future RBF sites in prefeasibility studies (especially in
places with scarce information) before any on-site measurements have to be made. In
order to do this, a set of 14 stream-reaches in Colombia was compared to stream-reaches
in Europe and the US in the vicinity of RBF existing wellfields, following the methodologies
previously proposed by other authors.

The first step was to visually compare the location of the current RBF sites in the US and
Europe with the proposed location of potential RBF sites in Colombia within the river
longitudinal profile. It was found that both, the existing and potential sites are located in
sections of the profile with low gradient, which is where transport or sedimentation are
the dominant processes according to the typical profile model. However, as it was
expected, this simple classification did not allow making any differentiations between the
analyzed stream-reaches.

The slope of the digitalized reaches was then calculated, along with the drainage area, in
order to morphologically classify them according to their index of specific stream power. It
was found that all the reaches in Europe and the US fell into the category of pool-riffle
channels where transport-limited conditions prevail. This type of channels are usually
unconfined by valley walls, present characteristic rhythmic bed forms such as bars and
pools, have well-established channel migration zones, and the substrate is usually formed
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by gravel sized sediments. Most of the stream-reaches in Colombia were also classified as
pool-riffle, with the exception of three that were classified as plane-bed.

Even though this classification scheme is very attractive because of its facility of use, it has
some limitations that need to be considered, such as the fact that it was defined for
single-channel reaches, which means that braided channels cannot be included in such
analysis. Another limitation is that it only goes so far as to separate reaches according to
their planforms but it does not take into account the bedforms that can be present inside
the channels.

The main axis and margins of the reaches digitalized in Google Earth were the input to an
AutoCAD macro, which estimated length of the reach, bankfull width, and sinuosity. The
width and length were then used with a Matlab routine to calculate the median curvature
radius, the bend wavelength and the amplitude. The planform features thus calculated
were compared through the use of hydraulic geometry relationships (mainly scatter
graphs and box plots).

As it had been stated by other authors, it was found that a better power law relationship
was obtained when comparing the planform parameters to bankfull width than to
drainage area, since the former allows a dimensionless morphological comparison.
Because all the reaches where RBF sites exist were classified as pool-riffle, the analysis of
the results of hydraulic geometry focused especially on those streams. The strongest
relationship was found when the curvature radius was compared to the bend wavelength,
which could mean that such ratio is an important parameter to be considered when
evaluating a potential RBF site. Other strong relationships found were curvature radius vs.
bankfull discharge, bend wavelength vs. drainage area, and curvature radius vs. channel
width.

From the results of the hydraulic geometry analysis can be concluded that important
parameters to consider when evaluating the potential of a site for riverbank filtration are
bankfull width, curvature radius, bend wavelength and bankfull discharge. However, in
order to improve the results presented here, it is necessary to expand the information
with more data, especially in places where there are currently RBF sites that have proven
to be efficient. Overall, sites in Europe and US shared quantitative fluvial
geomorphological characteristics and similarities with Colombian streams which could be
interpreted as a positive result from the point of view of the suitability of those local sites
for riverbank filtration

The last parameter evaluated here was the self-cleaning capacity of the rivers as to
counteract possible mechanical clogging. This was done by estimating the total stream
power and the specific stream power of the reaches. In the first place, the fact that the
concentration of total suspended solids in Colombian rivers is a lot higher than in rivers in
Europe and the United States, but the discharges are lower, could implicate higher
potential to develop mechanical clogging, which might be a limitation of the technique if it
progresses to the point where the connection between the river and the aquifer is lost.
However, the results obtained here showed that the stream power, and further specific
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stream power, for the Colombian rivers is very similar to those in Europe and the United
States, which means that they possess the necessary energy to start erosion processes of
the bed and banks, thus removing the clogged layer. Despite the limitations associate to
using stream power instead of shear stress, the former can be considered a good indicator
of the self-cleaning potential of the river (scouring) as a counteraction for clogging,
especially at the first stages of evaluation of a possible site for RBF, when on-site
measurements are not possible.

As an extra measurement of the self-cleaning potential of the rivers, it would be
recommendable to study recurrent floods in terms of magnitude, duration, and intensity,
not only at those places where RBF is being used but also in locations where the technique
is considered a possibility. Such analysis was beyond the objectives of this work but it is
encouraged because scouring can also be a limitation of the technique since the constant
removal of the clogging layer can represent a reduction in the efficiency of the treatment.

According to the results obtained during this work, it can be concluded that despite the
limitations exposed above, Colombian rivers have the potential to be suitable to
implement riverbank filtration sites and that the high concentration of suspended solids
does not necessarily represent a limitation to the technique.
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4 RIVERBANK FILTRATION AND WATER QUALITY AT
TWO SITES IN ANTIOQUIA

4.1 INTRODUCTION

Riverbank filtration (RBF) has proven to be an effective technology in the pretreatment of
surface water for more than a century in Europe, and half a century in the United States,
replacing or reducing the number of processes commonly used for this task, at the point
that sometimes disinfection is the only treatment needed before consumption (Kuhen and
Mueller, 2000). These two authors analyzed the steps needed to make raw water from the
Rhine River in Germany apt for human consumption and found that with bank filtrate
water, coagulation/flocculation, sedimentation and filtration could be avoided. Weiss et
al. (2003) also reported that, with a 99.9% removal of turbidity, coagulation/flocculation,
sedimentation and physical filtration would not be needed.

The final process in the treatment of drinking water is disinfection, whose sole objective is
the removal, deactivation or killing of pathogenic microorganisms. A number of authors
have documented the efficiency of RBF in the removal of this type of organisms, or their
surrogates, with a reduction of over 99% with respect to the river water (Gollnitz et al.,
1997; Schubert, 2002b and 2002c; Tufenkji et al., 2002; Wang, 2002; Weiss et al., 2002;
Gollnitz et al., 2003; Gollnitz et al., 2005).

The chemistry of the river water not only determines to a great extent the quality of bank
filtrate (Kuehn and Muller, 2000; Tufenkji et al., 2002) but has also been used to study the
surface-groundwater interaction employing environmental tracers such as stable isotopes
of water like deuterium and Oxygen-18 (Aseltyne et al., 2006; Baskaran et al., 2009),
chloride (Bourg and Bertin, 1993; Bertin and Bourg, 1994; Trettin et al., 1999; Aseltyne et
al., 2006; Cox et al., 2007), Radon-222 (Hoehn et al., 1992; Bertin and Bourg, 1994;
Baskaran et al., 2009), bromide (Constantz et al.,, 2003), and temperature (Constantz,
1998; Constantz et al., 2003; Constantz et al., 2006), to name a few.

The use of conservative natural tracers to determine the portion of bank filtrate in a
production well has also been reported in the literature. Wang (2002), for example, states
that the ideal method for determining the amount of dilution, i.e. physical mixing of the
river and aquifer water, is to find a tracer that exists in one source at a constant
concentration but is absent in the other, and is conservative during the filtration process.

Bourg and Bertin (1993), on the other hand, used chloride to determine the mixing in a
well field in Bordeux (France), where an aquifer rich in CI" was recharged by water from
the Lot River, which had a poor concentration of the anion. In their work, an expression is
proposed to calculate the fraction of water originating directly from the river (x), by
comparing the CI" concentrations in each well (Cye) with the measured values in the River
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(Griv) and in the alluvial aquifer prior to operation of the well field (Cq,), as shown in Eq. 4-1
and Eq. 4-2.

Cwetr = XCripy + (1 — x)Caq Eq. 4-1

X = (Cwell - Caq)/(Criv - Caq) Eq. 4-2

Even though this equation was developed for chloride, the authors suggest that it can be
used with any given parameter, as long as the substance is a conservative tracer so the
only process involved is the physical mixing of the river and aquifer water.

The portion of river-borne water in bank filtrate can also be estimated through numerical
modeling, according to the methods proposed by Chen (2001) and Schon (2006). The first
method is purely geometric and assumes that the totality of water extracted in the well
corresponds to particles coming from a complete circule around it, i.e. capture zone
defined using backward particle tracking, and the angle between the particles that are
coming from the river that are furthest apart from each other is measured and divided by
360°, thus:

Qriver/Qwen = measured angle/360° Eq. 4-3

The second method, on the other hand, is based on stoichiometry. In MODFLOW
(McDonald and Harbauch, 1988), a condition called Point Source is applied to the RIVER-
cells and a known concentration of an imaginary tracer is set. Meanwhile, the well is
represented as an observation well, and the portion of river water in the bank filtrate is
calculated as the ratio between the calculated concentration of the tracer in the
observation well (Cye) and the concentration assigned to the RIVER-cells (C,;,), thus:

Qriver/Qwett = Cweir/Criver Eq. 4-4

In order to evaluate the efficiency of RBF in terms of water quality for human
consumption, two sites in Antioquia were selected and sampling campaigns of water from
the rivers and the wells were carried out during the second half of the year 2010. The
collected water was tested at certified laboratories for different quality parameters
according to the current Colombian legislation for drinking water (Republica de Colombia,
2007).

The sampling campaigns were done as part of the project “Comprehensive Management
of Joint Use of Surface Water and Groundwater” (Gestion Integral de la Utilizacion
Conjunta de Aguas Superficiales y Subterrdneas), co-funded by the Administrative
Department of Science, Technology and Innovation (COLCIENCIAS) and the National
University of Colombia (UNAL by its acronym in Spanish). Included in this project, a
Master’s thesis in Engineering-Hydraulic Resources was developed with the objective of
implementing numerical models of groundwater flow to represent the aquifer-river
interaction at the two formerly mentioned sites, using data from previous, general,
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groundwater studies (UNAL — CORNARE, 2000; UNAL — CORANTIOQUIA, 2004) and
information collected on-site.

Escobar (2011) found, through the use of numerical modeling of groundwater flow, that
the water extracted from the wells both sites was indeed a mixture of surface water and
groundwater, with proportions and travel times that differed with the rate and duration of
the pumping, the distance from the river to the well, and the governing climatological
conditions. He also estimated the portion of river-borne water extracted in the wells at
the sites using the methods of Chen (2001) and Schon (2006), described above.

Since the direct interaction between the rivers and the wells had been established using
indirect methods, the main purpose behind the water sampling was to establish the actual
degree of improvement of the quality of the bank filtrate in comparison with the river
water. Consequently, the main objective of this chapter is to present the results and
interpretation of the hydrochemistry laboratory analysis, the comparison of the water
quality from the rivers and wells with the maximum admisible values according to the
Colombian legislation for drinking water standards, and to determine the portion of river-
borne water in the bank filtrate using chloride as a conservative tracer following the
method proposed by Bourg and Bertin (1993).

4.2 METHODS

4.2.1 Site Selection

Two sites were chosen from an inventory of wells located in floodplains of selected rivers,
with special attention to those wells that were suspected to be drawing water from the
shallow aquifer. The location of these sites is shown in Figure 4-1. Site number one
corresponds to a well in Santa Fe de Antioquia, west of the Department, adjacent to the
Cauca River, and site number two is a well in Guarne next to La Mosca creek, in the region
known as Eastern Antioquia (Oriente Antioquefio).
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Figure 4-1 Localization of the two field sites: Santa Fe de Antioquia (1) and Guarne (2)
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4.2.2 Water Sampling and Analysis

Between June and October of the year 2010, water samples were taken from the two
sites, both from the rivers and the extraction wells (5 campaigns in Guarne and 8 in Santa
Fe de Antioquia), with time intervals of approximately 20 days between campaigns, as
shown in Table 4-1.

The water, which was never filtered at the site but taken as it was to the laboratories, was
collected using two kinds of containers depending on the parameters that were going to
be analyzed: a 2-liter plastic container for physico-chemical parameters, and a 250-mm
glass bottle, autoclaved at 121°C, for the microbiological. The vessels were provided by
the laboratories where the water was analyzed. Additionally, on-site measurements were
conducted to determine water levels, temperature, electric conductivity, pH, and
sometimes dissolved oxygen, depending on the availability of the equipment.

The water samples were tested in certified laboratories in Colombia for different quality
parameters for drinking water, based on the Colombian legislation (Resolution No. 2115 of
June 22™ 2007, Republica de Colombia). The samples from Santa Fe de Antioquia were
analyzed at the laboratory of CORANTIOQUIA (Regional Autonomous Corporation of the
Center of Antioquia) and those from Guarne at the laboratory of CORNARE (Regional
Autonomous Corporation of the watersheds of the rivers Negro and Nare). Those are the
two environmental agencies in the Department of Antioquia that had jurisdiction over the
regions where the wells were located. The analytical methods each laboratory employed
are shown in Appendix C.

Table 4-1 Water sampling dates at both studied sites

Santa Fe
Date de Antioquia Guarne
2-Jun-10 X
23-Jun-10 X
7-Jul-10 X
28-Jul-10 X
11-Aug-10 X
8-Sep-10 X
14-Sep-10 X
22-Sep-10 X
28-Sep-10 X
6-Oct-10 X
13-Oct-10 X
20-Oct-10 X
27-Oct-10 X

4.2.3 Quality of the Bank Filtrate vs. the River Water

The first step was to compare the results of the water quality analysis with the maximum
accepted values (MAV) for human consumption according to the Colombian legislation.
Resolution No. 2115 of 22" June 2007 divides the characteristics to be considered for
water quality for human consumption in three types: physical, chemical, and
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microbiological. At the same time, the second classification is subsequently divided into
chemical characteristics with known adverse effects in human health, chemical
characteristics with implications in human health, and chemical characteristics with major
economic consequences and indirect effects on human health. Table 4-2 presents the
MAV of the parameters measured at either one or the two sites, according to the
Colombian legislation (Res. 2115, 2007), and other variables that have no MAV but were
also analyzed due to their importance in the determination of water quality.

Table 4-2 MAV for physical, chemical and microbiological characteristics of drinking water, and
other measured variables

Characteristics Parameter Expressed as MAV
Platinum-cobalt units
Color (PCU) 15
- Nephelometric turbidity
Turbidit . 2
Physical urbiaity units (NTU)
. Microsimens per
1
Conductivity centimeter (uS/cm) 000
pH pH units 6.5-9.0
Chemical with known Cyanide mg/| of CN- 0.05
adverse effects in
human health Mercury mg/| of Hg 0.001
Chemical with Total Organic Carbon mg/l of TOC 5
implications in human Nitrites mg/l of NO, - N 0.1
health Nitrates mg/l of NO3 - N 10
Calcium mg/l of Ca 60
Chemical with mai Total Alkalinity mg/| of CaCO3 20
emlcall with major Chloride mg/l of CI' 250
economic Total Hardness mg/| of CaCO; 300
consequences and
. Total Iron mg/| of Fe 0.3
indirect effects on Y - Tof M 36
human health aghesium me/” o g2>
Sulphate mg/| of SO, 250
Phosphates mg/| of PO,> 0.5
Total Coliforms and E.coli Colony-forming unit (CFU) 0
. . . per 100 ml
Microbiological
Total Coliforms and E.coli Most probable number 0
’ (MPN) per 100 ml
Bicarbonate mg/l of HCO5 -
Potassium mg/| of K -
Silica mg/| of Si -
Other measured Sodium mg/| of Na -
parameters not Total Dissolved Solids (TDS) mg/I -
contained in the Total Suspended Solids (TSS) | mg/l -
legislation but Dissolved Organic Carbon
) : mg/| -
considered important | (DOC)
for water quality Biochemical Oxygen
Demand (BOD) me/! 0, i
Chemical Oxygen Demand

53




Evaluation of the Potential for Riverbank Filtration in Colombia

4.2.4 Hydroclimatological Information

With the purpose of further understanding possible trends in the concentrations of the
analyzed parameters, monthly hydroclimatological information was gathered from
different gauging stations belonging to the IDEAM (Institute of Hydrology, Meteorology
and Environmental Studies). Table 4-3 presents the information on the stations that were
used in each site, including the parameters that are measured, the years of registry and its
localization.

Table 4-3 Gauging stations nearby the two studied sites

Site ID Station Name Parameters Years Lat (N) | Lon (W) | Elev
Temperature (°C)

Precipitation (mm)
26217050 | Canafisto Discharge (m*/s) 1978 - 2010 06.42 75.82 534
23087670 | Riotex Discharge (m*/s) 1994 - 2013 06.18 75.37 2017
23080640 | Marinilla Precipitation (mm) | 1974 - 2013 06.17 75.33 2028

Santa Fe de | 26225030 | Cotove Hda
Antioquia

1976 - 2013 06.53 75.83 530

Guarne

4.2.5 Hydrochemistry

The water chemistry of the samples, both from the river and the well, was determined in
terms of major ions (Ca®*, Na*, K*, Mg®" and HCO3, CI, NO3, SO,*) by plotting their
concentration in meq/I in the diagrams of Piper and Stiff. The free software Diagrammes
version 6.1, developed at the Laboratory of Hydrogeology of the University of Avignon in
France (http://www.lha.univ-avignon.fr/LHA-Logiciels.htm) was employed for such
purpose.

4.2.6 Portion of River-Borne Water in the Bank Filtrate

With the objective of validating the results obtained by Escobar (2011), the percentage of
river water extracted from the wells was estimated using chloride as a natural tracer, as
previously accomplished by Bourg and Bertin (1993).

Because the campaigns did not involve the sampling of other wells besides the ones
mentioned at the beginning of this section, the ClI" concentration in the aquifer was
obtained from previous works in the area of Santa Fe de Antioquia (UNAL -
CORANTIOQUIA, 2004) and the Saint Nicholas Valley (UNAL — CORNARE ,2000), as it will
be properly explained later for each particular site.

4.3 SANTA FE DE ANTIOQUIA
4.3.1 Site Description

4.3.1.1 Generalities

Santa Fe de Antioquia (from now on Santa Fe) is one of the main touristic areas in the
Department of Antioquia. It is located in the western part of the Department, and
presents an average elevation of 550 m.a.s.l. (Figure 4-2). Santa Fe has a semi-arid climate,
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with an average temperature of 27°C, an average precipitation of 967 mm/year, and a real
evapotranspiration between 547 and 827 mm/year (UNAL — CORANTIOQUIA, 2004).

The main river in the area is the Cauca River, which is the second most important fluvial
artery in the country. Other main streams on the western margin of the Cauca River
include the Tonusco River, the Seca Creek, and the Juanes Creek (Figure 4-2). The rest of
the surface currents in the region are short creeks of small drainage areas or intermittent
streams that only transport water during rainy events. Among those intermittent currents
is the Canaveral Creek, next to which the SantaFe well is located.

6.53

6.50

6.48

‘ b\
ﬂ' Geology
J Igneous Rocks
Green Schists
Sedim. Rocks
’ Quat. Deposits
‘ Aquifer Potential

h. High
Medium

— Rivers

6.45

Figure 4-2 DEM (left) and map of geology and aquifer potential (right) in the area of Santa Fe

In the study by UNAL — CORANTIOQUIA (2004), the aquifer where the SantaFe well is
located is described as an isolated alluvial terrace of the Cauca River, 10 to 12 m above the
river, with high hydrogeological potential, and a thickness between 15 and 20 m (Figure
4-2 and Figure 4-4). To the west, the aquifer limits with igneous rocks of the Barroso
Formation and the Sabanalarga Batholith, and to the east it is controlled by the Cauca
River (Figure 4-2, right). In general, the area is composed of typical alluvial deposits, with
intercalations of gravel, sand and silt (UNAL — CORANTIOQUIA, 2004).

The selected well is a dug well with a diameter of 90 cm and a depth of 18 m located on a
small farm (Figure 4-3). This well had a submerge pump that was turned on every morning
for about 6 hours at an approximate rate of 3.1 I/s, and its water was mainly used for
household chores and for irrigation of the pastures and the few crops that grow there. The
people of the farm used to put a tin sheet on top of the well to prevent contamination
from outside or animals from going inside.
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Dug-well

Figure 4-3 Site photo of the SantaFe well at the beginning of the study

By the time of the field work the well was located 15 m from the Cauca River (Figure 4-4)
However, the scouring of the river eventually washed away the well. In a field trip made
eighteen (18) months after finishing the water sampling, the well was only about 2 m from
the river, and at the time this document was being written, the well did not exist anymore
(Figure 4-5).

YIAIN YONVD

Well StaFe!

Cafiaveral Creek

SN

Image ®2013 DigitalGlobe:

Figure 4-4 Google earth view of the alluvial terrace and the SantaFe Well at the beginning of the
work

Escobar (2011) found through modeling that a very direct interationship between the river
and the aquifer exists even without pumping, as the river will give water to the aquifer
when the river stage ascends; otherwise, the aquifer will be the one providing water to
the river.
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500gle earth
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Figure 4-5 Google earth view of the location where the SantaFe Well as located before being
washed off by the Cauca River

4.3.1.2 Hydroclimatology of the area

Information from two hydroclimatological stations was obtained from the IDEAM: Cotove
Hda records temperature and precipitation, whereas Canafisto gauges discharge. The
average multiannual values (blue bars) and the monthly values for the year 2010 (red
bars) are shown in Figure 4-6. Those months that do not have red bars in the graphs of
temperature and discharge lacked such information for the year 2010.

A bimodal cycle is readily apparent from the average multiannual graphs (blue bars) with
two peaks in precipitation in April-May-June and September-October-November. The
behavior of temperature is almost the opposite as precipitation, with the highest values
recorded during the months of January, February and March. Discharge, presents a similar
trend to that of precipitation but the second peak is during the months of October,
November and December, i.e. a month lag with respect to precipitation.

From the graphs it is also clear that the monthly values of precipitation and discharge in
the year 2010 were lower than the average for the first five months of the year and higher
than the average for the remaining months, whereas the contrary occurs with
temperature.

According to the Climate Prediction Center at NOAA, the year 2010 registered the
transition from the end of a moderate El Nifio (2009 — 2010) and the beginning of a strong
La Nifia conditions (2010 — 2011), with an Oceanic Nifio Index (ONI) that reached a
maximum of -1.5 from the period of September-October-November till the end of the
year (www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).
In Santa Fe de Antioquia, this shift happened sometime around June, when the highest
precipitations were recorded, as shown in Figure 4-6 (top left), with their associated
discharge registered within a month-lag (Figure 4-6, bottom).
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Figure 4-6 Average monthly values of precipitation, temperature, and discharge in the area of
Santa Fe

4.3.2 Results and Discussion

4.3.2.1 Quality of the bank filtrate vs. the river water

The graphs shown below present the concentration of a given parameter for each
sampling campaign. The blue line represents the water in the river, the red line
corresponds to the water extracted from the well, and the green line with no markers is
the MAV for drinking water, for those cases where it applies. Additionally, for displaying
purposes, the concentrations reported by the lab as lower than certain number, i.e. the
detection limit, were graphed with the value of such limit. For color, turbidity, and total
coliforms the lab also reported values higher than 150 PCU, 1000 NTU, and 1.6 x 108
NMP/100 ml, respectively, which are the highest values shown in the graphs. The
complete table with the results of the water analysis is presented in Appendix D.

Physical Characteristics

The graphs with the results of the analysis of the physical characteristics listed in the
legislation are shown in Figure 4-7. There is a notorious improvement in the water quality
of the water in the well with respect to true color and turbidity, both parameters being
way above the MAV in the river water but overall lower than such value in the water from
the well, even sometimes lower than the detection limit (5 PCU for color). Electrical
conductivity and pH comply with the MAV both in the river and the well. The increase in
EC, together with other parameters that showed the same tendency, during the second
half of the sampling campaigns, will be explained in the following section.
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Figure 4-7 Physical characteristics in Santa Fe samples and their MAV for drinking water

Chemical Characteristics

The only two parameters belonging to the category of chemical characteristics with
adverse effects on human health were total cyanide and mercury (Figure 4-8). These two
compounds were not included in the lab analysis at the beginning of the sampling
campaigns, but later on the people at CORANTIOQUIA considered them important enough
as to include them, so they were taken into consideration in the last two sampling
campaigns (October 6™ and 10" 2010).

In the case of cyanide, the MAV is only exceeded in the river water collected on the 6™ of
October, whereas the water from the well complies with the norm. On the other hand,
the concentration of mercury in the river water is both times above the MAV of 0.001
mg/l, but below the detection limit (0.001 mg/l) in the well water. The river water was
indeed expected to present mercury due to the gold mining activities that take place in
different locations within the Cauca River watershed, which use both mercury and cyanide
in the process. These results show the potential that RBF might have in the removal of Hg
and CN- even for lower concentrations in the river water.
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Figure 4-8 Chemical characteristics with known adverse effects on human health in Santa Fe
samples and their MAV for drinking water

Among the category of chemical characteristics with implications in human health, the
Colombian legislation lists total organic carbon (TOC), nitrites (NO;’) and nitrates (NO3’).
These three compounds were measured in all the samples and the results are shown in
Figure 4-9, along with their respective MAV.
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Figure 4-9 Chemical characteristics with implications in human health in Santa Fe samples and
their MAV for drinking water

As it can be seen, the only parameter that exceeds its MAV is TOC in the river water, but
the water from the well complies with the legislation. Nitrites and nitrates are below their
MAV both in the water from the river and the well. In the case of nitrites, the
concentration in the well water was almost always below the detection limit of 0.003 mg/|
NO2-N), and nitrates were below their detection limit (1.5 mg/l NO3-N) for most of the
samples both from the well and the river. Since the presence of nitrogen compounds is
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usually associated with agricultural activities, it makes sense that their concentrations are
low in the water from the well because the land there is not really used for such purposes.
As for the river water, the Cauca is such a big river that natural mixing and dilution could
easily decrease the concentrations of those compounds, especially if the discharge sites
are far enough from the sampling site.

The parameters that represent the third group of chemical characteristics, i.e. those with
major economic consequences and indirect effects on human health, are presented in
Figure 4-10 and Figure 4-11. The two parameters in the water from the well that clearly
exceed the MAYV, at least in the last sampling campaigns, are calcium and hardness (Figure
4-10, top left and bottom right, respectively), with values above the MAV ranging from 70
to 107 mg/I for Ca, and 393 to 404 mg/| of CaCOs for hardness. The total alkalinity in the
well water (Figure 4-10, top right) only exceeds the MAV twice but with very small
differences of 2 and 11 mg/l in the samples from the 20™ of October and 22" of
September, respectively.
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Figure 4-10 Chemical characteristics with major economic consequences and indirect effects on
human health in Santa Fe (Ca, Alkalinity, CI', Hardness) and their MAV for drinking water

The only one of these parameters whose values in the river water is higher than in the
water from the well, is iron (Figure 4-11, top left), and it is also the only chemical
characteristic in the river water with major economic consequences and indirect effects
on human health that is above the MAV. In the case of Mg, the concentration in the well
water is very close to the MAV in the samples form the 22" of September and 20" of
October. Even though the concentration of total phosphates is below the MAV, this one is
most of the times lower in the river than in the well water, sometimes with values even
below the detection limit of 0.153 mg/I.
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Figure 4-11 Chemical characteristics with major economic consequences and indirect effect on
human health in Santa Fe (Fe, Mg, 50,7, PO43') and their MAV for drinking water

Microbiological Characteristics

The concentrations of Total Coliforms and E. coli as most probable number (MPN) per 100
ml are shown in Figure 4-12.
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Figure 4-12 Microbiological characteristics (total coliforms and E.coli) in Santa Fe samples

Even though there is a substantial diminution in the concentration of total and fecal
coliforms in the well water with respect to the river water, the values are still way above
the MAV according to the Colombian legislation that places them at zero. The high
concentrations of E.coli in the well water might be due to contamination from the sceptic
tank of the farm, as this is a very poor house and no proper maintenance would be
expected.
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Other Compounds

Even though the Colombian legislation does not establish a maximum accepted value for
the parameters presented in Figure 4-13, Figure 4-14 and Figure 4-15, they are considered
important from the stand point of water quality as they represent other major ions such
as HCO3', K and Na, occurrence of organic compounds (Biochemical Oxygen Demand -
BOD-, Dissolved Organic Carbon -DOC- and Chemical Oxygen Demand -COD-), and
presence of particulate matter (Total Dissolved Solids -TDS- and Total Suspended Solids -
TSS-).

All the parameters shown in Figure 4-13 present higher concentrations in the well water
than they do in the water from the river, being the greatest difference that of
bicarbonates, which can reach in the well water concentrations as high as four times those
in the river.
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Figure 4-13 Concentrations of bicarbonates, potassium, silica and sodium in Santa Fe samples

As expected, the well water has a TDS concentration larger than the river water, but
showing a similar trend in time (Figure 4-14). On the other hand, the same figure shows
the significant improvement in the quality of the well water in terms of TSS as their
concentration is around 100 times lower than in the river water, many times even below
the detection limit (7 mg/l).
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