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ABSTRACT 

Managed aquifer recharge (MAR) consists in the intentional recharge of water to aquifers 

and represents an adaptation measure to reduce vulnerability to climate change. One of the 

most common MAR methods is spreading surface, which requires a large area of land. 

However, it provides an additional treatment of the infiltrated water as it flows through the 

vadose zone. Recharging the aquifer via spreading methods has been successful at many 

sites. Nevertheless, these techniques also present some challenges, for example the 

development of a clogging layer in the infiltration basins that creates a reduction of the 

infiltration capacity of the recharge site. 

This thesis determines the influence of climate related parameters (temperature and solar 

irradiance) in the reduction of infiltration capacity in different hydraulic scenarios. It also 

investigated the efficiency of a recovery method of already clogged infiltration ponds, and 

finally it developed methods based on soil water content to anticipate severe clogging states. 

For these objectives, three physical experimental models were constructed in the field and 

laboratory of the INOWAS research group, located in the city of Pirna, Germany. 

The field rapid infiltration unit consisted in a 30 m³ trench filled with a sandy soil and 

contained sensors monitoring matric potential, water content, electrical conductivity, and 

temperature. Elbe River water was infiltrated under variable climatic conditions and 

hydraulic cycles. Tracer tests with Sodium chloride (NaCl) assisted the determination of the 

infiltration capacity reduction of the soil in each scenario. A warmer climate improved the 

living conditions of algae and microorganisms, resulting in the development of a biofilm layer 

that increased the flow resistance of the medium. On the other hand, an additional cause 

for the infiltration reduction, in the colder conditions, is the increase of the dynamic viscosity 

of water. 

Since controlling solar irradiance in the field is challenging, a set of soil columns were 

installed in the laboratory and run in four light scenarios, including fractions of light and 

darkness. Water from the Elbe River water was continuously infiltrated maintaining a 

constant head. The main result of the infiltration experiment indicates that infiltrating during 

the night reduces clogging by 30 % in comparison to the scenario with daylight. 

Nevertheless, no matter the given climatic conditions, clogging of the basin is not to be 

completely avoided. That is why the third infiltration setup investigated the effectiveness of 

scraping measures in the laboratory. Two infiltration tanks were filled with the same sand 

applied in the experiments described above. One tank was operated without any scraping, 

whereas scraping was performed in the second tank four times. Elbe River water was 

infiltrated continuously in both units. After the basin surface was scraped for the first time 

(about 1 cm depth), the infiltration capacity recovered completely, but not for a long period. 

The decrease of the infiltration capacity occurred every time faster, and after the fourth 

scraping, the recovery of the infiltration capacity represented only 60 % of the initial 

conditions. 

The last investigation conducted in this thesis corresponds to the development of techniques 

to monitor the infiltration capacity in MAR basins. Water content data can identify changing 

conditions of the infiltration capacity of the medium. Linear regression equations using the 

methods of “Root mean square displacement” (DRMS) and “Mean water content” (WC) can 

simulate a good fit with the results of the tracer tests. 
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The obtained results enable operators of recharge sites to better prepare for future climatic 

conditions. According to the IPCC (Intergovernmental Panel on Climate Change) simulations, 

operators can expect higher or lower favorable conditions for clogging development in the 

future. The site operators can increase the hydraulic loading rate of their basin or also 

increase the frequency of clogging management procedures (e.g. scraping). However, it must 

be considered that with more frequent scraping events, the recovery of the infiltration 

capacity will be less efficient, so that alternative methods (e.g. plowing techniques) should 

be applied after a certain period. Finally, the best time to scrape the basin and maximize the 

amount of recharged water can be determined using the developed water content-based 

methods.  
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ZUSAMMMENFASSUNG 

Die künstliche Grundwasseranreicherung (engl. managed aquifer recharge, MAR) ist eine 

Maßnahme gegen die negativen Auswirkungen einer Übernutzung der 

Grundwasserressourcen und umfasst die gezielte Versickerung von Oberflächenwasser in 

den Grundwasserleiter. Die Oberflächeninfiltrationsmethoden (engl. spreading methods) 

gehören zu den am häufigsten eingesetzten MAR-Methoden. Sie benötigen größere Flächen, 

ermöglichen aber die Qualität des infiltrierten Wassers auf dem Weg durch die ungesättigte 

Bodenzone zu verbessern. Die Grundwasseranreicherung mittels 

Oberflächeninfiltrationsmethoden ist an vielen Standorten erfolgreich. Sie ist aber auch mit 

Problemen verbunden, wie z.B. die Bildung einer Kolmationsschicht in den 

Infiltrationsbecken, die eine Reduzierung der Infiltrationskapazität bewirkt. 

In der vorliegenden Arbeit wurde der Einfluss klimarelevanter Parameter (Temperatur und 

Sonneneinstrahlung) auf die Reduzierung der Infiltrationskapazität untersucht. Des 

Weiteren wurde getestet, inwieweit sich die Infiltrationskapazität nach Entfernen der oberen, 

kolmatierten Bodenschicht im Infiltrationsbecken wiederherstellen lässt. Darüber hinaus 

wurden Methoden auf Grundlage des Bodenwassergehaltes entwickelt, mit denen eine 

Abschätzung des fortschreitenden Kolmatierungszustandes möglich ist. Um diese Ziele zu 

erreichen, wurden drei Versuchseinheiten im Feld und Labor aufgebaut. 

Für die Simulation einer Infiltrationsbeckenanlage im Feldmaßstab erfolgte der Einbau einer 

Infiltrationseinheit (30 m³). Zur Überwachung von Matrixpotenzial, Wassergehalt, 

elektrischer Leitfähigkeit und Temperatur erfolgte der Einbau von Sensoren in drei 

verschiedenen Tiefen. Elbwasser wurde unter wechselnden klimatischen Bedingungen (kalt, 

mild und warm) und mit verschiedenen hydraulischen Beladungszyklen (1:3, 1:1, 3:1 und 

kontinuierlich) infiltriert. Tracer-Tests mit Natriumchlorid (NaCl) unterstützten bei der 

Bestimmung der Reduzierung der Infiltrationskapazität des Bodens. Die Ergebnisse zeigen, 

dass ein wärmeres Klima die Wachstumsbedingungen von Algen und Mikroorganismen 

verbessert und damit auch die Entwicklung einer Biofilmschicht fördern, was den 

Strömungswiderstand des Mediums erhöht. Bei kälterem Klima ist die Erhöhung der 

dynamischen Viskosität des Wassers ein zusätzlicher Faktor für die Reduzierung der 

Infiltrationskapazität. 

Da die Variation der Sonneneinstrahlung unter Feldbedingungen, welche die 

Kolmationsprozesse entscheidend beeinflusst, schwierig ist, erfolgte die Durchführung von 

Säulenversuchen mit vier unterschiedlichen Lichtszenarien mit unterschiedlicher 

Wellenlänge entsprechend unterschiedlicher Wetterlagen sowie Dunkelheit. Die Ergebnisse 

zeigen, dass eine Infiltration während der Nachtstunden ohne Sonneneinstrahlung die 

Kolmatierung um 30 % im Vergleich zu den Szenarien mit Sonneneinstrahlung reduziert. 

In einem weiteren Infiltrationsversuch im Labormaßstab wurde untersucht, welche 

Auswirkung das Entfernen der oberen kolmatierten Bodenschicht auf die Wiederherstellung 

der ursprünglichen Infiltrationskapazität hat. In zwei kleinskaligen Versuchseinheiten wurde 

kontinuierlich Elbwasser infiltriert. Nach Auftreten von Kolmationserscheinungen wurde 

jeweils die oberste kolmatierten Bodenschicht entfernt. Die Ergebnisse zeigen, dass sich die 

Infiltrationskapazität nach dem ersten Entfernen der Kolmationsschicht vollständig 

wiederherstellen lässt. Allerdings konnte festgestellt werden, dass die Infiltrationskapazität 

nach jedem weiteren Entfernen des kolmatierte Bodens schneller abnahm. Des Weiteren 

konnte nachgewiesen werden, dass nach mehrmaligem Entfernen der Kolmationsschicht 

eine vollständige Wiederherstellung der Infiltrationskapazität nicht mehr möglich ist. 
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In dem letzten Arbeitsschritt erfolgte die Entwicklung einer Methode zur Überwachung der 

veränderlichen Infiltrationskapazität in Infiltrationsbecken. Dabei wurden die gemessenen 

Wassergehaltsdaten sowie die Ankunftszeit des infiltrierten Wassers an den Sensoren 

genutzt, um wechselnde Infiltrationskapazitäten des Mediums darzustellen. Die Ergebnisse 

wurden mittels Tracertests validiert. 

Die im Rahmen dieser Arbeit erzielten Ergebnisse ermöglichen es den Betreibern von 

Infiltrationsanlagen den Betrieb, auch im Hinblick auf zukünftige klimatische Bedingungen, 

effizienter zu gestalten. Entsprechend der IPCC-Simulationen (engl. Intergovernmental Panel 

on Climate Change) können sie Maßnahmen treffen, um die Entstehung von Kolmation zu 

reduzieren oder zu verzögern. Dies kann durch die Anpassung der hydraulischen 

Beladungsrate oder der Häufigkeit des Entfernens der Kolmationsschicht erfolgen. Es ist 

jedoch zu beachten, dass bei häufiger Entfernung der kolmatierten Bodenschicht die 

Wiederherstellung der Infiltrationskapazität ineffizienter wird, sodass nach einer gewissen 

Zeit andere Methoden angewendet werden sollten. Der optimale Zeitpunkt, um das Becken 

von der Kolmationsschicht zu befreien und die Menge des infiltrierten Wassers zu 

maximieren, kann durch die entwickelten, wassergehaltsbasierten Methoden zur Ermittlung 

der veränderlichen Infiltrationskapazität abgeschätzt werden.  
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RESUMEN 

El manejo de recarga de acuíferos (del inglés. managed aquifer recharge, MAR) consiste en 

la recarga intencional de agua a los acuíferos y representa una medida de adaptación para 

reducir la vulnerabilidad al cambio climático. Los métodos de esparcimiento (spreading 

methods) son uno de los métodos de MAR más comunes. Requieren mayores áreas de 

terreno, pero ofrecen un tratamiento adicional de filtración del agua a medida que esta fluye 

a través de la zona vadosa. La recarga del acuífero mediante métodos de esparcimiento ha 

tenido éxito en muchos sitios. Sin embargo, estas técnicas también presentan algunos 

desafíos como por ejemplo el desarrollo de una capa de obstrucción en las piscinas de 

infiltración que crea una reducción de la capacidad de infiltración del sitio de recarga. 

Esta tesis investigó la influencia de los parámetros relacionados con el clima (temperatura e 

irradiancia solar) en la reducción de la capacidad de infiltración. También determinó la 

eficiencia de recuperación de piscinas de infiltración obstruidas después del raspado de la 

capa superior y finalmente desarrolló métodos basados en el contenido de agua en el suelo 

para anticipar estados de obstrucción severos. Para estos objetivos se construyeron tres 

modelos experimentales físicos en el campo y laboratorio del grupo de investigación 

INOWAS, ubicado en la ciudad de Pirna, Alemania. 

La unidad de infiltración en el campo consistió en una zanja rellena con material arenoso y 

sensores para monitorear la tensión, el contenido de agua, la conductividad eléctrica y la 

temperatura en el subsuelo. El agua del río Elba se infiltró en diferentes condiciones 

climáticas (frío, moderado y caliente) y ciclos de carga hidráulica (1:3, 1:1, 3:1 y flujo 

continuo). Las pruebas de trazador con cloruro de sodio (NaCl) ayudaron a determinar la 

capacidad de reducción de la infiltración del suelo. Un clima cálido mejoró las condiciones 

de crecimiento de algas y microorganismos y por lo tanto también el desarrollo de una 

biopelícula que aumentó la resistividad del flujo del medio. Por otro lado, una causa 

adicional para la reducción de la infiltración en las condiciones más frías es el aumento de 

la viscosidad dinámica del agua. 

Dado que el control de las condiciones de irradiancia solar en el campo es difícil, se 

instalaron columnas de suelo en el laboratorio, las cuales trabajaron bajo cuatro escenarios 

de fracciones de luz, incluyendo un escenario de oscuridad. Agua del río Elba fue 

continuamente infiltrada con una cabeza constante. El principal resultado del experimento 

de infiltración indica que la infiltración durante la noche reduce la obstrucción de los poros 

del suelo en un 30 % en comparación con el escenario con irradiación solar. 

El tercer sistema de infiltración investigó la eficiencia de las medidas de raspado en piscinas 

de infiltración que ya están bloqueadas. Se llenaron dos tanques de infiltración con el mismo 

material arenoso. Un tanque trabajó sin raspado, mientras que en el segundo tanque el 

raspado se realizó en cuatro ocasiones. Después que la superficie de la piscina fue raspada 

por primera vez, la capacidad de infiltración se recuperó completamente, pero no por un 

largo período. La disminución de la capacidad de infiltración se produjo cada vez más rápido 

y después del cuarto raspado la recuperación de la capacidad de infiltración representó sólo 

el 60 % de las condiciones iniciales. 

La última investigación de esta tesis corresponde a técnicas alternativas para monitorear la 

capacidad de infiltración en piscinas de MAR. Los datos de contenido de agua en el suelo 

pueden identificar las condiciones cambiantes de la capacidad de infiltración del medio. Las 

ecuaciones de regresión lineal utilizando los métodos de “desplazamiento del error cuadrado 

medio” (DRMS) y “contenido de agua medio” (WC) consiguen simular satisfactoriamente los 

resultados obtenidos con las pruebas de trazador.  
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Los resultados obtenidos permiten que los operadores de los sitios de recarga puedan 

prepararse mejor para posibles condiciones climáticas futuras. De acuerdo con las 

simulaciones del IPCC (del inglés Intergovernmental Panel on Climate Change), los 

operadores pueden determinar la evolución de las condiciones de obstrucción de las 

piscinas de infiltración. Los operadores pueden variar la tasa de carga hidráulica de la piscina 

o aumentar la frecuencia de procedimientos de manejo de obstrucciones (por ejemplo, 

raspado). Sin embargo, hay que tener en cuenta que, con más eventos de raspado, la 

recuperación de la capacidad de infiltración será cada vez menos eficiente, por lo que se 

deben aplicar métodos alternativos después de un cierto período de tiempo. Finalmente, el 

mejor momento para raspar la piscina y maximizar la cantidad de agua de recarga, puede 

ser manejado por los métodos desarrollados basados en el contenido de agua.  
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1 INTRODUCTION 

The United Nations (2019) calls upon the world’s societies “to ensure the availability and sustainable 

management of water” and “to take urgent action to combat climate change and its impacts.” Therefore, 

they included these contents in their Sustainable Development Goals (SDGs) 6 and 13 (United 

Nations, 2019): 

Climate change has advanced in the last century where Earth’s air temperature has warmed in 

average by 0.6 °C, highlighting the periods between 1910 and 1945 and from 1976 onwards 

(Walther et al., 2002). A graphical perspective of the variation in temperature is illustrated in Figure 

1.1. The major changes have been detected in the northern hemisphere of the globe, with a rise in 

temperature of up to 3.0 °C in comparison to 1900. Most of the variation happened during the 

months from December to February. 

 

Figure 1.1.  Regional warming in the decade 2006–2015 relative to 1850–1900 (Preindustrial period) 

for the annual mean (a), the average of December, January, and February (b), and for 

June, July, and August (c). Source: Allen et al. (2018) 

Climate change sharpens the global problem of water scarcity and water allocation, especially 

facing the growing human population. Society has to shift its living style to a sustainable structure 

and work on technical, social, and environmentally sound solutions to remedy the overexploitation 

(average aquifer recharge rate is lower, or close to the average aquifer abstraction) of the world’s 

water resources (Adger et al., 2005; Hoffmann and Sgro, 2011). Groundwater is one of the most 

widely used water resources which is subject to degradation and depletion. According to van der 

(a) 

(b) (c) 
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Gun (2012), the groundwater abstraction rate has increased threefold in the last 50 years with a 

constant increase between 1 % and 2 % annually, leading to groundwater overexploitation. These 

data should strengthen the establishment of a new technological advancement to reduce and 

mitigate the effects of human activities and climate change (Lobell et al., 2008). 

1.1 MOTIVATION 

One powerful measure to address several water related problems (e.g. water scarcity in the dry 

season, groundwater depletion, and saltwater intrusion, among others) is managed aquifer 

recharge (MAR) (Dillon et al., 2019). Therefore, understanding the factors that influence the 

system’s efficiency is a relevant investigation field. One of the key research areas in these recharge 

methods is the development of a blocking layer, known as clogging. It occurs either in the basin 

surface, in the vadose zone, or in the well filter (Martin, 2013). Thus, the determination of the most 

suitable conditions for clogging minimization in surface spreading methods is relevant. The 

accumulation of suspended solids and the biomass growth in the pore space of the soil leads to 

an increase of the infiltration resistance of the medium. The clogging rates depend on site-specific 

conditions such as soil properties, climate, water quality, and process-related parameters 

(Casanova et al., 2016; Martin, 2013). 

MAR is an integrated tool for groundwater management that aims to alleviate the stress that the 

subsurface resource has been receiving in the last decades (Dillon et al., 2019). MAR’s increasing 

importance necessitates the optimization of its processes to improve the efficiency of aquifer 

recharge. One of the key challenges is the formation of a zone in the surface and the subsurface 

that obstructs the path of infiltrating water, also called clogging. Clogging affects the screen of 

infiltration and exploitation wells and the surface of infiltration ponds. Physical (e.g. suspended 

particles), biological (e.g. algae growth), or chemical (e.g. alkalinity) factors drive the formation of 

clogging (Casanova et al., 2016; Martin, 2013). Spreading methods often use surface water, and the 

suspended solids in it either block smaller soil pores or contain microbial colonies together with 

organic matter (Asano et al., 2007). To optimize the operation of infiltration ponds, the clogging 

issue must be assessed by: (1) Minimizing/delaying its formation, (2) monitoring the infiltration 

capacity of the site, and (3) understanding the efficiency of the management of clogged layers. 

These three investigation areas were included as the main working axis for this thesis (see Figure 

1.2) examined by field and laboratory scale experiments. The regional climate (e.g. temperature 

and solar irradiance) plays an important role in the formation of clogging. On one hand, it 

promotes or degrades the growing conditions of microorganisms (e.g. algae), and on the other 

hand it also results in changes in the fluid viscosity of the water (Barry et al., 2013; Dillon, 2005; 

Martin, 2013). Being able to anticipate the moment when the infiltration pond is completely 

clogged is critical to maximize the recharge volume. Once the soil pores are blocked, the low 

permeable layer can be scraped with heavy machinery to partially recover its infiltration capacity. 

The extracted material can either be exchanged or also cleaned and reinstalled in the infiltration 

basin (Martin, 2013). 
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Figure 1.2.  Overview of the thesis main investigation areas to assess clogging 

1.2 OBJECTIVES 

The main objective of this thesis is to develop tools for MAR sites with infiltration basins that eases 
the management of clogging, especially under consideration of the influence of the climatic 
variability. The specific objectives encompass: 

Understand the influence of climate related parameters (temperature and solar irradiance) 
in the development of the clogging layer in different hydraulic cycle scenarios. 
Determine the recovery efficiency of clogged infiltration ponds. 
Develop alternative methods based on the soil water content to anticipate severe clogging 
states. 
 

1.3 THESIS STRUCTURE  

The thesis is structured in the following chapters: 

Chapter 2: Encompasses the theoretical background of Managed Aquifer Recharge including 
possible operation of schemes, involved processes, and challenges. A description of the 
clogging in basins is included, mentioning the causes, consequences, and possible 
management options. This chapter also includes a description of climate-related 
parameters that have an influence on the development of a clogging layer, such as 
temperature and solar irradiance. 

Chapter 3: Contains the description of the site and presents the previous investigations conducted 
there. The description of the study area consists of an overview of the regional 
hydrogeology of the region of Saxonian Switzerland (ger. Sächsische Schweiz), a brief 
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analysis of the relation between the Elbe River and the shallow aquifer, and an analysis 

of the climate development in the last decade in the city of Pirna. 

Chapter 4: Describes the methodology of the study. It introduces the infiltration units that were 

used for the main chapters of the thesis: (1) field infiltration unit for analysis of the 

temperature influence in clogging, (2) laboratory infiltration soil columns for the 

determination of the solar irradiance influence on clogging, and (3) laboratory 

infiltration tanks for the evaluation of the recovery of the infiltration capacity rates of 

scraping procedures in clogged basins. Additionally, a description of the developed 

infiltration capacity monitoring methods is included. 

Chapter 5: Presents and discusses the main results of the experiments at the three different units 

described in Chapter 4. In addition, the selection of the most suitable water content 

based method is presented that can be used as an alternative for tracer tests. 

Chapter 6: Summarizes the most relevant findings of this thesis and points out the applicability of 

the outcomes for operators of recharge basins. 

Chapter 7: Includes the limitations and research perspectives regarding the influence of climate-

related parameters and the assessment of clogging in infiltration basins. 

The analysis of the alternative methods to evaluate the infiltration capacity of the soil and to 

determine the clogging state in the basin, was successfully published in the journal of Water 2019, 

11(4), 784 (https://doi.org/10.3390/w11040784). The main outcomes of the results of the 

laboratory and field experimental units have been presented in several thematic conferences 

(Appendix A.1).  

https://doi.org/10.3390/w11040784
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2 THEORETICAL BACKGROUND 

2.1 MANAGED AQUIFER RECHARGE 

The relevance of MAR has increased in recent decades as a potential solution to alleviate and 
mitigate problems of replenishment of over-exploited aquifers, intrusion of saltwater and water 
allocation related problems (Bekele et al., 2015). MAR is the intentional infiltration of surface water 
or re-injection of groundwater to an aquifer for consequent extraction or environmental benefit. 
Through the application of MAR, the resilience of water supply is increased, water can be provided 
regardless of season, and over-exploited aquifers may be replenished. Likewise, storage of water 
in aquifers has the benefit of minor loss through evaporation, operational efficiency and 
furthermore, infiltration commonly improves water quality (Dillon et al., 2009). MAR has been also 
considered as an ecosystem-based adaptation (EbA) technique (Ansems et al., 2014) that aims to 
protect the groundwater resources and has the capability to cope with the emerging extreme 
seasonal variability events triggered by climate change (Jilali and El Harradji, 2017). 

According to Parson et al. (2012), the introduction rate of MAR techniques has been lesser than 
expected, despite their numerous benefits. According to Sheehan (2009), this is due to the poor 
awareness of MAR techniques and the lack of access to information which could encourage water 
supply operators to adopt and invest in MAR practices. Nevertheless, Dillon et al. (2019) did a 
recent exploration of the evolution of MAR capacity in 15 countries / areas around the globe 
(accounting for 76 % of reported MAR capacity in 2015). A summary of the MAR installed capacity 
(Mm³/a) in the globe is presented in Figure 2.1. In the decade of 2000, the installed capacity doubled 
in comparison to the decade of 1990. This trend remains the same for the first half of the decade 
of 2010. The installed MAR capacity  in 2015 represented 34 % of the global groundwater use in 
2010 (Dillon et al., 2009). 

 
Figure 2.1.  Global evolution of MAR capacity by decade since the 1960s in 15 countries/areas. Data 

Source: Dillon et al. (2019) 
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The feasibility of applying MAR can be assessed by considering different types of data from 

different disciplines. Figure 2.2 contains the framework of a MAR feasibility analysis. Nevertheless, 

it is essential to initially evaluate the feasibility of financial and technical factors (Arshad et al., 

2014), to create a basis for the remaining investigation fields. The financial factors can be 

approached by the benefits of recharge to an individual or to a region. Assessing the latter might 

become complex because it englobes the public good, socio-economic and environmental benefits 

(Arshad et al., 2014). Maliva (2014) worked on a review of assessment methods for the total 

benefits from MAR. The evaluation of the technical factors should include a hydrogeological 

assessment, an analysis of surplus of water, and the means to convey it into the aquifer (Arshad et 

al., 2014). 

 

Figure 2.2.  Framework for the feasibility of managed aquifer recharge. Source: Arshad (2014) 

Depending on the in situ technical factors, different MAR methods can be selected. They are 

classified mainly in two categories: (1) referring primarily to getting water infiltrated and (2) 

referring to intercepting the water (see Table 2.1). Various types of MAR have been used ranging 

from direct injection methods (such as Aquifer Storage and Recovery (ASR) and Aquifer Storage, 

Transfer and Recovery (ASTR)), induced bank infiltration and surface spreading methods (Casanova 

et al., 2016). Besides that, some other artificial recharge methods also include sprinkle infiltration, 

which is relatively new in all managed aquifer recharge technologies (Jokinen et al., 2006). There 

are other processes not belonging to MAR that also end up in an aquifer recharge effect. These 

processes can be named as unintentional or unmanaged aquifer recharge methods, which refer 

mainly to processes where water gets to the aquifer as a side effect. Some examples are irrigation 

deep seepage, leakage of water pipes and sewers or mining, and industrial water disposal to sumps 

(Dillon et al., 2019). 
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Table 2.1.  Classification of specific MAR methods (Stefan and Ansems, 2018) 

Technique Main MAR method Specific MAR method 

Infiltration 

Spreading methods 

Infiltration ponds and basins 

Flooding 

Ditch and furrow 

Excess irrigation 

Reverse drainage method 

Induced bank infiltration 

Well, shaft and borehole 

recharge 

Deep well injection 
ASTR 

ASR 

Dug well/shaft/pit injection 

Interception 

In-channel modifications 

Recharge dams 

Subsurface dams 

Sand dams 

Channel spreading 

Runoff and rainwater 

harvesting 

Barriers and bunds 

Trenches 

Rooftop rainwater harvesting 

 

This thesis focuses on spreading methods, one of the most common MAR techniques (Asano et al., 

2007), with a particular focus on infiltration ponds and basins. Spreading infiltration involves 

diverting surface water into infiltration basins or channels allowing the water to infiltrate into the 

saturated zone, using the vadose zone as a filter to trap and break down organic and inorganic 

compounds before water reaches the aquifer (Laws et al., 2011; Stefan and Ansems, 2018). Its 

operation is considered a cost-effective measure compared to well injection techniques mainly 

because it uses gravitational forces to let water get infiltrated into the vadose zone (Arshad et al., 

2014; Rupérez-Moreno et al., 2017). Figure 2.3 illustrates the main components of spreading 

method schemes. Depending on the source of influent (1), a pre-treatment (2) might be necessary. 

For instance, when using river water, a sedimentation pond is located prior to the infiltration basin. 

Water is supplied at a specific rate depending on its availability and the infiltration capacity of the 

porous media. During the water passage through the unsaturated zone (3), physical, chemical, and 

biological processes influence the water quality that reaches the aquifer. The subsurface storage 

(4) can be used during times with low availability of surface water, in which the recharged water is 

recovered through wells (5) located at a specific distance from the infiltration basin. Depending on 

the end use (7), the MAR scheme might include a post treatment (6) step. 
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Figure 2.3.  Main components of a MAR scheme based on surface spreading basins. Source: Glass 

(2019) 

Water is infiltrated to the aquifer through an infiltration pond, and the vadose zone acts as a 
natural filter and an active site for the degradation of organic compounds. Interaction of infiltrated 
water with soil media not only allows the elimination of organic and inorganic substances but also 
the removal of pathogens (Casanova et al., 2016). Several water sources can be used in MAR 
applications. The most common sources of water for infiltration are harvested runoff and river 
water (Hida, 2009; Jokinen et al., 2006). The treated (reclaimed) wastewater is used in Soil Aquifer 
Treatment (SAT) systems, which are implemented, especially in semi-arid or arid regions where 
water is scarce. This alternative can be also applied to alleviate the effect of saltwater intrusion in 
coastal areas (Casanova et al., 2016; Council, 1994; El Ayni et al., 2011). 

In infiltration ponds, large quantities of water are infiltrated at relatively low operation costs, while 
maintenance and anti-clogging procedures are relatively simple. However, surface spreading 
through infiltration basins requires a large and flat permeable surface (Dillon et al., 2009). This 
significantly increases the capital costs, highly depending on the land use of the site. Moreover, 
there is a potential for aquifer pollution depending on the water source, and the capacity of the 
vadose zone to assimilate, sorb, or degrade the pollutants before they reach the groundwater 
(Dillon et al., 2009). Furthermore, the design of the MAR basin must consider that the complete 
amount of water disposed in the basins will not reach the aquifer. Some fraction becomes trapped 
in the vadose zone as soil water, and can return to the atmosphere by evaporation and 
transpiration during times where the basins are empty, especially in warm regions (Racz et al., 
2012). 

Table 2.2 presents some examples of recharge basins in the world, giving at least one site per 
continent. The size of the infiltration basins complex can vary from a couple of square meters to 
some square kilometers. Annual recharge volumes can also be as small as 1000 m³ (Llobregat 
River, Spain) and expand up to 266 Mm³ (Orange County, USA), when combining a huge pond 
network. 

 



 

 

Table 2.2.  Operational information (recharge volume, infiltration rate, and basin area) of selected recharge basins all over the globe 

# Location Influent Source 
Recharge volume 

[Mm³/a] 

Infiltration 

rate 

[m/d] 

Infiltration  

area [ha] 
Source 

1 
San Jacinto basin, Riverside, 

USA 
River water n.d.* 1.9 1.6 (Lee et al., 1992) 

2 
Valle San Luis, Rio Colorado, 

Mexico 
Reclaimed water 

n.d. 

(HLC** 1:6) 
2.1 17.3 

(Hernandez-Aguilar, 

2017) 

3 
Llobregat River, Barcelona, 

Spain 
River water 0.001 1 1.1 (Hernandez et al., 2011) 

4 
Cubeta de Santiuste, Segovia, 

Spain 
River water 0.0012 n.d. 1.4 

(Fernández Escalante et 

al., 2015) 

5 Sulaibyia, Kuwait City, Kuwait Reclaimed water 0.0026 n.d. 0.09 
(Al-Senafy and Sherif, 

2006) 

6 Floreat, Perth, Australia 
Reclaimed 

wastewater 
0.0124 n.d. 0.005 (Bekele et al., 2008) 

7 Wadi Souhil, Cap Bon, Tunisia 
Reclaimed 

wastewater 
0.0420 n.d. 0.14 

(Chaieb, 2014) 

8 Oakes, North Dakota, USA River water 0.0730 n.d. 0.0232 (Huff and Wald, 1989) 

9 
Montecchio Precalcino, 

Vicenza, Italy 
River water 0.1000*** n.d. n.d. (Passadore et al., 2010) 

10 Agavi, Morocco Reclaimed Water 0.3830 1 0.750 (Bennani et al., 1992) 

11 El Mida, Cap Bon, Tunisia Reclaimed water 0.4000 n.d. 4.5 (Chaieb, 2014) 
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# Location Influent Source 
Recharge volume 

[Mm³/a] 

Infiltration 

rate 

[m/d] 

Infiltration  

area [ha] 
Source 

12 
Atlantis, Cape Town, South 

Africa 
Reclaimed water 2.7 n.d. n.d. 

(Murray and Harris, 

2010) 

13 Korba, Cap Bon, Tunisia Reclaimed water 5.5 0.5 0.5 (Chaieb et al., 2013) 

14 Khoudh Dam, AlKhod, Oman River water 27 n.d. n.d. 
(Abdalla and Al-Rawahi, 

2013) 

15 
Alice Springs, Northern 

Territory, Australia 
Reclaimed water 

1.3 

(HLC variable) 
0.14 – 1 3.8 (Barry et al., 2017) 

16 
Harkins Slough, Santa Cruz, 

USA 
Lake water 2.5 0.1 – 1 3 (Racz et al., 2012) 

17 Greeley, Colorado, USA n.d. 3.7 n.d. 40 (Bouwer et al., 2009) 

18 San Antonio, Texas, USA Surface water 6.7 n.d. n.d. (Bouwer et al., 2009) 

19 Shijiazhuang, China River water 11.0**** 1.4 600 (Su et al., 2014) 

20 Ica, Villacuri, Lanchas, Peru River water 16.0 ~0.4 297 
(Navarro and 

Fernandez, 2017) 

21 Fort Dix, New Jersey, USA Reclaimed water 
16.0 

(HLC 1:2) 
n.d. 19 

(Bouwer et al., 2009) 

22 
Big Fergana Canal, 

Uzbekistan 
River water 18.0***** 2.6 0.1 (Karimov et al., 2012) 

23 El Rio, Ventura, USA River water 40 4 n.d. (Clark et al., 2005) 
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# Location Influent Source 
Recharge volume 

[Mm³/a] 

Infiltration 

rate 

[m/d] 

Infiltration  

area [ha] 
Source 

24 
Central Ava Valley, Tucson, 

Arizona; USA 

River water / 

Reclaimed water 

74 

(HLC 1:1 / 5:3) 
n.d. 134 (Bouwer et al., 2009) 

25 
Ban Nong Na, Phitsanulok, 

Thailand 
River water 76.0 0.26 0.06 (Nadee et al., 2012)  

26 The Shafdan, tel Aviv, Israel Reclaimed water 
120  

(HLC 1:2 / 1:3) 
175 120 (Goren et al., 2014) 

27 Rio Sonora, Mexico Reclaimed water 158.0 1.6 27 (Mendoza et al., 2012) 

28 
Orange County system, 

Anaheim, USA 
River water 266.0 n.d. 43100 (Hutchinson, 2013) 

* n.d. No Data   ** HLC: Hydraulic loading cycle   *** within two Months  **** within 11 days  

***** Potential value 100 Mm³/a assuming 250 basins along the Big Fergana Canal 
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The soil texture at the site influences the infiltration potential and the hydraulic loading rate (HLR), 

which is the annual volume of water infiltrated per square meter (m/a). When designing infiltration 

basins, the HLR can be set as 10 % of the infiltration capacity (volume of water that can flow through 

the media without causing any saturation of the medium) determined by pre-tests in the field or 

the laboratory. Examples of HLR are 30 m/a for fine textured soils (e.g sandy loam), 100 m/a for 

loamy sands, 300 m/a for medium sands, and up to 500 m/a in coarse sand (Crites et al., 2014; 

NRMMC, 2009; US EPA, 2006).  

Some MAR schemes introduce hydraulic loading cycles (HLC) or flooding and drying cycles in their 

infiltration schedules, especially in SAT systems (Asano et al., 2007; Casanova et al., 2016). HLC 

consists in an intermittent infiltration period. A temporary pause is systematically included to allow 

the recovery of oxygen concentration in the uppermost section of the recharge basin, which 

induces the maximum decomposition rate of organic matter, particularly for nitrification (Bouwer, 

1996; Dutta et al., 2015; Sprenger et al., 2017). This also permits the adequate maintenance of the 

basin surface, because during the dry period, the low-permeability layer on the pond’s surface can 

be scraped (Casanova et al., 2016). This improves the recovery of aerobic conditions in the topsoil 

and the infiltration capacity. By increasing HLR, the impact of each wetting cycle on oxygen 

availability, pore-fluid velocity, and retention time is higher. Assessing optimal HLC is, however, 

challenging because of the complexity and difficulty in measuring and mapping the spatial and 

temporal distribution of oxygen concentrations at the infiltration site. The oxygen concentration in 

the soil pores depends mainly on the simultaneously occurring transport and consumption 

processes. The former process is controlled by physical processes like advection and diffusion and 

on the other hand the latter process is regulated by chemical reactions and microbial activity (Dutta 

et al., 2015). 

In SAT recharge sites, a common HLC is 24 hours of flooding period followed by 48 to 72 hours of 

drying period. After this time, a new 24 hours period of flooding starts. (Dutta et al., 2015; Haaken, 

2018). The US EPA (2006) suggests for SAT projects to introduce the HLC according to the treatment 

stage of the influent. For influents that passed through a secondary or tertiary treatment stage the 

dry period can be shortened or the wet period can be adjusted to longer phases (see Table 2.3). A 

lack of drying cycles would reduce rapidly the infiltration rates unless submerged cleaning 

equipment is used to remove the clogging layer, like it is done in Anaheim Forebay in Orange 

County, USA (Asano et al., 2007). 
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Table 2.3.  Examples for typical wet/dry ratios for SAT systems in the USA. Source: US EPA (2006) 

and Asano et al. (2007) 

 
Pre-

treatment 

Wet 

period 

[d] 

Dry 

period 

[d] 

Wet/dry 

ratio 

[-] 

Calumet, Michigan Untreated 2 14 1:7 

Hollister, California Primary 1 14 1:14 

Barnstable, Massachusetts Primary 1 7 1:7 

Ft. Devens, Massachusetts Primary 2 14 1:7 

Vineland, New Jersey Primary 2 10 1:5 

Phoenix, Arizona site 1 Secondary 9 12 1:1.3 

Phoenix, Arizona site 2 Secondary 14 14 1:1 

Phoenix, Arizona site 3 Secondary 4 10 1:2.5 

Mesa Northwest Plant, Arizona Tertiary 7 21 1:3 

Montebello Forebay, Los Angeles Tertiary 28 28 1:1 

 

Nevertheless, there are also recharge sites working without these hydraulic cycles, since the 

recharged water does not require further treatment through the vadose zone, and the aim of the 

project is mainly focused on the hydraulic restoration of the groundwater level (Council, 1994). This 

type of infiltration is referred in this study to as “continuous” infiltration. 

Infiltration basins feature many advantages regarding the treatment capacity and the operational 

costs. However, the reduced efficiency of the system due to clogging is challenging. One of the 

most relevant factors is the development of a clogged layer in the surface of the infiltration pond. 

2.2 CLOGGING IN MAR 

The quality of the influent will affect the infiltration rate, due to its clogging potential. To keep high 

infiltration rates in the system, the quality of the water should be evaluated and monitored, and 

clogging of the infiltration surface should be managed. River water has a seasonally variable 

content of organic matter, suspended solids, and bacteria colonies. Although pre-treatment of 

water can considerably reduce the nutrients concentration and suspended solids in the infiltration 

water, periodic cleaning or management of the infiltration surfaces are typically needed (Barry et 

al., 2017; Bekele et al., 2013).  

Clogging is one crucial issue to be considered for the design and operation of recharge basins, 

since it hinders the recharge capacity of spreading infiltration basins (Rice, 1974). Clogging is an 

unavoidable phenomenon that gradually reduces the permeability of the medium, decreasing the 

water volume that infiltrates into the aquifer (Du et al., 2013; Hutchinson et al., 2013; Martin, 2013; 

Zou et al., 2019). The factors that determine how fast clogging will develop are the fraction and 

shape of suspended solids, size distribution of fine soil particles, organic and inorganic materials, 

and microorganisms in the infiltrating water, so as hydrodynamics effects. These factors act as 

drivers for mechanical, chemical, biological and physical processes which eventually contribute to 

the reduction of the infiltration rates (Ahfir et al., 2007; Holländer et al., 2006; Zou et al., 2019). 
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Baveye et al. (1998) identified the most sensible areas for clogging development: basin bottoms, 

walls of trenches and vadose-zone wells, and well-aquifer interface in recharge wells. 

There are four types of clogging: 

Physical clogging is directly linked to the presence of organic and inorganic suspended particles in 

the source water that obstruct the flow paths through the soil media either on the surface or within 

the filter porous medium. The mobilization of fine particles also affects the total porosity of the 

soil, especially due to turbulence caused by hydraulic loading cycles. In this process, the suspended 

particles settle down when infiltration stops, and are remobilized with the restart of infiltration as 

a floc (a loosely clumped mass of fine particles) resulting in a major blockage source (Martin, 2013; 

Zou et al., 2019). Pavelic (2011) and Du (2013) stated that physical clogging is the most direct and 

dominant form of clogging controlled mainly by the amount and size of particulates present in the 

system. It usually leads to a slow but continuous increase of the ponding depth at a continuous 

infiltration rate. As the thickness of the accumulated layer increases, the infiltration rate is reduced. 

The lithology of the aquifer may also be important for physical clogging. Formations containing a 

high fraction of clays, for example some sandstones, may have pores within the soil or rock which 

are filled or lined with clay minerals such as kaolinite, illite, smectite, or chlorites (Martin, 2013). 

These fine-grained minerals may be dislodged by the infiltrating water and migrate with the flow. 

They may become trapped and block the pore space in narrow pathways, and thereby constrain 

the flow. A similar problem has been observed in muscovite and biotite rich reservoirs where the 

flakes of the micas were mobilized by a breakdown to smaller pieces (Martin, 2013; Rice, 1974). 

Additionally, Rice (1974) recommended a concentration of total suspended solids below 10 mg/L 

in the influent water to avoid high clogging rates. 

The formation of the physical clogging layer is analogous to the mechanisms in sand filter units. 

Depending on the size of the suspended particles and the pore size distribution of the soil, three 

physical clogging mechanisms can be identified: (1) cake formation in the surface of the soil as the 

shallow macropores are blocked (Figure 2.4a), (2) straining as the suspended particles flow through 

the shallow macropores and get trapped in smaller pores in the subsoil (Figure 2.4b), and (3) 

bridging as smaller suspended particles (<10 μm) agglomerate via van der Waals forces and block 

the pores as flocs in the surface and within the soil profile (Figure 2.4c) (De Zwart, 2007). 

 

Figure 2.4.  Filtration mechanisms of suspended particles flowing through a porous media. Source: 

De Zwart (2007) 

Biological clogging occurs due to a vast spectrum of microorganism growth like bacteria and algae 

and accumulation of by-products from the decomposition of organic matter and polysaccharides, 

producing a biofilm on the infiltration surface (Martin, 2013). Biological clogging is proportional to 

the nutrients and free carbon available in the system (Pavelic et al., 2011). Additionally, Avnimelech 

(a) (b) (c) 
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(1964) stated that biological clogging is associated with a decline in the oxidation-reduction 

potential in the sand. As bacteria are sensitive to shear, they tend to form stable biofilms to isolate 

themselves from water shear. These biofilms may inhibit fluid flow and lead to partial or complete 

occlusion of pore space. In infiltration wells, biological clogging usually leads a slow initial increase 

in the hydraulic head for a given infiltration rate, after that followed by a rapid exponential 

decrease (Bennion et al., 1998; Dutta et al., 2015; Martin, 2013). In a research study of Gunkel and 

Hoffmann (2006) in the riverbank infiltration system in the littoral zone of Lake Tegel in Berlin, 

Germany, the structure of the clogging biofilm and the occurrence of extracellular polymeric 

substances (EPS) were investigated. It was concluded that biological clogging is most likely to occur 

in the uppermost layer of the soil which directly correlated with the presence of higher level of 

dissolved organic carbon (DOC) and particulate organic matter (POM). In spreading basins with 

high solar incidence, algae growth is one of the main factors contributing to a reduction in 

infiltration rates (Asano et al., 2007). The mechanisms of biological clogging are considered more 

complex than physical clogging and reestablishing the infiltration rates in recharge basins may turn 

challenging. Furthermore, many metabolites are secreted by bacteria during their growth. The 

produced viscous polymers can adsorb suspended particles of the influent and accelerate the 

clogging process of the soil (Ruijuan et al., 2019). 

Baveye et al. (1998) stated that carbon concentrated influents containing plant residues, 

monosaccharides, disaccharides, or alcohols have a higher potential for soil clogging, since the 

growth of the colony forming units increases. The most common organisms causing biological 

clogging are the prokaryotic forms (Baveye et al., 1998). Investigators have further classified the 

types of microorganisms in clogged systems into various strains of aerobic bacteria, facultative 

anaerobic bacteria and strict anaerobic bacteria. It can also be classified according to the main 

metabolic reaction of the bacteria into: denitrifying bacteria, acetogenic bacteria, sulfate-reducing 

bacteria, methanogenic bacteria, and photosynthetic-sulfur bacteria (Baveye et al., 1998). The 

correlation between the reduction of hydraulic conductivity and the biovolume ratio is dependent 

on the grain size distribution of the porous medium (see Figure 2.5). The biovolume ratio (bio) is 

defined as the bulk volume of the clogging biomass or particles per unit pore volume of unclogged 

soil. The reduction of the hydraulic conductivity because of biological clogging occurs faster with 

low biovolume ratios in soils with smaller voids size (Baveye et al., 1998). 

 

 

Figure 2.5.  Dependence of the saturated hydraulic conductivity ratio to the biovolume ratio for 

Pseudomonas aeruginosa in 1-mm glass beads and in 0.70, 0.54, and 0.12 mm sand, 

and for Arthrobacter sp. strain AK19 in 0.09-mm sand. Source: Baveye et al. (1998) 

 

αbio (-) 

(-
) 
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Furthermore, Cunningham and Ross (2006) stated that the bacterial growth rate is divided into five 

phases (Figure 2.5): A lag phase as the amount of bacteria is still reduced. This is followed by an 

acceleration phase where the bacteria’s reproduction exponentially increases, as long as food and 

oxygen are available. Once the energy sources become scarce because of the increased demand, 

the growth of the bacteria comes to a stationary phase and when the input is not enough, the 

bacteria population decreases. 

 

Figure 2.6.  Phases of growth rate of bacteria. Source: Cunningham and Ross (2006) 

Chemical clogging results from complex geochemical reactions happening in the soil pores due to 

mixing of water of diverse qualities. These reactions encompass mineral precipitation, dissolution, 

oxidation, reduction and adsorption e.g. formation of hydroxides, carbonates, and bicarbonates 

(Martin, 2013). These processes are mainly regulated by the type of water that is flowing through 

the soil media e.g. sodium-rich waters can cause a dispersion of a soil grain aggregates (Rice, 1974). 

Moreover, biochemical reactions due to microbial activity can also cause a biochemical clogging 

(Martin, 2013; Vigneswaran and Ronillo, 1987). As a consequence, precipitates may change the 

permeability of the porous media. Figure 2.7 illustrates how iron (III) (precipitated) can either get 

attached to the grains surface or get agglomerated in small cavities. Since the static adsorption 

force between the specific surface area of the adsorbent (soil grain) and the iron (III) is weak, the 

predominant blocking mechanism is the surface interception (Zhang et al., 2019). However, 

chemical reactions may also lead to dissolve the aquifer matric, and thereby an increase in 

hydraulic conductivity may occur at MAR sites over time. Since geochemical reactions, such as 

redox reactions, are commonly caused by bacteria activity, it is difficult to differentiate biological 

and chemical processes (Martin, 2013; Rice, 1974). 
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Figure 2.7.  Clogging mechanisms diagram of iron (III) in the saturated zone. Source: Zhang et al. 
(2019) 

Mechanical clogging or gas clogging is observed in spreading basins where air gets entrapped in 
the soil voids, reducing the infiltration and water storage capacity of the aquifer (Heilweil and 
Marston, 2013). This gas entrapment could also arise due to methane and nitrogen gases produced 
during the microbiological activity in the soil matric (Martin, 2013). The entrapped gas bubbles 
typically block the largest pore pathways during the saturation phase of the infiltration, because 
wettability forces (adhesive and cohesive forces between the soil and liquid matric) trap air bubbles 
in the center of pores. This commonly results in a sharp reduction in infiltration by restricted flow 
(Heilweil and Marston, 2013). Moreover, the viscosity of water changes with temperature. 
Therefore, lower infiltration rates are generally expected during the winter (Martin, 2013). 
Additionally, mechanical clogging takes place when the sand grains mobilize within the soil media. 
According to Pavelic (2011), mechanical clogging related to the rearrangement of soil media in sand 
is evident and affects the hydraulic conductivity within the first 24 hours of soil column 
experiments. Rice (1974) stated that long periods of intermittent infiltration cause the entrapment 
of gases because of the microbial activity in the soil. Figure 2.8 illustrates the different types of gas 
bubbles that can be found in the vicinity of the well screen in the saturated zone: Small spherical 
gas bubbles that ascend slowly or get attached to the grain surface, irregular gas bubbles, air 
bubbles in process of entrapment and entrapped air bubbles (Baveye et al., 1998). 

 
Figure 2.8.  Representation of biochemically produced gas bubbles and entrapped air bubbles in 

the saturated zone. Source: Baveye et al. (1998) 
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Fernández and Sauto (2019) worked on a characterization of the different clogging processes using 

a multivariate geostatistical analysis in the Santiuste basin MAR site in Spain. They obtained a 

strong correlation between compounds dissolved in groundwater and clogging types: Physical 

clogging occurs with high concentrations of calcium, magnesium, total dissolved oxygen, and basic 

pH values. Biological clogging has the maximum correlation with pH and bicarbonate 

concentration. Chemical clogging increases with higher concentration of calcium, magnesium, 

sulphates, and nitrates. Sodium, calcium, nitrates, and dissolved oxygen are parameters 

influencing the development of clogging due to physical and biological processes occurring 

simultaneously. 

Besides the quality of the influent water, other factors are also involved in developing the clogging 

layer such as the HLR and HLC, soil particle soil distribution, climate seasonality, temperature, and 

sunlight irradiance. Therefore, it is imperative to understand how different types of clogging are 

influenced by these factors in a MAR basin. Ponding depth also plays an important role. Pavelic et 

al. (2005) conducted research to understand the effects of ponding depth on infiltration rate. They 

concluded that an increase in ponding depth initially enhances the infiltration rate for a short time 

period but in the long term, it decreases the infiltration rate due to the clogging layer compaction 

and greater penetration of the particulate matter. Bouwer (1989) also explained that greater 

ponding depth results in greater detention time in the basin. Thus, the chances for regrowth of 

algae are higher. Moreover, higher gradients lead to filter cake compression which adversely 

affects the infiltration rate. 

2.3 MANAGEMENT OF CLOGGING 

Clogging is together with land availability, water quality and quantity, one of the main restricting 

factors which limits the capacity of MAR sites, it is essential to study the processes that influence 

its development and create mitigation strategies. Because of physical and biological clogging a thin 

layer of a few millimeters to a few centimeters develops on the topsoil (Martin, 2013; Zou et al., 

2019). Therefore, clogging management is typically restricted to the uppermost soil layer in the 

infiltration basin. Examples of methods to recover basins are scraping (see Figure 2.9), scratching, 

tillage, or replacement of soil (Achilleos et al., 2019; Asano et al., 2007; Martin, 2013; Negev et al., 

2019). Scraping of the basins consists in the mechanical or manual removal of the upper layer 

(Hutchinson et al., 2018). 

 

Figure 2.9.  Scraping of the top layer of clogged infiltration basins in the USA. Source: Hutchinson 

et al. (2018) 

In a recharge site located in the Dharta watershed, Australia, clogging is controlled on infiltration 

basins by periodically drying the basins. The main objective is to dry the clogging layer, scrap it, 
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decompose it, shrink it, crack it, and finally curl it up. The removal is mechanically done in the site 
with front-end loaders, graders, scrapers, or manually with rakes (Soni et al., 2019). 

Besides scraping, there are other techniques to deal with already clogged basins. Negev et al. 
(2019) worked with different tillage systems (see Figure 2.10) to recover the infiltration rates in the 
basin. The plowing method (Figure 2.10a) recovered the infiltration rates up to 95 %. They plow 
their basins in the SAT Shafdan basins, Israel, once per month and reach a depth of 40 cm. Applied 
subsequently, the sweep-knives cultivator (Figure 2.10b) did not improve the infiltration rates. 
Nevertheless, combining the later technique with the chisel-knives cultivator (Figure 2.10c) caused 
an extra 15 % increase in the infiltration rate. Finally, the plowing subsoiler (Figure 2.10d) resulted 
in an additional 70 % enhancement of the percolation rates. 

 
Figure 2.10.  Tillage tools used for recovery of the infiltration rate in SAT recharge basins: (a) Plow 

(b) Sweep-knives (SK) Cultivator; (c) Chisel-knives (CK) cultivator and (d) Subsoiler 
(paraplow type). Source: Negev et al. (2019) 

San Sebastian and Fernández (2019) maintained high infiltration rates during longer periods of 
time by introducing vegetation into the basin in Los Arenales MAR site, in Spain. On one hand, the 
hydrophilic plants in the surface of the basin adsorbed micronutrients, and on the other hand their 
roots prevent clogging by producing new preferential flows. Additionally, the dissolved oxygen of 
the water flowing, through a specific vegetation type, is reduced and inhibits the potential of the 
occurrence of mechanical clogging. 

Sometimes, it is necessary to add a treatment step to the recharge system to reduce the 
vulnerability to clogging. For example, the recharge sites in North China Plain suffered of clogging 
in their basins due to high silt concentration. The clogging potential was reduced by the 
construction of a desilting unit treating the influent before it entered into the infiltration basin (Liu 
et al., 2019). 

Clogging may also develop in different rates at different sites. After seven years of operation of the 
MAR site in Ica, Peru, no severe impacts due to clogging were registered. Nevertheless, the 
infiltration ponds were redesigned to further decrease the impact of clogging. The basin walls were 
constructed with a stable slope (2:1) to support high lateral pressure. Additionally, the surface of 
the basin was carved with furrows to increase the surface area of infiltration, and simultaneously 

(a) (b) 

(d) (c) 
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to force a preferential sedimentation in the furrow canals, which is easier to be removed 

(Fernandez and Navarro, 2019).  

To reduce the impacts of clogging, selected soil parameters should be monitored to evaluate and 

assess the best operational setup and maintenance schedule to maximize the recharge volume in 

time. Furthermore, the climatic boundary conditions determine the growth rate of the clogging 

layer, especially in infiltration basins. The following two subchapters present an overview of these 

soil and climatic properties.  

2.4 MAR-RELEVANT SOIL PARAMETERS 

This chapter contains a description of the main soil parameters in the vadose zone that can be 

monitored in surface spreading basins to control their functionality: 

2.4.1 Hydraulic conductivity 

In MAR recharge schemes, it is necessary to monitor the development of the hydraulic conductivity 

(K) of the soil, which indicates the infiltration capacity of a soil to permit water to flow through its 

pores. The determination of K in the unsaturated zone is essential to understand the soil-water 

transport processes such as heat transfer, mass transfer, infiltration, and runoff (Stibinger et al., 

2014; Wagner et al., 2001). The in situ evaluation of K can turn into a challenge, especially if non-

disturbed conditions want to be maintained. Several methods have been developed to quantify K 

in the field; such as auger–Hole method tension infiltrometer, single/double ring infiltrometer, and 

constant head well permeameter (Fodor et al., 2011; Stibinger et al., 2014; Vienken and Dietrich, 

2011). However, all these techniques offer at the end only a single value reprentative for the 

complete duration of the infiltration. Moreover, all mentioned approaches are considered to be 

invasive, as they alterate the soil conditions in the experimental setup, which in turn influences 

either the matric potential, or the water content conditions or the soil compaction. The effect of 

these alterations can be significant for the study of K variations caused by the clogging of pores. 

The application of invasive methods to measure K represents a variation of the initial boundary 

conditions in an investigation setup working with repetitive infiltration cycles, as is the case in MAR 

spreading methods (Barquero et al., 2019). 

K at the first infiltration layer in surface spreading operations has a key role, because it is one of 

the main parameters controlling the infiltration capacity of the recharge site. Commonly, a soil 

sampling campaign is conducted while the infiltration basin is empty to investigate the factors 

driving the reduction of infiltration rate produced by the clogging layer. The initial conditions for 

following infiltration cycles are affected by the invasive soil sampling techniques. Likewise, constant 

head permeameter’s instrumentation changes the initial boundary conditions for the next 

infiltration cycle (the soil remains with higher water content due to the infiltrated water of the 

permeameter). Therefore, these methods are considered inappropriate for monitoring the 

clogging development in MAR recharge sites under specific hydraulic scenarios in laboratory 

experimental units, field scale units or in full size infiltration units (Barquero et al., 2019). 

The hydraulic conductivity (K) is by definition the resulting flow capacity of a fluid with a specific 

density (ρ) and dynamic viscosity (μ) through a medium with a determined intrinsic permeability 

(κ) under the gravitational acceleration constant (g) (Mao, 2016): 

𝐾 =
𝜅 × 𝜌 × 𝑔

𝜇
 (1) 

The intrinsic permeability (κ) or specific permeability (m²) is a parameter depending solely on the 

soil material and is independent of the fluid that is flowing through it. The viscosity is a measure of 
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a fluid’s resistance to flow and it is related to the ease with which the molecules can move with 
respect to one another (Camacho, 2017). 

The dynamic viscosity (μ) has to be interpreted as the resistance required to move one horizontal 
layer of fluid with respect to another layer (Soares, 2015). Camacho (2017) presented a formula to 
determine the dependence of viscosity (Ns/m) to temperature changes from 0 °C to 370 °C: 

 (2) 

where T is the temperature of the fluid in (°C). 

The density of water (ρ) also is temperature dependent and represents the mass per unit volume 
(Camacho, 2017). McCutcheon et al. (1993) developed a program to calculate the density of water 
at variable temperatures: 

 (3) 

2.4.1.1 Soil water matric potential 

The soil water tension describes all existing influences exerted on the water by the soil matric and 
is also referred to as matric potential or pressure head. The measurement of the matric potential 
in a soil depends on its water content, the size of its pores, the surface tension of the soil water 
matric, and the properties of the surface of the soil particles. The most commonly used sensor for 
soil water matric potential is the water filled hydraulic tensiometer (Whalley et al., 2013). Figure 
2.11 presents the main components of a water-filled tensiometer. 

 

Figure 2.11.  Main components of a water-filled tensiometer lying horizontally in the soil. Adapted 
from: UGT (2018) 

The tension is closely linked to the water content of the soil: the dryer the soil, the higher the 
tension in the system. At the groundwater surface, the tension is considered to be zero. The 
relation between water content and soil tension is soil specific and highly depends on the soil 
properties (UGT GmbH, 2018). The soil moisture retention curve (see Figure 2.12) describes this 
relation and points out the field capacity (FC), and the permanent wilting point (PWP) ranges. The 
former concept represents the water retention force of the soil after an excess of gravitational 
water drained out of the soil, whereas PWP refers to the minimal soil water that the plant requires 
not to wilt (Assouline and Or, 2014). 
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Figure 2.12.  Soil moisture retention curve for clay, loam, and sand. The permanent wilting point 

(PWP) and the field capacity (FC) intervals are also illustrated. Source: UGT GmbH (2018) 

2.4.2 Soil water content 

The water content is considered to be an important variable in applied soil science (Noborio, 2001; 

UGT GmbH, 2014). It is used as an irrigation control parameter in the agriculture or as a decision 

criterion in environmental and landscape protection. Determining the water content without 

disturbing the sample is reached by indirect procedures that also allow a continuous observation 

of the water content in the field (UGT GmbH, 2014). These methods do not require a calibration of 

the system for almost all soil textures (Noborio, 2001). 

Time domain reflectometry 

The time domain reflectometry (TDR) is one of the most used systems to monitor the soil water 

content (Greco, 2006). It measures reliable results (including close to the surface) and does not 

require previous calibration, in comparison to the neutron scattering method or the gamma 

attenuation method. TDR does not release dangerous radiation, works with a limited interference 

to soil processes, and is especially suitable for automated and remote-controlled projects (Greco, 

2006). 

The relative dielectric permittivity, εr, and soil volumetric water content θ show strong correlation. 

εr indicates the velocity of propagation of electromagnetic waves through the soil pores. By longer 

travel times of an electromagnetic pulse in a known length passage, the smaller will be the velocity 

of propagation, resulting in an indication of a lower fraction of pores filled out with water (Greco, 

2006). 

Frequency domain reflectometry 

Contrary to TDR principles, the frequency domain reflectometry (FDR) does not measure time, it 

rather measures an amplitude and phase of reflected pulses at each frequency window. This 

difference is illustrated in Figure 2.13. 
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Figure 2.13.  Differences in the measurement principle for TDR and FDR sensors. Source: Ilyas 

(2012) 

UMP-1 by UGT GmbH 

The system of the UMP developed by UGT GmbH (Müncheberg, Germany) cannot be assigned 
either to FDR or TDR. The operation principle is more familiar to the FDR process, in which the 
sensor works with a continuous signal at a constant frequency (60 MHz) and not with a pulse (as 
with FDR). However, the phase shift rather than the frequency change is taken into consideration 
to calculate the measurement reading. The device consists of two stainless steel rods, 10 cm in 
length and a diameter of 3 mm (Figure 2.14). The given dimensions and the programmed 
measurement frequency produce a measurement equivalent to a volume of 1 liter. The dielectric 
constant ε of the surrounding soil/water mix is determined from the phase difference of the signals 
running back and forth. The dielectric constant for pure water at 20 °C is ε = 80. Dry soil has a ε of 
2 - 5. 

The dielectric constant of the soil/water mix lies between these two levels and is higher the more 
water is in the soil. Using the calculated dielectric constant, the water content of the soil is then 
determined in a unit ([m³])/([m³]) according to the Topp-Davis equation (UGT GmbH, 2014).  

 
Figure 2.14.  Main components of UMP sensor measuring water content, electrical conductivity, and 

temperature in soils. Adapted from. UGT (2014) 

2.4.3 Electrical conductivity 

The electrical conductivity (EC) of a soil or a solution is considered to be an efficient indicator of the 
concentration of a solute (cation or anion). An EC of 1 dS/m is approximately equivalent to 10 
meq/L (Friedman, 2005). Electrical conductivity in water is the ability of the liquid to conduct an 
electric current. Water is always electrically neutral, and therefore, the overall charges of anions 
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and cations must counterbalance each other. All-natural waters, river waters, or urban drainage 

waters contain water constituents, and usually, the electrical conductivity closely reflects the total 

dissolved solids, which represent the total dissolved ions in the solution (Sparks et al., 1996). 

When using a conductivity meter to determine the electrical conductivity of a solution, the 

resistance of the solution between two electrodes at a given distance is measured. This procedure 

can be also measured with the UMP sensor illustrated in Figure 2.14. Conductivity meters must be 

calibrated regularly to ensure a reliable measurement. The electrical current flow, I, is higher with 

increasing temperature. Therefore, EC values are typically corrected for a standard temperature of 

25 °C. These corrected values are referred to as specific electrical conductivity values (Sparks et al., 

1996). 

Soil electrical conductivity is, similarly, the ability of the soil to transmit an electrical current. When 

electrical conductivity term is applied to soils, it refers to both soluble and readily dissolvable salts 

in the soil sample. There are three pathways of the current flow that contribute to the electrical 

conductivity of the soil. The first is the liquid phase pathway through dissolved solids in the large 

pores of the soil, the second is the solid-liquid phase pathway which is primarily dependent on 

exchangeable cations related to clay minerals, while the third pathway is the solid pathway which 

refers to conductance between soil particles which are in direct contact (Corwin and Yemoto, 2017). 

Tracer experiments 

Tracer hydrology is the scientific field that uses environmental and artificial tracers in modelling 

and assessing hydrological systems (Leibundgut et al., 2011). Tracers are substances that can 

maintain a flow pattern similar to that of water, and are a common method for assessing changes 

in the hydraulic properties of a medium, especially in laboratory experiments (Irving and Singha, 

2010; Pollock and Cirpka, 2010). Tracers should have conservative behavior, low toxicity, and a high 

accuracy for analysis (U.S. EPA, 2002). The advantage of adding a tracer to the infiltration solution 

is that they are easily traceable by using substances such as sodium chloride (NaCl) to determine 

groundwater flow, or to study leakage from rivers or sewage pipes in the saturated and 

unsaturated zone (Armbruster et al., 1992; Einsiedl, 2005; Hoffmann and Dietrich, 2004; Kollmann 

et al., 1992; Singha and Gorelick, 2005; Zellweger, 1994). Electrical conductivity is monitored over 

time, which fluctuates in proportion to the concentration of salt (Abrantes et al., 2018). Normally, 

the tracer solution is added from the start of the infiltration event, and the conductivity peak is 

reached in a couple of hours (depending on the depth of the sensor and the soil properties). The 

linear flow velocity is calculated by monitoring the electrical conductivity from the beginning of the 

infiltration cycle until the sensor at a determined depth reaches the maximum measured stage. 

The fraction of depth over time give the linear velocity and this value represents the standard 

baseline state for the wet cycle. However, sometimes the development of the infiltration capacity 

of the basin also requires ongoing infiltration cycles, for instance in longer infiltration periods (> 3 

days). In this case, tracer experiments might underestimate infiltration rates due to two main 

factors: (1) the higher amount of voids that are filled already with water, causing a different 

distribution of the flow paths, and (2) the dilution of the tracer in the ponded water above the 

infiltration basin surface. 

The normalized linear velocity, expressed as v50/v50o (fraction of linear velocity based on time over 

the initial linear velocity in the first infiltration cycle) in Equation (4), is calculated with the time it 

takes to reach the half of the maximum rise of electrical conductivity (t50) at the depth to the sensor 

(z) (Leibundgut et al., 2011). The monitored changes of v50/v50o in the infiltration experiment can be 

interpreted as the reduction of the infiltration rate of the medium. 

v50
v50o

⁄ =

z
t50

v50o
⁄  

(4) 
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The most widely applied salt tracer is NaCl (or “table salt”) and it stands out among other artificial 

tracers because of the ease of handling, low price, and ubiquitous availability. While NaCl is 

conservative and considered environmentally harmless in low concentrations, care needs to be 

taken to ensure that the salinity of the injected water does not exceed environmental limits. The 

maximum solubility in water is 355-360 g/L and is temperature dependent (Leibundgut et al., 2011). 

Limitations in using salt tracers include the high background concentrations in some water bodies, 

density, and local flow field changes due to large injection volumes of saline water, and cation 

exchange (particularly at longer flow pathways). The latter is responsible for sorption of dissociated 

ions in the unsaturated zone and in soils, where mineral and organic particles with large surface 

areas adsorb the ions onto their surfaces and remove them from the groundwater flow. However, 

the sorption potential of chloride is considered relatively low (Leibundgut et al., 2011). 

This thesis makes use of the tracer experiments to infer the clogging state of the infiltration basin 

by measuring its side effect: the reduction of the vertical hydraulic conductivity. This is determined 

by the calculation and normalization of the linear velocity for each infiltration cycle. 

2.5 MAR-RELEVANT CLIMATE PROPERTIES 

Seasonality and climate effects were also considered in some studies. A study based in Australia 

deduced that MAR application near the deciduous forest regions showed a higher physical clogging 

rate in the autumn season due to higher organic loads from the leaves shedding cycle (Barry et al., 

2013). In regions with huge temperature differences between summer and winter season, the 

viscosity of water changes accordingly. As viscosity shows an opposite and indirect relationship to 

the infiltration rate, the recharge rate is expected to decrease in the winter season with the colder 

temperatures (Casanova et al., 2016). Martin (2013) stated that the infiltration rate in winters 

should be reduced to half of that in summers. 

Nonetheless, other researchers have contrary conclusions related to seasonality effects. A case 

study was carried out in Sand Hollow basin, southwestern Utah, USA, which is operated also as a 

MAR site from 2002 to 2011. The monitoring of hydrochemical and hydraulic records explained the 

effect of seasonal variability on the recharge volume of the infiltration basin. Recharge rates were 

observed to be higher in winter months than summer, even though colder water temperature has 

higher viscosity. Heilweil et al. (2013) stated that this trend could be explained by either stunt algae 

growth, reduced physical clogging, reduced respired gases or increased solubility or dissolution of 

biogenic gases due to cold water temperature. They have also associated higher Total Dissolved 

Gas (TDG) pressure with the presence of gas bubbles. In colder temperatures, the gas formation 

rate is quite low, whereas in summers (higher temperature) gas clogging is quite high as well as 

the TDG pressure. This gas clogging is related to algae decay and plant respiration in shallow water 

depths during the warmest months. 

Narrowing down the factor of seasonality, researchers have also shown that the impact of 

temperature regulates the chemical reaction happening in soil columns and affects microorganism 

growth and activity (Bromly et al., 2007; Gibert et al., 2015). Xia et al. (2018) stated that biological 

clogging in a sand column happens 10 times faster in summer than in winter, due to the faster 

culturable bacteria growth rate. One study conducted in the sandy littoral zone of Lake Tegel 

during bank filtration assures that algae biomass values in the interstice were observed the highest 

in winter due to the high redox potential values. In contrast to this, in summer season enhanced 

mineralization and respiration rate decrease the algae production indicating a decrease in 

biological clogging (Gunkel and Hoffmann, 2006; Snehota et al., 2008). 

Unlike temperature, the effects of sunlight on the behavior of MAR schemes are yet to be explored 

in greater depth. Owing to a plethora of elements involved, determining the cause of clogging 

represents a huge challenge. One of the factors of biological clogging is solar irradiance. Despite, 
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its sheer importance, literature available regarding the effect of solar irradiance on the clogging is 

quite scarce, which leads to poor understanding of the processes involved. 

2.5.1 Solar irradiance 

This chapter refers to the influence of the electromagnetic radiation coming from the sun on the 

operation activities of surface spreading basins. Solar irradiance is the intensity with which 

radiation enters Earth’s atmosphere. Approximately half of the incoming solar radiation is 

scattered or absorbed by the atmosphere and clouds before it reaches the Earth surface (Liou, 

1976). 45 % of the solar radition is in the range of the visible light (400 - 700 nm), another 45 % 

consists of infrared wavelenght (700 nm - 1 mm), and a 10 % ist UV radiation (100 - 400 nm) (Ryer 

and Light, 1997). Figure 2.15 shows each spectra irradiance ranges at sea level and outside 

atmosphere. 

 

Figure 2.15.  Spectra irradiance ranges at sea level, which are mainly categorized into UV radiation 

(100 - 400 nm), visible light (400 - 700 nm), and infrared (700 nm - 1 mm). Source: 

Fondriest Environmental (2014) 

The ultraviolet radiation can be divided into three bands: UV-A, UV-B, and UV-C. All these short 

wavelenghts can directly affect the DNA of water-composed organisms and also generate harmful 

photochemicals due to its high levels of quantum properties. Especially by shorter wavelength 

exposition, a greater damage can be caused. A special feature of UV-A and UV-B is its capacity to 

inhibit the photosynthesis process of phytoplankton by over 8 % (Fondriest Environmental, Inc., 

2014; Karsten et al., 2007; Ryer and Light, 1997). 

The infrared radiation contains the least amount of energy per photon and is absorbed by water 

and carbon dioxide, and converted to heat energy. Therefore, this radiation is responsible for the 

warming up of the Earth’s surface. In a body of water, infrared light can only reach a certain depth 

below the surface: 90 % of the incoming radiation gets absorbed in the first meter of water’s 

surface (Fondriest Environmental, Inc., 2014). 

The visible light fraction is also known as photosynthetically active radiation (PAR) and is the band 

that provides the necessary energy for photosynthesis. Leaves of plant’s communities react to 

different levels of PAR. For instance, most of them reflect the green wavelength and absorb the 

rest of the spectrum. Moreover, shade plants respond to lower PAR, whereas sun plants harvest 

higher level of PAR (Alados et al., 1996; Fondriest Environmental, Inc., 2014). 

The distribution of ambient light intensity with a wavelength is known as irradiance spectrum. The 

irradiance spectrum is the sum of radiances from all light sources. Light environments depend 

mainly on the geometry of the light paths, the weather conditions, the time of day, altitude, azimuth 
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of the sun and vegetation coverage. Different regions of the world get different solar irradiance 

based on the above mentioned aspects (Fondriest Environmental, Inc., 2014). Nann und Riordan 

(1991) indicated that clouds act as a filter for some specific wavelengths: spectra ≤ 400 nm matches 

the irradiance received on a dark, overcast day, and 650 nm spectra can be transmitted through 

light clouds. The colour of ambient light changes considerably at dawn and dusk; for example light 

from the setting sun illuminates overhead clouds with a yellow-to-red light. After the sun sinks 

below the horizon, the loss of middle wavelengths (570-630 nm) becomes pronounced; the light 

becomes purplish. Moreover, open space (<470 nm) and humid forest areas (≈550 nm) have also 

different spectra of sunlight (Endler, 1993).  

Reasons for solar irradiance variation are mainly the geographical location around the globe, 

because of the sun’s angle towards the Earth. Additionally, cloud cover, air pollution and the hole 

in the ozone layer are significant sources of solar irradiance fluctuations (Bishop and Rossow, 

1991).  

The effective quantum yield and oxygen production (growth) of algae and photosynthetic 

microorganisms are higher after noon time, when the UV-A and UV-B radiation levels are reduced 

(Figueroa et al., 1997). This photoinhibition to UV radiation comes due to a reduction of the 

chlorophyll content, predominantly with higher UV-B doses (Aguilera et al., 1999; Figueroa et al., 

1997). Bothwell et al. (1994) stated that solar irradiance not only influences the growth and 

photosynthesis of benthic diatom communities, but also inhibits algal consumers, especially due 

to exposure to short UV radiation. 

2.5.2 Temperature 

Similar to solar irradiance, the temperature is dependent on the location around the globe. 

Additionally, factors such as altitude, land use, water bodies, annual precipitation, wind velocity 

and orographic conditions are key factors that contribute to the temperature range of each region. 

Temperature can affect infiltration rates in MAR spreading basins, either directly due to the 

dependence of water viscosity on temperature, or indirectly by affecting the biological activity 

(Dutta et al., 2015). Solar irradiance partly influences the atmosphere temperature, which in turn 

increases the photosynthesis rate of algae, which is equivalent to a greater biomass blocking or 

reduction of the infiltration flow path (Mendoza, 2005). Looking at Figure 2.16, the algae 

Scenedesmus needs warmer conditions to reach the highest rate of photosynthesis, while Synedra 

can reach its maximum capacity at 10 °C. The photosynthesis curve has always an optimal point at 

which enzymes are activated and chemical reactions are sped up, whereas heat causes enzymes 

to be denaturated and lose its shape.  

 

Figure 2.16.  Photosynthesis process of 4 algae types depending on the temperature. Source: 

Fondriest Environmental (2014) 
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Villanueva et al. (2011) investigated the influence of temperature and nutrients on chlorophyll, 

bacteria, and ciliates. The nutrient’s availability had a higher importance for the growth of these 

organisms. Nonetheless, colder temperatures hindered their reproduction capability and their 

enzyme’s production on a small scale. 

There is a shortage on the information of how solar irradiance and temperature specifically affect 

MAR surface spreading basins and the inherent chemical, physical, and biological processes. The 

experiments described in the subchapters 4.1 and 4.2 are meant to give a better perspective on 

this issue. 

This thesis contributes to a wider understanding on the influence of these climate-related 

parameters on the infiltration capacity of recharge sites and proposes methods to be able to 

monitor clogging during the infiltration cycles. A detailed description of the designed experimental 

setups is presented in the next chapter. 
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3 SITE DESCRIPTION  

In order to fulfill the objectives of this thesis, a field infiltration unit was constructed. This field unit 
was working under seasonal climatic changes. Criteria for the selection of the location for the 
infiltration unit were: closeness to a river, an aquifer that is not deeper than 20 m from ground 
surface, an infrastructure offering tap water and electricity connection, and most important of all, 
clearance that permits pumping of river water and infiltrating river water into the aquifer. The final 
location of this investigation site is in the vicinity of the Institute of Waste Management and Circular 
Economy (IAK) in the city of Pirna, Germany, as part of the INOWAS Junior Research Group of the 
TU Dresden. 

3.1 STUDY AREA 

Pirna is located 15 km southeast from Dresden, capital of the Free State of Saxony in Germany. 
The IAK is located on the northern riverbank side of the Elbe River (see Figure 3.1) and it features 
a study field area designed for groundwater-related investigations (Lehr- und Forschungsfeld 
Grundwasserwirtschaft) established by the TU Dresden Institute for Groundwater Management in 
2007. 

 
Figure 3.1.  Location of investigation site in Pirna, Free State of Saxony, Germany (marked in green 

in a), and a satellite view of the INOWAS test site (b). Source: Google (n.d.) 

3.2 CLIMATE 

The regional climate is in transition between the Western European maritime climate and the 
Eastern European continental climate. This results in a constant exchange of supply of air masses 
and causes the typical Central European diversity of meteorological phenomena. The strongest 
influence is coming from the maritime climate (Bernhofer et al., 2009). The balancing effect of the 
North Atlantic (Gulf Stream) dominates in the region in comparison to other regions of the same 
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latitude in North America, Eastern Europe, and Asia. An example is the fact that the annual mean 
temperature in Dresden is about 9 °C, whereas in Winnipeg, Canada it is 2 °C, in the Volga Region 
(Russia) it is 5 °C and in the Western Siberia -1 °C. Additionaly, the amplitude of the monthly mean 
temperature between the warmest and the coldest month is shorter in Dresden (Bernhofer et al., 
2009). 

From the data bank of the weather station in Jessen, an analysis of temperature, precipitation and 
solar irradiance is presented in Figure 3.2, Figure 3.3, and Figure 3.4 for the last 10 years. The mean 
monthly temperature ranges between 0 °C to 20 °C (Figure 3.2). July and August are the warmest 
months, whereas January and February register the lowest values (Data source: Mengemann, n.d.).  

 
Figure 3.2.  Mean monthly temperature in Pirna averaging data from 2009 - 2019. Data Source: 

Mengemann (n.d.) 

The mean monthly temperature values (Figure 3.3) in the last decade follows a linear perspective 
together with its maximums and minimums, indicating rising temperatures.  

 
Figure 3.3.  Mean monthly temperature in Pirna for the period 2009 - 2019. Data Source: 

Mengemann (n.d.) 

The mean annual precipitation in Pirna in the last 10 years was 489 mm, distributed mostly during 
the summer time (June-August) as rain (see Figure 3.4). Similarly, the mean solar irradiance has its 
maximum in the months of June and July, mainly because of the summer solstice. Since the sun is 
in its highest possible position in the sky and the sunlight hours are also at their maximum during 
these months, the irradiance can reach values up to 1100 W/m² on clear sunny days (Mengemann, 
n.d.).  
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Figure 3.4.  Mean monthly precipitation and solar irradiance in Pirna for the period 2009 - 2019. 

Data Source: Mengemann (n.d.) 

The global irradiance at a specific location depends on two factors: (1) on the length of the path 
the radiation travels through the atmosphere to the ground and (2) on the duration of sunshine. 
With increasing distance to the sea, the influence of the continental climate also increases and 
thus, the frequency of cloud cover is lower. This results in an increase of the Saxon global irradiance 
towards the east (Bernhofer et al., 2009). The annual course of the clouds is influenced by the 
frequency of the general weather conditions and the season (thermal stability of the atmosphere). 
The annual minimum can be found in August (accumulation of summer high-pressure weather 
conditions), and the annual maximum of cloud cover in November, as cyclones approach from the 
West (see Figure 3.5a) (Bernhofer et al., 2009). Moreover, the days during the months of June and 
July (14 hours of daylight) are the longest in Pirna (see Figure 3.5b), whereas the longest nights are 
during December and January (14 hours of darkness) (Weather Spark, n.d.). 

  
Figure 3.5.  (a) Mean cloud cover for the period of 1991 - 2008 in the weather station of Dresden-

Klotzsche and (b) daylight variation along the year including the time change in March 
and October in Pirna, Germany. Sources: Bernhofer et al. (2009) and Weather Spark 
(n.d.) 

There are two sources that result in high wind velocities in the region: (1) the frequent South-
eastern winds that occur in the Elbe Valley in every season of the year and are attributable to a 
channeling effect, and (2) the Bohemian Wind, which is a regional wind of the six-month wind 
period in South-eastern region of Saxony. The latter is caused by the outflow of cold air from the 
Bohemian Basin into the Elbe Valley and the Neisse Valley, combined with a simultaneous overflow 
of the ridges of the Osterzgebirge (ger. Eastern Ore Mountains) and Zittau Mountains (Bernhofer 
et al., 2009). Figure 3.6 illustrates the variation of the mean (0 - 5 km/h) and maximum (12 - 47 
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km/h) monthly wind velocities in the last decade at the weather station in Jessen, Pirna. The highest 
values are registered during the months of December to April (Mengemann, n.d.).  

 
Figure 3.6.  Mean and maximum wind velocity for the period of 2009 - 2019 in Pirna, Germany. Data 

Source: Mengemann (n.d.) 

Figure 3.7 shows the distribution of the precipitation in the last decade. 2013 is the year with the 
highest precipitation rates, especially in the months of May and June. In the last two years (2018-
2019), the precipitation has decreased in July and August to rates below 50 mm/month. February 
and November are the months with least precipitation in the last decade (< 10 mm/month). 

 

Figure 3.7.  Monthly precipitation distribution for the period of 2009 to 2019 in Pirna, Germany. 
Data Source: Mengemann (n.d.) 

The months of November to April in the last decade were grouped to observe the snowfall trend. 
Data for the winter of 13/14 and 17/18 were unavailable. The winter from 2012/2013 experienced 
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the highest snowfalls (cumulative snowfall: 79 cm). Additionally, it is the only winter where it was 
snowing for 5 months (November-March). In the last 5 winters, the snowfall has been constrained 
in two months only (Figure 3.8). 

 
Figure 3.8.  Monthly snowfall (cm) for the period of 2010 to 2019 in Pirna, Germany. Data Source: 

Mengemann (n.d.) 

3.3 ELBE RIVER 

The transnational perennial Elbe River is a waterway that originates in the Czech Republic and flows 
northwest through Germany (Dresden, Magdeburg, and Hamburg) into the North Sea. Its right 
riverbank is 150 m south of the TU Dresden wellfield in Pirna. The source of the river water is 
predominantly rainfall and snowmelt in the Krkonoše (Giant) Mountains in Czech Republic near 
the border to Poland (Yiou et al., 2006). The river is recharged primarily by direct precipitation in 
the Czech catchment (Markovic and Koch, 2015). The average flow rate of the river is 332 m³/s at a 
1.84 m water stage in the city of Dresden. This value can fluctuate between 110 m³/s and 1700 m³/s 
depending on the seasons of low flow (summer) and high flow (spring). The Elbe river width ranges 
between 110 and 130 m with a mean flow velocity of 1 m/s (Grischek and Bartak, 2016). A 
correlation was determined between groundwater levels and the nearby Elbe River, as the 
groundwater level fluctuations follow closely those of the Elbe River (Figure 3.9). 

 
Figure 3.9.  Daily precipitation, groundwater level, and Elbe River stage in 2017. Data source: 

Mengemann (n.d.) and Sächsisches Staatsministerium für Umwelt und Landwirtschaft 
(n.d.)  
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Elbe River has been determined as a strongly influencing water body for local groundwater level at 

the site and is responsible for frequent water table fluctuations within short periods (Bista, 2015; 

Händel et al., 2016; Kürschner, 2018; Schlamminger et al., 2014).  

In the past, the Elbe River was polluted by industries, paper mills, and cellulose processing plants 

that dumped their effluents directly and without any treatment. Dissolved organic carbon had 

mean values of 24 mg/L from 1988 to 1990. Data collected fron 2000 until 2010 reveal that the 

annual median for dissolved organic carbon concentration varies between 4.6 and 5.6 mg/L, and 

the mean turbidity is around 12 NTU and increases sharply up to 120 NTU in case of flood events 

(Grischek and Bartak, 2016). Although its quality has improved in the last decades, due to the 

closure of numerous industries and more widespread treatment of wastewater since the 

reunification of Germany and the end of the Cold War, pollution is still an ongoing problem 

(Lehmann and Rode, 2001). Herbicides (Nitschke and Schüssler, 1998), heavy metals (Vink et al., 

1999), polyfluorinated compounds (Ahrens et al., 2009), and pharmaceuticals, such as antibiotics, 

diclofenac and ibuprofen (Nikolaou et al., 2007; Wiegel et al., 2004) have all been identified in the 

water of Elbe River. 

3.4 HYDROGEOLOGY 

To understand the hydrogeological context of the pilot test field, the regional geology, site lithology 

and surface water interactions were considered. 

Pirna is located at the northwest end of the Saxon Switzerland (ger. Sächsische Schweiz) national 

park, known for its sandstone hills and mountains formed by the Elbe River. The Elbe Sandstones 

are built of shallow marine sediments of Mesozoic age, lying on the Early Paleozoic and (Late) 

Proterozoic crystalline bedrock. The latter is composed mostly of granites and granodiorites in the 

east together with phyllites, greywackes, schists, and by gneisses in the west (Vařilová, 2016). Figure 

3.10 shows a geological map of the region. Pirna is only 5 km to the northwest of the mountains 

along the Elbe River, where the Elbe Sandstones formations are indicated in the Cretaceous age 

(Vařilová, 2016). Figure 0.1 and Figure 0.2 in Appendix A.2 contain more detailed information about 

the lithostratigraphy in Pirna and its surroundings. Pirna is located in the transition zone of the 

Cretaceous age, meaning that the hydraulic conductivity is lower than in the Saxonian Switzerland 

because of the higher content of clay and arenaceous marl sections (Niebuhr and Wilmsen, 2014).  

The origin of the sandstones in the Saxonian Switzerland can be explained by two theories: 

1. Sandstones originated either in a shallow sea, where sand bodies formed during the 

migration of large submarine sand dunes (environment corresponding to prograding 

sandy shoreline) (Skoček and Valečka, 1983) 

2. Sandstones are remnants / sediments of offshore coarse-grained deltas (Uličný et al., 2009) 

Both depositional environments indicate a well graded, coarsening downwards sequence of sand 

layers which would generate good hydraulic characteristics of the aquifer. From the work of 

Alexowsky (1997) it can be identified that the Quaternary basis at the INOWAS test field is about 

100 meters below the ground surface (mbgs) (see in Appendix A.2 Figure 0.4). Subtracting the 

elevation of the surface level of the institute (around 115 masl), results in the depth of the 

unconsolidated sediments (approximately 15 m) which fits with the depth of the upper aquifer at 

the study site. 

Figure 3.11 presents three different statigraphies along the Elbtal Group. The 

“Schrammsteingebiet” is located in the nucleus of the Saxonian Switzerland and exhibits a good 

conductive material (sandstone), whereas in the city of Dresden a higher content of limestone is 

responsible for reducing the hydraulic conductivity. As it was mentioned above, the city of Pirna is 

located in the transition zone between the Schrammsteingebiet and Dresden, and therefore also 



3. Site description 

35 

 

its hydraulic conductivity is moderate. In Pirna, a low permeable layer can be found below the 

unconsolidated sediments that act as bed for aquifer’s formation (Niebuhr and Wilmsen, 2014). 

The location of the study area (northern riverbank in the western side of Copitz) is mainly 

composed by unconsolidated river sediments and gravel flushed by the Elbe River, resulting in a 

very permeable material that eases the flow of water. 



 

 

 
Figure 3.10.  Geologic map of the region of Pirna of Free State of Saxony, Sheet 5059. Location of INOWAS test field marked with a star. Source: Alexowsky 

(1997). Note: The legend is attached in the Appendix A.2 (Figure 0.3)
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Figure 3.11.  Distal – proximal correlation of the Strehlen Limestone (lower Strehlen Formation, 

mid-Upper Turonian) with the Zeichen Clay (facies transition zone), and the 3 horizon 

(Saxonian Switzerland) at the base of the Schrammstein Formation as a result of a 

maximum flooding zone; TST = transgressive system’s tract, HST = highstand systems 

tract. Source: Niebuhr and Wilmsen (2014) 

Vertical hydraulic conductivity 

Dietze and Dietrich (2012) did eight perforations and performed direct push slug test (DPST) at four 

points (G11, G13, G15 and G17) (See location in Figure 3.14) in the INOWAS test field. 51 DPSTs 

helped to get detailed information of the vertical hydraulic conductivity distribution. Depths of 

DPST were determined in intervals with constant Direct Push Injection Log results, which can 

transform the radial component of K into an estimated hydraulic conductivity. G1, G2, G5, and G10 

are located in an area with a higher level. This means that the distance from the land surface to 

the groundwater table was a couple of meters longer than the remaining wells (see Figure 3.12). 

The K value measured from the DPST at the investigated four locations varies from 1.85x10-5 m/s 

to 8.9x10-3 m/s (Figure 3.13) (Dietze and Dietrich, 2012). 

 

Figure 3.12.  Layer profile determination at the INOWAS test field in (a) meter above sea level and (b) 

absolute depth. Data source: Li (2014) 

100

105

110

115

120

G
1

G
2

G
5

G
1

0

G
1

1

G
1

3

G
1

5

G
1

7

M
e

te
rs

 a
b

o
ve

 s
e

a 
le

ve
l (

m
)

1st layer

2nd layer

3rd layer

4th layer

5th layer

0

2

4

6

8

10

12

14

16

G
1

G
2

G
5

G
1

0

G
1

1

G
1

3

G
1

5

G
1

7

La
ye

r 
d

e
p

th
 (

m
)

5th layer

4th layer

3rd layer

2nd layer

1st layer

(a) (b) 



3. Site description 

38 

 

Vertical variations of hydraulic conductivity 

The direct push injection logger (DIPL) was developed to obtain rapid information about vertical 

variations in K in shallow unconsolidated settings, which uses a small diameter tool with a short 

screen (45 mm in test site Pirna) attached to the lower end of a pipe string and advanced into the 

subsurface with hammer assisted direct push technology (Dietze and Dietrich, 2012). As the tool is 

advancing in the subsurface, water is continually injected through the screen at a relatively high 

rate to prevent clogging of the screen. Advancement is stopped at the desired depth intervals; 

water pressure in the injection tubing is measured at different injection rates with a pressure 

transducer and flow controller on the surface. Based on the injections, the relative hydraulic 

conductivities were calculated (Dietze and Dietrich, 2012). 

The DPIL was performed at 10 different locations at the test site at a depth from 0.3 m to 14.6 m 

below ground surface until it reached the bed rock with a depth interval of 0.3 m. At each depth 

interval, measurements with one high and one relatively low flow rate were performed for quality 

control, and the resulting pressure was measured. Accordingly, two series of relative K value were 

generated, Kr1 and Kr2 respectively. Afterwards, by analyzing and summarizing the variation 

intervals, layer discretization could be determined at each location (Dietze and Dietrich, 2012). 

   

Figure 3.13.  (a) Results of two DPIL soundings measured at location G15, with the injection rate of 

Kr 1 being larger than of Kr 2., and (b) DPST K values (dots) obtained at G15 from 6 to 13 

meters below the ground surface with geometric mean of K values (dashed line) Source: 

(Dietze and Dietrich, 2012) 

The aquifer is mostly composed of fine to coarse sands and gravels; due to the fluvial origin, a high 

variability in lithology and hydraulic parameters exists. The shallow part (2-4 m below surface) 

consists of anthropogenic fillings and fine material of the Elbe River flood events. Between depths 

from 4 to 7.5 m below surface, silty sediments with hydraulic conductivity of around 5x10-4 m/s can 

be found. At 7.5 m below the surface, a highly heterogeneous layer of sand and gravel starts with 

a thickness of 4-5 m. This layer is highly conductive with values between 1x10-3 m/s and 5x10-3 m/s, 

one order of magnitude increase in hydraulic conductivity in relation to the overlying and the 

underlying layers. At around 11 m below surface, a significant drop in the hydraulic conductivity is 

measured less than 1x10-4 m/s (Dietze and Dietrich, 2012). 

With the groundwater levels logged in October 2012 in small diameter wells, a temporal 

groundwater elevation model was constructed by isolines interpolation, indicating a groundwater 

flow to the south east, in direction to the Elbe River (Figure 3.14). 

(a) (b) 
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Figure 3.14.  Groundwater elevation model and location of drilling points at the test field site Pirna. 

Data source: Dietze and Dietrich (2012) 

Numerical modelling 

Li (2014) developed a numerical model of the test field site in Pirna using MODFLOW (Harbaugh, 
2005). This model (grid network area: 140m by 180m; cell size: 2m x 2m) incorporated the DPST 
and DPIL results of the wells G11, G13, G15, and G17. The hydraulic conductivities of the layers at 
the different sections after the calibration of the model are presented in Table 3.1. 

Table 3.1.  Hydraulic conductivity distribution of subsurface soil a test site Pirna used by Li (2014) 

Layer 1st layer 2nd layer 3rd layer 4th layer 5th layer 

G1 7.9E-04 4.5E-04 6.5E-04 2.7E-03 1.5E-03 
G2 8.1E-04 7.9E-04 2.6E-03 3.1E-03 1.6E-03 
G5 7.7E-04 1.5E-04 2.7E-03 3.2E-03 9.4E-04 
G10 6.7E-04 6.7E-04 2.2E-04 2.6E-03 1.6E-03 
G11 8.0E-04 1.2E-04 1.3E-03 3.4E-03 2.3E-03 
G13 7.8E-04 2.9E-04 2.5E-04 2.5E-03 4.4E-04 
G15 7.6E-04 1.5E-04 2.4E-03 3.4E-03 2.1E-03 
G17 5.4E-04 2.6E-04 3.8E-03 3.8E-03 1.7E-04 

Note: Vertical cross-section of each well can be retrieved from Figure 3.12. 

Bista (2015) improved this model by modifying the boundary condition’s types and prolonging the 
simulation time period (From 152 days to 233 days). Hydraulic conductivity, specific yield and 
riverbed conductance were identified as the most influential flow parameters. To get the best fitted 
model, the specific yield was set to 0.16 and hydraulic conductivities of Layer 3 and Layer 4 were 
multiplied by a factor of 3 and 2, respectively. 

A detailed groundwater recharge capacity of the upper layer of the soil profile (90 cm below the 
ground level) was modelled with HYDRUS 1D (Šimůnek et al., 2016) and determined a hydraulic 
conductivity ranging from 10-6 to 10-3 m/s (0.09 – 80 m/d), and a recharge rate of 0,08 cm/d (Brecht, 
2015). Surface sections with big boulders and broken bricks and lime soil lenses give the soil a very 
heterogeneous profile with big soil hydraulic properties variations (Brecht, 2015; Moreno, 2015). 
The evaluated location is next to the designated area for the MAR infiltration tests of this research. 
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4 METHODOLOGY 

The aim of the field and laboratory work was to give a valuable input to the Decision Support 

System of the Web Platform of the INOWAS project (www.inowas.com), to relate and validate 

results obtained from the laboratory work, adding to it real boundary conditions to the experiment. 

For more information refer to the investigation of Fichtner et al. (2019).  

The MAR field test site consisted of pilot scale rapid infiltration unit and a set of 5” monitoring wells; 

both located in the nearby of the Elbe River banks. Infiltration scenarios were run with variable 

temperature ranges for the determination of the development of clogging. To quantify the 

influence of solar irradiance, a set of soil columns was installed in the laboratory to control the 

light conditions. Additionally, a physical model was constructed to determine the recovery of 

infiltration capacity after several scraping procedures. This consists of 2 infiltration tanks located 

in the laboratory. All units were packed with the same sandy material and the water source was 

from the Elbe River. A detailed description of each infiltration unit follows next: 

4.1 INFLUENCE OF CLIMATE ON INFILTRATION BASIN RECHARGE 

The climate data for the analysis of the results in the field infiltration unit were extracted from a 

private weather station in Jessen, Pirna, 128 m above sea level (coordinates 50° 59' 43" North - 13° 

56' 54" East), which offers free access to measurements of temperature (°C), solar irradiance 

(W/m²), humidity (%), among others, on an hourly basis. The data can be retrieved anytime from 

their website www.pirna-wetter.de. Especially temperature and solar irradiance were useful for 

categorizing the different infiltration scenarios into warm, mild, or cold conditions. 

4.1.1 Temperature 

To evaluate the influence of the temperature in surface spreading basins, a rapid infiltration unit 

was installed in the field and different infiltration scenarios were conducted through the different 

climatic seasons. The infiltration capacity was assessed mainly by tracer experiments and the 

hydraulic processes were monitored with a network of sensors. 

Setup of rapid infiltration unit 

The main test unit in this research was constructed taking into account the recommendations of 

Sallwey et al. (2018). They worked with HYDRUS 2D/3D (Šimůnek et al., 2016) to replicate especially 

the conditions in the unsaturated zone and design the infiltration unit size and geometry. Modeling 

results helped in the determination of the optimal dimensions of the infiltration unit and the 

placement of measurement devices so as the hydraulic experimental scenario planning. It was 

determined that at depths below 1.5 m, pressure head readings do not exhibit bigger changes 

(Sallwey et al., 2018). 

Moreover, Sallwey et al. (2018) stated that the measuring sensors should not be situated close to 

the infiltration unit border to avoid influence by the boundary. It was stated that the dimensions 

of the infiltration unit (<10 m each side) do not require more than five measuring sensors per layer, 

since the variation in the reading will not be significant. Finally, it was recommended to install three 

observation points at each level: one device in the center of the basin and two measuring tools at 

the side of it. 

The infiltration unit site is located in the lower plane of the TU Dresden Institute in Pirna, on the 

south side of the main institute building. The topsoil was removed with an excavator to get a trench 

with the dimensions of 5.0 m at the edge of west to east and 4.0 m at the perimeter of north to 

http://www.pirna-wetter.de/
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south. The depth of the trench excavation was approximately 1.50 m (Figure 4.1). This trench was 
afterwards filled with the experimental soil. 

  
Figure 4.1.  (a) Excavation of topsoil at the INOWAS test field and (b) designed dimensions of the 

infiltration unit, including the dimensions of the infiltration basin. (Picture by T. Fichtner 
2015) 

The experimental soil consisted of an industrially elaborated material from the company Stein und 
Erden (located approximately 29 km northeast of Dresden), which could be re-ordered many times 
to get a soil with the same hydraulic properties for the different scenarios. According to the sieve 
analysis (Figure 4.2) performed in the institute’s laboratory, the soil has an uniformity coefficient 
of 4.81, and the hydraulic conductivity is 6x10-5 m/s (91.2 % sand, 8.0 % silt, 0.8 % clay) at 20 °C 
applying a mean between the empirical equations of Hazen (1892) and Zieschang (1961). Applying 
Equations 1, 2, and 3 the mean permeability κ of the sand was determined: 6.14x10-12 m². 

 
Figure 4.2.  Grain size distribution of two soil samples of selected packing material 

The diameter of the grain size of soil particles ranges from 0.0013 mm to 3.0 mm. Particle size 
analysis of the porous media is given in Table 4.1. 

Table 4.1  Particle size analysis of the packing material of the infiltration unit 

Grain Diameter [mm] Percentage 

Gravel 2-8 0.48 

Sand 0.0662-1 90.61 

Silt 0.0025-0.0468 8.30 

Clay >0.0013 0.61 

Total 100.00 
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The soil was introduced to the trench in weighted amounts of 50 kg. A wooden frame was 

constructed to control the filling height and ensure the soil compaction of 1.7 g/cm³ in an area of 

20 m². In total, 51 000 kg of soil were homogenously compacted in layers of 30 cm with a Diesel-

based vibratory plate compactor with a nominal pressure force of 20 kN (see Figure 4.3). Once the 

infiltration unit was filled, a 10 cm deep ponding basin was constructed in the center of the sand 

unit with the dimensions of 130 cm length and 90 cm width. The floor of the basin was flat and did 

not consider any inclination. 

 

Figure 4.3.  Compaction of soil at 1 m depth with a vibratory plate compactor.  

In total, 12 observation points were arranged in three layers (marked in red dots in Figure 4.4). 

These were meant to monitor the hydraulic behavior of the system during the infiltration 

experiments. One observation point was located right below the infiltration basin, one 1.25 m to 

the east, one 1.00 m to the north and a last one 1.80 m to the northwest. The setup should cover 

the vertical and lateral flow patterns of the infiltration water in this half of the basin. Due to the 

symmetry of the homogenously packed material, it is assumed that the hydraulics will behave 

similarly in the other half. The depth of the first and second layer (0.3 m and 0.7 m, respectively) is 

directly connected with a parallel experiment that took place in an environment controlled 3D steel 

tank in the laboratory facilities of INOWAS (Fichtner et al., 2019). The lower observation layer was 

located 0.2 m above the natural soil material (1.40 m from the surface), to avoid a measurement 

disturbance because of the changing hydraulic conditions of the native soil. 

A specific nomenclature of the observation points was designated; they are separated in two 

sections as can be seen in Figure 4.4. The first number indicates the layer number, the second 

number shows the location in the horizontal plane of the layer and both numbers are separated 

by a dot (“.”). 
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Figure 4.4.  (a) Profile view of the infiltration unit and (b) bird view of the infiltration unit with the 

respective location of the observation points and the infiltration basin (in dashed lines) 

Each observation point was equipped with multiparameter sensors that were connected to a 
logger (UGT GmbH, Dresden, Germany) measuring every 2 minutes. For the assessment of the 
spatial and temporal distribution of the infiltrated water in the vadose zone, tensiometers 
(tensio152, UGT GmbH, Müncheberg, Germany) and TDR-probes (UMP-1, UGT GmbH; features the 
measurement also of electrical conductivity and temperature) were installed. Suction cups were 
additionally installed in order to be able to take water samples for laboratory analysis (e.g. DOC). 
The installation of the sensors in the three layers is shown in Figure 4.5. 

   
Figure 4.5.  Installation of measuring devices (tensiometers, water content, temperature and 

electrical conductivity) in (a) Layer 1, (b) Layer 2, and (c) Layer 3 

Monitoring wells 

In June 2016, the company Brunnenbau Wilschdorf GmbH drilled and installed seven 5” monitoring 
wells at the test field of TU-Dresden in Pirna. The wells were in such a distribution that the recharge 
water in the rapid infiltration unit could be tracked. One monitoring well (I-01) was in the north of 
the infiltration basin (Figure 4.6) and I-02 in the south of it, in the groundwater flow direction. Wells 
I-03 to I-07 are in a strategic position to identify the path of the recharged water at different 

(a) (b) (c) 

(a) 

(b) 

1st Layer 

3rd Layer 

2nd Layer 

Inf. Basin 

Inf. Basin 
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distances. Each well case has a diameter of 219 mm, a depth of 14 m, and a 3 m screen (from 
interval 10 m to 13 m) as illustrated in the well design graphics of Figure 4.7. 

 
Figure 4.6.  Location of monitoring wells from in a sketch view (a), and a satellite view (b) 

 
Figure 4.7.  Well design and lithology profile of wellfield at Pirna 

Soil samples of each drilled core were taken after each drilled meter. Since the sampling method 
was via Hollow Stem, the samples collected were mixed throughout the whole one-meter core. 
Nevertheless, clear distinctions of the main layers were easily identified. The results match 
approximately with the results published by Li (2014) for G11, which is the 2” well located in the 
vicinity of  5” wells. High organic content sand mixed with anthropogenic filling material (brick’s 
debris) exists in the topsoil until 3 m depth, followed by a finer material with a higher content of 

(a) (b) 
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silt until 9 m. At this depth, the groundwater level (typical for the summertime) is reached, together 
with a three-meter very conductive layer of gravel. The last segment of the borehole consists of a 
sandy material (Figure 4.8). 

 
Figure 4.8.  Soil samples collected from the borehole of I-02 

Altogether, the MAR field complex can be simplified in a sketch presented in Figure 4.9, with all its 
main components: A rapid infiltration unit with a specific sensor positioning (red dots), a movable 
roof to avoid the influence of rain events (roof was lifted during sunny days), a pipeline from the 
Elbe River to the storing tanks, a network of monitoring wells equipped with groundwater sensor 
devices, and the control house containing the data loggers of the sensors. 
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Figure 4.9.  Simplified sketch (not to scale) of MAR field site components 

Infiltration scenarios 

The infiltration was operated in four scenarios with variable HLC and a fixed HLR of 300 m/a 
(reference value for other projects led by INOWAS recherach group), using Elbe River water 
(dissolved organic carbon (DOC) 5-7 mg/L and total suspended solids (TSS) 5-20 mg/L) that was 
pumped from the river and temporarily stored in a collection tank next to the basin. Infiltration 
pre-tests showed that the DOC of the Elbe River does not reduce significantly after 1.4 m of soil 
passage (sensor 3.2). The DOC was reduced from 5.82 mg/L to 5.04 mg/L; 5.38 mg/L to 4.90 mg/L, 
and 6.05 mg/L to 4.95 mg/L, during the pre-test infiltration in November 2016. Since the reductions 
were not considered significant, only the influent DOC was monitored. 

The recharge rate was determined by previous infiltration column tests done in the laboratory and 
represents 10 % of the overall infiltration capacity of the soil. Scenario 1 simulates the HLC of a SAT 
site in the Dan Region, Israel, using 1 day of infiltration followed by a 3 days drying period (Goren 
et al., 2014). Scenario 4 represents inverted conditions with a ratio of 3:1, having a longer wet 
period and shorter dry phases. Scenario 2 covers a common operational mode in the USA of 1 
week infiltration and 1 week pause. In order to include also sites with continuous infiltration, 
Scenario 3 was conducted having a continuous recharge of river water over time (Table 4.2). 

The pumping rate was regulated to meet the HLR requirements. Scenarios with shorter infiltration 
periods have higher pumping rates, because a fixed annual volume had to be recharged in a 
shorter pumping period. Table 4.2 summarizes the technical hydraulic setup of each scenario. 
Several “runs” were conducted in order to get the reduction of the infiltration rate for every 
scenario with 3 climates categorized as: warm, mild, and cold. The categories were based on 
temperature and solar irradiance data. Some runs had to be repeated, since the climatic conditions 
did not meet the desired scenario. 
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Table 4.2.  Definition of experimental infiltration periods 

Scenario # 
Wet Period 

[h] 

Dry Period 

[h] 

HLC 

[-] 

HLR 

[m/a] 

Pump rate 

[L/min] 

1 24 72 1:3 300 2.77 

2 168 168 1:1 300 0.69 

3 Continuous 0 Continuous 300 0.35 

4 72 24 3:1 300 0.92 

 

Clogging determination by tracer tests 

To quantify the effect that clogging has on the infiltration rate of spreading basins, salt tracer 

infiltration tests were conducted. The tests showed the change in infiltration rate over time, which 

is analogous to the effect of clogging. Salt tracer solutions (NaCl) with EC between 2.5 mS/cm and 

5.0 mS/cm were prepared and the t50 times were measured for each infiltration cycle in each 

scenario. Infiltration velocities (m/s) were calculated using Equation (4). These linear velocities were 

recalculated to normalized velocities by using the initial infiltration velocity as the non-clogged 

original state, so that a decrease in velocity in relation to the initial value could be visualized against 

the volume of infiltrated water. 

Additionally, at the end of each scenario, soil samples were taken from the surface of the basin 

surface for TOC analysis, since high carbon content in the topsoil indicates the presence of a 

clogging layer in the topsoil. 

4.1.2 Solar irradiance 

Owing to the complex dynamics of elements involved, the identification and characterisation of 

the cause of clogging, which in turn leads to reduced infiltration rates, represents a huge challenge. 

One of the factors influencing biological clogging is solar irradiance. Despite its sheer importance, 

literature regarding the effect of solar irradiance on the clogging rate is quite scarce, which leads 

to poor understanding of the processes involved.  

This chapter attempts to investigate the effect of solar irradiance on clogging via column 

experiments and to develop a better understanding of sunlight-induced influences on the surface 

spreading techniques. A total of 22 sand-filled plexiglas columns were used: 12 columns for 

infiltration of the Elbe River water, and 10 columns for infiltration of tap water which were used as 

a blank. In laboratory conditions, four constrained scenarios were created: 1) sunlight, 2) blue light 

(450nm) 3) red light (650nm) 4) darkness. The blue and red light scenarios represent fractions of 

visible light that may influence the growth of photosensitive algae and bacteria. The specific 

objective of this work was to investigate variations in infiltration capacity, and to quantify clogging 

response in soil columns kept in different light conditions using tap water and Elbe River water.  

Soil columns setup 

The main source of water used for the experiment was Elbe River water, which was collected every 

second day in a 500 L container. A second source of water used for a blank test was tap water. The 

comparison between river water and tap water allows to identify the influence of the organic 

materials and suspendid solids on the reduction of the infiltration capacity. Quality analyses of Elbe 

River water samples and tap water are presented in Table 4.3. For the DOC measurement, 

Whatman Puradisc Syringe Filters were used. A 50 mL sample was collected and pressed through 
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the filter by using a syringe, and 10 mL of hydrochloric acid (HCl) was used to inhibit further growth 
of bacteria. TSS were also measured using the standard method 2540-D guideline. 

Table 4.3  Recharging water characteristics 

Parameter Elbe River Tap water 

DOC 5-7 mg/L < 0.01 mg/L 

EC 500-600 S/cm 100 – 200 S/cm 

TSS 5-20 mg/L < 1mg/L 

 

Three artificial light sources (LED lights) were used to study the effect of different light conditions 
on clogging of the columns, consistent with field conditions. 650 nm (red light) and 450 nm (blue 
light) were chosen as the extreme spectra of visible light and a light source with all the spectrum 
components (IR, UV and visible light) was used as sunlight scenario. Finally, one scenario in 
darkness has also been conducted as the night scenario. 

The laboratory experimental system included three sections: 1. water supply tanks with a 
circulation function (includes two submersible pumps with a maximum output of 135 L/h); 2. An 
upper constant-head controller for continuous water supply and drainage; and 3. the experimental 
seepage columns, as shown in Figure 4.10. The columns were filled with the same soil material as 
in the field infiltration unit in Chapter 4.1.1. 

 
Figure 4.10.  Experimental setup components. Source: Mahmood et al. (2019) 

A ponding depth of 9 cm was set for all the columns. The constant head method gave the 
opportunity to ensure an equal input of water to all the columns in a long term. Relatively low flow 
rates (< 100 mL/min) and thin distribution hoses (4 mm diameter) increase the probability of having 
blocked hoses. Therefore, higher infiltration rates and an overflow output were considered in the 
experiment. 

The plexiglas acrylic columns have an internal diameter of 4 cm and are supported at the base with 
stainless steel mesh and screens (membrane) to retain the soil in the columns and to help 
spreading the input water laterally throughout the columns. The total length of each column was 
approximately 50 cm with a packing soil depth of 34-37 cm. An empty headspace of 9 cm was left 
in all columns to allow surface ponding. 
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Using packed or monolithic columns will have a direct impact on the experimental results, as for 

example Bromly et al. (2007) demonstrated that it has a significantly influence on the resulting 

solute transport behavior of the columns. The most common approach and also the one used in 

this experiment is dry or damp packing (Lewis and Sjöstrom, 2010). 

It is important for the packing of the experimental vessels to produce a homogenously filled soil 

column with a bulk density representative to the one in the field conditions, and simultaneusly 

reducing the formation of stratifying layers, or preferential flow pathways along the edges (walls) 

of the columns and along natural fissures in the core material. Dry or damp packing involves filling 

small quantities of dry or damp soil into the column. Afterwards, the column is mechanically 

packed either by hand or with some type of compactor. Lewis and Söjstrom (2010) have reviewed 

several studies regarding the “lifts” of dry deposition. According to their discussion, the increments 

could be from 0.2 cm to 15 cm depending on the objectives of the experiment. They also 

recommended to lightly scarify the soil surface after the compaction of one lift was done and 

before the addition of the next lift. This ensures a hydraulic connectivity between the layers. 

For the experiment, the core material (soil) was dried in an oven at 70.0 °C for 48 hours. The oven-

dried deposition was crushed, sieved manually, and larger gravels were removed. Afterwards, the 

dry deposition was added into the columns in a series of 10 cm lifts followed by compaction with 

a piston. 

The soil was saturated by slowly wetting from the bottom and letting it stand flooded overnight to 

enable entrapped air to flow out and particles to settle. The initial saturated hydraulic conductivity 

was then determined from a brief (10 min) infiltration test using NaCl as tracer. The values of the 

initial infiltration rate of the soil columns are comparable to the values of medium to coarse sand 

reported in the literature (Domenico and Schwartz, 1998). 

Only the porous media at the surface was exposed to the light incidance to match field prototype 

conditions. The outer surface of the columns was covered with aluminium foil to prevent light 

penetration and subsequent growth of photo-autotrophic organisms. The feed water was gravity-

fed to the soil columns from a storage reservoir (primary reservoir) via a constant head tank 

(secondary reservoir) of 80 cm above the soil surface to assure stable hydraulic conditions and fully 

saturated conditions over the duration of the experiment.  

To recreate actual sub-surface light-conditions and to protect the columns from surrounding air 

and light, a 1 meter high wooden box covered all the columns. A schematic representation of the 

whole experiment is shown in Figure 4.11. Four partitions were constructed inside the wooden box 

for the four different light scenarios and inside those partition’s soil columns were triplicated for 

each of the water quality scenarios. Overflow from the columns was collected in storage reservoirs 

and recycled to the columns by pumps. An extra mixing pump was used in the reservoir of Elbe 

River water to avoid the deposition of suspended solids.  
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Figure 4.11.  Schematic representation of the experiment system. Source: Mahmood et al. (2019) 

Infiltration experiment 

The experiment ran for five weeks (27 November to 30 December 2018). Tracer tests were 
conducted three times a week to study changes in the hydraulic properties of the porous medium 
due to clogging. NaCl was added as a conservative tracer at the inlet of the columns and measured 
at the outlet as EC to obtain the breakthrough curves. The EC measurements were manually 
collected every five minutes and evaluated by a probe. The reduction of the linear velocity was 
assessed using Equation 4. 

Flow rates in the outflow of each column were also measured three times a week using a 
measuring cylinder and a stopwatch for more accurate and reliable measurements of hydraulic 
properties. 

4.2 MANAGEMENT OF CLOGGING IN SPREADING BASINS 

This chapter aims to investigate how scraping protocols influence infiltration rates in infiltration 
basins. Scraping is a common procedure in spreading basins when the infiltration rate is strongly 
reduced because of clogging. It consists in the removal of the upper surface of the soil and must 
be executed while the infiltration basin is dry. Currently, no available comprehensive summary or 
comparison between scraping protocols at MAR sites was found in the literature. 

Setup of spreading basin infiltration tank 

Two physical models were constructed for the experiment, each model represented a spreading 
basin infiltration unit. One unit was running without any scraping measure, whereas the second 
one included a scrapping event every time the water level was too high. Figure 4.12 displays one 
of the spreading basin infiltration units in its simplest form. Each basin comprised a 310-L open-
topped water collection vessel (1). This container was positioned on a metal grid (2) supported by 
construction bricks (3) to allow collecting and disposing the outflow. 
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Figure 4.12.  Schematic sketch of the spreading infiltration tank, together with the main dimensions 

of the vessel (1) resting on a metal grid (2), brick pedestal (3) and overflow pipe (4). The 
hydraulic conductivities of both packing materials are included 

Each tank had four outflow points, which were evenly spaced around the midpoint of the base of 
the unit. The tubing was fed through the metal grid base and led to the outflow collection basin. 
To prevent the solid contents of the infiltration basin from escaping or blocking the outflow 
connectors, each of the four outflow points was covered with a geotextile filter. This material 
allowed fluid flow but restricted the passage of soil particles.

oarse sand (1x10-3 m/s) was placed into the base of the infiltration unit. This coarser material 
helped to drain the system and formed a barrier between the outlets and the finer soil on the 
infiltration unit. 

The experimental soil was the same fine-grained sand used in the previous field and laboratory 
experiments in Chapter 4.1. To create an even compaction and density of the sand layers, the filling 
process was done in several stages. The sand was evenly dispersed in the tank, and afterwards 
manually compacted. 

An overflow pipe was attached to each tank, to prevent flooding of the surface. The outflow pipe 
consisted of a PVC pipe with a 20 mm diameter and a length of 150 mm. The entry point for the 
pipe was situated 5 cm below the 60 cm height line, allowing the pipe to be angled upwards to 
create an efficient drainage of the basin (width: 20 cm; length: 30 cm). The dimensions of the 
infiltration point in each tank are in the same width: length ratio (2:3) as the rapid infiltration unit 
in the field (see Chapter 4.1.1). Tank 1 basin was designed deeper (15 cm) than the one in Tank 2 
(10 cm) anticipating a faster clogging development, since it won’t be scraped. 

Water supply system 

The infiltration water was taken directly from the Elbe River, and as this is a surface water resource, 
the water quality varies over time due to several reasons. The upstream ecological and lithological 
processes influence naturally dissolved and suspended solids, and the sediment load in the river 
water. Depending on seasonal variations or weather situations, which may initiate floods or 
landslides in the catchment as well as sustained periods of drought, the content of suspended 
sediments, and organic material may vary (Douglas, 1968; Lehmann and Rode, 2001). Moreover, 
temperature variations will affect the bacterial content of the water. Böckelmann et al. (2000) 
describe the seasonal change in lotic microbial aggregates in the Elbe River, which results in a great 
diversity in bacteria during spring, the predominance of algae in the summer months, and a 
reduction in the bacteria during the autumn and winter months. Thus, this study was conducted 

4 
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during the colder winter months when bacterial growth and diversity is expected to be low. The 

water quality may have been different if the experiment had been conducted during a warmer 

period.  

The water used during the experiment was non-treated river water pumped directly from the Elbe 

River. However, as it was impractical to pump this water continuously, a water storage and a 

distribution system were designed and installed in the laboratory (Figure 4.13). Two 1000 L water 

tanks (4) were connected in a sequence, with one of the containers being raised slightly higher than 

the other to encourage the flow of water between the two tanks. The Elbe River water within the 

tanks was continuously mixed by two mixing pumps (5). Water could be transferred from the main 

tanks into the 500-L tank (6), via a pump (7) operated by a timer (8). This water was thereafter 

pumped to the constant head reservoir (9), via another pump (7). As the minimum pump rate was 

higher than the outflow required by the experiment, and to maintain a constant flow rate, a 

constant head reservoir was installed similar as in the soil column experiments (Chapter 4.1.2). The 

water level in the constant head reservoir would rise and stabilise at the level of the outlet, and the 

excess water was returned to the 500-L tank (10). The four 8 mm outlet hoses (11) that fed each 

infiltration basin were attached to the base of the constant head reservoir outflow connectors. 

 

Figure 4.13.  Schematic sketch of the water storage and distribution system. (not to scale). (4) 

primary storage Tanks- (5) mixing pumps- (6) secondary storage tank on top of a 

pedestal- (7) 400W pumps- (8) timer- (9) constant head reservoir- (10) overflow hoses- 

(11) inlet hose to spreading basin units 

Water drainage system 

Elbe River water not only had to be stored, but efficiently and accurately distributed to each 

infiltration unit at a specific hydraulic loading rate. The water that had infiltrated and passed 

through each infiltration unit was intercepted; whereby electrical conductivity measurements were 

taken (Figure 4.14). 

Water from the constant head reservoir (9) flowed down the 8 mm tubing (11) towards the 

infiltration basins. The flow rate of the discharge from the tubing was controlled by the flow rate 

valve (12), resulting in an accurate level of discharge at point (13) above each basin. The designed 

HLR corresponds to 300 m/a, which is equivalent to 137 mL/min considering the basin surface 

area. Water left the infiltration basins (1) at the outflow connectors and flowed down the 10mm 

tubing. This tubing discharged the outflow water from the experiment into the soil EC probe 

apparatus. This apparatus comprised a clamp (14) which held a 5 cm diameter PVC tube (15) 

containing sandy soil and soil EC meters (16). This apparatus recorded changing levels of EC of the 

water infiltrating through it. This water drained out of the bottom of the PVC tube into a 70 L 

outflow reservoir (17). Basin overflow pipes (19) installed into the side of the basin, drained each 



4. Methodology 

53 
 

basin when the basin water level exceeded 10 cm. This water was drained directly into the outflow 
reservoir through a 10 mm hose (20). 

 
Figure 4.14.  Schematic sketch of water distribution, drainage system and EC monitoring apparatus. 

(not to scale) (1) infiltration basin tank – (9) constant head reservoir – (11) inlet hoses to 
spreading basin – (12) flow rate valve – (13) discharge point – (14) clamp – (15) PVC 
chamber for EC measurement – (16) soil EC meters – (17) outflow reservoir – (18) self-
regulating pump – (19) basin overflow pipe – (20) overflow collector 

Scraping 

This chapter investigates the differences in the infiltration capacity of the medium between a unit 
with regular scraping events and a second unit without them. Therefore, in Tank 2 a scraping 
procedure was conducted every time an overflow occurred in the basin. The scraping procedure 
consisted in the removal of the upper 2 cm of the basin surface with a small spatula. The material 
was not exchanged, resulting in a deeper infiltration basin. First, the infiltration in Tank 2 was 
interrupted, the basin was drained for 2 or 3 days (to avoid mobilization of fine particles), and 
finally the upper 1 - 3 cm of the basin surface were scraped and the infiltration was restarted 
without replacing the removed soil. It is important to note that only the bottom surface of the 
infiltration basin was scraped and that the infiltration basin walls were left untouched. This was 
done to maintain the structural integrity of the infiltration basin itself, as removing material from 
the sidewalls of the basin may have had a detrimental effect and caused the slumping of the basin 
walls into the base of the infiltration basin. Tank 1 was in contrary operated without any scraping 
measure to reflect how the infiltration capacity would have decreased with no management plan. 

Salt tracer test method 

The determination of clogging in the infiltration ponds was done by calculating the reduction of 
the infiltration rate, similar as in the experiments in the rapid infiltration unit in the field (Chapter 
4.1.1) and the soil columns in the laboratory (Chapter 4.1.2). Salt tracer solutions (NaCl) with 
electrical conductivities between 3.5 mS/cm and 11.5 mS/cm were prepared in the storage tank (6 
in Figure 4.13) and the t50 times were measured for both tanks. 

The data from the salt tracer tests were obtained using manual readings, an automatic water EC 
meter and a soil EC meter. The infiltration velocities (m/s) were calculated using equation (4), where 
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the distance between the bottom of the tank and the infiltration basin is divided by the t50 time in 

seconds. The flow distance (∆ℎ) in Tank 2 decreased by 1 cm after each scraping event. 

Since Tank 2 had to be set in an infiltration pause a couple of times to allow the draining and 

scraping of the basin, the actually infiltrated volume was divided by the area of the infiltration basin 

(600 cm²) so that the volume of water could be presented with the unit m3/m2. 
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4.3 DETERMINATION OF INFILTRATION CAPACITY USING WATER 

CONTENT 

This chapter together with chapter 5.3 include the results from the publication with title: Methods 

of In Situ Assessment of Infiltration Rate Reduction in Groundwater Recharge Basins. in Water Journal 

2019l, 11(4), 784. Therefore, the citation of Barquero et al. (2019) was supressed in its content.  

The objective of this chapter was to compare a tracer test method with new methods calculating 

the reduction of the infiltration rate over time based on instantaneous profile method (IPM) data. 

IPM consists in the simultaneous determination of specific parameters at different depths 

(Askarinejad et al., 2012). These methods are able to track fluctuations in the infiltration rate (e.g. 

due to clogging of the basin surface) over time, without influencing the conditions of the 

experimental setup for the subsequent infiltration cycles. Especially for laboratory experiments, it 

is very important to keep the same soil structure over time. As representative input data for 

tracking the decrease of the hydraulic conductivity over time after the infiltration of river water, 

water content of two MAR experimental units (field- and laboratory scale) were selected. 

The infiltration experiments were run in the field scale infiltration unit (Chapter 4.1.1) as well as in 

a laboratory scale infiltration unit (1.5 m × 1.0 m × 1.0 m); which was filled with the same sandy soil 

as used in the field (Ks ≈ 6 × 10−5 m/s) with a bulk density of 1.6 - 1.7 kg/m³. The observation points 

are located in both units at a depth of 28 cm. The water used in both units was from the Elbe River 

and was mixed at the beginning of each infiltration cycle with NaCl (2.5 – 5.0 mS/cm) for tracer 

experiments. River water was pumped into the infiltration basins with the configuration of Scenario 

1: an annual hydraulic loading rate of 300 m/a under wet:dry cycles of 1:3 (24 h infiltration followed 

by 72 h dry period). In total, nine infiltration cycles were run and analyzed. They encompass a total 

specific volume of approximately 29 000 L/m² during 30 days. Both units were equipped with UMP 

sensors, which measured volumetric water content (vol%), electrical conductivity (mS/cm), and 

temperature (°C) at two minutes intervals. Further details of the description of the laboratory scale 

infiltration unit are presented by Fichtner et al. (2019). 

4.3.1 Tracer method 

The tracer method implemented in Chapter 4.1.1 for Run 8 (Scenario 1 Climate 3) was used as a 

standard and already established method to determine the hydraulic conditions of a porous 

medium. Several tracer experiments were performed, introducing NaCl at a concentration of 1 g/L 

into the river water during the first six hours of each infiltration cycle, to determine the time for 

solute transport through the infiltration unit by means of the installed monitoring sensor, located 

28 cm below the infiltration pond. For the calculation of the decrease of the infiltration rate, 

equation (4) was used. 

4.3.2 Libardi method 

Considering the basics of the Richards and the Darcy–Buckingham equation (Buckingham, 1907; 

Darcy, 1856; Richards, 1931), Hillel (1972) set a finite difference based analytical model to calculate 

the hydraulic conductivity using water content (θ) changes in flooding or draining systems. 

Therefore, θ was smoothed with time t in a semi-log model subtracting it from the initial water 

content (θo):  

θo − θ = ALln(t) + BL (5) 

In order to define the fitting parameters AL and BL at depth L (Figure 4.15), by integrating the 

Richard’s equation from soil surface (z = 0) down to depth z = L, the hydraulic conductivity can be 
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calculated (see Equation (6)). AL is represented by the inverse of the slope γ, whereas BL is the 

multiplication of AL with the natural logarithm of the fraction of slope γ times initial hydraulic 

conductivity (Ko) over parameter a times depth z. 

K(θ)𝐿  =  ∫
∂θ

∂t
dz

L

0

/(
∂H

∂z
)L (6) 

With H = matric potential. 

 

Figure 4.15.  Adapted smoothed semi-log model designed by Hillel and Libardi (1972) for the 

empirical determination of hydraulic conductivity.  

The smoothed semi-log model equation (5) was analyzed with finite differences for depth z and 

approximated the integral in n measurements in Δz intervals and using L as upper limit of the 

integral. This antiderivate resulted in Equation (7). 

q =  ∫
∂θ

∂t
dz ≅ − ∑

AL

t
∆z

n

i=1

L

0

  (7) 

The matric potential gradient (
∂H

∂z
)L can either be measured with tensiometers or must be assumed 

to have a value of 1 (valid for short time steps). However, using the finite difference can develop a 

gap after n measurements. 

Libardi et al. (1980) worked on an empirical equation without integration based on Hillel’s previous 

investigations. Libardi came up with Equation (8). 

K(θ) = Koe−γ(θo−θ) (8) 

where K(θ) is hydraulic conductivity (m/s) dependent on the water content, Ko, and θo are the initial 

values of hydraulic conductivity and water content, respectively. The fitting parameters γ[
1

A𝐿
] and 

Ko[
za

γ
eγBL] were determined using the linear semi log model of Hillel (see Figure 4.15) which yields 

Equation 9. 

θo − θ =
1

γ
ln(t) +

1

γ
ln (

γKo

a z
)  (9) 

Sisson (1980) further assumed a homogenous soil by setting the parameter a = 1, which represents 

a constant water content change over depth. The Libardi method can calculate an absolute value 

for hydraulic conductivity and not only the relative linear velocity in contrast to normal tracer 

breakthrough curves. 
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4.3.3 Root mean square method 

The root mean square displacement (DRMS) indicates hydraulic properties variations of the soil 

analyzing water content data during the infiltration periods from the IPM system. The DRMS defines 

the deviation distribution of the whole time series in a single representative value (Chai and 

Draxler, 2014). The DRMS values give back the factor of reduction of the infiltration capacity to infer 

an absolute rate of it. 

The first infiltration cycle of the scenario was used as a reference cycle. DRMS are calculated between 

the i-th infiltration cycle (i = 1,2,…,9) and the first infiltration cycle of time step tx (see Equation (10)). 

This describes the change of the averaged water content of each cycle in comparison to the initial 

state. 

DRMS =
∑(WCcycle i,tx

− WCcycle o,tx
)

2

n
 (10) 

A model was developed to make this method analogous to tracer curves (Equation (11)). A 

quadratic regression analysis between the obtained values from the tracer experiments and those 

from DRMS from Equation (10) was executed. 

Traceri = a + b × [DRMS i] + c × [DRMS i]
2 (11) 

where Traceri represents the calculated infiltration capacity reduction at the i-th infiltration cycle (i 

= 1,2,…,9) determined with the tracer experiment; DRMS i is the calculated DRMS value (%) at the i-th 

infiltration cycle; whereas a, b, and c are fitting parameters for the linear regression model. Once 

the parameters were fitted, the results from Equation (11) were inserted and analyzed against the 

tracer curve data. 

4.3.4 Water content method 

The water content (WC) method works similar to the DRMS method. The main difference is that DRMS 

calculates the root mean square difference, whereas the water content method calculates the 

average water content of each infiltration cycle. Therefore, the infiltration time parameter of each 

infiltration cycle loses relevance. A linear regression model was also created and determined with 

the obtained data using the tracer test’s results as reference (Equation (12)). 

Traceri = a + b × [
∑ WCi

ni

] + 𝑐 × [
∑ WCi

ni

]

2

 (12) 

where Traceri represents the calculated infiltration capacity reduction in the i-th infiltration cycle (i 

= 1,2,…,9) determined with the tracer experiment; 
∑ WCi

ni
 is the averaged water content value (%) at 

the i-th infiltration cycle; ni is the amount of measured data in the i-th infiltration cycle; and a, b, 

and c are fitting parameters for the linear regression model. This model was used afterwards to 

be compared to the tracer curve that works as reference. 

4.3.5 Trigger time method 

There are other potential basic indicators that can determine the infiltration capacity reduction of 

the infiltration basin. The “trigger time” (TT) is the time that the sensor needs to register the first 

rise of the water content/tension. This time gives for example a hint on the delay of the infiltration 

water. This method is primarly dependent on the advection and dispersion properties of the soil, 

ignoring any diffusion effects. A third linear regression model (Equation (13)) was created to 

correlate the tracer curve results with the information obtained from the trigger time method. 
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Traceri = a + b × [TTi] + c × [TTi]
2 (13) 

where Traceri represents the calculated infiltration capacity reduction in the i-th infiltration cycle 

of the given scenario (i = 1,2,…,9) determined with the tracer experiment method; TTi is the trigger 

time, given in min, at the i-th infiltration cycle, as the water content started to increase and a, b, 

and c are fitting parameters of the given linear regression model. Similar to the other models, the 

obtained model was analyzed against the tracer curve. 
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5 RESULTS AND DISCUSSION 

5.1 INFLUENCE OF CLIMATE ON INFILTRATION BASINS 

In the following sections, the results of the infiltration tests in the field and the laboratory are 

presented. These experiments should clarify the influence that temperature and climate have on 

the reduction of the infiltration capacity of recharge basins. 

The wind velocity and direction at the investigation site eases the transport of fine particles coming 

from the Elbe River. This were considered of minimal influence for the field experiments since the 

duration of each scenario was not longer than one month. 

5.1.1 Temperature 

Temperature and solar irradiance vary with the seasons. Figure 5.1 shows how temperatures can 

reach values above 35 °C in summer (Run 18 – July 2018, See Table 5.1), whereas the basin was 

operated even below -10 °C during winter (Run 11 – February 2018). Nevertheless, the changes of 

temperature are smaller when considering at the medians (day and night values). Taking into 

consideration the given medians, the lower and upper boundaries of the mild category were 

defined as 10.8 °C and 14.8 °C, respectively. Runs 2 - 4, 10 - 13, and 20 were conducted under cold 

conditions, whereas Runs 6 - 8 and 16 - 18 exhibited warm conditions (See climate categories in 

Table 5.2). The remaining runs had a mild temperature range. Values for Run 12 are missing 

because of an interruption of measurement at the weather station in Jessen after cyclone 

Friederike in February 2018. 

Figure 5.1 shows the solar irradiance including the night hours. A difference between summer and 

winter climate can be clearly identified due to the change of the daily sun incidence hours. Median 

values in winter remained below 34.3 W/m²/h, whereas in summer the medians were higher than 

63.7 W/m²/h and the peak irradiance reached up to 900 W/m²/h when the sun was in the zenith. 

Runs 1-4, 9-11, 13, and 19-20 were all under cold climate conditions, whereas Runs 6-7 and 15-18 

exhibited warm climate conditions. All remaining runs had a medium solar irradiance range. 

 

 

Figure 5.1.  Variation of the temperature (a) and solar irradiance (b) during the experiments 
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Temperature and solar irradiance were analysed using the median values in a specific period of 

time. Extremes values (e.g. hottest days, coldest day) would have deepen the analysis of this thesis. 

Nevertheless, it would have been challenging to manage the measurement of the hydraulic 

conductivity state (meaning clogging development) in a frequency matching to the extreme climatic 

events. Therefore, medians should englobe all mean and extreme conditions occurring in the time 

as tracer experiments were performed. 

An overview of the climatic description of each Run are shown in Table 5.1. 

Table 5.1.  Climatic description of the 20 infiltration Runs 

Year Months 
Duration of 

scenario (days) 
Run # 

Median 

temperature (°C) 

Median solar 

irradiance (W/m²) 

2016 
Aug/Sept 44 1 13.7 18.0 

Nov/Dec 40 2 2.8 0.0 

2017 

March 16 3 6.9 5.0 

April 6 4 7.9 33.0 

May 35 5 13.6 62.0 

June/July 27 6 18.7 93.0 

July 20 7 18.5 72.0 

August 25 8' 17.7 37.0 

September 25 8'' 13.4 13.5 

October 32 9 11.2 0.0 

November 33 10 5.3 0.0 

2018 

February 30 11 -2.9 0.0 

March 1 12 n.d. n.d. 

March 5 13 n.d. n.d. 

April 35 14 3.7 39.3 

May 18 15 4.1 79.2 

June 29 16 3.4 71.4 

July 12 17 3.3 78.2 

July/Aug 30 18 3.7 64.3 

Sept /Oct 18 19 3.1 0.0 

October 10 20 2.1 0.0 

Note: 8' refers to the first part of the scenario with a warmer climate and 8'' to the second part with 

a milder climate 

n.d. – no data available 

A summary of the boundaries of each interval is presented in Table 5.2. Since the temperature 

data does not have a restriction for the lower limit, this was used as the main parameter for 

classifying each Run. Solar irradiance during the night and cloudy days was set to a value of 0 W/m². 
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Table 5.2.  Climate category’s intervals 

Climate 
Median temperature 

[°C] 

Median Solar irradiance 

[W/m2] 

1 (cold) < 10.8 < 34.3 

2 (mild) 10.8 - 14.8 34.3 - 63.7 

3 (warm) > 14.8 > 63.7 

 

A summary of the performed runs and its classification is presented in Table 5.3. Each row is filled 

with the corresponding color of the climate category. The HLR, HLC, and pumping rate of each 

scenario can be found in Table 4.2. 

Table 5.3.  Runs and their corresponding climate characterization 

Category Scenario 1 Scenario 2 Scenario 3 Scenario 4 

1 (cold) Run 3 Run 4 Run 10 Run 11 

2 (mild) Run 9 Run 14 Run 5 Run 19 

3 (warm) Run 8 Run 7 Run 16 Run 6 

 

The defined climate categories are also evident in sensors installed in the experimental unit. Figure 

5.2 presents the soil temperature data for Scenario 1 for the 3 different climatic conditions (red: 

warm, green: mild, and blue: cold) in the 3 different layers (28 cm – Sensor 1.2, 70 cm – Sensor 2.2, 

and 140 cm – Sensor 3.2). Night and day are responsible for the temperature peaks. This influence 

is softened in deeper layers. The natural daily changes of soil temperature are in the shallow layer 

between 4 and 6 °C, in the middle layer between 1 and 3 °C and in the deep layer between 0 and 

2 °C. As Racz et al. (2012) also described, the daily temperature fluctuations propagate downward 

into the subsurface as thermal waves by conduction, advection, and dispersion. The magnitude of 

the reduction of the amplitude and the phase shift between layers are in direct dependence to the 

infiltration rate. 

 

Figure 5.2.  Soil temperature at Scenario 1 depths in the 3 climate scenarios. 
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Infiltration capacity reduction in different hydraulic scenarios 

Figure 5.3 shows the reduction of the infiltration capacity based on the tracer tests under the 

influence of different climatic conditions for different scenarios (a: Scenario 1, b: Scenario 2,               

c: Scenario 3, and d: Scenario 4). Each diagram contains the infiltration capacity reduction curve 

(ICRC) for cold, mild, and warm climates at the depth of 28 cm (Sensor 1.2). In summer climatic 

conditions (Climate 3), higher rates of biological - mechanical and physical clogging occur in all 

scenarios. Sequentially, infiltration performance decreases the most (up to 40 % more than in 

colder conditions). Nevertheless, the duration of these scenarios was sometimes much longer than 

those of the colder climates (up to 3x longer). A high TSS concentration in the feed water (typical 

for summer season ~ warm climate) led to a faster physical blocking of the pores. In combination 

with low temperatures, which increase the viscosity of the water and reduces the infiltration 

capacity, this resulted in a faster overflow of the infiltration basin and a stop of the scenarios. Lower 

infiltration capacity during colder months was also validated by Clark et al. (2005) in El Rio 

spreading grounds (USA), where they determined twofold higher percolation rates during the 

spring/summer months in comparison to the winter months. 

In scenarios 1, 2, and 4, a clear difference between the behavior of the curves in mild and warm 

climates is not observed. This suggests that the reduction of infiltration capacity is strongly 

influenced whether the temperatures are below or above 11 °C (temperature boundary between 

cold and mild climate). This might be a decisive threshold temperature where significant 

differences in bacterial growth occur and, additionally, in the viscosity properties of the water. In 

the only scenario without drying phase (Scenario 3), the ICRC of the mild climate shows similar as 

in a cold climate. The permanent absence of oxygen combined with lower biological activity leads 

here to a smaller reduction in infiltration capacity than in warm climates. 



5. Results and discussion 

63 
 

 
Figure 5.3.  Overview of the ICRC change in different climates for the (a) Scenario 1, (b) Scenario 2, 

(c) Scenario 3, and (d) Scenario 4.  

Excluding Scenario 3, the infiltration capacity under cold conditions reached their strongest 
reduction (< 50 %) after 12 m³ of infiltrated water. All these Runs were stopped because the basin 
was overflowing. This suggests that viscosity has a higher relevance than clogging development. 
For Scenario 3, the infiltration capacity continued reducing after 13 m³ of infiltrated river water, 
reaching a final reduction of 80 % of the initial conditions. Scenario 3 was run with the lowest 
pumping rate and thus did not overflow as in the other three scenarios. 

The reduction of the infiltration capacity in Climate 2 and Climate 3 was higher than in Climate 1 
after the first 12 m³ of infiltrated water in Scenario 1 (49 %), Scenario 2 (80 %), and Scenario 4           
(75 %). As more water was infiltrated, the infiltration capacity was reduced by half of the capacity 
at 12 m³. This difference suggests the development of biological clogging, which is dependent on 
the bacterial and algae growth rate. 

Relation between climate and hydraulic conductivity 

If the daily air temperature drastically changes during an infiltration scenario, the influence of 
viscosity on the reduction of infiltration capacity can be tracked. For example, in Run 8 (Scenario 1 
Climate 3), there was a change in air temperature and solar irradiance that caused a change in the 
velocity of the infiltrated water (Figure 5.4). This change has been examined in more detail for the 
following three time periods: 7th - 31st August; 1st -15th September and 16th - 25th September in 
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2017. Figure 5.5a shows the change of the average hourly temperature for one day in the specified 
time period. The difference of the maxima between the first and second periods is 5 °C (23 ° C to 
18 ° C), while between the second and third periods it is 2 °C (18 °C to 16 °C).  

Figure 5.5b contains the theoretical calculation of the hydraulic conductivity as a function of the 
temperature change. The temperature influences the dynamic viscosity μ (Eq. 2) and density ρ     
(Eq. 3) which in turn are parameters necessary to determine the hydraulic conductivity (Eq. 1). 
Based on the relationship between hydraulic conductivity and dynamic viscosity, which does not 
consider changes due to biological or physical clogging, it is possible to estimate how large the 
change in infiltration capacity should be as a result of the temperature change. With the values 
extracted from Figure 5.5, a theoretical reduction of 11 % between the first and second time period 
and 5 % between the second and third period was calculated. The actual reductions obtained from 
the ICRC of Run 8 are 9 % and 5 %, respectively (Figure 5.4). Such calculations are only valid 
assuming that the influence of external factors (e.g. clogging) remains constant.  

 
Figure 5.4.  Monitoring of the solar irradiance and air temperature during Run 8 (Scenario 1 Climate 

3) in a phase of decreasing breaks (see 1.9.17 & 15.9.17) and its graphical comparison 
with the ICRC. (v50/v50o)  

 

Figure 5.5.  (a) Hourly air temperature during the infiltration in Run 8 during 3 periods of time and 
(b) theoretical influence of the dynamic viscosity in the hydraulic conductivity 
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Infiltration capacity reduction in different climates 

Figure 5.6 presents the ICRC categorized by the climate classes. This enables an analysis of the 
reduction of the infiltration capacity in each climatic condition depending on the HLC scenario. 
Note that the diagrams have as abscissa (x-axis) the infiltrated volume to avoid conflict of variable 
dry period lengths between the scenarios. According to the tracer tests (Figure 5.6a), infiltrating 
without any drying period under cold conditions, reduces the infiltration capacity the most (up to 
80 % of the initial capacity). However, there are low probabilities of an basin overflow because the 
flow rates are lower (0.35 L/min) than for the rest of scenarios. In mild and warm conditions    
(Figure 5.6b and c) the infiltration capacity remains the highest with an HLC of 1:3 (Scenario 1). 
Long periods of infiltration (Scenario 2: 7 days and Scenario 3: continuous) have a drastic effect on 
the reduction of the infiltration capacity at the beginning. After approximately 2000 L of infiltrated 
water the infiltration capacity is already reduced more than 60 % in both scenarios, whereas in the 
scenarios with shorter flooding periods (Scenario 1 and Scenario 4) the infiltration capacity is 
reduced less than 40 % after the first 2000 L of infiltrated water. If the time that it is needed to 
infiltrate the given volumes of water is considered, Scenario 1 presents the best conditions in which 
water is infiltrated faster and simultaneously maintaining the infiltration capacity the highest. 

 
Figure 5.6.  Overview of the ICRC change in different HLC scenarios for the climatic conditions (a) 

Cold, (b) Mild, and (c) Warm 

Infiltration capactity reduction in depth 

Scenario 1 and Scenario 4 were selected to apply an analysis of the climatic influence of the 
conditions on the trigger time in which the water content sensors below the infiltration basins (1.2, 
2.2, and 3.2) detect a rise for the first time after the start of an infiltration cycle. Scenario 2 had only 

(a) (b) 

(c) 
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three infiltration cycles starting with dry conditions, whereas Scenario 3, due to its configuration of 

continuous flow, had only one single infiltration cycle. 

Figure 5.7, displays a comparison of the velocity to trigger a rise in the water content sensors in 

the three layers in the three climate scenarios. Trigger times in the two bottom layers do not variate 

in all climates (Layer 2: 10 min & Layer 3: 40 min). The shallow layer (Layer 1) shows an increase in 

trigger time from 100 min to 140 min in all climates until the sensor detects the incoming 

waterfront. For a further analysis of the influence of seasonal climate, the trigger velocities for each 

layer were calculated and are represented in Figure 5.7a (categorized by climates) and in             

Figure 5.7b (categorized by layers). The linear flow velocity decreases in depth in the soil profile 

(Figure 5.7a). Reason for this is, on one hand, the infiltration plume spread with depth and on the 

other hand, the extra compaction because of the weight of the soil above in lower soil layers. 

Comparing the flow velocity in each layer in the different climates (Figure 5.7b), it can be stated 

that no influence of climate on clogging occurs in the deep layer (velocity reduction lower than      

0.3 mL/min)). In the middle layer (2nd layer) there is a slight decrease of the velocity (maximum 

reduction of 0.5 mL/min), which is similar for all climate scenarios. In the first layer, most of the 

clogging occurs and therefore also the flow speed is reduced the most (from 3.5 cm/min to                

0.5 cm/min in Climate 3). Nevertheless, the change seems to be independent of the climate 

conditions. 

The results of Scenario 4 (Figure 5.8) are clearer, with regard to the development of clogging in the 

warm conditions. A longer shift of the trigger time occurs in the upper and mid layer, 1.7 mL/min 

and 0.8 mL/min, respectevily. However, in cold and mild conditions the velocities just slightly 

change in the middle and deep layer. The flow speed in the deep layer keeps in all climates the 

same rate and is not influenced by clogging processes or climate related issues. Additionaly, the 

pumping rate in Scenario 4 was three times lower than in Scenario 1 due to its HLC. Thus, it takes 

also longer for the water front to reach the sensors in Scenario 4. 

 



 

 

 
Figure 5.7.  Water content trigger velocity for the Layer 1, Layer 2, and Layer 3 for Scenario 1 (1 day infiltration, 3 days dry period) in the three experimental 

climates (Blue: Cold, Green: Mild, and Red: Warm) grouped in (a) by climate, and in (b) by layer 

(a) 
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Figure 5.8.  Water content trigger velocity for the Layer 1, Layer 2, and Layer 3 for Scenario 4 (3 days infiltration, 1 day dry period) in the 3 experimental climates 

(Blue: Cold, Green: Mild, and Red: Warm) 

(a) 

(b) 
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The results of the shallow layer in Figure 5.7 and Figure 5.8 were merged in Figure 5.9, since is the 
upper layer the one that exhibits clearer variations because of the reduction of the infiltration 
capacity. The linear flow velocities in the shallow layer during Scenario 1 (HLC 1:3) are up to six 
times higher than in Scenario 4 (HLC 3:1) in warm climatic conditions (see Figure 5.9c). The 
difference with mild and low temperatures are much lower. Despite higher pumping rates, clogging 
developes slower if the aereation time is long enough during warm climates. 20 days after the 
infiltration start, the velocity in Scenario 1 is 2.80 cm/min, whereas in Scenario 4, it is only                 
0.53 cm/min. These results in a higher infiltration volume of water in Scenario 1 in comparisson to 
Scenario 4. However, the difference of the velocities becomes smaller with decreasing 
temperatures (Climate 2). Here, a clear distinction of the reduction of the infiltration capacity can 
be made, since after 18 days the velocities are in both scenarios around 2.0 cm/min. In Climate 1, 
the velocity of the water front to reach the sensor 1.2 is additionaly influenced by the extreme cold 
conditions. For example, the results for Scenario 4 (Run 11, February 2018) were obtained during 
colder conditions than in Scenario 1 (Run 3, March 2017), resulting sometimes even in a frozen 
surface of the infiltration basin. 

 
Figure 5.9.  Water content trigger velocity for Layer 1 (28 cm depth; Sensor 1.2) for Scenario 1 

(1 day infiltration, 3 days dry period), and Scenario 4 (3 days infiltration, 1 day dry 
period) in the 3 experimental climates (a - Blue: Cold, b - Green: Mild, and c - Red: Warm) 

The influence of seasonability on the temperature in the subsoil is also detectable. Figure 5.10 
shows the temperature data below the basin in the three monitoring depths (Layer 1: 28 cm;     
Layer 2: 70 cm; and Layer 3: 140 cm) for Scenario 1 during the warm climate (Climate 3) and 
separated for each infiltration cycle. Cycle 7 is missing due to a disruption of the data logger. The 
shift of the maximum peak in the lower layer is clear. The buffer capacity of the soil in infiltration 
sites with constant water level conditions (continuous flow) increases with depth, resulting in a 
reduction of the temperature amplitude in the lower layers (Hatch et al., 2006). However, in this 
experimental setup the infiltrated water comes only in intervals dictated by the hydraulic loading 
cycles. This results in similar soil temperatures at different depths. 

(b) (a) 

(c) 



 

 

 
Figure 5.10.  Soil temperature at depth of 28 cm (Layer 1), 70 cm (Layer 2), and 140 cm (Layer 3) for each infiltration cycle during Scenario 3 Climate 3 (Run 8)  
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Figure 5.11 shows the result aplying the same procedure of Figure 5.10 to Climate 1 and          
Climate 2. The time to reach the temperature peak is shorter during Climate 3 (faster flow rate) in 
comparison to the cold and mild experiments, which is in accordance with the tracer experiment. 
Unfortunately, this information can be only used as a trend and not as absolute output, because 
of the thermic and unconservative properties of using temperature as a flow signature. 
Nevertheless, it also confirms the effect that the seasonality might exert on the subsurface flow 
patterns. 

 
Figure 5.11.  Time to reach maximum temperatures after each infiltration cycle at different depths 

during Scenario 1 (1 day infiltration and 3 days dry period) for Climate 1 (a),              
Climate 2 (b), and Climate 3 (c) 

Infiltration capacity reduction and TOC 

Another approach to determine the influence of climate on the clogging process is the analysis of 
TOC in the basin surface. With higher algae growth the total organic content in soil increases (Holm-
Hansen, 1969). The concentration of organic carbon on the surface of the basin at the end of each 
scenario is higher with warmer conditions (Figure 5.12). The increase of TOC from Climate 1 to 
Climate 3 is for Scenario 1: 44 mg/kg, Scenario 2: 12 mg/kg, Scenario 3: 41 mg/kg, and Scenario 4: 
27 mg/kg. The relatively low difference in Scenario 3 is given due to the high algae growth                  
(56 mg/kg) in Climate 1. Figure 5.13 illustrates the visual difference of the basin at the end of 
Scenario 1 during Climate 1 and Climate 3. Under warm conditions, the growth of an algae layer 
was predominant, whereas in colder conditions, there was only a thin layer of cake formation 
(darker color). With cold climatic conditions the TOC values remain lower than 10 mg/kg in 
Scenarios 1, 2, and 4, and 36 mg/kg in Scenario 3. The results under warmer conditions (Climate 3) 
of TOC (Figure 5.12) with the tracer tests (Figure 5.3) were linked. The high TOC concentration of 
Scenario 3 fits with the highest reduction rate of the ICRC. Nevertheless, Scenario 1 has the second 
highest TOC and yet is the scenario that presents the lowest reduction of the infiltration capacity 
according to the tracer test. This suggests that TOC does not indicate the complete reduction of 
the infiltration capacity, but rather a fraction of the biological clogging. 

(a) (b) 

(c) 



5. Results and discussion 

72 
 

 
Figure 5.12.  TOC in the surface of the infiltration basin grouped by scenarios 

 
Figure 5.13.  Clogging of the surface of the infiltration basin at the end of the Scenario 1 in          

Climate 1 (a), and Climate 3 (b) 

The TOC values presented in Figure 5.12 reflect the conditions at the surface (1-2 cm depth) of the 
basin bed. Additional samples were taken at depths of 5 cm, 10 cm, and 20 cm (not shown). At         
5 cm, the concentration of organic carbon sinks to a mean value of 2 mg/kg and at 20 cm depth, 
the original TOC was measured (0.2 mg/kg). This denotes the influence of mainly solar irradiance 
on the growth of algae in the topsoil. 

Arnosti et al. (1998) stated that the oxygen consumption increases the conditions for algae growth. 
Hulthe et al. (1998) indicated that the extent of long-term oxidation decreases by oxygenated or 
anoxic conditions alone and improves when the medium is exposed to the activity of oxic and 
anoxic organisms together. Scenario 2 involves a homogeneous ratio of flooded and dry conditions 
(1:1) and the TOC values are also low in comparison to the concentrations in the other three 
scenarios in Climate 2 and Climate 3 (see Figure 5.14). Whereas, Scenario 3 is characterized by 
anoxic conditions due to its continuous infiltration, and the TOC values are the highest in each of 
the climate categories. Mixing of oxic-anoxic states becomes more relevant under higher 
temperatures and solar incidence. The concentration of organic carbon in the surface variates in 
Climate 1 from 5 to 36 mg/kg, in Climate 2 from 15 to 56 mg/kg, and in Climate 3 from 21 to                
77 mg/kg. 

(a) (b) 

Cake formation 

Algae growth 
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Figure 5.14.  TOC in the surface of the infiltration basin grouped by climates 

Impact of clogging to the aquifer recharge at test field site 

The hydrogeological characteristics of the field site did not allow an analysis of the infiltration 
capacity reduction of the basin on the residence time or the mounding height of the recharge 
plume. The main reason for this was that the recharge rate was in comparison to the aquifer 
hydraulic conductance very low. The recharged water volume with salt tracer was not enough to 
activate a change in the water column in the monitoring well or detect any change in the dissolved 
oxygen or electrical conductivity. Figure 5.15 illustrates the groundwater conditions (water column, 
dissolved oxygen (LDO) and electrical conductivity) in the monitoring well I-2 (located next to the 
infiltration basin) together with the cumulative volume of infiltrated water during Scenario 4 
Climate 3 (3 days infiltration and 1 day drying period). In total, 31 m³ were infiltrated within 32 days 
and there was no clear reaction in the monitoring sensors. The infiltrated water volume was not 
significant when considering a small infiltration area of 1.17 m² and adding the factor of the travel 
distance through the vadose zone (approx. 8 m) where the salt concentration could have gotten 
completely diluted. 

 
Figure 5.15. Effect of recharged water in the monitoring well water level (m), dissolved oxygen (mg/L) 

and electrical conductivity (mS/cm) during Scenario 4 Climate 3 (3d:1d) 
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Therefore, the analysis efforts were directed to the infiltration capacity reduction occurring in the 

vadose zone (up to 1.5 m depth). Furthermore, another challenge of this investigation was the very 

varying natural solar irradiance on the test field site. This issue can also have had an influence on 

the growth rate of the algae and microorganisms in the basin causing the reduction of the 

infiltration capacity. Thus, the experiment with the soil columns should further assess the influence 

of solar irradiance. 

5.1.2 Solar irradiance 

The presentation of results from the soil column experiments are divided in river water and tap 

water runs, followed by the main outcomes from the TOC analysis. 

Reduction of infiltration capacity by using river water 

The decrease of the infiltration capacity was tracked using tracer tests. It is analyzed as a function 

of reducing infiltration rates.  

Time values (min) for the 90 % salt recovery during the tracer test were measured to compute the 

infiltration rates (m/min) for each tracer test using the respective lengths of the soil columns (m), 

as the 50 % concentration of the EC already was measured within the first 10 min of the experiment 

and only two 20 mL samples could be taken until that time, due to low outflow rates (6 mL/min). 

The subsequent values of infiltration rates were normalized with the initial infiltration rate. The 

reduction in the infiltration rates for each column varies based on different light conditions within 

the experimental setup. The degree of clogging can be set by the ratio of hydraulic conductivity to 

the initial hydraulic conductivity. 

The variation of infiltration rates in the soil columns is divided into three phases; the initial decrease 

of hydraulic conductivity is followed occasionally by a small increase which is succeeded by a 

gradual decrease of the infiltration rates (Figure 5.16). According to Christiansen (1944), slow 

dissolution of entrapped air leads to an increase in the infiltration rates. During the early stages of 

the experiment, water infiltrates through the soil column by displacing the soil air which becomes 

compressed ahead of the wetting front. This compressed air is believed to result in decreased 

infiltration rates at the beginning of the experiment (Jalali-Farahani et al., 1993; Wang et al., 1998). 

Moreover, increased compression leads to high air pressure within the column which pushes the 

air out of the soil surface. Consequently, the air pressure decreases resulting in a sharp increase 

of infiltration rates (McWhorter, 1971; Wang et al., 1998). 
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Figure 5.16.  Variation in the infiltration rates of Elbe River water for 90 % salt recovery for a period 
of one month in (a) sunlight scenario (b) red light scenario (c) blue light scenario, and 
(d) darkness. Each scenario was investigated by triplicated soil columns (1 - 3) 

The delayed start of the decrease of the infiltration rate also suggests that biological clogging was 
the main clogging process. Okubo and Matsumoto (1983) showed the increase in microorganisms 
during the initial aerobic growth phase and the decrease in the transient phase due to the 
degradation of aerobic microorganisms. The slow microorganism growth rate at the beginning of 
the infiltration together with the escape of entrapped air explains the ups and downs of the 
infiltration rates during the first 10 days. Later on, anaerobic growth governed, and the infiltration 
rate began to decrease gradually (Okubo and Matsumoto, 1983). The exponential decrease in the 
infiltration rates after the initial 10 days can be associated with the exponential microbial growth 
rate. Thereafter, the infiltration rates became quasi-steady which corresponds to the stationary 
phase of the microbial growth curve (Cunningham and Ross, 2006).  

However, the results of Figure 5.16 do not show clearly which light scenario lead to the greatest or 
least reduction in the hydraulic conductivities, in other words, which scenario had the greatest or 
least degree of clogging. Therefore, the mean of the hydraulic conductivity values for the triplicates 
in each scenario was computed (Figure 5.17). For the darkness Scenario, the curve of the column 
number 2 was not considered in the average because it was considered an outlier. During one 
month, the sunlight scenario had maximum reduction in infiltration rates of 70 % whereas the 
darkness scenario had the lowest with 57 %. The difference between both scenarios was about 13 
%. Furthermore, there was no clear difference between red and blue lights, which represent cloudy 
days. The relative difference in the clogging behavior between red and the blue light was only 4 % 
at the end of the experiment, which suggests that varying spectral power of light does not have a 
major impact on the clogging (Figure 5.18). 

a) b) 

c) d) 
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Figure 5.17.  Mean infiltration rates for 90% recovery using Elbe River water in sunlight, red light, 
blue light, and darkness after 30 days of infiltration 

Figure 5.18.  Relative difference in clogging between sunlight, red light, blue light, and darkness 
scenarios based on the results of the last tracer test 

In addition to tracer tests, outflow rates also provided an indication of biological clogging. The 
outflow rates decreased slightly for the initial ten days followed by an exponential decrease and 
then became constant towards the end of the experiment (Figure 5.19). Such a behavior is 
associated with the lag phase, exponential growth phase and stationary phase of the microbial 
growth rate curve (Warren and Bekins, 2015). 

S= 0.10 

S= 0.05 

S= 0.03 
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Figure 5.19.  Variations in the outflow rates of the soil columns with Elbe river water under different 
light scenarios 

The infiltration rate in the darkness scenario was higher by the end of the experiment with a 
difference of approximately 30 % to the other three scenarios. This indicates that the degree of 
clogging under darkness is significantly lower.  

Reduction of infiltration capacity by using tap water 

The results from the tracer test with 90 % salt recovery using tap water shows less variation in 
hydraulic conductivities compared to Elbe River water (Figure 5.20 vs. Figure 5.17). There is a 
general decreasing trend, suggesting that clogging has occurred, which could be due to a 
combination of chemical and mechanical clogging. Oxic conditions in the tap water columns, 
especially in the top layers lead to the formation of Fe (III) oxide which left a reddish-brown stain 
on the walls of the columns. However, the reddish-brown stain was not visible in the darkness 
scenario indicating little or no formation of Fe (III) oxide. Besides, any biological clogging taking 
place in the tap water scenario is most probably due to the microorganisms present in the soil and 
not in the tap water itself. Soil columns with the visible difference in the color were sampled and 
tested for iron and manganese presence. A sample of original soil (oven-dried) is also compared. 
The conditions under sunlight are most conducive for chemical clogging leading to iron and 
manganese oxidation which can be evidenced from the percentage increase, which was between 
23 % and above 170 %, respectively (Table 5.4). 
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Figure 5.20.  Mean infiltration rates for 90% recovery of tap water in sunlight, red light, blue light, 
and darkness 

Table 5.4.  Summary of iron and manganese mean concentrations and their respective standard 
deviation under various light conditions compared to the blank soil sample 

  
Total Fe 

[mg/kg] 

Total Mn 

[mg/kg] 

Relative increase in Fe 

[%] 

Relative increase in Mn 

[%] 

Sunlight 1344.5 ± 7.1 26.6 ± 0.2 23.1 171.3 

Red light 1269.9 ± 91.7 17.2 ± 0.6 16.3 75.7 

Blue light 1064.2 ± 15.2 17.4 ± 0.4 -2.6 77.6 

Blank soil 1092.1 ± 5.0 9.8 ± 0.7 - - 

 

It can be concluded that although the quality of tap water meets drinking water standards               
(Fe: <0.20 mg/L; Mn: <0.05 mg/L) in the Free State of Saxony, Germany (Bundesministerium der 
Justiz und für Verbraucherschutz, 2001), the chemical clogging can still be caused by certain 
chemicals especially iron and manganese. Zhang et al. (2019) identified iron oxides, hydroxides, 
and calcium carbonate as the main forms of geochemical clogging, which are dependent to the 
presence of oxygen and nitrates in the recharge water. Du et al. (2013) stated that even lower 
concentrations of these chemicals can result in notable decrease in hydraulic conductivities. The 
tap water in the laboratory was analyzed for these two cations, resulting in concentrations of 286.1 
± 7.8 μg/L and 2.7 ± 0.2 μg/L for iron and manganese, respectively. Additionally, the concentration 
of both cations was also analyzed in the Elbe River water. These were 522.1 ± 68.5 μg/L for iron 
and 41.1 ± 0.8 μg/L for manganese. Unfortunately, no analysis of iron and manganese could be 
done in the surface soil of the set of columns, where Elbe River was infiltrated, because all the 
material was used for the TOC analysis. 

Total Organic Carbon (TOC) 

Once the infiltration scenario was concluded, the soil columns with Elbe River water were tested 
for TOC to link the proportion of clogging with the illumination scenario. The highest value of TOC  
was on the shallow layer of each soil column. This is supported by Anderson et al. (2006) in which 
the vertical distribution of chlorophyll a (Chl a) is shown with significant higher algae growth in the 
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upper sand layer than in the lower. Also, Benamar (2013) stated that the main TOC storage in the 

subsurface occurs in the top layer and is dependent on the suspension concentration, pore size, 

and flow rates.  

The values for the triplicates in each of the scenarios were averaged to obtain a single value of TOC 

for the corresponding layer depths (Table 5.5). The amount of TOC in the sunlight scenario is the 

highest with 94 % TOC in the top layer, followed by red light, blue light, and darkness scenario, 

respectively. This confirms the results from the tracer tests and outflow rates, suggesting a higher 

degree of clogging in the sunlight scenario.  

Table 5.5.  Mean TOC and the respective standard deviation corresponding to each scenario in 

different depths of the soil columns under sunlight, red light, blue light, and darkness 

scenarios  

Total Organic Carbon in mg/L 

Soil depth in cm Sunlight Red light Blue light Dark 

0 - 5  6.5 ± 0.97 4.5 ± 0.93 3.2 ± 0.31 2.7 ± 0.24 

5 - 10  0.1 ± 0.02 0.1 ± 0.02 0.3 ± 0.09 0.2 ± 0.04 

10 - 20  0.1 ± 0.02 0.1 ± 0.02 0.2 ± 0.05 0.2 ± 0.04 

20 - 35  0.1 ±0.04 0.1 ± 0.02 0.1 ± 0.02 0.1 ± 0.01 

Total TOC (mg/L) 7.0 ± 0.97 4.9 ± 0.93 3.8 ± 0.31 3.2 ± 0.32 

% of TOC in top layer 94.1 92.3 85.4 84.8 

 

Over 80 % of the clogging-driving carbon is located in the upper section (5 cm) of the soil column, 

which confirms why the scraping of the top soil in infiltration basins can represent a positive effect 

for the improvement of the infiltration capacity of the site. The results of the scraping investigation 

follow in the next chapter.  
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5.2 MANAGEMENT OF CLOGGING IN SPREADING BASINS 

5.2.1 Recovery of infiltration capacity by scraping in field unit 

During the first scenario with the soil of Stein und Erden (Scenario 1), the bottom of the pond was 
scraped  with a shovel two times after the basin was overflowing. The first overflow occurred after 
39 days of infiltration under the flooding regime of 1 day infiltration followed by 3 days of dry 
period. The infiltration capacity recovered by scraping, as it was expected, but the infiltration rate 
decreased faster and after 14 days an overflow of the basin occurred again. The basin was scraped 
again, and the basin was overflowing once again after only 7 days. An overview of the infiltration 
days before the basin overflow is shown in Figure 5.21 and a tendency becomes clear: The fact that 
the overflow of the basin takes place earlier after each scraping indicates that clogging not only 
occurs in the upper layer of the basin surface but also in deeper layers. In Figure 5.22a, b a 
photograph of the clogging layer before and after scraping is shown. In Figure 5.22c, the upper soil 
profile is shown together with the extension in depth of the clogging layer. 

 
Figure 5.21.  Days of infiltration before occurrence of basin overflow and scraping intervals during a 

test scenario running with an HLC of 3:1 during cold conditions 

   
Figure 5.22.  State of the basin (a) before scraping, (b) after the scraping, and (c) a sample of the 

upper 15 cm of the basin to examine the depth of the clogged layer 

(a) (b) (c) 

90 cm 

90 cm 
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Given this outcome, it was decided to study more in depth the efficiency of repeated scraping 

procedures in a recharge basin in the controlled laboratory environment. The development of the 

clogging layer is influenced by several factors, such as climatic conditions, which complicate the 

interpretation of scraping on clogging. 

5.2.2 Recovery of infiltration capacity by scraping in lab units 

The water quality data of infiltration water used for both laboratory infiltration basins(described in 

Chapter 4.2) is presented in Table 5.6. The concentration of total suspended solids (TSS) for the 

Elbe River water was in average 4.7 mg/L.  

Table 5.6.  Total suspended solids concentration in the Elbe River Water. 

Date 
TSS 

(mg/L) 

10.12.2018 2.3 

04.01.2019 5.4 

07.01.2019 1.8 

08.01.2019 6.5 

10.01.2019 5.0 

17.01.2019 7.3 

 

The reduction of dissolved organic carbon (DOC) in the effluent from the infiltration tanks          

(Table 5.7) was very low, since the organic particles in the river water (6 mg/L DOC) are not retained 

or degraded in the given soil filter depth. The average for the two tanks outflow was 5.5 mg/L DOC. 

Table 5.7.  DOC data in the inflow and outflow of the infiltration tanks 

Sample Tank 

DOC 

Inflow 

(mg/L) 

DOC 

Outflow 

(mg/L) 

1 Tank 1 start 6.85 6.71 

2 Tank 2 start 5.56 5.39 

3 Tank 1 end 4.71 4.54 

4 Tank 2 end 5.45 5.36 

Note: Samples for DOC analysis were taken from the inflow and from the outflow at the beginning 

and at the end of the infiltration experiment of both tanks. 

In Figure 5.23, the infiltration capacity reduction for both infiltration units was normalized in 

respect to the initial conditions. The percolation rate reduces with increased clogging layer 

thickness and ponding stage (Houston et al., 1999). Tank 1 (no scraping) experienced a decrease 

of the infiltration capacity right from the start and kept the decreasing tendency until the basin was 

overflowing after approximately 100 m³ of infiltrated river water per square meter of basin area. 

The overflowing event happened during night hours and the fine particles were mobilized, blocking 

the outflow cavity of the tank and leaving the infiltration unit unusable, since the infiltration basin 

was not draining any water in the outflow. 
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In comparison to Tank 1, the surface of Tank 2 was scraped four times, which increased the 

infiltration capacity temporarily. After the first two maintenance works, the infiltration recovered 

almost completely, showing an increase of about 40 %. Nevertheless, the next tracer test evidenced 

that the infiltration velocity sank once again at a very steep rate. After the second scraping event, 

the decrease of the infiltration capacity was higher. A third scraping event managed to recover only 

23 % of the infiltration capacity, and the last scraping yield 30 %. After 210 m³/m², the Tank 2 unit 

experienced a malfunction in the outflow, which necessitated termination of the experiment. 

 

Figure 5.23.  Infiltration capacity reduction in Tank 1 (no scraping) and Tank 2 (with scraping) 

Scraping was defined during the experiment as the removal of the surface clogging layer. This was 

done by stopping the inflowing water and allowing the infiltration basin surface to dry for a 

minimum of 24 hours. This is important since by scraping the basin whilst it was under saturated 

conditions, the fine particles may mobilize. Once the basin surface was dry, an edged tool such as 

a ruler or spatula was used to remove the surface clogging layer. Clogging was classified via a visual 

inspection of the infiltration surface. The clogging layer is of a different color and texture to the 

native infiltration soil. Thus, it can be easily identified and removed. The scraping procedure was 

complete when the whole clogging layer has been extracted. This was typically reached between 

the 0-3 cm clogging material removal during each scraping procedure. It is important to note that 

the walls of the infiltration basin were not scraped to maintain the structural integrity of the 

infiltration basin. Removing material from the sidewalls of the basin may have had a detrimental 

effect, and could cause the slumping of the basin walls down to the bottom of the infiltration basin. 

As commented before, the infiltration rate decreased immediately after the first day of flooding. 

The infiltration capacity reduction of Tank 2, shown in Figure 5.23, was divided into five sections, 

namely when the basin was scraped, a new section was selected. An exponential trend line was 

drawn for each section and the resulting equations are given in Figure 5.24. The exponential 

equations follow the structure by Phipps (2007): 

𝑦 = 𝛼 ∗ 𝑒𝛽𝑥 (14) 

where y is the estimated reduction of the infiltration capacity, x the infiltrated volume per square 

meter of basin area, α is the initial infiltration capacity and β is the factor that determines the 

steepness of the decay. When comparing β between the different sections, a significant decrease 

(two times higher) can be observed between sections 3 and 4. This decrease can be interpreted as 

a steeper decrease of the infiltration capacity, which is equivalent to a faster developing clogging 

layer. Additionally, it can be noted that the initial state (factor α) after the third scraping event does 

not reach the values as at the beginning of the experiment. 
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Figure 5.24.  Infiltration capacity reduction in Tank 2 after each scraping event 

These different equations can be related to the work done by Phipps et al. (2007) where they 

proposed that the reduction of infiltration velocities can be described by the log decay expression: 

𝑄 = 𝑄0𝑒−(𝑟𝐿) (15) 

where 𝑄0 is the initial percolation rate, 𝐿 is the total foulant per unit of area, deposited at the 

sediment or water interface, 𝑄 is the percolation observed at 𝑙 foulant loading and 𝑟 is a sediment 

/ foulant interaction coefficient. 

Phipps et al. (2007) based their analysis on how the percolation rate changes while a given amount 

of deposits builds up a clogging layer on the surface. In this study, the height of the fouling layer 

could not be quantified, which is the reason to use the total volume of water that percolated per 

square meter of basin area. 

Two types of clogging processes may have occurred in Tank 2: 

The clogging of the upper layer was the visually apparent layer of particulate matter, algae and 

bacterial growth. TSS are considered the prime determinant in surface clogging (Harpaz, 1971; 

Hutchinson, 2007; Siegrist and Boyle, 1987; Winter and Goetz, 2003). 

The clogging of the lower layer is the mechanical movement of the native sediment formed of 

organic and inorganic solids becoming trapped in pore spaces and thus reducing hydraulic 

conductivity (Duryea, 1997). This is shown in the lower recovery rates after each of the scraping 

events. The first two scraping procedures allowed full recovery of the infiltration velocities. 

However, with every subsequent scraping event shown in Figure 5.23, there is a decreasing effect 

on the recovery of the infiltration velocity. As each scraping event removed the clogging layer in 

the basin surface, e.g. between 2-3 cm, this layer had minor effects upon hydraulic conductivity. 

This suggests that clogging in the lower layer within the main infiltration soil could be responsible 

for these decreases in infiltration velocity. Ponding within the infiltration basins may also have 

caused local increases in soil saturation. This could lead to mobilization of fine particles causing a 

natural compaction of the soil. This compaction reduces the pore space and size, which in return 

reduces the infiltration velocities. 

The high salt concentrations of the infiltrating water during salt tracer tests may have reduced the 

hydraulic conductivity of the infiltration soils by several mechanisms. The high EC in the tracer 

solution can chemically precipitate salts directly within the pore of the infiltration soil, and reduce 

the hydraulic conductivity (Platzer and Mauch, 1997). Particle size distribution analysis shows that 

the soil contains a clay fraction (< 0.002mm) of 1.22 %. At high salt concentrations, swelling of the 

clay fraction of the native infiltration sediment can lead to a reduction in hydraulic conductivity and 

therefore velocity decreases (Pupisky and Shainberg, 1979). At lower salt concentrations, 
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dispersion of the clay fraction can be expected (Shainberg et al., 1981; Yousaf et al., 1987). This 

dispersion and the possible subsequent flocculation could have contributed to the mobilization of 

fine particles recorded throughout the study. Therefore, it is plausible to assume that infiltrating 

high salinity, EC salt tracer solutions into the infiltration basins may have been instrumental in 

reducing hydraulic conductivities and therefore, infiltration velocities during the experiment. High 

EC, saline salt tracer infiltration tests may also have hindered the growth of some bacterial species 

(Hotchkiss, 1923) and therefore may have reduced the effect of biological clogging processes. 

Due to the challenges faced by using a salt tracer and its possible influence on the development of 

biological clogging, alternative methods for tracking the flow infiltration velocity were investigated. 

The next chapter focuses on the results of self-developed methods based on water content 

measurements, which are inexpensive in operation compared to using isotopes as tracers, for 

example.  
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5.3 DETERMINATION OF INFILTRATION CAPACITY USING WATER 

CONTENT 

This chapter together with chapter 4.3 include the main findings from the publication with title: 

Methods of In Situ Assessment of Infiltration Rate Reduction in Groundwater Recharge Basins. in Water 

Journal 2019l, 11(4), 784. Therefore, the citation of Barquero et al. (2019) was supressed in its 

content. 

A description of the results of the methods introduced in chapter 4.3 was done using the raw data 

of Scenario 1 (1 day infiltration and 3 days drying period) in warm climatic conditions, followed by 

a comparison of the methods with other relevant hydraulic scenarios. 

5.3.1 Tracer method 

Figure 5.25 contains the set of t50 (time to recover 50 % of the tracer concentration) of each 

infiltration cycle against the infiltration time and gives an indication of the reduction of the 

infiltration rate during Scenario 1 (Run 8 Climate 3; HLR 300 m/a; HLC: 1:1). Moreover, it reflects 

the lowest infiltration rate after nine infiltration cycles. This is relevant information for the 

managers of infiltration basin plants for scheduling maintenance programs. The tracer test gave 

the reference data to analyze the fit of the other methods and determine their capacity to identify 

the variations of the soil’s hydraulic conductivity. 

 

Figure 5.25.  Infiltration capacity curve determined by tracer experiments in (a) field scale and            

(b) laboratory scale. Infiltration modus: 24 h infiltration / 72 h dry period  

5.3.2 Libardi method 

The time series data at the end of each infiltration cycle were selected to introduce the change of 

water content data into the Libardi equation (8). Because the maximum water content is obtained 

fast with the designed pumping rate (2.7 L/min in the field and 0.9 L/min in the laboratory) at the 

beginning of the infiltration cycle, it does not allow to take enough water content measurements 

and makes it inadequate for applying the Libardi equation. Therefore, the initial water content, θo, 

was set as the water content value started to decline and θ was set as the water content at time ti, 

which is included in the abscissa of the smoothed model in Figure 4.15 as natural logarithm [ln(t)]. 

Parameters AL and BL represents the slope and ordinate intercept, respectively. 

(a) (b) 
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The starting conditions of each drying cycle presented lower initial water content values as the 
number of infiltration cycles increased. Additionally, its decrease is less steep every time in 
comparison to the subsequent drying cycles (see Figure 5.26). After the 1440 min (3 days) dry 
period, the difference between all cycles is very low (about 1 %). During the first 100 min of the 
draining period, the main difference of the water content reduction between cycles is clearly 
identifiable. 

 
Figure 5.26.  Water content decrease during the drying cycles in the first 100 min in field experiment. 

Infiltration modus: 24 h infiltration/72 h dry period 

Figure 5.27 shows the results of the obtained infiltration reduction curve after applying         
equation (8) with the drying period data series, together with the tracer test results (reference). 
The Libardi method presents an overestimation of the final reduction of the infiltration capacity in 
comparison to the tracer test method. However, the trend remains similar in both techniques. The 
linear regression root mean square error (RMSE) of the values of the Libardi curves in laboratory 
and in field scale against to the tracer curve values are 0.40 and 0.55, respectively. 

 
Figure 5.27.  Infiltration capacity curve comparison between Libardi method and Tracer curve in (a) 

field scale, and (b) laboratory scale. Infiltration modus: 24 h infiltration / 72 h dry period 

The Libardi method is based on the data of the drying phase of each cycle (1440 min) and is strongly 
dependent on the water level in the infiltration basin at the end of the infiltration. With higher 

(a) (b) 
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water levels above the basin surface, it will be necessary that the sensor detects a steep reduction 

of the water content. The estimation of the hydraulic conductivity after Libardi changed faster at 

the beginning of the scenario, since the water head draining occured faster. The results suggest 

that the clogging layer on the surface of the infiltration basin has a stronger influence in drying 

conditions than during the wetting events and therefore using Libardi calculations lead to higher 

rates of infiltration rate reduction compared to the tracer methodology. 

5.3.3 Root mean square method 

Overlapping all the water content readings of each cycle during the wet regime, as it was done with 

the drying cycles in Figure 5.27, results in a decrease of water content after each infiltration cycle. 

Equation (10) was applied between cycle 1 (set as the reference cycle for the starting conditions 

without clogging) and the remaining eight infiltration cycles, obtaining a continuous decrease of 

the infiltration capacity until cycle 8. The change pattern of the DRMS values and of the tracer curve 

are very similar. Applying the calculated DRMS in the linear regression model (Equation (11)), results 

in the following equations for field and laboratory, respectively: 

TracerField = 0.9583 − 0.6084 × DRMS Field + 0.1270 × DRMS Field
2  (16) 

TracerLab = 0.8974 − 0.2055 × DRMS Lab + 0.0144 × DRMS Lab
2  (17) 

The fitting of the calculated DRMS-based infiltration capacity reduction curve, and the tracer-based 

curve gave good results, resulting in an RMSE value of 0.14 (Figure 5.28a). However, the DRMS-based 

curve in the laboratory experiment presented an abrupt sink of the infiltration capacity at the third 

infiltration cycle, similarly as it occurred in the Libardi method. Therefore, the RMSE between the 

curves (0.23) was much higher compared to the field experiment. 

 

Figure 5.28.  Comparison between tracer curve and linear regression (LR) DRMS-based curve in       

(a) field scale, and (b) laboratory scale 

5.3.4 Water content method 

The determination of infiltration capacity reduction curve using the average water content of each 

infiltration cycle was done using Equation (12): 

TracerField = 101.3208 − 8.4626 × [
∑ WCi

n
]

Field

+ 0.1771 × [
∑ WCi

n
]

Field

2

 (18) 

(a) (b) 
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TracerLab = 0.5372 − 0.0683 × [
∑ WCi

n
]

Lab

+ 0.0029 × [
∑ WCi

n
]

Lab

2

 (19) 

The RMSE values between the reference tracer curve and constructed linear regression water 

content (LR WC) curve were 0.21 in the field and 0.26 in the laboratory. The fit of the curve in the 

field was acceptable along the whole infiltration cycles (Figure 5.29a), whereas for the laboratory 

the model it improves after the fourth infiltration cycle. This stage is the one where the hydraulic 

conductivity reduction is not steep anymore, having changes below 10 %. 

 

Figure 5.29.  Comparison between tracer curve and LR WC-based curve in (a) field scale, and                

(b) laboratory scale 

The results coming from tracer tests show the flow dynamics during the first stage of each 

infiltration (for this study’s experiment about 4 hours). DRMS and water content methods are not 

only representing the wetting process and infiltration velocities at the beginning of the infiltration 

cycle, but also include the complete 24 h infiltration cycle water content data. The DRMS method 

represents a more elaborate analysis relating the water content values between infiltration cycles 

in time. This may be the reason for the difference between both methods in the laboratory 

experiment. A lag phase of the water content in the infiltration cycles 4, 5 and 6 was analyzed by 

the DRMS method as a reduction of the infiltration capacity. On the other hand, the water content 

method calculates an overall mean water content of each infiltration cycle and does not identify 

differences in time. This results in more stable data. 

5.3.5 Trigger time method 

The parameters for the trigger time method equations 20 and 21 were obtained using the linear 

regression model of Equation (10): 

TracerField = 2.8854 − 0.3112 × TTField + 0.0093 × TTField
2  (20) 

TracerLab = 1.4748 − 0.1279 × TTLab + 0.0030 × TTLab
2  (21) 

The tracer curve in the field scale was best reproduced by the trigger time of the water content 

sensor with an RMSE of 0.06 (Figure 5.30a); while in the laboratory the results did not fit with the 

tracer curve, resulting in one of the highest RMSE values (0.37) of the here analyzed regression 

models. 

(a) (b) 
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Figure 5.30.  Comparison between tracer curve and LR TT-based curve in (a) field scale, and                   

(b) laboratory scale 

The trigger time method resulted in an precise estimation of the reduction of the infiltration 

capacity in the field scale. However, the step-shape decrease of the infiltration capacity is mainly 

due to the coarse resolution of the measured data (2 min). Furthermore, similar to the tracer 

experiment, the trigger time method produced a value obtained from the early stage of the 

infiltration cycle and does not really represent the conditions throughout the wet period. In the 

laboratory scale, the calculated values were very different all along the tracer curve. This suggests 

that sidewall flow of the experimental setup may have interfered in the estimation of the ICRC 

using the trigger method, which is based only on the first increase of the water content.                

Gibert (2015) stated that a preferential flowpath within vicinity to the inner tank walls may result 

in more water flowing in comparison to field conditions. 

5.3.6 Validation process 

A notable limitation of the linear regression methods (DRMS, WC, and TT) is that a validation of the 

obtained equations is only possible in constrained conditions. Namely, the linear regression 

equations are only able to simulate the reduction of the infiltration capacity if the input data are 

within the limits that were used for the reference run. For example, in the analyzed field 

experiment (Scenario 1 Climate 3), the variation of water content was between 26 and 24 %       

(Table 5.8). When approaching colder conditions, this variation becomes larger (Climate 2: 27 % to 

24 %; climate 1: 29 % to 22 %). The saturated water content also varies with different soil types 

(total porosity), the hydraulic operation of the infiltration (HLR & HLC), and the climate (fluid 

viscosity). 

(a) (b) 



 

 

Table 5.8.  Summary of DRMS (%), WC (%), TT (min) raw data and tracer test (-) values for Scenario 1 (Climate 1, 2, and 3) and Scenario 4 (Climate 3). By changing 

hydraulic and climatic conditions the DRMS and WC values change in their magnitude (look at max and min). The TT method is more sensible to 

hydraulic changes. 

Inf. 

cycle 

# 

Sc. 

Clim. 

DRMS (%) WC (%) TT (min) Tracer (-) 

1 

Cold 

1 

Mild 

1 

Warm 

4 

Warm 

1 

Cold 

1 

Mild 

1 

Warm 

4 

Warm 

1 

Cold 

1 

Mild 

1 

Warm 

4 

Warm 

1 

Cold 

1 

Mild 

1 

Warm 

4 

Warm 

1 

2 

3 

4 

5 

6 

7 

8 

9 

 

0.00 0.00 0.00 0.00 29.83 27.21 25.87 25.87 8 10 8 10 1.00 1.00 1.00 1.00 

4.76 1.99 0.49 0.86 25.04 25.28 25.52 25.41 12 12 11 10 0.71 0.82 0.59 n.d.* 

6.76 2.58 0.71 2.01 24.54 24.71 25.22 24.14 14 12 11 26 0.65 0.7 0.58 0.51 

7.07 2.91 0.91 3.59 25.45 24.48 25.09 22.39 11 14 12 40 0.665 0.51 0.51 0.25 

7.38 3.25 1.08 4.73 22.43 24.13 24.89 21.27 13 14 12 50 0.68 0.56 0.49 n.d.* 

n.d.* 3.21 1.20 3.99 n.d.* 24.14 24.82 22.00 n.d.* 14 12 52 n.d.* 0.59 0.45 0.17 

n.d.* 3.09 1.27 4.01 n.d.* 24.25 24.84 21.85 n.d.* 14 12 48 n.d.* 0.51 0.44 0.21 

n.d.* 3.14 1.52 3.99 n.d.* 24.25 24.49 21.90 n.d.* 16 14 36 n.d.* 0.48 0.35 n.d.* 

n.d.* 3.41 1.60  n.d.* 24.06 24.47  n.d.* 21 14  n.d.* 0.12 0.33  

*n.d.: No data: No tracer experiment conducted. 
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Thus, Equations 16 - 21 cannot be used for the data base of other scenarios with varying HLC or a 

different climate. For a validation step, the raw data of Scenario 1 Climate 2 (change in climate) and 

Scenario 4 Climate 3 (change in HLC) sorted in Table 5.8 were set in a multi-axis diagram            

(Figure 5.31) to confirm that the trend of the different methods coincide with the tracer results.  

With a decreasing infiltration capacity of the soil, the water content value (black line in Figure 5.31) 

also becomes smaller. The magnitude of the decrease is proportional when comparing the drop in 

the Figure 5.31a, b. After the first four infiltration cycles, the infiltration capacity in Scenario 1 

Climate 2 was reduced by 41 %, whereas the mean water content decreased by 2.7 %. The decline 

of the infiltration capacity in Scenario 4 Climate 3 is much stronger (75 %) and also the mean water 

content described this trend by registering a change of 4.6 %. 

On the other hand, DRMS and TT work inversely proportional to the infiltration capacity reduction. 

For the same first 4 infiltration cycles, the change of DRMS is 2.91 % and 3.59 % for the low and high 

infiltration capacity drop, respectively. The trigger time also increases from 14 min to 40 min (note 

that the TT axis scale differs in Figure 5.31b). 

Once the consistency of the methods is proven for different scenarios, their applicability is the 

conclusive part of this section. The methods can be used in sites with infiltration basins to monitor 

the development of clogging during the infiltration period. The time trigger and Libardi methods 

are not useful for sites operating with a continuous infiltration setup, since there is no drying 

period to feed the model with data. DRMS and Water Content method can be set to indicate the 

clogging magnitude for a whole infiltration cycle or for a fraction of the cycle. This becomes handy, 

especially when the infiltration cycles are long (e.g. 7 days). Due to the constraints of the linear 

regression methods analyzed in this study, the recharge site should have at least three different 

analyzing equations for changing climate conditions (cold, mild, and warm). If the mean daily 

temperature variation on the site is greater than 20 °C, more linear regression equations should 

be considered. 

The developed methods ease the determination of infiltration capacity of the soil without making 

use of salt tracers in laboratory experiments. This becomes relevant when the scope of the study 

is the growth rate of biological clogging, which might be sensible to sudden changes of electrical 

conductivity or salinity. These methods become more attractive since the operational costs are 

lower compared to isotope analysis. Furthermore, notable is the feasibility of using this type of 

methods in in unsaturated media, which is a key condition when studying surface spreading 

methods. 



 

 

 

 
Figure 5.31.  Correlation between the raw data of the infiltration capacity reduction curves for (a) Scenario 1 Climate 2, and (b) Scenario 4 Climate 3 for Tracer, 

Displacement Root Mean Square (DRMS), Mean Water Content (WC), and Trigger Time (TT) methods. Tracer and WC work proportional, whereas 
the relation is inversely proportional for the DRMS and TT methods. These trends keep valid under variable hydraulic and climatic conditions 

a) 

b) 
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6 CONCLUSIONS 

Climate is under constant modification in short terms (daily and seasonal variation) as well as in 

long terms (climate change). Therefore, it is imperative to better understand how the phenomenon 

of clogging reacts under different climatic situations. 

The experiments run in the field under seasonally varying climate represent conditions present in 

real world infiltration sites, especially because they also consider the natural variation of the Elbe 

River water quality. The set of 12 investigation batches (four hydraulic scenarios in three climatic 

conditions) confirms that colder conditions (mean temperature lower than 10 °C) are the most 

resistant to infiltration flow, forcing the system operation to stop infiltration earlier. This is not 

mainly due to clogging, but rather because of the water quality and viscosity changes of the fluid. 

The latter can be responsible for reduction of the infiltration velocity of up to 40 % due to drastic 

temperature changes of 30 °C, or 17 % by moderate changes of 10 °C. The results with a mild or 

warm climate indicated that under warmer conditions, the development of clogging is the main 

driver of the infiltration capacity reduction of the soil. Furthermore, the continuous infiltration 

mode was set as the most sensible one to seasonal climate variations. During warmer conditions, 

the development of clogging was 40 % higher than in colder conditions. 

The air temperature of 10 °C was identified as the main temperature threshold that represents a 

significant change in the reduction of the infiltration capacity of the soil. Especially, the upper 20 

cm of the soil are sensitive to the seasonality effects during infiltration, whereas the hydraulic 

conditions below 1 m in depth remain constant. The results of the TOC sampling of the upper soil 

layer after each scenario confirmed that the algae growth always gets intensified in warmer 

conditions (especially due to more intense solar incidence) and the oxygen consumption is better 

regulated in oxic-anoxic shifting phases. This is a disadvantage for the use of continuous infiltration 

modes, when trying to avoid blocking of pores because of the accumulation of the organic cake 

layer on the basin surface. 

In recharge sites that are vulnerable to changes in air temperature, because of the regional climate 

fluctuation by 2050, the operators can, for example, adjust their operational system either to a 

higher recharge capacity or to an increased frequency of clogging maintenance in time (under 

warmer conditions). 

The solar irradiance effect could not be studied in the field investigation unit without the effect of 

climate variability and therefore, soil columns with controlled conditions were tested. The results 

suggest that the sun effects in the development of biological clogging of up to about 30 %. 

Therefore, shifting to night time infiltration intervals should prolong the operation of the infiltration 

basin at its maximum capacity and also reduces the evaporation rate. The fractions of the solar 

irradiance during cloudiness (450 nm and 650 nm) did not exhibit a special difference in the 

development of the organic cake layer. 

The field and the laboratory experiments reveal that the most affected section of the infiltration 

basin to the clogging formation is the upper surface layer (1–3 cm). Like real world infiltration sites, 

this indicates that scraping may be the best maintenance procedure. Nevertheless, performing 

several scraping procedures might decrease its effectiveness in the long-term. The investigation 

under continuous infiltration showed that in laboratory conditions after the fourth maintenance 

event, the recovery of the infiltration rate corresponds only to a recovery of 60 %. This suggests 

that the site should invest, for example, in deep ploughing procedures after certain operation time 

with the scraping procedure. This allows also deeper layers to recover their initial infiltration 

capacity. The frequency will depend on the site operation mode (HLC), the recharge rate, water 

source and quality, and size of the basin. 
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To sum up, the relevance of clogging was presented, and therefore, developing alternative 

methods to determine it becomes also important. During this investigation, new methods were 

suggested to monitor the infiltration capacity reduction in rechage sites without using invasive 

determination methods like infiltration rings. The methods where based on water content 

measurements in 2 minutes intervals during the complete infiltration cycle. Applying these 

techniques in recharge facilities can enhance the understanding of the hydraulic behavior changes 

and its organic as well as inorganic components during the flooding cycles. This could maximize 

the time in which the infiltration basin can be operated and the best time for its maintenance can 

be defined. The suggested methods are not meant to substitute any other already existing 

analytical or numerical tools, but rather to foster and complement the knowledge of the involved 

processes. 

The method of Libardi reproduced an accurate pattern of the infiltration capacity reduction, 

analyzing the water content decline during the drying period after every infiltration cycle. Higher 

number of drying periods allows an increased traceability of the decrease in the infiltration 

capacity. The sensor trigger time method showed an accurate representation of the reduction in 

infiltration rate in the field conditions only. Nevertheless, this method is completely dependent 

upon the time measurement interval in which the data was logged, and represents only the 

conditions at the beginning of the infiltration cycle (analogous to tracer methods). The DRMS method 

and the Water Content method were the most accurate approaches for data management in MAR 

basins to determine the actual state of the infiltration capacity. In addition, these methods 

calculate a value that represents the complete infiltration cycle and not just a fraction of it. 

DRMS, water content, and the trigger time methods feature linear regression models to correlate 

the raw data with the results of tracer experiments. The obtained equations can only be used 

within each experiment, and in the analyzed intervals. If the hydraulic and climatic boundary 

conditions remain constant, the given empirical equation could also be applied in different 

experiments. 

Suming up all the results, this thesis offers to the scientic community related to MAR, a list of tools 

and facts that can be used to enhance the management of infiltration basins taking into 

consideration the variability of climate: (1) controling the clogging state of the basin with the water 

content based calculations, (2) implementing design parameters to reduce the clogging rate in time 

given the site climate condition, and (3) once the clogging state is advanced, applying recovery 

measures to the basin to improce the infiltration capacity. 
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7 LIMITATIONS AND OUTLOOK 

This last section of the thesis refers to the limitations and research perspectives to the topic of 

clogging management in a changing climatic system: 

The main limitation of the field rapid infiltration unit was that its size and location were not 

adequate for studying the connection between the vadose zone and the saturated zone, since the 

hydraulic processes were completely influenced by the strong dynamics between the aquifer and 

Elbe River. The question of the effect of the changing climatic conditions on the saturated zone 

remains still open. The following aspects could be further investigated to better characterize the 

influence of climate variation in the dynamics between vadose zone and saturated zone: (1) 

monitoring the water table mounding, (2) observing physicochemical changes of the groundwater, 

as well as (3) to include production wells to extract the recharge water. 

Many measurements were taken but this was not enough to enable the possibility of building a 

numerical model. The major hindrance was the access to a software that is capable not only to 

incorporate changes of hydraulic conductivity of the soil media in time but also to independently 

calculate this variation under given scenario conditions. 

Three years were needed to collect the results of each scenario in all climate conditions. This 

investigation time was challenging due to the uncertainty of the climatic forecast in a monthly step 

and the barrier of being unable to control the climate conditions. This thesis could be the reference 

for further research for the connection between climate and clogging in a more detailed approach. 

For instance, in the chemical perspective: Which organic matter compound is the main driver for 

the formation of the cake layer under a specific climate condition? Or which microorganisms 

manage to better adapt to the river water conditions either in oxic or in anoxic conditions? 

The field investigations could be resumed by using a water source that chemically brings more 

stress to the system, such as treated wastewater. It has some parameters that should be further 

treated before disposal. The major challenge of this source of water has been the local permits to 

allow the introduction of this water into the vadose zone. 

The soil column experiments considered a continuous flow condition only. It is worth to evaluate 

an extension of the investigation with scenarios with hydraulic cycles, namely with night flooding 

events to evaluate the development of the clogging layer and determine the avoided evaporated 

water. 

A key issue is the transfer of the valuable knowledge from the pilot scale investigation units to a 

large scale infiltration sites. Applying the output of this thesis to an ongoing recharge site would 

ease the quantification of the advantages of the applied clogging management tools. 
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A.2 GEOLOGY OF THE ELBTAL GROUP 

 

Figure 0.1.  Chrono-, bio and lithostratigraphy of the Saxonian Cretaceous (Elbtal Group). Source: 

Niebuhr and Wilmsen (2014) 
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Figure 0.2.  Sketch of sandstone structures (marked in yellow and green) in the region of Pirna - 
Mocketal - Zatschke - Doberzeit – Weßnitztal. Source: Rast (Rast, 1959) 

INOWAS Test field – 
TU Dresden 
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Figure 0.3.  Legend of geologic map of the region of Pirna of Free State of Saxony, Sheet 5059 of 

Figure 3.10. Source: Alexowsky (1997) 



 

 

 
Figure 0.4. Isolines of the absolute height of the Quaternary basis in meters below sea level (mbgs). Source: Alexowsky (1997) 
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A.3 SUPPLEMENTARY MATERIAL 

All the supplementary material is in a soft copy in the server of the INOWAS Research Group with 

the following address: 

Netzwerk/INOWAS-PC/INOWAS Data/PhD/Felix/Phd. Thesis 

The supplementary material consists in the text files exported from every data logger in the field 

experiment sorted by every hydraulic scenario and climate. 

1. Logger 263 (WC, Temp and EC) 

1.1. Scenario 1 (S1_300ma_HLC_1d3d) 

1.2. Scenario 2 (S1_300ma_HLC_6h18h) 

1.3. Scenario 3 (S2_300ma_HLC_1d3d) 

1.3.1. Climate 1 

1.3.2. Climate 2 

1.3.3. Climate 3 

1.4. Scenario 4 (S2_300ma_HLC_7d7d) 

1.4.1. Climate 1 

1.4.2. Climate 2 

1.4.3. Climate 3 

1.5. Scenario 5 (S2_300ma_HLC_continuous) 

1.5.1. Climate 1 

1.5.2. Climate 2 

1.5.3. Climate 3 

1.6. Scenario 6 (S2_300ma_HLC_3d1d) 

1.6.1. Climate 1 

1.6.2. Climate 2 

1.6.3. Climate 3 

1.7. Scenario 7 (S2_600ma_HLC_1d3d) 

1.8. Scenario8 (S2_450ma_HLC_1d3d) 

2. Logger 264 (Tension) 

2.1. Scenario 1 (S1_300ma_HLC_1d3d) 

2.2. Scenario 2 (S1_300ma_HLC_6h18h) 

2.3. Scenario 3 (S2_300ma_HLC_1d3d) 

2.3.1. Climate 1 

2.3.2. Climate 2 

2.3.3. Climate 3 

2.4. Scenario 4 (S2_300ma_HLC_7d7d) 

2.4.1. Climate 1 

2.4.2. Climate 2 

2.4.3. Climate 3 

2.5. Scenario 5 (S2_300ma_HLC_continuous) 

2.5.1. Climate 1 

2.5.2. Climate 2 

2.5.3. Climate 3 

2.6. Scenario 6 (S2_300ma_HLC_3d1d) 

2.6.1. Climate 1 

2.6.2. Climate 2 

2.6.3. Climate 3 

2.7. Scenario 7 (S2_600ma_HLC_1d3d) 
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3. Tracer experiments 

3.1. Scenario 1 (S1_300ma_HLC_1d3d) 

3.2. Scenario 2 (S1_300ma_HLC_6h18h) 

3.3. Scenario 3 (S2_300ma_HLC_1d3d) 

3.3.1. Climate 1 

3.3.2. Climate 2 

3.3.3. Climate 3 

3.4. Scenario 4 (S2_300ma_HLC_7d7d) 

3.4.1. Climate 1 

3.4.2. Climate 2 

3.4.3. Climate 3 

3.5. Scenario 5 (S2_300ma_HLC_continuous) 

3.5.1. Climate 1 

3.5.2. Climate 2 

3.5.3. Climate 3 

3.6. Scenario 6 (S2_300ma_HLC_3d1d) 

3.6.1. Climate 1 

3.6.2. Climate 2 

3.6.3. Climate 3 
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