Influence of river reconstruction at a bank
filtration site - water quality field investigation and
3D modelling of groundwater flow and heat

transport

Weishi Wang

Dissertation

for a doctoral degree “doctor rerum naturalium” (Dr. rer. nat.) in the scientific

discipline Hydrogeology

Faculty of Science, University of Potsdam
Institue of Environmental Science and Geography

2021

First Supervisor: Prof. Dr. habil. Sascha Oswald
Second Supervisor: Prof. Dr. habil. Jan Fleckenstein
Reviewer: Prof. Dr. habil. Sascha Oswald

Prof. Dr. habil. Jan Fleckenstein

Prof. Dr.Thomas Grischek



This work is licensed under a Creative Commons License:
Attribution 4.0 International.

This does not apply to quoted content from other authors.
To view a copy of this license visit
https://creativecommons.org/licenses/by/4.0

Published online on the

Publication Server of the University of Potsdam:
https://doi.org/10.25932/publishup-49023
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-490234






Contents

List Of @bDIEVIATIONS. ...c.veveriieiiieeieeteeete ettt sttt ettt sttt n
AADSITACE. ..ttt ettt ettt b et bbbt h ettt b et s h e bbb b eaae e ae v
ZUSAMMENTASSUNE. .....cviiiiiiiiiiiiiiiii e Vi
Chapter 1 Introduction and MOtIVAtION. .......ccoeereiriirierieeeeeeeeeeeee e 1
1.1 The history of bank filtration and current application around the world........................ 1
Lo1.T I BUIOPE. c.eiiteieeeee ettt sttt st st s st s 2
L2 INthe US .ottt ettt et et et ere e 3
Lo1.3 I ASIA ittt ettt ettt ettt 3
1.1.4 Other studies around the WOTld.........ccccoceeviinininiininieeeecee e 4

1.2 Water Quality Improvement by Riverbank Filtration..........c.ccccceceeineevicninineneninennne. 5
1.2.1 Microbe removal during Riverbank Filtration..........c..ccccecevinincienenininnenicnencennens 5
T.2.2 NOMo ittt ettt sttt b et sbe bt et e st shesbeebenre s 6
1.2.3 TEMPETALULE. ......oiiiiiiiiiiiiiiiiicc e 8

1.3 Redox reactions and 1€dOX ZONATION. ......c..evveeeeruirrireenieniinieiente ettt ene e 8
1.3.1 Temperature effect on 1edoX ZONAION. ...c..c..eeeeererreriereriineerereene et 10
1.3.2 Electron donors (POC and DOC)........cccceeevieriniriieneninieienenieeteenieeeeeenee e 11

1.4 Influence of hydraulic connection on Riverbank Filtration performance....................... 12
1.4.1 Influence from riverbed ClOgZINg.........cccooiviiiiiiiiiiiiiiiiiiie, 12
1.4.2 Influence from declog@ing...........cccevireiiininieieiiieeceeeseee e 14
1.4.3 Influence from hydrogeological conditions.............coeeveeeverereeeenenineereeneneeeene 15

1.5 USIng temperature @s @ traCeT........coevuiruiiiiniiiiiiiiie ittt s 16
1.6 Motivation and research qUESHION. ........covereerierieriierieniereereeee et 17
Chapter 2 Study area and Mmethod............ccceeiririieriininieecee e 20
2.1 SHUAY ATCA...c.eieiieiiiiieieeiee ettt sttt sttt r et sr e 20
2.1.1 SAMPUNE EVENLS....oiriiiiiiiiiieiciiiireeeeteseeeene et 22
2.1.2 Hydrological Condition...........cccceviviiiiiiiiiiiiiiiiicniiiieic s 25
2.1.3 Geological Condition.........cccceviiiiiiiniiniiiiiiiiiii e 26

2.2 ReSearch MEthods.......c..coeeveiiriiiieiiniieceneeeee et 27
2.2.1 Stable isotope and water chemistry data............ccceeerveveenininienenieneceeeeeeeene 28
2.2.2 Heat transport model in FEFLOW .......cc.cociiiiniiiiiiiniinicececiceeeeee e 30

2.3 FEFLOW MoOEl SEE-UP...c.vtiueiiiiiniinieienieniteteie ettt ettt see et st sie et et eeens 31
2.3.1 Groundwater FIOW MOdEL......c..ccceeeeririiieiiniinieicinccectcesccrere e 33
2.3.2 Heat Transport MOAEl.........coceverieienieninieiiieneeeentesieeeere e 35



Chapter 3 Results of field observations including water chemistry..........cccoccceviniiiiiininnne 37

3.1 Water head ObSEIVALIONS.......ccoueruiiriiriiniieneeriene ettt 37
3.2 TempPEerature ODSETVALIONS. ......ccuertiriirieeieeteete ettt et et ettt st st st et e e eaeeeas 41
3.3 StADIE WALET 1SOTOPES. . evteruteruieriieritirite et et et ettt et eat ettt et et st eab e st e et eaeeeneees 43
3.4 Water CheMISITY tYPC..c..eeiiiirierieiertieitetete sttt ettt ettt bbb 45
3.5 Redox zonation, ammonium, DOC removal.........cccccveeiiiiiiiiiiiiiicceecieeee e 48
B0 PH ettt bbb bttt b e st b et aen 49
352 DOttt sttt nae 50
353 NIEALE. ¢ttt sttt st st sht e et st st sttt s 55
3.5.4 AIMIMONIUIML .....tiiiiieiiieiieete et ete ettt sttestte st e st e satesstesseesatesseesseesseesseesseenseesseens 59
3.5.5 Manganese and ITOM.........c.cocueeueruereirierienteete et et sete st saeesaeesanesane e eaees 63
35,0 SUITALE. ..ottt et ettt ettt e sbt e st e sbeeebeeens 67
35T DOC .ttt 68
B8 SUVA ettt s et e e 70
Chapter 4 Result of Groundwater Flow and Heat Modelling...........ccccoccveevieninenceninenennne. 72
4.1 Groundwater FIOw Model.........coccooviiiiiiiiiiiiiiiieceeeecceceee e 72
4.1.1 Results of the steady-state flow modelling..........c..ccocerviniiiniiniiniiniininnceee 72
4.1.2 Results of the transient flow modelling............ccocceveeriiniininiininiinnceeeeee, 74

4.2 Result of Heat Transport Model..........cccoeririecieninieiiiineceeceeeceereseeeere e 84
Chapter 5 Discussion and CONCIUSION. ......c..ccerterieriiririerierienitetene ettt 92
5.1 DIISCUSSION. 1.t euttteitteeitee et ettt ettt ettt ettt e et e et e e bt e e bt e e sbteesabeesabeesabteeabaesabeeensteesabeesares 92

S LT FLOW fIC1A. ittt s 92
5.1.2 REAOX ZONALIOMN. ....ueiutiiiiiiiiniieeite ettt ettt st sttt st st st s 93
5.1.3 Treatment effiCIENCY .......cccevuireerieriiricectee ettt e 96
5.1.4 Rehabilitation and reclogging process.........cocvvvviviiiiniiniiniiiniiniiiiie s 97
5.1.5 Heat transport model..........cccooiviiiiniiiiiiiiiiiiiiiii 101

5.2 Conclusion and OULIOOK. ........cocueriiriiiiiriiiieeeeterte ettt 102
RETEIENCES. ..ttt ettt st st st sttt s s eae 105
ADPPEIUAIX. ..ottt sttt e a e st nr e sae e nenae e 118



List of abbreviations

Abbreviation Description

AOC Assimilable organic carbon
BDOC Biodegradable dissolved organic carbon
BF Bank filtration

DO Dissolved oxygen

DOC Dissolved organic carbon
DOM Dissolved organic matter

ETC Electron trapping capacity

K Hydraulic conductivity

LBF Lake bank filtration

MAR Managed aquifer recharge

ND Nedlitzer Durchstich

NOM Natural organic matter

POC Particulate organic carbon

PS polysaccharide

RBF River bank filtration

SUVA Specific ultraviolet absorbance

TOC Total organic carbon




Abstract

Bank filtration is an effective water treatment technique and is widely adopted in Europe
along major rivers.. It is the process where surface water penetrates the riverbed, flows
through the aquifer, and then is extracted by near-bank production wells. By flowing in the
subsurface flow passage, the water quality can be improved by a series of beneficial processes.
Long-term riverbank filtration also produces colmation layers on the riverbed. The colmation
layer may act as a bioactive zone that is governed by biochemical and physical processes
owing to its enrichment of microbes and organic matter. Low permeability may strongly limit
the surface water infiltration and further lead to a decreasing recoverable ratio of production
wells.The removal of the colmation layer is therefore a trade-off between the treatment
capacity and treatment efficiency. The goal of this Ph.D. thesis is to focus on the temporal and
spatial change of the water quality and quantity along the flow path of a hydrogeological
heterogeneous riverbank filtration site adjacent to an artificial-reconstructed (bottom

excavation and bank reconstruction) canal in Potsdam, Germany.

To quantify the change of the infiltration rate, travel time distribution, and the thermal field
brought by the canal reconstruction, a three-dimensional flow and heat transport model was
created. This model has two scenarios, 1) ‘with’ canal reconstruction, and 2) ‘without’ canal
reconstruction. Overall, the model calibration results of both water heads and temperatures
matched those observed in the field study. In comparison to the model without reconstruction,
the reconstruction model led to more water being infiltrated into the aquifer on that section,
on average 521 m?/d, which corresponded to around 9% of the total pumping rate. Subsurface
travel-time distribution substantially shifted towards shorter travel times. Flow paths with
travel times <200 days increased by ~10% and those with <300 days by 15%. Furthermore,
the thermal distribution in the aquifer showed that the seasonal variation in the scenario with

reconstruction reaches deeper and laterally propagates further.

By scatter plotting of 3'30 versus & 2H, the infiltrated river water could be differentiated from
water flowing in the deep aquifer, which may contain remnant landside groundwater from
further north. In contrast, the increase of river water contribution due to decolmation could be
shown by piper plot. Geological heterogeneity caused a substantial spatial difference in redox
zonation among different flow paths, both horizontally and vertically. Using the Wilcoxon
rank test, the reconstruction changed the redox potential differently in observation wells.
However, taking the small absolute concentration level, the change is also relatively minor.
The treatment efficiency for both organic matter and inorganic matter is consistent after the
reconstruction, except for ammonium. The inconsistent results for ammonium could be

explained by changes in the Cation Exchange Capacity (CEC) in the newly paved riverbed.



Because the bed is new, it was not yet capable of keeping the newly produced ammonium by
sorption and further led to the breakthrough of the ammonium plume. By estimation, the peak
of the ammonium plume would reach the most distant observation well before February 2024,
while the peaking concentration could be further dampened by sorption and diluted by the
afterward low ammonium flow. The consistent DOC and SUVA level suggests that there was

no clear preference for the organic matter removal along the flow path.



Zusammenfassung

Die Uferfiltration, eine wirksame Wasseraufbereitungstechnik, ist an Europas grofien Fliissen
weit verbreitet. Es bezieht sich dabei hauptsichlich auf einen Prozess, wobei das
Oberflaichenwasser in das Flussbett eindringt, durch den Grundwasserleiter flieBt und
schlieBlich durch ufernahe Brunnen gewonnen wird. Beim Einstromen in den unterirdischen
Aquifer verbessert sich die Wasserqualitit durch eine Reihe von vorteilhaften Reaktionen, die
jedoch langfristig zum Auftreten von Kolmation des Flussbetts fiihren. Aufgrund der
Anreicherung von Mikroben und organischen Substanzen bildet sich die Kolmationsschicht
einerseits als bioaktive Zone fiir zahlreiche biochemische Reaktionen; andererseits kann ihre
geringe Permeabilitit die Infiltration von Oberflichenwasser behindern, welches zur
Produktivititseinschrankung von Brunnen fithrt. Daher ist das Entfernen der
Kolmationsschicht immer ein Kompromiss zwischen Behandlungskapazitit und Effizienz.
Diese Doktorarbeit zielt darauf ab, die =zeitlichen und rdumlichen Verinderungen der
Wasserqualitdt und -menge entlang des FlieBwegs eines hydrogeologisch heterogenen
Uferfiltrat-Standorts nahe einem baulich vertieften Kanal (Ausbaggerung und Ufersanierung)

in Potsdam zu untersuchen.

Zur Quantifizierung der durch die Kanalvertiefung hervorgerufenen Anderung auf die
Infiltrationsrate, die Laufzeitverteilung und das thermische Feld wurde ein dreidimensionales
Stromungs- und Wirmetransportmodell mit zwei Modellszenarien (mit und ohne
Baumafinahmen) erstellt. Insgesamt stimmten die Kalibrierungsergebnisse der Wasserstinde
und der Temperaturen mit den Beobachtungen iiberein. Die Modellierungsergebnisse zweier
Szenarien zeigten, dass durch die Vertiefung durchschnittlich 521 m%/d, was etwa 9% der
Gesamtpumprate entspricht, mehr Wasser in den Grundwasserleiter geflossen ist. Die
unterirdische Fliesszeit verkiirzte sich. Die Anzahl der Fliesswege mit Fliesszeiten <200 Tage
erhohten sich um ca. 10% und jene mit <300 Tage um 15%. Dartiiber hinaus breitete sich die

Wirme im Grundwasserleiter tiefer und weiter im Modell mit BaumaBnahmen aus.

Mittels Streudiagrammen von 8'®*0 und &°H konnte das infiltrierte Flusswasser vom
landseitigen Grundwasser unterschieden werden, wéhrend eine dekolmationsbedingte
Erhohung des Flusswasseranteils in Brunnen durch Piper-Diagramme nachgewiesen werden
konnte. Die geologische Heterogenitit verursachte erhebliche horizontale und vertikale
Unterschiede in der Redox-Zonierung zwischen verschiedenen Strémungsbahnen. Das
Redoxniveau verdndert sich in verschiedenen Brunnen durch die BaumaBnahme. Die
Behandlungseffizienz fiir organische und anorganische Stoffe blieb unabhénig von der
BaumaBnahme erhalten, mit Ausnahme von Ammonium. Dies ist wohl auf die Anderung der

Kationenaustauschkapazitit im neu ausgebaggerten Flussbett zuriickzufiihren, das noch nicht

\



in der Lage war, neu entstehendes Ammonium zu absorbieren, was zu einem Fortschreiten
der Ammonium-Fahne fiihrt. Schitzungsweise erreicht das Maximum der Ammonium-Fahne
den entferntesten Brunnen vor Februar 2024, wobei sich die Konzentration durch Sorption
und Vermischung mit nachstromendem Wassser verringern sollte. Das gleichbleibende DOC-
und SUVA-Niveau deutete darauf hin, dass es keine Bevorzugung beim Abbau organischer

Substanzen entlang des FlieBwegs gab.
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Chapter 1 Introduction and Motivation

1.1 The history of bank filtration and current application around the world

Groundwater is specified as the water exists below the land surface. Groundwater holds
approximately one-third of the total global freshwater and acts as the ‘planet's largest
reservoir’ (Giordano, 2009; Tuinhof and Heederik, 2002). Groundwater is estimated to be the
drinking water source for 1.5 to 3 billion people due to it’s stability with regards to changing
weather patterns and it carrying less pollution (Holley et al., 2016; Kundzewicz and Ddll,
2009). Gleeson et al. (2012) estimated that 1.7 billion people are facing groundwater
availability related issues. Due to an increasing demand and exploration rate, an aggregate
deficiency of the groundwater resources has been observed globally. Estimated by D&ll et al.
(2014), the groundwater depletion has been doubled from 1960 to 2000, while from the year
2000-2009, 15% of abstracted groundwater was non-renewable. Over-pumped groundwater
could not be recharged in time which creates further troubles in water table recovery.
Additionally, the sinking groundwater table may cause calamitous consequences on

hydrological- and eco-system (Casanova et al., 2016; Wada et al., 2010).

Aquifer recharge is of significant influence on the aquifer storage. Natural aquifer recharge
may be influenced by the seasonal and climatic change, and limited by its capacity (Tuinhof
and Heederik, 2002). Artificial recharge enhancement could be an excellent option to increase
the groundwater infiltration and further replenish the aquifer (Casanova et al., 2016). Dillon
(2005) described Management of aquifer recharge (MAR also known as Managed Aquifer
Recharge) as ““ Intentional banking and treatment of water in aquifers.” Tuinhof and Heederik
(2002) mentioned the whole process as “Management of Aquifer Recharge and Subsurface
Storage (MAR-SSS).” Other names could also be found in other studies like “soil aquifer
treatment” (Schijven, 2002). MAR is a technique featuring as a predetermined artificial
recharge to aquifers aiming at consecutive recovery (Dillon et al., 2010). Tuinhof and
Heederik (2002) listed the different methods with actual projects around the world besides a
detailed explanation. Dillon (2005) further added a graphic illustration on some of the main
processes. Casanova (2016) later categorized the MAR techniques by the difference in the
way of recharge, which are separately: 1) Infiltration Methods, 2) Direct Injection method,
and 3) Filtration method. Riverbank Filtration (RBF) is an induced recharge method and
categorized as the primary technique in filtration. It is typically applied when the surface

water is not qualified for direct water supply (Dillon et al., 2002; Mustafa et al., 2016).

“Surface water, penetrating the river bed and further proceeding to the aquifer either driven

by natural or high capacity pumping wells of a certain distance from the waterbody, was



called riverbank filtrate (RBF)” (Abdel-Lah, 2013; Dillon, 2005; Hiscock and Grischek, 2002;
Kuehn and Mueller, 2000; Ulrich et al., 2015a). Functioning as natural reactive barrier, bank
filtration improves the raw water quality via physical, biological, geochemical and
hydrogeological processes of different turnover rates, results into the recovered water of
higher and more stable quality (Dillon et al., 2002; Gross-Wittke et al., 2010; Mustafa et al.,
2016). RBF was firstly adopted in Glasgow Waterworks, the UK, in 1810 on the river Clyde
(Ray et al., 2003), but it was used centuries before and unnamed (Kuehn and Mueller, 2000).
In 1892, Robert Koch found that with the same water source from the Elbe river, the city of
Altona showed a lower incidence of Cholera than Hamburg simply by water filtration process
(Ray, 2002a). This resulted in the adoption of RBF as either a replacement or a supplement
process in the drinking water industry (Ray et al., 2003).

Figure. 1.1 is a schematic of the RBF process. Hiscock and Grischek (2002) concluded the
possible side effect of RBF as the dissolution of iron and manganese concentrations, the
formation of hydrogen sulfide and other malodorous sulfur compounds driven by redox-

reactions. In the following subsections international applications of RBF will be described.
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Figure.1.1 The bank filtration processes that will affect the water quality, adopted from Hiscock and
Grischek (2002).

1.1.1 In Europe

In Europe, RBF works as the cheapest, most efficient technique and has been widely applied
in the past decades (Polomcic¢ et al., 2013; Ray, 2008; Ray et al., 2003). Historically RBF has
been used without further treatment (Kuehn and Mueller, 2000), (e.g., in the Lower Rhine
region during the period of 1870-1950 (Schubert, 2002)). Currently RBF works as an
effective pre-treatment method (Hiscock and Grischek, 2002) and has provided 50% of



potable water in the Slovak Republic, 45% in Hungary, 5% in the Netherland, and 16% in
Germany. Locally, RBF could act as the main technique and is already common in some areas
(e.g., in Berlin, RBF contributes 75% of drinking water). For cities along major rivers in
Europe, RBF was taken as the prime treatment method for drinking water supply (Ray, 2002b)
and has been used along the Elbe (Fukada et al., 2003; Grischek et al., 1998; Grischek and
Paufler, 2017),the Oder (Massmann et al., 2004, 2003a), the Rhine (Schubert, 2002; Sharma
et al., 2012), and along the Danube (Fiedler et al., 2018). Lake filtration is also well adopted
in Germany. Intensive investigations have been carried out at the Lake Tegel (Gross-Wittke et
al., 2010; Griinheid et al., 2005; Henzler et al., 2016, 2014; Maeng et al., 2010; Massmann et
al., 2008b) and lake Wannsee (Kohfahl et al., 2008; Massmann et al., 2008b, 2008a).

1.1.2 In the US

In the US, the use of RBF was also adopted approximately 70 years ago for drinking water
supply (Ray, 2002a; Ray et al., 2003). Not as popular as its broad application in Europe, RBF
was taken as a possible low-cost alternative or supplement technique for pathogen removal in
the US (Ray et al., 2003), especially for cysts and oocysts, followed by a decrease of turbidity
and DOC (Griinheid et al., 2005). Regulated to “the Interim Enhance Surface Water
Treatment Rule” (US Environmental Protection Agency, 1998), the concept of ‘groundwater
under the direct influence of surface water’ (GWUDISW, aka GWUDI) was introduced in
RBF system (Sheets et al., 2002). Evaluated by microscopic particulate analysis method (US
Environmental Protection Agency, 1992), groundwater at the risk of being exposed to the
surface water born pathogen would be categorized as GWUDI (Ray, 2002a; Sheets et al.,
2002). Once the RBF system is defined as GWUDI, the following water treatment process
would be required the same as for surface water (Sheets et al., 2002). RBF system excluded
from GWUDI would also be required with further assessment for pathogen and chemical
breakthrough during high flow periods (Ray, 2002a). Investigations in the US have also been
applied along major rivers, e.g., the Great Miami River (Sheets et al., 2002), the Illinois River
(Ray, 2004, 2002b).

1.1.3 In Asia

Asia has many cities with higher population densities than in Europe or the US (Ray, 2008).
RBF has been used with less popularity in Asia as it is in developed countries (Hu et al.,
2016). In South Korea, even with a thinner alluvial aquifer, RBF has also been used as a cost-
effective method (Ray, 2008). RBF has been used since 2001 on the Han river (Lee and Lee,
2010), and investigations have also been carried out along the river Nakdong (Kwon, 2015a;
Lee et al., 2009). Countries with very high population, such as India and China, both of them

are facing a water crisis due to the drastic declining groundwater table. As a vital source,



groundwater takes up 18.3% of total water supply in China (Hu et al., 2016) and, separately,
65% of irrigation water, 85% of domestic water supply in India (Livingston, 2009). Taking
into consideration both the quantity and quality, RBF is an excellent alternative technique and
further direction. In China, since the first application RBF site in the 1930s, 300 RBF sites
have been on operation in the 2000s (Hu et al., 2016). Investigations have been carried along
the Kuihe river (Wang et al., 2007; Wu et al., 2007), the Liao river (Su et al., 2018, 2017) and
other places (Pan et al., 2018; Wang et al., 2016). However, Hu et al. (2016) stated that RBF
in China is still in the early stages, and further studies would be necessary. Similar to China,
RBF has been adopted in India (Ray, 2008). The potential sites and application of RBF have
been well described in the study of Sandhu et al. (2011a). A survey by Sandhu et al. (2019)
demonstrated water quality improvement among existing RBF sites in India motivating it’s
use at potential new sites. Further investigations have been applied in the Ganga River
(Sandhu et al., 2011b; Ojha et al., 2013), along Yamuna River (Groeschke et al., 2017; Singh
et al., 2010), along Alaknanda river (Gupta et al., 2015; Sharma et al., 2014) and other places
(Dash et al., 2008).

In countries in southeast Asia, even with the surface water as the primary water resource, the
increasing water demand and pollution also drove a growing interest in using RBF. In
Thailand, investigations have been carried out along the Ping River (Archwichai et al., 2015;
Srisuk et al., 2012), and in Malaysia, the research activities have been directed towards water
quality improvement (Abd Rashid et al., 2015; Othman et al., 2015; Shamsuddin et al., 2014)

and estimation of travel times (Mustafa et al., 2016).

1.1.4 Other studies around the world

In Africa, RBF is still at the initial phase of its development (Umar et al., 2017).
Investigations are mainly focused in Egypt along the River Nile (Shamrukh and Abdel-
Wahab, 2011, 2008), while projects are also set up in Jordan (Umar et al., 2017). Recent
investigations (Ghodeif et al., 2018; Paufler et al., 2018) showed a newly set-up RBF site and
its quality improvement in its beginning stage. Feasibility assessment has also been done in
Malawi and Kenya according to the review by Sharma and Amy (2009). In South America,
studies of an LBF (Lake bank filtration) site (Romero-Esquivel et al., 2017; Romero et al.,
2014) have been carried out with a focus on the water quality improvement and cyanobacteria
removal. A study by Blavier et al. (2014) in Bolivia was adopted to predict the exploration
quantity and the treated water quality. In Australia, Dillon et al. (2002) has also carried out

RBF related investigations, while more studies are about the MAR system.



1.2 Water Quality Improvement by Riverbank Filtration

As a combined effect of different processes, Ray et al. (2002a) summarized the water quality
improvement process as ‘“‘physical filtering, microbial degradation, ion exchange,
precipitation, sorption, and dilution.” Sharma and Amy (2009) further added the more general
“complexation and redox reaction.” The beneficial attenuation processes mainly act on
suspended solids, biodegradable compounds, other DOC or bacteria, viruses, parasites
(Hiscock and Grischek, 2002), pharmaceuticals (Bradley et al., 2014; Drewes et al., 2003;
Heberer et al., 2004; Massmann et al., 2006), pesticides (Ray et al., 2002b), residues of
explosives (Zheng et al., 2009), etc.

1.2.1 Microbe removal during Riverbank Filtration

Surface water contains different pathogenic microorganisms from wastewater discharge or
surface run-off (Schijven, 2002; Tufenkji et al., 2002), while subsurface media might also
carry them (Ray et al., 2002a). A significant function and the impetus of RBF is the removal
of pathogens, including bacteria, viruses, protozoa (Ray et al., 2002a), cyanobacteria and
cyanotoxins (Romero et al., 2014). Along the flow paths, the microorganisms can attach to
porous medium and get deactivated prior to arriving at the pumping well. Additionally the
microorganisms are subject to little detachment rate and relatively slow groundwater flow
(Schijven et al., 2003). Schijven et al. (2003) articulated various processes of this inactivation,
straining, and sedimentation in pores. Dilution by pristine groundwater, diffusion, and
dispersion might also contribute to decreasing the concentration, albeit not removal. RBF is a
site-specific process with multi influential factors and therefore there is a lack of protocol on

assessing the removal efficiency of pathogenic microorganisms (Tufenkji et al., 2002).

Field studies have been performered around the world focusing on different pathogenic
species. Virus removal by soil passage is the best understood process of removing pathogenic
species through Schijven and Hassanizadeh (2000). However the removal efficiency varies
with many influential factors, including 1) subsurface structure (composition, heterogeneity,
etc.), 2) environmental condition (e.g., DOC concentration, pH, temperature, etc.), and 3)
virus type (isoelectric point, hydrophobicity, size, shape, and structure, etc.) (Keswick and
Gerba, 1980; Schijven, 2002; Schijven and Hassanizadeh, 2000). Three RBF sites in the USA
showed a removal rate of more than two log-units for Male-specific Bacterio-phage and more
than four log-units for somatic Bacterio-phage within a similar distance (Weiss et al., 2005).
Bacterial removal strongly depends on the material properties of the soil passage, and coarse-
grained aquifer might perform poorly in bacteria removal (Schijven et al., 2003). Field
observation investigations are consistent with this conclusion. In India, surface water could be
highly contaminated by bacteria, while the removal efficiency of total coliform bacteria could

vary from 1.3 to 5 log-unit (Cady et al., 2013; Dash et al., 2010, 2008; Sandhu et al., 2011b)
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regardless of the influence from monsoons. Harvested water may still show much higher
bacterial concentration than the drinking water standard and need further treatment (Singh et
al., 2010). It is believed that the process of the protozoa removal is comparable with the
removal of virus, however, to a different extent (Schijven and Hassanizadeh, 2000). The main
concern of pathogenetic protozoans would be Cryptosporidium and Giardia, which threaten
human health the most (Schijven and Hassanizadeh, 2000). However, they are generally with
a much lower concentration than other microorganisms in surface water. Direct sampling
results of protozoa before the year 2002 have been reviewed by Berger (2002) for the
recorded outbreak of protozoa. Schijven et al. (2003) listed the microbial occurrence from
four large RBF sites in the USA from the information supported by ICR (Information
Collection Rule), in which no Cryptosporidium was found, while positive samples were found

both for Giardia and Enterovirus albeit the occurrence is low.

1.2.2 NOM

Natural Organic Matter (NOM) is often used as a synonym of Total Organic Carbon (TOC),
given the typical insignificant share of the organic contaminants (Leenheer and Crou¢, 2003).
NOM can also be categorized into different subgroups. It consists of dissolved and particulate,
humic, and nonhumic organic matters (Tufenkji et al., 2002). Filtered by a membrane with a
pore size of 0.45 micrometer, the retained part is called as particulate organic carbon (POC),
while the fraction which goes through is called as dissolved organic carbon (DOC) (Leenheer
and Croué, 2003). It could also be subdivided as a biodegradable fraction and a refractory
fraction, and the biodegradable organic matter (BOM) are mainly measured by the AOC
bioassay and BDOC assay (Escobar and Randall, 2001).

The removal efficiency of NOM is also site-specific. Based on previous studies, Greskowiak
et al. (2005) summarized that the removal rate of the DOC is about 30 — 50% in the first
decimeters of the subsurface passage. However, the decrease of DOC could be as low as 10 -
20%, e.g., (Ludwig et al., 1997; Romero-Esquivel et al., 2017). As a general mixture, the
degradation efficiency among different components in DOC also varies. Using liquid
chromatography with organic carbon detection (LC-OCD), Griinheid et al. (2005) found that
the polysaccharide (PS) showed the highest degradation efficiency, while low molecular
weight acids, humic substances, and its building blocks only degraded partially. Another
conclusion by Griinheid et al (2005) based on the specific UV absorbance (SUVA) is that the
consumption of aliphatic hydrocarbons are prioritized under aerobic conditions, while
aromatic and double-bond structures are preferentially used under the anaerobic condition. A
similar result was also observed in an earlier study about the Soil-aquifer Treatment (SAT)
field in the USA in the vertical direction (Drewes and Fox, 1999). Sorted with different
molecular weight, Sontheimer (1991) reported that after RBF treatment, 70% of the DOC
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with the molecular weight between 800-1500 g/mol was removed. However study by
(Ludwig et al., 1997) showed that along the flow path, the proportion of larger molecular
weight (>10000 g/mol) shrank the most in the composition of DOC, while the fraction of
middle molecular weight (1000-10000 g/mol) remained stable.

During the chlorine-used disinfection process NOM could form halogenated disinfection by-
products (DBPs) (Singer, 1999). When the disinfection method includes ozone the oxidation
by-product could contribute to the regrowth of microorganism and biofilm (Singer, 1999).
DBPs have potential genotoxicity and carcinogenicity (Richardson et al., 2007) therefore the
removal efficiency of NOM in RBF is a significant concern. Specific ultraviolet absorbance
(SUVA) is easily measured and widely adopted as a surrogate for forecasting the formation
potential of DBPs (Hua et al., 2015; Singer, 1999). It is defined as the ratio between the UV
absorbance at 254 nm and the DOC concentration (Leenheer and Croué, 2003). Higher SUVA
value indicates a larger portion of aromatic compounds in the DOC, which is in general
thought as the primary precursor for DBPs (Leenheer and Crou¢, 2003; Singer, 1999). During
the RBF process, the changing of the SUVA value is very much site-specific. The decrease
was shown in the Lagoa do Peri in Brasil (from 2.3 + 0.2 to 1.9 + 0.8 L/(mgm)) (Romero-
Esquivel et al., 2017) and the River Thames in England (Ascott et al., 2016). An increase has
been found in the South Platte River in Colorado, USA (from 1.6-2.0 L/(mgm) to 2.0-2.6
L/(mgm)) (Regnery et al., 2015) and the Cedar River in lowa, USA (Hoppe-Jones et al.,
2010). Constant SUVA values have been observed in the Mathura section of the River
Yamuna in India (Singh et al., 2010). Redox condition could also be an influential factor on
the SUVA value, as different investigations (Drewes and Fox, 1999; Griinheid et al., 2005)
have observed an initial increase in the oxic zone and further decreased in the anoxic soil
passage. This initial increase and then decrease was explained via the preferential
consumption of aliphatic carbon during the aerobic zone, and aromatic and double-bond

structures were more involved in the reaction in the anaerobic zone.

Removal of organic micropollutants (OMP) is also a beneficial effect by the treatment process
of RBF. Studies on OMPs includes pharmaceutical residues, endocrine disruptor, personal
care products (PPCPs), and household chemicals (Hoppe-Jones et al., 2010). By the
increasing accuracy of the analytical method and equipment, the detection limit could reach
lower than 1pg/l (Griinheid et al., 2005). Since the 1990s, pharmaceuticals have been detected
in the aquatic environment (Loffler et al., 2005), and studies have shown that bank filtration
could degrade some of the pharmaceutical residues as well as other micropollutants
(Griinheid et al., 2005; Hamann et al., 2016; Henzler et al., 2014; Maeng et al., 2010). Studies
on pharmaceutical residues mainly focused on the influential factors, e.g., redox condition

(Drewes et al., 2003; Kovacevi¢ et al., 2017, Massmann et al., 2006), traveling distance

7



(Bradley et al., 2014; van Driezum et al., 2019), temperature (Maeng et al., 2010; Regnery et
al., 2015), and hydrological events (Ray et al., 2002b). Besides pharmaceutical residues, other
studies vary by the difference of the local focus, e.g., herbicide (Ray et al., 2002b), explosive
chemicals (Zheng et al., 2009) and organophosphates (Stepien et al., 2013).

1.2.3 Temperature

RBF can also change the temperature of harvested water which is considered as a benefit.
Surface water temperature has great diurnal and seasonal variation. Seasonally the sinusoidal
pattern peaks in summer, bottoms in winter, while the diurnal temperature is mainly high in
the daytime and low at night. For groundwater in a shallow aquifer (depth of 10-20 m), the
temperature, in general, would be relatively stable and 1 °C to 2 °C higher than the local
mean annual air temperature (Domenico and Schwartz, 1998). At a bank filtration site, the
downward component of infiltrating river water brings the cyclic temperature signal to a
greater depth (Kalbus et al., 2006). However, further along the traveling path, both the diurnal
and the seasonal temperature pattern would be flattened and finally equals the environment
temperature in the shallow aquifer. Most RBF sites are at depths of the shallow aquifers thus
the water harvested from pumping wells would become stable and slightly higher than the
annual mean temperature. Taking the site in this research as an example, the infiltrated water
sampled close to the pumping wells is stable at around 11.2 °C. Even further treatment and
distribution process will influence the final result, it still alleviates the seasonal dynamics and

supplies cool water source in summer and relatively warm water in winter.

1.3 Redox reactions and redox zonation

Functioning as a reactive barrier, bank filtration improves the raw water quality via the
biological, geochemical and hydrogeological processes of different turnover rate (Gross-
Wittke et al., 2010). Redox reactions are primarily driven by the consumption of NOM,
mediated by the microbiological activities, and couple the most efficient electron donors and
acceptors (Domenico and Schwartz, 1998; Kedziorek and Bourg, 2009; Massmann et al.,
2004). Along with the redox reaction, the electron acceptor can change due to the
consumption of oxygen and further lead to the formation of redox zonation (Massmann et al.,
2008a). However, displeasing consequences might also arise along with the flow path, such as
dissolved manganese concentration (Hiscock, 2005). As it is shown in Fig. 1.2, in closed
groundwater system, the electron acceptors for the redox reaction of organic matter would
follow a sequence of Oz, NOs-, Mn(IV), Fe(III), SO4*, CO; by the energy yield from high to
low (Champ et al., 1979; Chapelle, 2001; Robert A. Berner, 1981).
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Figure. 1.2 Schematic display on redox processes in the RBF site of a closed system (Andreae et al.,

1991; Gross-Wittke et al., 2010).

As shown in Fig. 1.2, along with the gradients of e acceptors, the redox zone could be
categorized as i) aerobic respiration zone, ii) anoxic Fe**, Mn*, NOs  reduction zone, iii)
SO4** reduction zone and iv) CHy4 fermentation zone. Another study by Champ et al. (1979)
categorized the redox zonation as 1) oxygen-nitrate, 2) iron-manganese, 3) the sulfate
reduction zone, and 4) the methane fermentation zone. Kedziorek and Bourg (2009) listed the
table in their research and added the number of electrons involved per atom or molecule
(Table 1.1). Simultaneous reaction on different electron acceptors could happen as well. For
example, nitrate and manganese (Bourg and Bertin, 1994; Oren et al., 2007) and iron and
manganese (Massmann et al., 2004). Thus the border for these redox zones is also not a clear-
cut (Massmann et al., 2004). In RBF, the stratification of redox zonation could happen not
only in the horizontal direction but also in the vertical, e.g., a study of an RBF site at Lake
Wannsee in Berlin showed a vertical stratification of redox zonation and was strongly

influenced by the temperature change (Massmann et al., 2008a).



Table 1.1 Successive order of electron acceptors in RBF (adopted from Kedziorek and Bourg, 2009).

Processes Reaction Electrons involved
Respiration CH,O0+ O, - CO, + H,0 4
et . 5 5 1 7
Denitrification ZCHzo +NOZ + H* - ZCOZ +§N2 +ZH20 5
i 1 3 1
Mn reduction =CH,0 +Mn0,(S) + H*  M2* +>H,0 +5C0, 2
i 1 11 1
Fe reduction ZCH20 + 2H* + Fe(OH)3(S) -~ Fe?* +==H,0+7CO, !
Sulfate reduction 2CH,0 + SO5~ + H* - HS™ +2CO, + 2H,0 8

1.3.1 Temperature effect on redox zonation

Temperature is a crucial factor controlling redox reactions and enzyme activity, while its
variation range is essential in monitoring of the RBF site (Maeng et al., 2010; Miettinen et al.,
1996; Umar et al.,, 2017). Fed by heating and cooling of surface water, the downward
component of infiltrating river water brings the seasonal temperature signal to a greater depth
(Kalbus et al., 2006). Besides the short-term fluctuations of the daily temperature signal in the
stream bed itself (e.g., Munz & Schmidt 2017), seasonal temperature changes strongly affect
the bioactivity of microorganism and show an impact on redox conditions (Massmann et al.

2008).

Some investigations have demonstrated that there is a temperature threshold on bioreaction.
Temperature thresholded bioreaction means that when the environment temperature is below
the threshold the bioreaction will be strongly constrained. Bourg and Bertin (1994) found in
their study that the temperature needs to be above 10 °C to trigger the solubility of Mn.
Investigations at other sites (Massmann et al., 2008a, 2006; Prommer and Stuyfzand, 2005)
have shown that when the temperature falls below 14 °C, the biodegradation is greatly
constrained. Miettinen et al. (1996) studied an RBF site of Finland demonstrating that enzyme
activities decreased by the influence of seasonal temperature along the transect of the flow

path to a groundwater production well.

The seasonal temperature cycle can also lead to the corresponding dimensional changes in the
redox zonation; however, the variation range could be of distinct difference. An extreme case
has been observed at an artificial recharge site (Massmann et al., 2006), where the aerobic
condition predominated between the river and the pumping well in winter, while in
summertime the oxygen was consumed as electron acceptor within the first meter below the
river bottom and followed by the prevailing anaerobic condition. A similar result has been
observed at an RBF site along the Rhine river (Sharma et al., 2012). In the other direction, the
oxic zone could be limited to a very narrow range. A study by Massmann et al. (2004)

showed that even with the traveling time of less than one day, there is still no DO and nitrate
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observed in the observation wells, which suggested the oxic zone is limited to the short depth
below the river bed and short distance to the waterbody. Other studies (Kedziorek et al., 2008;
Su et al., 2018) have also observed the seasonal dynamic of the redox zones, while the

variation 1s between the abovementioned two extreme cases.

1.3.2 Electron donors (POC and DOC)

The biological reaction includes the elimination of biodegradable compounds in both
particulate (POC) and dissolved (DOC) form (Brugger et al., 2001) and strongly depends on
the redox condition and temperature (Gross-Wittke et al., 2010). The traveling time is
strongly influential on the degradation of NOM and can be site-specific. Sontheimer (1980)
demonstrated that the decrease of DOC level with the increase of traveling time along the
Rhine river in three different water utilities. Miettinen et al. (1994) demonstrated that for a
Finnish waterworks, the long infiltration path resulted in a much larger declining TOC and
chemical oxygen demand (COD) compared with shorter infiltration paths. Along one
traveling path, Ludwig et al. (1997) showed that the two-thirds of the decrease in DOC
happened in the first few meters. Schubert (1992) demonstrated that the DOC level below the
riverbed (0.6 m below) is similar to the sample taken from observation wells adjacent to the
harvest wells. A possible explanation could be that, after investigating the research field under
different redox conditions, the anoxic-anaerobic condition showed slower DOC
mineralization along the whole flowing process. In contrast, the oxic condition is observed to
have an intensified removal in the beginning but will plateau along the rest process of flowing
(Jekel and Gruenheid, 2005). The purification is not only along the horizontal flow but also
effective in the vertical direction (Drewes and Fox, 1999; Wang et al., 2007).

Particulate organic carbon (POC) has been suggested as the extra electron donor to explain
the massive consumption of the electron acceptors (Doussan et al., 1997; Grischek et al.,
1998). For POC, both hydrolysis and solubilization would be required before it is utilized as
the electron donor by the microorganism in the redox zonation (Doussan et al., 1997). POC
could be attributed to the infiltrated surface water, the riverbed sediment, and the aquifer
matrix (Grischek et al., 1998; Hoppe-Jones et al., 2010). The same results have been shown in
other studies, e.g., (Griinheid et al., 2005; Hoppe-Jones et al., 2010; Romero-Esquivel et al.,
2017). For the contributing ratio between POC and DOC, Kedziorek et al. (2008)
demonstrated via modeling that the share of POC in the redox reaction increased with the
traveling distance. However, Brugger et al. (2001) found that the POC is the primary electron
contributor instead of DOC even within the riparian zone. So far, there is no concrete
conclusion on the preference of the electron donor in the redox reaction. Greskowiak et al.

(2005) showed that the POC could be preferred over DOC when it was highly degradable for
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the redox reaction. A similar conclusion was summarized by Kedziorek et al. (2008), in which
the remaining part of the DOC after the long traveling time was less degradable than the POC.
As an essential source of electron donor, the limitation of POC availability could also be risky

for the removal of nitrate (Grischek et al., 1998).

1.4 Influence of hydraulic connection on Riverbank Filtration performance

The hydraulic connection between the river and the flow field in the RBF site is a decisive
factor influencing the treatment efficiency. Hiscock (2005) categorized the main treatment
processes of RBF into two spatial zones: 1) the colmation layer with great biological activity
but relative short residence time and 2) the flow path to the harvest wells with lower
degradation ability but longer traveling time. Together they control the infiltration rate from
the surface water, the dilution effect of the origin groundwater, the traveling time, and further
the temperature propagation and bioreactions. The colmation layer is predominately mediated
by the clogging and declogging effect. The preceeding flow path is influenced by the
hydrogeological heterogeneity. The following literature review is presented in order of 1)

clogging; 2) declogging; 3) hydrogeological heterogeneity.
1.4.1 Influence from riverbed clogging

The ideal riverbed should reach a balance between the optimal infiltration rate to the aquifer
and the retardation of the pathogen transport (Ray, 2002b)). This has not yet been described
adequately via physical parameterization. Riverbed structure could be decided by the local
geological conditions, physical attributes of the sediment, the river flow velocity, and the
infiltration velocity (Cunningham et al., 1987; Wett et al., 2002). Riverbed structure is a
controlling factor that influences the RBF treatment capacity (Hiscock, 2005). Clogging is a
sensitive factor on the RBF site as it works on other filters (Gutiérrez et al., 2018). As an
essential source of uncertainty for site planning (Schubert, 2006), clogging is almost
inevitable during the long-lasting operation of bank filtration, which would also strongly
influence the sustainability of the RBF site (Zhang et al., 2011). Clogging would decrease the
riverbed hydraulic conductivity and then lead to a more sluggish surface water infiltration and
a decreasing recoverable ratio of production wells (Ulrich et al. 2015; Farnsworth & Hering
2011; Grischek & Bartak 2016; Schubert 2002; Massmann et al. 2008). Taking the RBF site
in Diisseldorf as an example, a colmation layer of 10 cm thickness was found in the riverbed,
containing iron, manganese, copper, zinc, lead and mineral oil (Wilderer et al., 2013).
Another example of the riverbed sediment core samples in Lille, France, showed that the iron
oxides were up to 5 percent and that remobilization could occur (Bourg et al., 1989).
Clogging happens both on the riverbed surface and the deeper internal space of the porous

media (Gutiérrez et al., 2018). The external clogging forms on the interface between the
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aquifer and the surface water, while the internal clogging happens when fine particles
infiltrate get stuck in the deeper interstitial space (Du et al., 2014; Gutiérrez et al., 2018;
Schélchli, 1992; Wett et al., 2002). There are four clogging mechanisms involved in building
up the colmation layer: physical, mechanical, chemical, and biological (Gutiérrez et al., 2018).
They made a general review on the studies focusing on the different mechanism and
summarized the factors showed an influence on the clogging process, although in practice, the
clear distinguish among those clogging types is still under researching (Ulrich et al., 2015b).
Ulrich et al. (2015) demonstrated that at an RBF site in Sonoma county, California, US, the
biotic process contributed more in the clogging process than any abiotic process. Another
study in the US showed the clogging might be more regulated by the degradation of the

aquatic vegetation in comparison to other factors (Goldschneider et al., 2007).

Increases in clogging lead to the decrease of hydraulic conductivity in the riverbed. Field
studies have investigated the thickness of the clogging layer and its small hydraulic
conductivity compared with the aquifer, however, the time scale for the clogging is hard to
summarize. Investigation on two cross-sections of the Danube river showed that the riverbed
sediment thickness varies between 5 cm to 20 cm, while the hydraulic conductivity is around
two orders of magnitude smaller than the K-value of aquifer sediment (Battin and
Sengschmitt, 1999). Another field study by Thullner et al. (2002) demonstrated that the
hydraulic conductivity in the clogging layer decreased by at least two orders of magnitude. In
an artificial pond, Greskowiak et al. (2005) demonstrated that a clogging layer decreased the
surface water infiltration rate from 3 m/d to 0.3 m/d. A later study by Hoffmann and Gunkel
(2011) also showed the hydraulic conductivity on the top 2 cm was up to two orders of
magnitude lower than the previous measurement. Lab investigations allow the investigation
of the temporal dimension in the clogging process. Schélchli (1992) demonstrated in their
flume experiment that the hydraulic conductivity of the top layer with 0.15 m depth decreased
by one order of magnitude after 100 hours, while there was little to no change along the rest
of river bed. The similar result displayed in the study of biological clogging by Vandevivere
and Baveye (1992), that after introducing the glucose and bacteria from the top, the hydraulic
conductivity dropped by almost two orders of magnitude in four days in the first 3 mm,
however the hydraulic conductivity dropped by much smaller amounts at lower depths.
Engesgaard et al. (2006) also showed the decrease of hydraulic conductivity by the two orders
of magnitude in eight days and ended up with a reduction of more than three orders of
magnitude in 40 days. In summary, the clogging on the top few decimetres has a hydraulic
conductivity decrease by one to three orders of magnitude, and the formation of the top layer

clogging needs days or even tens of days.
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1.4.2 Influence from declogging

Although clogging is not a desirable process for the RBF water quantity, it is beneficial for
water quality improvement. The bioactive clogging layer is rich in organic material and is the
first place where the degradation and adsorption occurs. It is essential for the purification
process (Hiscock, 2005; Romero et al., 2014; Schubert, 2006). Most research on the
declogging process has been focused on improving the infiltration rate and possible change in
treatment efficiency. The clogging layer can be partly removed by flood events or natural
flow, restoring higher riverbed hydraulic conductivity (Gutiérrez et al., 2018; Levy et al.,
2011). The field investigation by Mutiti and Levy (2010), demonstrated storm events could
increase the hydraulic conductivity maximally by one order of magnitude, however this is still
smaller than increases in hydraulic conductivity at the sand filtration system. Another field
study (Gollnitz et al., 2004) suggested that scouring would not influence the water quality in
the harvest well. Levy et al. (2011) demonstrated in the same location, that a total height of
042 m sediment removal in seven months, and the maximum increase on hydraulic
conductivity was only 50%. An RBF field along the Thames river in the United Kingdom,
demonstrated that the water quality worsened due to flooding and inundation events and that
the recovery of the treatment ability took approximately six weeks (Ascott et al., 2016).
Another investigation at an RBF site along the Danube river in Austria, demonstrated that a
flooding event drove larger riverine bacteria into the groundwater system compared with
normal discharge conditions but this did not influence a closeby (550m) pumping well (van
Driezum et al., 2018). Berger (2002) described that in the flooding period, the removal rate of
protozoa is lowerdue to the scouring effect. A laboratory study by Gutiérrez et al. (2018)
showed that under a natural flow condition the infiltration velocity could be recovered to 84-
96% within 1-7 days. The study also demonstrated that flooding events could change the
water quality. Gupta et al. (2009) demonstrated in their study that the flood scouring would

not influence the colloid removal in the pilot-scale experiment.

At a MAR site, the clogging layer could be removed by remedial techniques including
scraping, disking, and tillage (Bouwer, 2002). Greskowiak et al. (2005) studied the
hydrogeochemical changes in an operation cycle of a MAR site in the Lake Tegel, Berlin,
Germany, where the declogging is done mechanically with a dredging depth of 10cm. At the
end step of one operation cycle, the scraping of the clogging layer would drive the infiltration
rate from almost zero back to around 2 m/d and fully saturate the unsaturated zone below the
pond bottom. However, there was no conclusion on whether the declogging would worsen the
treatment efficiency. A study by Grischek et al. (1998) highlighted a possible negative
influence from declogging, where the removal of the POC pool might limit the denitrification

efficiency. Another study by Escalante et al. (2015) demonstrated the technical record on how
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to remove the clogging layer by tractor and excavator. However, there are only relatively few

studies on the clogging removal of RBF sites.

1.4.3 Influence from hydrogeological conditions

Traveling distance is a crucial issue on the NOM removal efficiency with a site-specific effect
(see section 1.2.2). Hiscock (2005) described the flow path after the colmation layer as having
low degradation and sorption but high mixing processes. The traveling time is often adopted
in the guidelines as an essential requirement for setting up an RBF site, (e.g., 60-day is
assumed as a threshold for the pathogenic bacteria removal in Netherland (Schijven et al.,
2003)). Most recorded RBF wells are located at alluvial aquifers (Ray, 2002b). In these RBF
wells the traveling time is strongly depended on the local hydraulic conductivity while the
different flow path is decided by the geological heterogeneity. Champ et al. (1979) subdivided
the redox process in groundwater as a closed or open system. The main difference between an
open and a closes system is that the reaeration process in the open system would keep the
aquifer in aerobic condition. After investigating an RBF site at Liao River, China, Su et al.
(2018) concluded that distribution of the redox zonation and its extent would be dominated

not only by the hydraulic conductivities at the riverbed but also the aquifer.

Theoretically, the distribution of the redox zonation along the aquifer is often the result of
both temperature and hydrogeological conditions. In the summertime, the warmer
temperature of the surface water travels further in conductive aquifers, which strengthens the
bioreaction along the flow path and narrow down the oxic zone. However, the shorter
residence time might be insufficient for redox reactions. This allows the further traveling of
both pollutants and electron acceptors (DO, nitrate) which drives the oxic zone to a larger
distance. Therefore the redox zonation in summer is the equilibrium state by the coaction of
the abovementioned conditions. In wintertime, the oxic zone enlarges due to the faster
traveling time together with the low bioreaction rate according to the cold temperature. For
aquifers with low conductivity, the oxic zone is squeezed into a much smaller dimension due

to the long travel time, both in summer and winter.

The redox zonation is not only site-specific but also heterogeneous within one RBF site. This
local heterogeneity may drive the redox zone distribution to have a distinct pattern along the
different flow paths. Kedziorek et al. (2008) demonstrated at an RBF site at the Lot river in
France that asubstantial difference of DO and nitrate concentration between two observation
wells. The more distant well showed fewer electron acceptors consumption while a closer

well showed much lower DO and nitrate concentration.

In bank filtration the groundwater table re-aeration process along the flow path also

influences the redox zone distribution. Kohfahl et al. (2008) compared the different aeration
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source by modeling simulation demonstrated that the oscillation of the groundwater table
controlled by the pumping activity is one of the most important reaeration processes. This
oscillation drove the redox zonation to be stratified vertically. An inversed redox zonation
distribution was also observed in the study by Su et al. (2018) at an RBF site beside the Liao
River inChina. The oxic zone was located at the bottom layer with more reductive zones
situated at shallower depths. Another extreme case of a very long oxic zone was observed in
the river Danube (van Driezum et al., 2019) where the suboxic zone extended until more than

500m from the riverbank.

1.5 Using temperature as a tracer

Along the propagation path, the amplitude of the temperature signal from the surface water
will be damped gradually and the peak will be shifted to later times. Based on this feature,
cross-correlation analysis has been used for estimating the travel time between observation
wells and river channel (Hoehn and Cirpka, 2006; Sheets et al., 2002; Vogt et al., 2009).
Mathematically, heat propagation could be described by a Conduction-Convection Equation
(Domenico and Schwartz 1998) which shares a great degree of analogy with the Advection-
Dispersion Equation of solute transport (Anderson, 2005; Hecht-Méndez et al., 2010; Kalbus
et al., 2006). Compared to hydraulic conductivity, which may vary by orders of magnitude,
thermal conductivity is much less sensitive to changing grain size. This promises less
predictive uncertainty and higher accuracy in flow calculations compared to hydrometric
methods (Rau et al., 2014; Stonestrom and Constantz, 2003). Investigations were undertaken
in quantifying the vertical flux in riverbed sediments by applying analytical (e.g., Keery et al.,
2007; Luce et al., 2013; Stallman, 1965; Suzuki, 1960) or numerical solutions (e.g., Koch et
al., 2016; Munz and Schmidt, 2017) to the 1D advection-conduction equation, and further
comparison with either surface-based estimation (Constantz et al., 2002; Ronan et al., 1998)
or physical methods (Zamora et al., 2008) of channel losses or with other tracers (Xie et al.,
2016). Analytical evaluation of the diurnal temperature variation furthermore allows the
identification of horizontal water flux in riverbed sediments (Munz et al., 2016), which is of

primary importance for hyporheic exchange and bank filtration.

Combined water head and temperature patterns could be used for estimating aquifer
permeability (Stallman 1963). Research by Bravo et al. (2002) and Munz et al. (2017)
illustrated that by considering heat transport, the model non-uniqueness could be reasonably
constrained and the accuracy of flux estimation could be improved. Numerical models of
different dimensions and extent have been adapted and calibrated against both temperature
and water head data. In two-dimensional cases, Mutiti and Levy (2010) demonstrated that an
increasing trend of riverbed hydraulic conductivity was preceded by extreme hydrologic

events. Burow et al. (2005) used a series of best-fit scenarios to quantify the seepage rate and

16



further estimate the potential dissolved organic carbon (DOC) loads. By adopting a two-
dimensional combined flow and heat transport model from a three-dimensional flow model,
Niitzmann et al. (2014) achieved a refined picture for investigating the groundwater-surface
water exchange process at the River Spree. In a three-dimensional case, Masbruch et al. (2014)
investigated the groundwater and heat transport in Snake Valley, USA, using a three-
dimensional, steady-state model. With respect to transient modelling, Mastrocicco et al. (2011)
compared the changes in parameters with a natural gradient test. Colombani et al. (2015)
recently coupled heat and a salt tracer together to depict aquifer properties on a small scale in
a forced gradient test. At a larger scale, research by Karan et al. (2014) has demonstrated the
modelling of water exchange in a heterogeneous flow field and specified the effect during
rainfall-runoff events. The temperature distribution is of interest also for the degradation of
compounds introduced by recharging groundwater from infiltration ponds and was simulated
(e.g., Engelhardt et al., 2014). In investigating managed aquifer recharge, Vandenbohede and
Van Houtte (2012) illustrated the change of groundwater residence times in a Belgian dune
area based on a flow and mass transport model (Vandenbohede et al., 2008). Seibert et al.
(2014) simulated the dynamics of chloride and heat distributions for the injection of treated
wastewater into a heterogeneous aquifer. Such changes are also the case for bank filtration,
and as Liao et al. (2014) stated, the most thorough way to interpret tracer investigations would
be a spatially-explicit modelling of coupled “river-groundwater” and “flow and transport”.
This was the approach of the recent work, though not for bank filtration, by Reeves and Hatch
(2016) in a synthetic study and by Munz et al. (2017) for a reach of a small river based on
field data. Few studies so far have used heat as a natural tracer for the numerical modelling of
bank filtration (Henzler et al., 2016) and almost none have investigated its details with 3-D

modelling of flow and heat transport, especially in areas with geological heterogeneity.

1.6 Motivation and research question

In this dissertation we focus the study area at an RBF site along a human-made canal at
Nedlitz, Potsdam, Germany. Similar to surrounding RBF sites, this canal is built on a
quaternary aquifer that contains highly heterogeneous glacial till deposits. Therefore, the local
groundwater field is also complicated. In order to increase the boat bearing capacity of the
canal it was reconstructed by deepening and reconstructing the canal bottom and setting up a
new bank protection area. The dredging included a 0.5-meter excavation and extra material
replacement reaching a depth of around 2 meters. The original protection material of the bank
was also removed and replaced. These construction changes to the canal were likely to
influence the flow field, thermal field, and further the redox reaction along the flow paths. As

it has been shown in the literature review, no study could be directly taken as reference for
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this project. For RBF sites, previous investigations were mainly about clogging and natural
declogging processes. For MAR pond and slow sand filtration systems artificial declogging
was primarily focused on the removal of the external clogging and did not typically reach the
deeper area, let alone the meters of change on the surface water bottom. This dissertation is
focused on the influence of the canal bed reconstruction on the water quantity, thermal field,
and water quality analysis, superposed by the great hydrogeological heterogeneity in the flow
field. The following part of this monography is categorized into four chapters, 1) Study area
and method, 2) Results of field observations including water chemistry , 3) Result of

groundwater flow and heat modelling, 4) Discussion and conclusion.

The study area and method section state the sampling related issues, the hydrogeological
condition of the investigation field, the method used for further data analysis, and the setting
up of the geological model for future modelling work. The study area section includes 1)
sampling events, which introduces the different sampling items, sampling equipment,
sampling frequency, and the sampling result; and 2) the local hydrological and geological
condition, which is the basis for future modelling work. The research method focuses on the
formula of heat transport, the step of stable isotope data analysis, the formulas for calculating
the SUVA and the ETC. The last section concerns the process for setting up the FEFLOW

model

The water chemistry study covers the analysis of the cations, anions, DOC, temperature
profiles, and stable isotope. Temperature profiles are used to illustrate the distinct flow path in
the near-bank wells caused by the local heterogeneity. Both the stable isotope result and the
main cations and anions analysis are used to distinguish the source of the groundwater. The
concentration of electron acceptors, together with DO are used to evaluate the redox zonation
distribution affected by the local heterogeneity and the canal bed reconstruction. The change
caused by the reconstruction on different electron acceptors and DOC is assessed by the

statistic test.

The fluid model is carried out using FEFLOW which was based on the geological model. It is
subdivided into a groundwater flow model and a heat transport model. The groundwater flow
model includes a steady state and a transient state model. The steady state model would be
focused on a global picture of the flow field and acts as the basis for the transient model
calibration. The transient state model highlights the observation points between the canal and
the production wells, calibrating the model by changing the hydraulic conductivities of the
geological components. The canal reconstruction is included in the transient model in a
lumped way. Since neither the elevation change nor deleting the element is feasible during the

simulation, the influence of the reconstruction is represented by the change of conductance in
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the canal bed. It is further compared with an assumed scenario without reconstruction. The
change of the infiltration rate and traveling time is also quantified. The heat transport model is
based on the transient model and evaluates the thermal field due to the seasonal surface water
change and air temperature change. Similar to the transient fluid model, two scenarios of with
and without hydraulic conductivity change are compared to show the influence of the riverbed

reconstruction.

The last section is a summary of the abovementioned chapters and further concludes the water
quantity and quality change brought by the canal bed reconstruction. Discussion is
categorized into five separate sections: 1) the flow field, 2) redox zonation, 3) treatment
efficiency, 4) the rehabilitation and reclogging process and 5) heat transport model.
Comparisons with other investigations are also made in the last section. The shortcomings of
the research with respect to modelling accuracy, the sampling frequency, and sampling items

are summarized, and recommendations are given to future studies.

19



Chapter 2 Study area and method

In this chapter, the section 2.1 (except the Water chemistry data and stable isotope data
sampling), part of section 2.2.2, and the section 2.3 are mainly adopted from the published
article ‘Impact of river reconstruction on groundwater flow during bank filtration assessed by
transient three-dimensional modelling of flow and heat transport’ by Wang et al. (2020),
which can be accessed online as https://doi.org/10.1007/s10040-019-02063-3.

2.1 Study Area

The study site is located in Potsdam (Brandenburg, Germany), where a riverbank filtration-
based waterworks is operated south of a human-made canal. The canal acts as the shortcut
between Lake “Weisser See” and Lake “Jungfernsee” (Fig. 2.1b), which is part of the Lower
Havel shipping route (Untere Havel-Wasserstrale) connecting Berlin with the lower River
Havel, sidestepping the city of Potsdam. Nearby, there are three other lakes, as is shown in
Fig. 2.1c. Aiming at higher capability for boat-bearing, a reconstruction work, including
renovation of the canal bottom and the canal bank, has been accomplished. Overall, it took
place from 17" June 2013 until 19" May 2014. Based on the engineering schedule, the canal
bottom was sectioned into four operational segments for performing the reconstruction works,
and the particular period of reconstruction works is shown in Fig. 2.1b and the more detailed

schedule is listed in Table S2.
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Figure 2.1. a) Location of Potsdam in Germany. b) Location of observation wells and pumping wells

Distributed Active Archive Center (LP DAAC) (2019) accessed on 24 September 2019.

A detailed sketch of the canal cross-section before and after reconstruction is shown in Figure
2.2. The reconstruction work directly deepened the canal by 0.5 m, and further modified
replaced the canal bed by adding more permeable material up to a depth of 2 meters. The

canal bank renovation started earlier than the bed reconstruction and continued along with the
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entire time frame. It kept the slope of the bank towards the canal bottom and replaced the
original protection material on the bank with new ones. As it has been shown in the previous
discussion, the external clogging layer was mainly within a depth of decimeters, while the
internal clogging is also within meters. The abovementioned renovation work has wholly
removed the external clogging area and replaced the internal clogging area with much more
conductive material during a short time frame. Together, it would drastically change the

hydraulic condition and the infiltration pattern.
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Figure 2.2 a) The canal cross-section profile before reconstruction and b) after reconstruction (adapted

from Doettling, 2014)

2.1.1 Sampling Events

Hydrological data and Temperature data sampling

The water level in the canal was adopted from two sampling stations separately in the up and
downstream of the canal. Due to the data availability, the data of the upstream station was

adopted before the date of 3 Dec 2013, where the measurement of the downstream station

continued until the end of December 2014. The two measurement time series was with a
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difference of only centimeters, and no bias correction was made. The temperature of the canal
for the research period was retrieved from two stations as well. Temperature data before
October 2012 were derived from a gauging station around 6 km upstream, in a parallel branch
of the river Havel flowing through the city of Potsdam. After that time point, the temperature
was adopted from the same downstream logger as the water head measurement. The two
temperature time series showed good data consistency and thus were used in combination to
define the canal temperature for the entire simulation period. Daily precipitation and air
temperature (2 m above ground) were measured at the nearby Leibniz Institute for

Agricultural Engineering and Bioeconomy (ATB) about 2 km west of the study site.
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Figure 2.3 Observation points of different data groups.

Rl TR

For the groundwater sampling of the temperature and water head data, there are in total of 104
groundwater observation wells included within the study area. They could be further grouped
into three categories according to their sampling frequency and sampling procedure, while the

distribution of them is shown in Fig. 2.3 and Fig. 2.1b:

(i) Water heads were measured in 89 observation wells distributed within the study site (green
points in Fig. 2.2) in mid-April 2012. The filter screens are mostly 2 m long, while the bottom
elevation varies from 19 to 34 m. These water heads were used in the latter study as the

calibration targets for a numerical steady-state flow model.

(i) Water heads and temperatures were measured continuously at 15 observation wells using

automatic data loggers with time intervals varying between 5 minutes to 6 hours (Rugged
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TROLL 100, In-Situ®, United States) with an accuracy of + 0.01 m for water head and + 0.3
K for temperature. Measurements took place from June 2009 to December 2014. Most of
these observation wells (except U100) are located between the canal and the pumping well
group, and some of them are situated along the canal banks (Fig. 2.1b). Some of the
observation wells (W03, W04, W07, and W09) comprise two adjacent wells with different
filter screen elevation, which is denoted by HIGH (upper well screen) and LOW (lower well
screen) (Table 2.1). For the observation wells W03, W07 and W09, the data loggers in HIGH
and LOW were set at the same elevation. These water heads were used as calibration targets
for a transient flow model.

(iii) Representative groundwater temperatures were measured in 12 observation wells weekly
or biweekly, over 18 months from June 2013 to December 2014. Except for two additional
measurements in W05 and W06, the sampling points are identical to the group (ii). These

temperatures were used as calibration targets for the heat transport model.

Table 2.1. Configuration of the observation wells located between the canal and the pumping well
group (except U100 which is located at the northern bank), sorted with increasing distance to the canal;
and the number of hydrochemical and DOC samples analyzed, subdivided into the ones before

reconstruction started and the one after the start of the reconstruction.

Elevation Hydrogeochemical
. analysis sample DOC sample number
Well Well Name (mas.l) Dtl(s)t?;ge number
Name  (abbreviation) Data Screen  canal (m)  Before After Before After
logger Bottom Reconstr  Reconstr  Reconstr  Reconstr
U100 U100 20.4 -1.21 16 12 10 12 18
WO03hi6H WO03H 20.5 18.8 33.9 20 15 20 23
WO03Low WO3L 20.6 -0.2 35 20 18 20 20
WO04hiGH WO04H 20.5 20.1 126.2 19 17 19 25
W04Low WO04L 16.5 0 127.3 19 16 19 24
WO07umicn WO7H 25.1 23.3 13.2 8 18 8 26
WO07Low WO7L 25.1 17.8 13.5 8 18 8 26
W08 W08 22 17.8 13.5 8 18 8 26
WO9niGn WO09H 26.5 22.7 16.3 8 13 8 21
WO09Low WO9L 26.4 16.6 16.7 8 17 8 25
Canal - - - 0 40 18 45 32

Water chemistry data and stable isotope data sampling

The water samples were collected by field sampling campaigns with different sampling
activities. In situ measurement started at different times for different points. Measurement for
W03 and W04 began from July 2007, U100 from August 2009, and W07, W08, W09 from
September of 2010. The time step started with three months, became weekly from March
2013, and switched to biweekly and monthly until February of 2017. Stable Isotope sampling
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overlapped with in sifu measurement starting from March 2013 to September 2014. The
sampling frequency for analysis of the dissolved organic carbon, the dissolved cations and
anions were less than in situ measured data. Also, there was a long sampling gap between
October 2014 and September 2015 (Table S1). The total number of SW sampling for DOC
was more than the cation and anions (Table 2.1). In situ temperature measurement with multi-

depth was with a frequency of one month, started from May 2015 to April 2016.

Temperature, DO, and pH values were measured in situ by the multi-parameter portable meter
(WTW ProfiLine Multi 3320, Germany). For temperature measurements in different depths,
temperature sensors were applied and put in the observation wells carefully, avoiding the
possible mixing effect. The temperature data was read once per meter until it reached the well
bottom. The concentrations of the cations and anions (Cl,, SO4>, NOs", NO,, HCOs", Na®,
Ca*", NH4", Fe**, K*, Mn?*', Mg?") were measured by Ion Chromatograph DX-120 (Dionex
Corporation); the DOC was measured by TOC-5050A, (Shimadzu) (filtered through 0.45 pm).
Analyses were performed by the Labor fir Wasser und Umwelt GmbH, Bad Liebenwerda
until September 2014, and then by the Geochemisches Gemeinschaftslabor, Technische
Universitdt Berlin until July 2017. The ionic balance error for observation wells varied from
0.7% to 1.5% in Labor fiir Wasser und Umwelt GmbH, which was fulfilling the criteria of 5%
(Hiscock, 2005). The concentration of HCOs3 is not available in the lab of Geochemisches
Gemeinschaftslabor, and therefore, it was calculated by the imbalance of equivalents between
the cations and anions. Measurement results of nitrate were frequently noted to be smaller
than the limit of detection (1 mg/L before September 2014, 0.375 mg/L after the September

2014). For the measurements of those cases, half of the limit value was adopted.

2.1.2 Hydrological Condition

Precipitation and groundwater recharge

During the research period, the average annual precipitation varied between a minimum value
of about 382 mm in 2011 and a maximum amount of 663 mm in 2010. For 2013 and 2014 the
annual precipitation was about 468 mm and 436 mm, respectively. On average, 122 rainy
days per year occurred between May 2009 and May 2015. The highest rainfall magnitudes
and intensities were observed mainly in July/August each year. The maximum rainfall
intensity was 42.8 mm/d. Also, for high rainfall intensities, no surface runoff was noticed at
the study site, and thus also high intense precipitation was assumed to recharge into the

aquifer without substantial losses at the surface.

The level of groundwater recharge was estimated based on a large-scale conceptual model

(https://maps.brandenburg.de/WebOffice/synserver?project=Hydrologie www_CORE&client

=core). In the study area, the evaluated ratio of (Precipitation - Actual evapotranspiration) /
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Precipitation between 1991-2010 varied from 18.7% ~ 19.7%, and a rounded-up value of 20%
was taken as a fixed recharge ratio in the following modeling work. Correspondingly, the
estimated yearly groundwater recharge ranged between 76.1 mm/year in 2011, as the driest

year, and 138.2 mm/year in 2010, as the wettest year.

The pumping rates at the waterworks slightly varied between 6000 m*d and 7000 m?3/d,
including a series of protection wells. Since July 2014, an extra remediation pumping (~2090
m?3/d) located east of the pumping wells of the waterworks (Fig. 1¢) was started but was not
related to the canal reconstruction measures. Overall, groundwater recharge in the catchment
area of the waterworks plays only a minor role due to the substantial contribution of river

bank filtration to the water balance.

2.1.3 Geological Condition

The research area is placed on highly heterogeneous glacial tills, which is similar to studies in
the nearby area, (e.g., Waterworks Tegel (Berlin, Germany) (Henzler et al., 2014; Henzler et
al., 2016; Wiese and Niitzmann, 2009)). The geographical features of the area are described
broadly based on a geological report on the Lower Havel waterways (Hydrogeologie GmbH,
1993). Surface elevation is, on average, 30 m a.s.l. (meters above sea level) in the lowlands of
the River Havel, while some hilly areas lie within the range of 40-50 m a.s.l., only a few hills
reach a height of 80 m. The RBF site takes place mainly through Quaternary aquifers, which
are semi-confined aquifers stratified by glacial till layers from the later Pleistocene. Featured
as relatively impermeable material, the glacial tills - from the bottom to the top - were formed
in the Saale I glacial period, Saale II glacial period and Weichsel I glacial period, but the
structure and extent are substantially different between them. The glacial tills of Saale-I (SI-
GT) and Saale-II (SII-GT) cover most of the study area and join at some places that form
thicker glacial blocks. The youngest glacial till formed in the Weichsel I glaciation (WI-GT)
is the utmost glacial till of the study area and is not as continuous as the two former glacial
deposits. This is likely due to periglacial processes and erosion during the Holocene.
Especially in the area below the NDthe glacial till exists as a single lens and covers half of the
area of the canal bottom. Sand exists above the WI-GT, while mud, silt and lake chalk show
up at the lakes’ bottom. Stratified by semi-permeable glacial tills, the shallow aquifers could
be divided into four layers by their relative locations, which is a sandy aquifer (i) above WI-
GT; (ii) between WI-GT and SII-GT (iii) between SII-GT and SI-GT and (iv) below SI-GT.
At the bottom of the deepest of these Quaternary aquifers, a Miocene layer consisting of silt,
fine sand, lignite, and clay exists, which separates these shallow aquifers from the deeper
aquifers. Water exchange might occur at some locations due to the existence of

hydrogeological windows possibly formed by erosion during the Pleistocene.
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One hundred forty-five drilling wells together with nine geological cross-sections were
available as the basis for constructing the geological model (Fig.2.1c), while the drilling
information was not evenly distributed over the area. Most of the known boreholes were
located between the channel bank and pumping wells. Little information was available for the
southern and western parts of the study area. This asymmetrical distribution of geological
data led to uncertainty for the shape delineation of geological structures in the southwestern
hinterland but coincided with the objective of the study of focusing on the area between the
waterworks and surface waters. Sixty-seven drillings nearby the canal reached shallow depths
only (from 2.4 m to 23.23 m a.s.l.). Another 78 boreholes reached deeper layers. Few of the
drillings reached down to the Miocene layer. This implied that the uncertainty in the
geological structure increased with depth. Another uncertainty for the geological
categorization was heterogeneity and discontinuities because the unconsolidated structure of
the Quaternary layers might have well been modified by erosion after its formation. The final
result of the geological model is shown in Fig. 2.4 below, where all the glacial tills, sapropel

and silt were represented by the colored units.

I sin

WI-GT

SII-GT
SI-GT

Sapropel

Figure 2.4. Geological model as represented in FEFLOW, showing the units confining the sand

aquifers in between them; view from the northeast towards the waterworks in the center.

2.2 Research Methods

The study on the influence of the canal bed reconstruction and the local heterogeneity on the
RBF site could mainly be subdivided into a water chemistry study and a modeling study. For
the water chemistry analysis, the investigation was focused on both general flow field
characterization and redox zonation. At first, both stable isotopes and cation/anion were used
to characterize the different flow paths and their change caused by the canal bed

reconstruction. Based on the sampling result, the main ions were expressed in the form of the
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trilinear diagram (Piper, 1944), which is commonly adopted in hydrochemistry study (Fetter,
2018). The charting was done with GW_Chart, developed by USGS (Winston, 2000). Redox
condition in the aquifer was characterized by means of presence or absence of redox-sensitive
species (dissolved oxygen, nitrate, dissolved manganese or iron and sulfate) as proposed by
different studies (Champ et al., 1979; Massmann et al., 2008b). The comparison of change of
electron acceptors were classified into two groups that are before and after the reconstruction.
With the potential seasonal dynamic of DO and NOs", the temporal behavior is of interest as a
complete time series. For the electron acceptors Fe**, Mn?*, SO4* and NH4*, few studies so far
have shown the seasonal dynamic, and the sampling frequency in our study also allows for
monitoring seasonal dynamics however it is still too limited in describing the sub-monthly
dynamic of the ions. Violin plots were adopted to analyze the variation of these anions and
cations only separated into the category before (before 17" June 2013) and after (after 17
June 2013) the start of reconstruction. In subsequent, but separate studies, the transport and
fate of organic micropollutants at this RBF site have also been investigated (Munz et al., 2019;

Barkow et al., 2020).

In this method section, the usage of water stable isotope data, the calculation of the electron
trapping capacity (ETC), and the specific ultraviolet absorbance (SUVA) will be introduced.
The modelling study will be presented stepwise, by order of steady state fluid model, transient
state fluid model, and heat transport model. Since the model was built on FEFLOW, version
6.1 (Diersch and Kolditz, 2002), and as this is a widely adopted modelling tool, the theory of
fluid transport will be omitted, and only the heat transport theory will be introduced in section

2.2.2.

2.2.1 Stable isotope and water chemistry data

Stable isotope

Being part of the water molecule, both hydrogen and oxygen isotope ratios could act as
tracers for water sources investigation during surface water—well interaction (Hunt et al.,
2005). Krauskopf and Bird (1995) summarized three main mechanisms on isotope separation,
including (1) physical properties, (2) exchange reactions, and (3) reaction rate. While Freeze
and Cherry (1979) mentioned that in shallow groundwater systems, with normal temperature,
both '*0 and *H concentration could be taken as the characteristic property of subsurface flow
after the water flow below the soil zone. The measured concentration of both 30 and *H are

expressed by the notation of  values (in parts per thousand or %o), with the formula below:

R -R
5 — sample standard . 1 OOO (1)

standard
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In which the Rswndara denotes the Vsmow (Vienna Standard Mean Ocean Water), for which

%0 and 2H equals to 0 (Hiscock, 2005). Featured as a different source, the pristine
groundwater from further north and the newly infiltrated water from the canal might act as
two end members to show the difference in the plotting. With different mixing ratios, the
concentration observed in the wells can vary in between. A second-order parameter of

deuterium excess d was adapted to show the difference in plotting, with the formula:

d=5"H-8-6°0 )

Electron trapping capacity (ETC)

For the quantification of oxidation capacity, previous studies (Barcelona and Holm, 1991;
Heron et al., 1994) have suggested a method which simply summed up all the electron
acceptors weighted by the involved electron number. By only keeping the oxygen and nitrate
in the formula, Kedziorek and Bourg (2009) proposed a follow-up concept - Electron trapping
capacity (ETC). ETC could be used as an indicator to identify conditions favoring the
reductive dissolution of manganese and iron. The redox potential is not adequate to quantify a
range on the releasing of manganese and iron in the aquifer. Therefore the ETC represents the
quantity of electrons that O, and NOs™ are capable of trapping as groundwater moves from
oxidizing conditions to the Mn and Fe reducing environment. The higher the ETC, the less
reductive the conditions and the lower the probability of dissolution of manganese or iron
oxyhydroxides (Kedziorek and Bourg, 2009). Based on the review of previous studies,

Kedziorek and Bourg (2009) proposed the calculation formula of ETC as:
ETC = 4[0,] + 5[NO3] 3)

The [O;,] and [NO3] stand for the molar concentration of dissolved oxygen and nitrate, and
therefore, the ETC is expressed by the unit of molar concentration. The threshold ETC values
for manganese and iron dissolution are summarized based on both lab and field data and are

0.2 mM (manganese dissolution) and 0.1 mM (iron dissolution), respectively.

Specific ultraviolet absorbance

Specific ultraviolet absorbance (SUVA) is simply defined as the ratio between the UV
absorbance at 254 nm and the DOC concentration (Leenheer and Croué, 2003), as it is shown
in the formula below. It is a simple approach to differentiate the composition within the DOC
since humic substances and aromatic compounds usually shows higher absorption at the
wavelength of 254nm (Weishaar et al., 2003). Therefore, higher SUVA value stands for a

higher weight of the aromatic compound composition in the DOC.

29



UV3s4

Where the UV2s4 stands for the UV absorbance at 254 nm by the unit of m™!, and the DOC

stands for the dissolved organic matter concentration by the unit of mg-L!.

2.2.2 Heat transport model in FEFLOW

Mass and heat transport share more features in common and analogous partial differential
equations could be applied to both in subsurface flow (Hecht-Méndez et al., 2010). In
FEFLOW (Diersch and Kolditz, 2002), it is described as

— +a> )= —( )~ —)

Where ¢ is the time; ¢ is the effective porosity; p'and p* are the densities of the liquid and solid
phases, respectively; ¢’ and c* are the heat capacities of the liquid and solid phases,
respectively; T is the temperature; x; and x;j stand for the distance from the origin of the
coordinates at i, j stands for direction; q;" stands for the Darcy velocity component of the i
direction; A; stands for the total effective thermo-dispersion tensor, and QOr stands for the

source-sink term.

Formula 5 states that the change of heat stored in a control volume (the first term on the left-
hand side) results from the joint action of the source-sink term, the convection of heat in the
fluid phase and the total effective thermo-dispersion of both phases (as the terms on the right-
hand side). The effective thermo-dispersion term is approached in the form of Fourierian heat
flux in both solid and liquid phases governed by Fourier’s law. As a sum parameter, A;

includes three components, and the relationship can be shown as (Diersch and Kolditz, 2002)

= + + (6)
where , are the conductive portion of the thermo-dispersion tensors in the fluid
and solid phases, and is the dispersive part of the thermo-dispersion tensor in the fluid

phase.

In FEFLOW, the source-sink term, volumetric heat capacity, and heat conductivity are
defined separately for different phases, while the effective porosity and longitudinal and
transversal dispersivities are set for the bulk porous medium. Effective porosity mainly
controls the volumetric ratio between the solid and liquid phases, which is a difference in
solute transport. Taking water as the liquid phase, its physical parameters relevant to heat
transport are known, while parameters of the solid phase could vary and have been subjected

to calibration within the bounds of a reasonable parameter range.
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2.3 FEFLOW Model Set-up

The modelling domain is based on the groundwater head contour map, which was
interpolated based on water heads measurements of mid-April, 2011, according to the
environmental agency (MLUL Brandenburg), as it is shown in Fig. 2.lc. Another
interpolation of the measurements from mid October 2011 generally featured the same shape,
while the water head was globally 1 meter higher. The constant pumping activity in the
waterworks formed a large cone of depression. This pumping drove the groundwater table
decreasingly towards the depression. The water flowed through the quarternary aquifers and
converged at the pumping wells both from the canal and the area south and west.
Approximately 1 km south of the cone of the depression, the water head reached a maximum
of 34 m. a.s.l, and further formed a groundwater divide extending towards the south bank of
the lake “Jungfernsee”. In the west, the pumping activity did not have much influence as a
water divide that started from the southeast end of the lake “Fahrldnder See” and ended by
converging with the groundwater divide went through the high water head area (Fig. 2.1c).
Generally, the water head information was missing in the north, except for the area east of the
Lehnitzsee. About 500 m north of “Weisser See”, an area with higher elevation ran east-west
between the two lakes and forms a surface water divide. Taking this as a groundwater divide
as well, a separate northern groundwater sub-catchment could be delineated that not only
delivered water to the surrounding surface water but also contributed to the pumping wells’
catchment if the aquifer provided a hydraulic connection below the ND. In the northeast, the
more extensive water body of the lake “Jungfernsee” was included in the model domain as
fixed water heads. Together this outlined bounds of the modeling area which included the
whole catchment area of the pumping wells, the central area of interest between the pumping
wells, and the surface waters. Together, the entire domain covered a total area of around 6.9
km?, with a maximum extension of 3484 m and 3256 m in the north-south and east-west

directions, respectively.
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Figure 2.5. Mesh of the finite element model, top view with zoom-in into the area of the waterworks
(top right) and the Eastern part of the canal (bottom right). The area of the waterworks and the area of
the surface-water groundwater interface are refined, whereas the southwestern hinterland is coarsened.
In the top right graph, the area of the canal reconstruction considered in our study is indicated in dark

blue.

This model domain was imported in FEFLOW as a polygon. 30384 elements were generated
in the top layer accounting for the location of drilling boreholes, pumped wells, observation
points of the group (iii), and the banks of the canal and the shores of nearby lakes. Local grid
refinement was applied around the area of the ND and pumping well group with the final
element size between 5 m and 10 m. This aimed to better depict the relatively strong
hydraulic gradient caused by pumping. For the areas of less concern, the element size was
increased with distance from the area of interest, which varied from 10 to 300 m (Fig. 2.5).
After the initial generation, the meshes were smoothed to meet the Delaunay criterion. The
model was then vertically extended to represent the 3-D geological model, and in total,
including nine layers of main hydrogeological units (Table 2.2) supplemented by 12
intermediate cushion layers for improving numerical accuracy. The unsaturated zone on the
top was set as ‘phreatic mode’ in FEFLOW, implying that its hydraulic conductivity was
taken as the saturated Ki-value times the ratio between the saturated thickness and full

element height.
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Table 2.2 Attributes of 3-D model layers

Geological  Slice Attributes Geological Composition

Layer No.

s Sand layer sand, sapropel

2nd Main bulk of WI-GT = WI-GT, sand, sapropel

3rd Sand layer sand, sapropel

4th WI-GT lens, silt lens ~ WI-GT lens, silt lens, sand, sapropel
5t Sand layer sand, sapropel

6t Main bulk of SII-GT ~ SII-GT, sand, sapropel

7th Sand layer sand, merging part of SI-GT and SII-GT
gt Main bulk of SI-GT SI-GT, sand

gth Sand Layer sand

2.3.1 Groundwater Flow Model

A steady-state model was run and calibrated to provide a consistent representation of the
geological structure and their corresponding hydraulic parameters. The auto-calibration of the
model was based on the observed water heads at 104 locations distributed within the study
site (data groups (i) and (ii)). A Dirichlet boundary of 29.5 m was chosen for the surface
water bodies. The pumping wells were set as multi-layer wells with a total pumping rate of
6556 m*/d. The distribution of the total pumping rate to each layer in contact with the well
screen was calculated based on the particular Krvalues and the hydraulic head distribution in
this layer. In the steady state model, water level and pumping rate represented the meanvalues
measured between mid-March and mid-April 2012, a period chosen because of the high
density of measured data. Groundwater recharge was set as 0.3 mm/d, which represents 20 %
of the mean precipitation of 2011 and 2012. Average daily groundwater recharge volume at
the land surface of the model area was about 1780 m?/d and thus only about 21 % of the
average volume was pumped daily (sum of production wells of the waterworks and nearby
groundwater remediation wells). This reflected a high fraction of bank filtration at this site.
All outer boundaries not representing surface waters and the bottom of the model were set as
no-flow boundaries according to the configuration of the model domain. Saturated hydraulic
conductivities of the steady state model were calibrated using FePEST, integrating the
FEFLOW model into the PEST (Doherty 2015) framework. Parameter zones of homogeneous
hydraulic conductivity were defined based on the existing geological units. The parameter
ranges used in the calibration are given in Table 2.3. The objective function was based on the
observed water heads and the anisotropy ratio of hydraulic conductivities, ensuring vertical
conductivities (Ky) being linked to the horizontal ones (Kn, where Ky = Kx). A maximum limit

was set so that Ki/Kv must remain larger than 2 in all geological units, according to Todd and
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Mays (2005). Concerning data quality and spatial relevance, different weighting factors were
assigned to the hydraulic heads contributing to the objective function. The 12 observation
points of the group (ii), which were directly located between the canal and the pumping wells,
were given a weighting factor of 10, while for the remaining observation points of the group

(1), it was setas 1.

Table 2.3 Model parameters and ranges of the hydraulic conductivities used for the calibration of the
steady state model (Domenico and Schwartz, 1998; Holting and Coldewey, 2013).

Attribute  Specific  Specific Hydraulic Conductivity (m/s)
Yield Storage Minimum (m/s) Maximum Initial value
(%) (m™) (m/s) (m/s)
Sand 23 1.0E-04 1.0E-05 1.0E-03 1.16E-04
Silt 8 1.0E-04 1.0E-09 1.0E-05 1.16E-06
Sludge 23 1.0E-04 1.0E-09 1.0E-03 1.16E-05
Glacial tills 6 1.0E-04 1.0E-12 2.0E-06 1.16E-06

A steady-state model is only an approximation that can neither reflect the influence of the
variation in water heads on the surface water nor adapt to the changes induced by the river
reconstruction. Taking the steady-state model results as a starting point, a transient flow
model was created to simulate the temporal variation in the groundwater flow system caused
by the transient condition in surface water heads, pumping rates and groundwater recharge,
and the changing riverbed hydraulic conductivity induced by the river reconstruction
(decolmation). To achieve a better vertical resolution, the relatively thick aquifer layer was
subdivided into six extra slices in the model. The hydraulic heads of the steady state model
were used as the initial condition for the transient simulation. The model boundaries were
consistent in type with the steady-state model, but now applying daily average values
obtained from the measured time series. The specific yield was set as 6 % for glacial tills, 8 %
for silt and 23 % for sand (Domenico and Schwartz, 1998), and specific storage was taken as
1 x 10* m'! (Freeze and Cherry, 1979). Limited by the computation time, an automated
calibration of the hydraulic conductivities was not feasible. Therefore a manual calibration by
trial and error was performed. The transient simulation model was set to start from mid-June
2010 and covered a period of four and a half years until the end of December 2014. For
observing water levels in the surface waters, two gauging stations were available near the ND
with good data consistency, and these observation points were complementing each other
throughout the whole simulation period. Groundwater recharge was taken as 20% of the daily
precipitation and applied at the top slice of the model domain, as a rough average though this

does not account for the time needed for passing the unsatured zone.
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The reconstructed area was subdivided into four parts, where the division between east and
west follows a bridge crossing the canal, and the division between north and south
corresponds to the middle line of the canal (Fig. 2.1b). As is depicted in Fig. 2.2, the
excavation directly deepened the canal by 0.5 m and replenished the deeper area with new
material. In the model, all grid elements located in the channel area with a top elevation
higher than 24.5 m were assumed to be influenced by the excavation. Since it was impossible
in FEFLOW to remove whole elements during a transient simulation, the change in hydraulic
resistance was instead implemented indirectly, i.e., all elements affected by the excavation
kept their shape but achieved an increased hydraulic conductivity. In the model, the canal area
was subdivided into four separate parts (Fig. 2.1b) and the hydraulic conductivity increased
successively consistent with the schedule of the reconstruction (Tab.S2). The hydraulic
conductivity increased linearly from the original level in to the final. The value was fitted
manually to reproduce the increasing water head after the start of the canal reconstruction and

the finally adopted values were Kyy = 1.16 x 10 m/s and K, = 2.31 x 10~ m/s.

2.3.2 Heat Transport model

The transient heat transport simulation was carried out from mid-June 2010 to the end of
December 2014, corresponding to the transient flow model. The heat transport model adds the
energy balance equation to the flow model using its Darcy fluxes as input. Other parameters
describing the heat transport were effective porosity, thermal conductivities, heat capacities
and dispersivity in the longitudinal and transversal directions. Dirichlet boundary conditions
were assigned to the surface water bodies according to measured river temperatures and land
surfaces according to measured air temperatures. The remaining boundary conditions were
defined as no-flux boundaries. All temperatures were applied as the time series of daily-
averaged values. The initial temperature in the model was set to 11.5 °C, which was the

temporal average of all observed temperatures.

With respect to heat transport, in FEFLOW, the volumetric heat capacity (¢) and heat
conductivity (4) are defined separately for the solid and liquid phase, while the total
porosity (g), the longitudinal and transversal thermal dispersivities (14P) are set for the bulk
porous medium. Total porosity mainly controls the volumetric ratio between the solid and
liquid phases, as both phases contribute to heat transport, which is a difference to non-
sorbing solute transport. The total porosity of the glacial tills and sapropel sludge were
inferred from saturated gravimetric moisture content and grain density of sediment samples
taken in the river section at the south end of the Fahrldnder See. The average value of the
total porosity was 0.26. The thermal parameters (heat conductivity, volumetric heat capacity,

and thermal dispersivity (longitudinal and transversal)) of the existing geological units were
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adapted during manual calibration. The parameter range used varied between 1.6 W m'//K
and 6.8 W m''/K for thermal conductivity, between 1.8 MJ m=/K and 3.2 MJ m*/K for the
volumetric heat capacity, and between 0.1 m and 1 m for the longitudinal thermal dispersivity
following established literature values (VDI 4640/1, 2010; Abu-Hamdeh, 2003; Stonestrom
and Blasch, 2003). Gelhar et al., (1992) summarized the studies existing at that time and
showed that longitudinal dispersivity is bigger than transversal dispersivity, in the horizontal
as well as vertical direction. In this model, the transversal dispersivity was set to 10% of the
longitudinal value, which is a common assumption and experimentally supported by the study
of Huang et al., (2003). To illustrate the uncertainties in simulated temperatures resulting
from the given range in thermal parameters, two extreme scenarios were adopted representing
good ability (minimum ¢ and maximum 4) and limited ability (minimum A and maximum c)
of heat transport through the saturated porous media. The accuracy of temperature simulations
was quantified by the deviation in the timing of the maximum summer temperature or the
minimum winter temperature (A®) and by the availability and difference in temperature
amplitude (AA4) between simulated and observed temperatures. For these analyses, the
measured groundwater temperatures of the group (iii) were used as they are assumed to be
representative of the groundwater temperature and directly linked to the position of the filter
screen of each observation well. Since no sampling data were available for W05 and W06 and

instead, logger temperatures were used for calibration.
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Chapter 3 Results of field observations including water
chemistry

Direct plotting and analysis of the water head, temperature, and water chemistry data give a
basic insight into the local flow field and thermal field before modeling research. The redox
zone distribution can be directly displayed by plotting electron acceptors and DOC levels.
Influence from the canal bed reconstruction superposed by the local heterogeneity is
examined by comparing the results of before and after the reconstruction period. This chapter
first emphasizes the data which can depict the flow field and its changes. The flow field is
characterized by the water head, temperature profile, stable isotope, and the main cations and
anions analysis. The redox zonation and the DOC decrease are interpreted accounting also for
the electron acceptors concentration change. SUVA is introduced to see the difference on the
potential of DBP formation. The range of the sampling and measurement results are listed in
Table 3.1. Each measurement item was categorized into before the reconstruction and after
the start of reconstruction (separately before and after 17 June, 2013). The two subchapters
3.1 and 3.2 are adopted from the published article in Hydrogeology Journal named ‘Impact of
river reconstruction on groundwater flow during bank filtration assessed by transient three-
dimensional modelling of flow and heat transport’ by Wang et al. (2020), which can be
accessed online as https://doi.org/10.1007/s10040-019-02063-3.

3.1 Water head observations

The observed water head in the near-bank wells together with the water level in the canal is
shown in Fig. 3.1a. Featured as a canal section with a relatively stable water level, the
seasonal variation of canal stage during the sampling period was relatively small (29.17 m to
29.86 m a.s.l.). Especially after August 2013, the water table in the canal fluctuated only
within a range of 20 cm. Influenced by the pumping activity from the nearby waterworks, the
pattern of a losing stream was evident by the lower water heads in the observation wells than
in the surface waters. Further along the groundwater flow path, the water heads dropped to
below 25 m a.s.l when reaching the pumping wells, as it is shown in Fig. 2.1c. From the start
of reconstruction, an increase of around 0.5 m in water heads could be observed in W07.ow,
W08, and W09Low, while there was no increase in the surface water levels. Also, it correlated
with neither the observed daily precipitation (Fig. 3.1a) nor the remediation pumping activity,
which started from the end of the reconstruction. They reached a relatively stable, though

higher, plateau after about three months.
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Different from W08 and W09Low, the increase of W07.ow started earlier than the starting of
the reconstruction and then a noticeable drop occurred a few months after the completion of
the reconstruction. This increase and drop can be separately attributed to the earlier work of
the bank protection removal and a possible local reclogging process along its infiltration path.
For the wells with longer distance or deeper screen elevation, W03uign, W03Low, and U100
are shown in Fig. 3.1b. Featured as the deep near-bank well in the north, the water head in
U100 was around 0.5 m higher than the deep well of W03Low in the south. This indicates that
the groundwater flow direction in the deeper aquifer can be from U100 or even further north
towards the south. The water head in W03nign was about 1 meter lower than WO03row. The
increase of the water head driven by the reconstruction can also be observed in W03 and

U100 (Fig. 3.1b), and the amplitude was similar to the near-bank wells.
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Fig. 3.1. a) The observed water head in ND canal and observation points W07cow, W08 and W09Low. b)
The observed water head observation points W03uicn, WO03Low and U100. C) The total pumping rate
from the water work. d) Scatter plot of water heads in observation wells W07Low, W08 and W09Low
versus water head in the canal. e) Scatter plot of water heads in observation wells W03uicr, W03Low

and U100 versus water head in the canal.

The change of the water heads from before- to after reconstruction can be better illustrated by
a scatter plot of water heads between the observation wells and ND (Fig. 3.1d-e). These
scatter plots of water heads can be separated into two or three groups shifted to larger values
along the x-axis indicating larger groundwater heads. The three groups represent the periods 1)
before reconstruction, ii) during reconstruction work, and iii) after reaching a new plateau at
the end of the reconstruction period. Most of the observation points behave similarly. This
behavior may be attributed to either a coincidental earlier rise before reconstruction or a drop
some months after completion of the reconstruction. Due to the the large dredging depth of
the reconstruction work, both the internal and external colmation layers were completely
removed. The low permeable glacial tills below the river bottom was also largely eliminated
which might have created highly conductive windows and even continuous conductive areas.
These changes can increase the hydraulic connection between the canal and aquifer. Given

the pumping amount was operated with a groundwater abstraction similarly as before, this led
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to a smaller hydraulic gradient needed to maintain the water flux towards the pumping wells

and thus made the water heads between the canal and waterworks increase.

3.2 Temperature observations

As an annually periodic signal, the temperature time series collected by the logger roughly
had the form of a sine function in the canal (Fig. 3.2). During the three-year sampling period,
the temperature peaked at around 25 °C in summer and it’s minima was approximately 0 °C
in winter. This original signal was smoothed, damped, and delayed on its way from the
infiltration at the canal bottom and banks to the observation wells. The distance from the well
WO07Low, W08, W09Low to the canal is similar, as well as the elevation of the data loggers
installed inside the wells. The temperature patterns in those wells featured with significant
differences in both amplitude and peaking time (Fig. 3.2a). The temperature in W07row
varied from about 20 °C to 5 °C and showed the largest amplitude among the three. The
temperature in W09.ow varied between 9 °C and 11 °C before reconstruction and 8 °C and
13 °C after reconstruction which was the smallest amplitude of the three wells. For the time
shift, the peak time for W07.ow was delayed by weeks, but for W08 and W09Low, the pattern
was shifted by months to a year. This indicates that there is a distinct thermal distribution
along these three flow paths, where the propagation speed reaching W07 was much faster
than the other two. At the more distant wells (Fig.3.2 b), the annual cycle was further damped
in W03row, and almost disappeared in W04row and the deep well of U100. In U100, the
strongly averaged temperature pattern was around 1 °C lower than in W04Low, which might
have been caused by the difference in water composition. Part of the water flow in U100

might have originated from the pristine remnant groundwater in the north.
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Fig. 3.2 The observed time series of temperatures in the canal and at observation points of a) W07row,
W08 and W09Low, b) WO03Low, W04Low and U100. All of the time series were measured with

automated data loggers installed in the observation wells.

Vertical groundwater temperature profiles recorded after reconstruction are displayed in Fig.
3.3, where the topmost points reflect the temperature 5 cm below the soil surface, according
to weather station data of Leibniz Institute of Agricultural Engineering and Bioeconomy
(ATB). For W08 and W09Low, the temperature curves converge from the seasonally highly

variable topsoil signal to a stagnation point with a narrow range (10.5~13.4 °C for WOS,
11.7~13.1 °C for W09row) that is near the groundwater table. However, they diverge again

with increasing depth. This could reflect that there was a horizontal groundwater flow from
the canal towards the pumping wells because the temperature signal from the land surface
was damped prior to reaching the groundwater table. A similar principle was also applied in
other studies for estimating surface water infiltrating into the aquifer (e.g., Duque et al. 2010;
Ferguson & Woodbury 2005). For the temperature profiles close to the bottom, the amplitude
and timing were similar between W08 and W09.0ow and intensified downwards. Here, the
temperature variations brought by the water flow combined with heat conduction were
anticyclical to the surface temperatures and thus worked against the heat transferred via the
vadose zone. In comparison of W08 and W09Low, there was a reduced amplitude and later

arrival of the temperate variations at the data logger with continuous recording in W09Low.
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However, this was due to the higher position of the data logger, which was much closer to the

stagnation point.
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Fig. 3.3 Temperature profiles in three observation wells after the reconstruction. The various colorful
dots denote to temperature data sampled in different depths during the sampling time-period. (a) is the

temperature profile in W07row, (b) is in W08, and (¢) is in W09Low, respectively.

For W07row, the temperature profile has an inverse shape compared to W08 and W09row.
The variation range reaches the largest within the first ten meters, then decreased with
increasing depth. It shows a zone with modified profiles at just about the groundwater table
and then converges to a steady temperature area at the bottom without significant shifts in
timing throughout the profile. With similar external influences (precipitation, land cover, air
temperature, etc.), this indicated that there was an influence by groundwater flow, but one
which primarily occured at the top few meters below the groundwater table and little to none
in the deeper parts of the profile. Altogether, this type of temperature profiling gave
additional indications of the vertical distribution and strength of the groundwater flow which
could be used as information for the groundwater flow model as well as a reference for the

heat transport modelling.

3.3 Stable water isotopes

Different from heat, which can also propagate in water through conduction beside the
advection, stable isotopes are the most conservative tracers since they transport as part of the
water. Stable isotopes can better reflect the flow field condition. In this study, since the
sampling of stable isotope data was ended shortly after the accomplishment of the canal
reconstruction, the analysis of plotting results can only reflect the flow regime up to this time
point. The moving average (window length covers four samples) of the '%0 in four

observation wells (W03Low, W04Low, WO07uiGH, U100) and the canal were plotted in Fig. 3.4a.

43



0 IT X T T T : T
i i -+ WO04L
2} i | ~-WO3L |
Ny ! ; =+ WOTH
~— H
o -4F ; : —+-Canal 4
() 1 i v .vv.‘_.v‘
e ot -6 i ,;t;tﬂ‘:{;v"_'-"“‘. e 44‘ ,"mhiq“i #\1&- ::: t g y
7 Sgad. b B L]
m 4’4. “‘14" J ’(.ra‘r. ) *-’_\
D :‘::;“E"ﬁ ""'"“M’--'.’ A ..,..."
b Wy : Ry o Bp00 -
Bl eeay T
_1 0 L L L

2013.Mar 2013.Jun 2013 Sep 2014 Jan 2014 Apr 2014 Jul 2014.Oct
Time (year.month)

(a)
- < WO04L * WO4H
g L » WO3L * WO3H
X 20 . + WO7TL * WO7H
a2 " ] S W08  * WO9H
o 10 . oy . . . + WO9H + Canal
1 " é %y " . U100 - Precipitation
L ok - " t: Sl . .
g : = " .V .+ L ] -
— L L NIREE L T
qh, 10 » g W u -
5
d’ '20 B " v .
o L L 1 2 '
-10 -8 -6 -4 -2
Delta'30(%o)
(b)

Fig. 3.4 a) Linear plot of delta '%0 for observation wells of W03Low W04Low WO07wiga U100 and
the canal by a moving average with the window size of four (around one month). b) Scatter
plot of deuterium excess versus delta 80 for groundwater wells and local reference measurements in
the canal.

Before reconstruction, the sampling results of all wells in the three months were stable, and
the lowest 30 level was observed in deep wells of U100 and W03Low. The other deep well
WO04Low showed the highest '30 level, while the near bank well of W07uign and canal were
located in between. From the beginning of the reconstruction, the dynamic change of 30
occured in all observation wells. By January of 2014, the '3 0 measurement in the canal and
WO07micn climbed to the top, whereas W04row kept oscillating at a similar level as before the
reconstruction. U100 and WO03ow remained the lowest. A rising trend occurred in both wells
reaching the level of W04.ow by the beginning of 2014. From January 2014 to April 2014,

the '80 in all wells showed the dynamic change in the overlapping area, except for U100,
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which dropped in March 2014. After the completion of the reconstruction, W04row kept a
similar  '80 level as WO07mcn and SW, while U100 was maintained at the lowest level.
WO03Low was located in between, except for a period between May 2014 to July 2014, when it
fells as low as U100. It hinted that the water flow through WO07uign could be traced back to
the canal, while the deep wells W03Low and U100 may be contributed by the same origin.
After reconstruction, the water source of W03 ow was possibly shifted towards surface water,
as its 180 level got closer to the canal and W07uigu. Limited by the sampling time both
before and after the reconstruction, the origin of water flow through W04Low is difficult to
determine here, however, it is closer to the canal and W07uigu than the other two deep wells.
With the help of the water chemistry data analysis (mainly Piper plots), the water flow
through W04 will be further investigated in chapter 3.4

By plotting all the observation wells together with the precipitation as %0 versus Deuterium
excess (Fig. 3.4b), it is shown that the '80 is widely distributed but mainly between 4%, and
-9%o. Within this range, the sampling results of observation wells can be categorized into two
groups. Results from all of the near-bank wells and the shallow distant wells together with the
canal can form a large scatter indicatingthe dominant water source as the infiltrated Surface
water (SW). Similar to the previous result from Fig. 3.4a, deep wells of both W03Low and
U100 showed overlap and deviated from other observation points. As it was discussed in
Section 3.1, the hydraulic gradient between them suggested a continuous groundwater flow
path from U100 to WO03Low. For U100, in consideration of its distinct %0 level, it may be
composed of the remnant landside groundwater from further north. Therefore, the
composition of the water flow through the deep aquifer could be a mix of both the landside
groundwater and newly infiltrated SW. The other deep well, W04Low, was mainly located
within the scatter of the shallow water wells except for some points of low !80, which could
be a mix of both, however with larger contribution from the SW. Based on this result, the
local flow field in the RBF site can be categorized into two flows: 1) SW infiltration which
was dominant in the shallow aquifer, and 2) deep aquifer flow from the north with a possible
contribution from the infiltrated SW. By the difference in riverbed saturation condition, deep
groundwater flow, etc., Hiscock and Grischek (2002) defined six different flow conditions for
RBF sites. Different from the majority cases in which the deep groundwater flow is neglected,
the RBF situation in this study can be categorized as the 3rd field type showing a groundwater
flow below the canal and a saturated riverbed. A detailed categorization of RBF flow

conditions can be found in Hiscock and Grischek (2002).

3.4 Water chemistry type
The sampling of water chemistry data after the reconstruction was done continuously and

frequently only in the year 2016 and 2017. The data from this period was used to evaluate the
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water chemistry conditions and their change caused by the reconstruction. Piper plots were
used as a first evaluation method. As shown in Fig. 3.5, the point distribution of all wells and
surface water was located nearby the boundary between calcium sulfate water and calcium
bicarbonate water. Before the reconstruction, as the representative of mixture between
remnant landside groundwater and infiltrated SW, U100 featured a lower proportion of CI°
and SO4* than water sampled from the canal in the anions distribution (Fig. 3.5). It could be
grouped as the type of calcium bicarbonate water. The water sampled in the canal was
distributed across both water types with samples of calcium sulfate water being the majority.
All the near-bank wells (W07, W08, W09) and the shallow distant wells (W04uiGu, WO03HiGH)
could be categorized as calcium sulfate water, which was closer to the SW than to the U100.
It was consistent with the result from the stable isotope analysis that the flow in the shallow
aquifer was dominant by the SW infiltration. For deeper wells, the sample distribution of
WO03Low overlapped largely with the position of U100, and the water type was therefore
grouped as calcium bicarbonate water before the reconstruction. Similar to the plotting result
of the SW, the plotting result of W04 distributed right at the border between the two water
types before the construction, higher in the concentration of CI' and SO4* than in W03Low

and U100.

After the reconstruction, there was a general rise in the share of CI- and SO4*. In the canal
water, the sample result was still at the border between the calcium sulfate water and the
calcium bicarbonate water; however, closer to the calcium sulfate water. For U100, the water
type continued like the condition before the reconstruction. Some samples lay in the domain
of calcium sulfate water type. For the near-bank wells (W07, W08, W09) and the shallow
distant wells (W04 niga, W03mign), the water remained calcium sulfate water, which was
closer to the water of the canal. For wells in the deep aquifer (W03Low, W04L0w), a strong
rise of around 20% in the share of Cl- and SO4+* could be observed, which drove the shift
from calcium bicarbonate water to calcium sulfate water. The distribution position of water
type became closer to the SW than to U100. The change in the plotting pattern indicated a
variation in the flow field. In the shallow aquifer, since the water source was still SW
infiltration, the plotting pattern was consistent with the condition before the reconstruction.
However, the increasing infiltration rate caused by the rising canal bottom permeability could
not be depicted by this piper plot result since the water chemistry in those wells were
dominated by the SW continuously. In the deeper aquifer, the change can be shown by the
rise in the share of Cl and SO4*. This indicated an increasing contribution ratio of the
infiltrated canal water in the deep flow path caused by the reconstruction, which was mainly

caused by the increasing net canal bed permeability.
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Fig. 3.5 Piper plot showing groundwater geochemistry from different observation wells, where black
points stand for data sampled before canal reconstruction, while green points stand for data sampled

after reconstruction.
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3.5 Redox zonation, ammonium, DOC removal

The redox zone distribution in the RBF site was influenced by both the canal bed
reconstruction and the local hydrogeological heterogeneity. The presentation is in the order of
the electron acceptors together with ammonium and then the organic matter (DOC and
SUVA). The comparison of electron acceptors was classified into two groups: before and
after the start of the reconstruction. Due to the potential seasonal dynamic of DO and nitrate,
the result for comparison will be shown as time series (Fig. 3.7-3.10). For NH4" and the
electron acceptors of Fe?*, Mn?>" and SO4*, few studies so far have shown the seasonal
dynamic and the sparse sampling frequency in our research also limited examining the
seasonal dynamics before reconstruction. Therefore, violin plots were adopted for displaying
the sampling result before and after reconstruction (e.g., Fig. 3.8). Standard boxplots are
shown within the violin plots. The hinges cover the first and third quartiles (the 25th and 75th
percentiles) and the whiskers extend an extra 1.5 times the interquartile range from the upper
and lower hinges. The values located outside were considered as outliers. A two-sides
Wilcoxon-rank-sum test (Wilcoxon, 1945) was used to test whether the change is statistically
significant. The null hypothesis (Ho) being tested is: ‘There is no substantial change between
the sampled result before the reconstruction and after the start of the reconstruction’. The
results of statistical hypothesis testing were listed in Tab. 3.3, where the statistically
significant results (P < 0.01) were highlighted in grey. The median value for some of the
electron acceptors Mn?*, SO4*, Fe*', together with ammonium and DOC were listed in Tab.

3.2. The whole test was carried out in the R language.

Table 3.2 Median value for part of the cation and anions, ‘Before’ stands for before the reconstruction
and ‘After’ stands for after the start of the reconstruction. The red, yellow and green colors stand for
increasing, constant and decreasing concentration, respectively. The number of samples for calculating

these concentrations are shown in Tab. S1

NH4" (mg/L) Mn?* (mg/L) SO4> (mg/L) Fe?" (mg/L) DOC (mg/L)
Before After Before After Before After Before After  Before After
0.07 0.05 0.05 0.02 8.90 7.60

U100 129 088 375 375
WO3H 0.74 064 555 520
WO3L 118 094 [HEE0NNESSN
WO4H 114 106 500 5.00
WO4L 155 096 520 470
WO7H 002 000 650 506
WO7L 625  5.60
W08 031 027 570 555
WO9H 322 316 126 077 570  5.60

WO9L 0.56 0.35 1.43 1.27 5.75 5.28
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Table 3.3 Statistical test results for the significance of the difference in mean concentration before the
reconstruction and after the start of the reconstruction. Significant results (P < 0.01) are highlighted in

grey. The number of samples for calculating the ions and DOC are shown in Tab. S1.

NH4" Mn?* SO4* Fe** DOC ETC

Canal 0.598821  0.342205 = 0.000002  0.000265  0.000002 0.011608
U100 0.000064 0.039527 = 0.000418 0.002691 0.782050  0.413471

WO3H 0.098034  0.002311 0.117090 0.018674  0.085586  0.012933
WO3L 0.000585  0.000033  0.000115 0.000175 0.103953  0.004359
WO04H 0.000046  0.000012 0.026494  0.033277  0.952690  0.000218
WO04L 0.047102  0.092498  0.001897  0.000008 0.151534 = 0.000103
WO07H 0.013214  0.000169 0.000614 0.018161  0.026825  0.748616
WO7L 0.000171  0.000373 0.001882 0.011649 0.061441  0.886701
W08 0.000124  0.002036  0.004481 0.000161 0.166815  0.006977
WO09H 0.000106 0.637612  0.184668  0.000039 0.941502  0.132318
WO9L 0.052315  0.000099 0.001150 0.173405 0.461500  0.005327

As it is shown in Tab.3.2, in general, a global decrease of the median concentration is seen in
DOC and Fe?*, while most of the increasing trend is demonstrated by NH4*, Mn?>* and SO4*".
For NH4" and Mn?*, the median concentration was very low, which was mainly within the 0.5
mg/L, both before and after the reconstruction, while for Fe?*, the median concentration was
higher but still be around 1 mg/L. Therefore, the change in those cation and anions were small
in absolute value. As one of the main anions, the median concentration of SO4% had a
maximum near 200 mg/L and the absolute change is larger than NH4*, Mn?>* and Fe*". DOC
median level which varied between 5 to 10 mg/L. Taking P<0.01 as the threshold for
determining the significant change, the results are shown in Tab.3.3. More than half of the
sampling items in different wells showed significant change (P<0.01, Tab. 3.3) after the
reconstruction, which was mainly cations and anions. DOC acted as an exceptional case,
where the change was only significant in SW. The detailed study of those water quality items

will be later in this chapter.

3.5.1 pH

The pH was taken in three selected sampling wells. Together with the canal this was plotted
in Fig. 3.6. pH value in the canal shows the most considerable variation, which varies mainly
between 7 to 8.5. The highest pH was measured in July and August of 2009, which were
separately 8.88 and 8.68, while the lowest value of 6.75 was measured in December 2011.
The near-bank well W07uigu and the distant well W04Low showed a similar pH level, which
was around 7.5, and the variation range was smaller compared with the SW. A larger dynamic
was observed in the last year the data was available and the minimum pH was still above 6.5.

Among observation wells, the highest pH level was observed in W09Low, which was on
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average 7.8. There was neither evident seasonal trend along the whole sampling period nor
apparent change after the reconstruction observed. This suggests a relatively stable and

neutral pH level along the entire study period.

9.5 T

8.5 < Canal

7.5F LT BT

6.5
2006.Nov 2008.Apr 2009.Aug 2010.Dec 2012.May 2013.Sep 2015.Feb 2016.Jun 2017.Nov
Time (year.month)

Fig. 3.6 Linear plot of pH for observation wells of W04Low, WO7niga, W09Low, and the canal.

3.52DO

For the DO source in the groundwater of an RBF site, Kohfahl et al. (2009) also proposed
three additional possible oxygen sources besides the infiltrating surface water: 1) infiltrating
precipitation, 2) the entrapment of air due to the dynamic variation of the groundwater table,
and 3) diffusive oxygen flux. For the infiltrated water along the flow path, DO was consumed
first before other alternative electron acceptors (Gross-Wittke et al., 2010), while the aerobic
condition can last from centimeter-level to kilometer-level (Kedziorek et al., 2008).

The difference in the flow path could play a decisive role in determining DO consumption.
According to the analysis of the samples, the seasonal variation range of the temperature and
DO concentration in SW were generally higher than in GW (Fig. 3.7). For SW, seasonal
variations range of DO and temperature were 3.15-14.44 mg/L and 0.3-26.7 °C, respectively;
for GW, the DO was in general below 2mg/L, most closely to 0 mg/L, except for WO7uigH.
While for seasonal temperature dynamic the varation range was between 4.1-22.3 °C
(WO07uign) and 11.0-13.6 °C (U100). There was a negative correlation relationship between
DO and temperature in both the SW sample and W07uign (Fig. 3.7a, b). Whereas it was not
observed in other wells (Fig. 3.7¢-3.7f). Except for W07uign, the DO kept an extremely low
concentration in the GW and even decreased to zero in most of the time (Fig.3.7¢-3.7f). Two
time-periods of general DO rise can be observed. The first one is from April 2013 to May
2013, before the reconstruction. The second general oxygen rise period is from August 2013

to November 2013, during the reconstruction period. It showed lower DO concentration than
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the previous one, however with great variation. By reviewing the raw data, the higher values
of the abovmentioned two periods originated from the in situ measurements. They could be
attributed to the pumping process during the field sampling, which might reaerate the
sampling tank and further lead to the rise of DO. Single high DO values in W09 were also
present, but are likely to be attributed to sampling errors, e.g., air bubbles trapped during

sampling before going to analysis in the lab and thus have to be considered as outliers.
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Fig. 3.7 The variation of dissolved oxygen (DO, mg/L) and temperature (°C) in the canal (a) and
observation wells W07uign, WO07Low (b, ¢), W08 (d), W09sicH, W09Low (e, f). Blue dots denote to DO;
cyan dots denote to seasonal variations of temperature. The two grey dashed lines in June 2013 and

May 2014 represent the reconstruction period in the ND.

Variations of the oxic zonation caused by the reconstruction were only evaluated in WO07uiGH
since the DO level was close to zero in all other observation wells. Consistent with the
seasonal dynamics, the observed DO level in W07mign declined in winter after reconstruction.
The DO level reached the maximum at the first tenable seasonal peak in the winter of 2014
and then dropped drastically in the winter of 2015 (Fig. 3.7b). Later in 2017, with the highest

measured DO level in the surface water, the observed value in W07mcn was the lowest. This
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indicated a larger consumption rate of DO as the electron acceptor and a larger scale of

biochemical reaction in the wintertime along the flow path to W07migH.

Comparing two near-bank wells, W07 and W09, which shared similar distance to the canal
and similar screen elevation (Tab.2.1), two individual horizontal and vertical DO patterns
could be observed (Fig. 3.7b-3.7f). In general, W07mcn (BR: 0.20-4.90 mg/L, AR: 0.00-3.93
mg/L) showed a larger DO variation than W09 mign (BR: 0.10-1.80 mg/L, AR 0.00-2.21 mg/L)
(Fig. 3.7b and 3.7¢). This clear difference between W07mcn and W09 can be generated
by the heterogeneity of geological composition between these two wells, which could be
hinted at by temperature profiles (Fig. 3.3). In general, it suggested a much shorter traveling
time in WO7uigu. Vertically, the stratification of DO pattern between W07uign and WO07Low
was observed, especially after excavation, which is similar to other investigations (e.g.,
(Massmann et al. 2008)). In contrast, both W09mcn and W09Low shared analogous DO
concentration. This suggested that the sluggish groundwater flow to W09uiga and W09Low
might supply enough retention time for the aerobic reaction on both wells. In contrast, for
WO07uicn and WO7Low, a tipping point might exist between the difference in traveling times
which would shift the redox reaction further into the suboxic phase.

Different from the near-bank wells, the distant wells and the deep wells showed much smaller
temperature variation amplitude and was even unobservable for W04 and U100 (Fig.3.8a, d,
e). The DO level in all the wells was mostly close to 0 mg/L. A general oxygen rise was
observed over the same period as the near-bank wells. This can be explained as the above-
mentioned in situ sampling error. The low DO level in those wells also hinted that there was
no reaeration process, similar to the aforementioned infiltrating precipitation or entrapment of
air after the infiltrating water passing the near-bank wells. This indicated a relatively close

groundwater system in this RBF field.
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Fig. 3.8 The variation of dissolved oxygen (DO, mg/L) and temperature (°C) in U100 (a) and
observation wells WO03uicH, W03Low (b, ¢), W04miGn, W04Low (d, e). Blue dots denote to DO; cyan
dots denote to seasonal variations of temperature. The two grey dashed lines in June 2013 and May

2014 represent the period of reconstruction in the ND.
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3.5.3 Nitrate

An important function of RBF is to decrease the nitrate concentration by the redox reaction as
nitrate is the next electron acceptor when oxygen is used up (Bourg and Bertin, 1993).
Denitrification is considered as the most vital reaction consuming nitrate (Aravena and
Robertson, 1998), while investigations also showed that the dissimilatory nitrate reduction to
ammonium (DNRA) process could also be accounted for declining nitrate concentrations
under anaerobic condition (Grau-Martinez et al., 2017). Between them, Korom (1992)
mentioned that denitrification is favored in groundwater systems over DNRA. Besides the
organic matter, an investigation by Brunet and Garcia-Gil (1996) showed that inorganic
compounds, such as H>S, could also be used as an electron donor for facultative anaerobic
autotrophic denitrification. It was observed in the later study at an RBF site in Saxony,
Germany (Grischek et al., 1998; Mallen et al., 1998), where Mn?*, Fe?* and HS" acted as the
electron donors to decrease the nitrate concentration. The process of nitrification and aerobic

organic matter degradation could increase the nitrate concentration (Jacobs et al., 1988).
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Fig. 3.9 The variation of nitrate (NO3", mg/L) in the river (a) and observation wells W07uign, W07Low
(b, ¢), W08 (d), W09, W09Low (e, f). Blue dots denote to NOs7; cyan dots denote to seasonal

variations of temperature. The two grey dashed lines in June 2013 and May 2014 represent the period

of reconstruction.
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As it is shown in Fig. 3.9a, there was a dynamic change of nitrate concentration in the river
water identified from October 2015 to February 2016 when sampling frequency was high.
This showed a negative relationship with temperature. A similar pattern was observed in other
studies (Doussan et al., 1997; Grischek et al., 1998; Massmann et al., 2008a, 2006, 2004) and
was explained by the joined influence from the consumption of nitrate by algae in the
waterbody, in the biological active siltation zone, and the decreased nitrate runoff caused by
agriculture activity during the summertime. (Grischek et al., 1998; Massmann et al., 2008a).
Compared with surface water (Fig. 3.9a), the NOs™ concentrations were low in most of the
near-bank wells except WO07mcn sometimes even below the limit of quantification (1 mg/1)
until 2014 (Fig. 3.9¢-3.9f). Seasonal variation of the NOs3  concentration could only be
observed in W07 after the reconstruction as for DO. This could have happened beforehand,
though without being captured by the coarse sampling frequency. It was in accordance with
the negative correlation existing in the canal which indicates a seasonal dynamic of the redox
zonation and short residence time (Fig. 3.9b). This analogous dynamic pattern has been
observed in other studies (Kedziorek et al., 2008; Massmann et al., 2008a, 2006, 2004; Pan et
al., 2018). The spatial distribution differences of NOs  concentration in W07 and W09 was
similar to the case of DO. Vertical spatial distribution of NOs™ concentration was different in
the wells which shared a similar distance to the ND (W07, W08 and W09). For example, for
W07, NOs™ concentration in the depth of 10-12 m was higher than in the depth of 15.5-17.5 m
(WO07uign > W07Low). While for W09, NOs™ in the depth of 16-18 m was similar to the depth

of 10.5-12.5m (W09Low = WO9muiGn). A similar situation also happened in the study of the

river Lot (Kedziorek et al., 2008) where the well with a shorter distance to the river showed
much lower DO and nitrate concentration along with higher dissolved manganese

concentration than more distant wells.

For distant and deep wells the nitrate level was mostly close or even below the limit of
quantification (Fig. 3.10). Similar results were also shown in other investigations (e.g.,
(Hoppe-Jones et al., 2010; Kwon, 2015b; Massmann et al., 2004; Su et al., 2018; Wu et al.,
2007)). This hinted that a good nitrate degradation ratio existed at this RBF site and the
supply of the organic carbon outweighed the aerobic and anoxic electron acceptors. This
would lead to more reducing conditions further along the flow path. Limited by the low
measurement frequency, no conclusion could be drawn on the influence of the reconstruction.
However, the nitrate removal efficiency in this RBF site was still kept at a constant high level
after reconstruction. This could be shown by a low nitrate level in most of the near-bank wells

and distant wells.
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Fig. 3.10 The variation of nitrate (NOs, mg/L) and temperature (°C) in the U100 (a) and observation
wells WO03nigr, W03row (b, ¢), W04uicH, W04Low (d, ). Blue dots denote to NOs"; cyan dots denote to
seasonal variations of temperature. The two grey dashed lines in June 2013 and May 2014 represent the

period of reconstruction in the ND.

3.5.4 Ammonium

Increasing ammonium is one of the unwanted side effects in RBF caused by the changing
redox condition (Hiscock and Grischek, 2002). Although the ammonium level is not included
in the ‘International Standards for Drinking-water’ (World Health Organization (WHO),
2003), it still can influence the odor and the taste and further endanger the health inhigh doses.
In Europe, the drinking water limit of ammonium is 0.5 mg/L (The Council of the European
Union, 1998) both for the surface water and groundwater (The Council of the European
Union, 2000). During the bank filtration process, the bioactivity of microbes is vital for the
change of ammonium concentration (Groeschke et al., 2017), while the adsorption causes
retardation for the ammonium transport in the aquifer. In the surface water at different bank
filtration sites, the ammonium concentration varies from less than 1 mg/L. (Ghodeif et al.,
2018; Grischek et al., 1998; Gross-Wittke et al., 2010; Massmann et al., 2004) to several
milligrams per liter (Doussan et al., 1998; Li et al., 2019; Wang et al., 2007) and even tens of
milligrams per liter ( e.g., Groeschke et al., 2017). The source could be either artificial, which
is the treated or untreated wastewater and domestic sewage, or natural runoff which can
include seasonal dynamics. During the bank filtration process, the change of the ammonium
concentration is very much site-specific. Along with the flow, the increase of the ammonium
concentration was concluded as mineralization (Doussan et al., 1998) or attributed to
ammonification (Pan et al., 2018; Strock, 2008). This increase could happen either on the
river bottom sediment or with a smaller extent along with the groundwater flow (De Vet et al.,
2010), together with the accumulation in the aquifer (Kwon, 2015b). At an RBF site in
Saxony, Germany, another source of ammonium was suggested as the sulfide-induced

dissimilatory nitrate reduction (Grischek et al., 1998; Mallen et al., 1998), although other
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DNRA processes have so far not yet been reported in bank filtration at this site. The decrease
of ammonium concentration was mainly attributed to the nitrification (Doussan et al., 1998;
Grischek et al., 1998; Pan et al., 2018; Wu et al., 2007). In the field studies, ammonium was
also found in the newly infiltrated water (Grischek et al., 1998) to a distance of meters (Pan et
al., 2018), tens of meters (Wu et al., 2007), and even hundreds of meters (Groeschke et al.,
2017). Anaerobic ammonium oxidation to nitrogen (anammox) takes ammonium and nitrite
as the redox partners (Van De Graaf et al., 1997), however, no research so far could
distinguish it from nitrification during the bank filtration process which both act as a sink to
the ammonium concentration. An oscillation of ammonimum concentration has also been
observed within a site in different studies, (e.g. (Doussan et al., 1998; Groeschke et al., 2017;
Pan et al., 2018)), while the level of change also varied a lot.

Canal wo7TH wo7L wos WosH wosL U100 WO3H wo3L Wo4H woaL
* X X %k * k %k %k k * %k %k %k

N w
' [
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Fig. 3.11 Violin plot of the concentration distribution of ammonium (NH4", mg/L) in the canal and
observation wells before and after the reconstruction. ‘*’ was used to denote the significance level
(*represents P<0.01; **represents P<0.001; ***represents P<0.0001). Boxplots are included within the
violin plot. The “BR” denotes to before reconstruction (from 2007 July to June 2013); “AR” denotes to
after reconstruction (from June 2013 to February 2017).

In our study, as it was shown in Fig. 3.11 and Tab. 3.1, ammonium concentration in the canal
was below 0.5 mg/L, and the change observed after the reconstruction was not significant
(P>0.01). During the entire study period the ammonium concentration in groundwater was
generally higher in wells of larger depth or further distance (W04Low, W03Low, U100) than
the near-bank wells. The reason could be the mineralization along the flow path (De Vet et al.,
2010), as it was described by the generalized reaction from Strock (2008). After
reconstruction, higher median concentrations together with a broader variation range were
observed (Fig. 3.11). Among the near-bank wells, W09uign showed the highest ammonium
concentration level both before and after reconstruction. In comparison to WO09uiGH, the low
ammonium level in W07uigu can be due to the higher flow velocity (WNAO7uicH) alleviated

the mineralization of organic matter and further slowed down the increase of ammonium
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concentration. This agrees with Doussan et al. (1997). Furthermore, as it was shown in
chapter 3.5.1 and 3.5.2, both DO and nitrate were still present in WNAO7uigu. This created
the oxic environment along the flow path and decreased the ammonium concentration by

nitrification.

Among deep wells, the ammonium concentration was kept at a similar level in W04row
(P>0.05) after the reconstruction, while a significant change (P<0.01) could be observed in
WO03Low and U100. The largest increase happened at W03Low. The median value jumped
from less than 1 mg/L to around 2 mg/L. By plotting the ammonium concentration of the deep
wells with time (Fig. 3.12) a general increase could be traced back to the last few samples
during reconstruction. And further after the data gap, the ammonium level of W03Low was
maximum at the first sampling point (Oct 2015) and followed by a continuous decrease. No
clear trend could be observed in the other two deep wells. Considering the relatively stable
ammonium level during the six years’ observation time since 2007, the substantial increase at
WO03Low could have been triggered by the reconstruction. This could be either attributed to
the increasing flow velocity along the flow path or the change of the hyporheic zone.
However, the growing flow velocity is unlikely to be the cause since decreasing traveling
time would limit the ammonification reaction (Doussan et al., 1998). Instead of the substantial
increasing ammonium level, lower concentration should be expected. A similar conceptual
model could be applied to the reconstructed riverbed, however, beyond the groundwater flow,

the thermal field and the aquifer matrix in the hyporheic zone were also changed.
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Fig. 3.12 Ammonium (NH4", mg/L) concentration in the canal and deep observation wells before and

after the reconstruction.

The hyporheic zone is decisive on ammonium concentration. As it was shown in the study of
Doussan et al. (1998), the ammonium level rose from less than 5 mg/L to more than 200 mg/L
at a depth of the 50 cm below the riverbed and was followed by a drastic decrease to less than
10 mg/L within few meters of distance by sorption (Doussan et al., 1998). A similar pattern

also happened at an RBF site in Beijing, China, where the variation was within 2 mg/L (Pan
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et al., 2018) and the decrease was caused by nitrification. Therefore, the hyporheic zone could
act as both the source and sink for ammonium while the sorption could strongly postpone its
propagation. The sorption capacity depends on the aquifer composition, where the decisive
component is the negative charged clay and organic matter. As it was shown in multiple
studies (McBratney et al., 2002; Seyed Jalali et al., 2019), the increasing mass fraction of clay
and organic matter can raise the Cation Exchange Capacity (CEC). In this study, due to the
reconstruction the original sedimentary layer and the clogged hyporheic zone were renewed
by artificial material, where the sorption ability might have decreased until the external
clogging layer was formed again and the pore space was refilled by the new sediment and the
biofilm. During this period, the cation exchange capacity experienced a sudden drop followed
by a slow recovery. Therefore, the much lower CEC level in the hyporheic zone was
incapable of keeping the newly formed ammonium and further lead to its breakthrough along
with the infiltration flow. As is shown in chapter 3.5.1 and 3.5.2, both the DO and nitrate
were consumed in the deeper near-bank wells and therefore the sink of ammonium by

nitrification and anammox could not happen.

If the ammonium rise was caused by the reconstruction, a key question to be answered is the
lagged arrival time of the ammonium peak during its transport in groundwater. The main
controlling factors on the retardation effect were both the cation exchange and biological
reactions (Bohlke et al., 2006; Buss et al., 2004; Ceazan et al., 1989). In the field scale, the
retardation of ammonium in the shallow aquifer was observed by in several studies (Bohlke et
al., 2006; Ceazan et al., 1989; DeSimone and Howes, 1998) where the retardation factor
varied from 2 to 6. However, Buss et al. (2004) demonstrated a broader variation range of
ammonium retardation factor in their study which could reach as large as three orders of
magnitude. In our site, the glacial tills with high silt composition was widely distributed. This
can create areas of high CEC level and strongly delay the ammonium propagation. Therefore,
a large retardation factor could be expected. Starting from the riverbed, the occurrence of the
ammonium peak was supposed to occur during the reconstruction period. Estimated by Munz
et al. (2019), the traveling time from the canal to W03row was 104 days and to W04Low was
438 days. Therefore, if the ammonium peak (t,) was observed at W03Low, the range of

retardation factor could be simply achieved by the formula below:
rmaxz (tp' ts)/104 (7)
Tmin= (tp- tc)/104 (8)

where Imax, 'min are the maximum and minimum retardation factor. This reflects the two

extreme cases: the peak of ammonium was released the first day and alternatively the last day
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of the reconstruction period. The ts, t. stand for the starting and the completion time of the

reconstruction.

However, due to the missing peak within the data gap between July 2014 to October 2015 in
WO03Low, it is impossible to make abovementioned calculation. Nonetheless, a parsimonious
estimation could still be achieved based on the first traceable high value after the gap in
WO03Low. By using the first available data sample after the data gap and inserting it into
formulas (7) and (8), the reconstruction period to the peaking time after the data gap was
between 473 to 840 days ago. The retardation factor could be between 4.5 and 8.1. Further
estimation on the peak arrival time for W04row would be between November 2018 and
February 2024. However, since the actual peak in W03 ow should be within the sampling gap,
the actual retardation factor should be smaller, which indicates an earlier arrival time of
ammonium peak for W04.ow. Nonetheless, due to the long traveling distance, the peak can be
strongly alleviated by the dispersion and diluted by the coming groundwater of lower

ammonium concentration. Therefore, it might not be able to be directly observed.

In general, after reconstruction, the ammonium level increased in all wells, except at W03 miGH.
Shown by the high ammonium concentration at W03Low, a possible breakthrough might have
happened due to the sudden drop of CEC in the renewed riverbed. A rough estimation of the
retardation factor for ammonium based on the available data can be estimated within the
range of 4.5 and 8.1. The ammonium peak would arrive at W04.ow no later than February
2024. However, due to the strong connection between the retardation factor and the aquifer
matrix, the arrival time of the peak might deviate from the estimated date. Nonetheless,
because of the long setback distance, the ammonium peak can be further alleviated and

diluted and even vanish at the distant well.

3.5.5 Manganese and iron

Manganese and iron are electron acceptors after the depletion of oxygen and nitrate in a
closed groundwater system (Champ et al., 1979; Chapelle, 2001). They are reduced and
dissolved into pore water from the solid phase. Both their dissolution and sequestration have a
causal relationship of redox change along with groundwater flow (Farnsworth and Hering,
2011). The dissolution of manganese and iron mainly happens at three conditions (Kedziorek
et al., 2008): 1) heavier organic load in the infiltrating water; 2) dammed river with increasing
DO consumption in sediment or during the flow path, and 3) a less permeable layer covers the
top of the aquifer. It could also be concluded as a condition when the electron donors are
overwhelmed. Based on previous studies, Oren et al. (2007) summarized that Mn dissolution
started when the DO concentration became smaller than 50 pmol.L"!. Kedziorek and Bourg

(2009) demonstrated that the reduction and dissolution of manganese and iron would happen

63



when the index of ETC (Electron trapping capacity) was smaller than 0.2mmol L!. Variation
of manganese and iron concentration was found in different investigations. For meters to ten
meters of traveling distance, Bourg and Bertin (1993) found that the manganese concentration
increased during the infiltration and then decreased afterward, likely due to the solubilization
during infiltration and subsequent sorption of oxidized Mn along the further flow path. For
longer traveling distances (hundreds of meters), a study in Delhi, India, at an highly polluted
water course (Groeschke et al., 2017) showed an initial increasing trend and then decreased
concentration along the flow path for both iron and manganese. However, a study in
Reijerwaard, Netherlands (De Vet et al., 2010) showed an increasing iron but decreasing
manganese concentration along the groundwater flow path. Both studies have in common that
iron concentration was higher than manganese concentration by even one order of magnitude
larger in some wells. Investigations among three RBF sites of similar scales in the US also
showed the increase of manganese concentration of different extent (Hoppe-Jones et al.,
2010). Within one site, the Mn concentration can also show great heterogeneity. Such as the
case of the Soil Aquifer Treatment in Shalfdan, Israel, and the reason was assumed to be the
heterogeneity in aquifers, including the variation of rock type, velocity, redox process and

bearing of Mn in the rock (Oren et al., 2007).
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Fig. 3.13 Violin plots of the variation of manganese (Mn?*, mg/L) (a) and iron (Fe?**, mg/L) (b) in the
river and observation wells. The ‘*’ was used to denote the significance level (*represents P<0.01;

**represents P<0.001; ***represents P<0.0001). Boxplots are included within the violin plot. The
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“BR” denotes to before reconstruction (from 2007 July to June 2013); “AR” denotes to after

reconstruction (from June 2013 to February 2017).

When having a low concentration in the canal water, higher manganese and iron
concentrations must be biogenic or geogenic origin on the flow path, starting while the SW is
infiltrating into the riverbed. Generally, the manganese concentration was very low in all the
observation wells, except W09. After the reconstruction, a significant change (P<0.01) could
be found in most wells except W09uicu, W04Low and U100 and the canal. In near-bank wells,
the increase of the median Mn?* concentration was found in W07uign (from 0.05 mg/L to 0.46
mg/L), W07 ow (from 0.18 mg/L to 0.29 mg/L), and W09.ow (from 1.12 mg/L to 1.55 mg/L)
(Fig. 3.13a, Tab. 3.2). Further along the flow path, the Mn?>* concentration was significantly
different after the reconstruction (P<0.01) in the distant wells, except W04Low. However, due
to the relatively low concentration (mostly below 0.1 mg/L, except W07uign, WO07Low and
WO09Low), the absolute change was also small. The general low concentration in distant wells
might partly reflect the dilution effect by the mixing of infiltrating water through different
flow paths. Due to the low contributing rate from the relatively stagnant flow passing by W09,
the much larger flowrate of low-Mn?*-concentration water infiltrating from other flow paths
can keep the mixed water from substantial Mn?>* increase. Fe*" concentration was generally
higher than Mn?* (Fig. 3.13b) in most of the wells. A clear spatial trend was observed among
the near-bank wells, which followed an order of WO07meu<WO07Low<WO08<W091icu<WO09Low
(Fig. 3.13b) both before and after the reconstruction. This was in accordance with the
increasing order of the residence time, based on the calculation from Munz et al. (2019),
except for the two wells of W09. The lowest concentration was at well W07uign, which was
close to zero as in the canal, while the largest was at W09.ow (1.43 mg/L before- and 1.27
mg/L after reconstruction). For distant wells, the strength of the reducing environment
increased along with distance and depth from infiltration, peaked at W04Low, where the
median Fe?* concentration was 1.55 mg/L before- and 1.31 mg/L after reconstruction.
Containing the remnant landside groundwater, U100 kept a similar median level and variation

range of Fe?* as W04ow (Fig. 3.13b).

Different from DO and nitrate, which were almost fully consumed in most of the observation
wells, both the dynamic of the Fe** and Mn?* can reflect the change of the redox condition in
those wells. For iron, after reconstruction, a significant change (P <0.01) could be observed in
most of the wells, except for W07uign, W07cow, WO03mign and W04niga. However, if the
threshold of the P-value was chosen as 0.05, the distant wells of W03 e and W04mcu would
also be considered as experiencing a significant change after the reconstruction. As it is
shown in Tab. 3.2, except W07r0w, all the wells showed the decrease of the median Fe*"

concentration level. This hinted that along those flow paths less iron was dissolved from the
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solid phase into the groundwater and correspondingly less dissolved organic matter was
oxidized. However, considering the significant Mn?* increase in some of the wells (W03Low,
WO03uign, W04uien and W09Low), contradictory conclusion might be drawn. Although the
increase of median level was mostly smaller than 0.05 mg/L in most of the wells, it still
created an ambiguity for explaining the local redox change. Nonetheless, since the change
both for Fe(Il) and Mn(II) was within 0.5 mg/L, and considering the reaction ratio with the
organic matter, the possible change for DOC would be very small (within 0.25 mg/L), which
might not be of great influence in this RBF field.

According to the order of electron acceptors, the dissolution of manganese should be ahead of
iron in the redox reaction, while in this study, the Fe*" concentration was generally much
higher than Mn?* (Fig. 3.13). Similar cases were also observed in other studies (De Vet et al.,
2010; M. Groeschke et al., 2017). To clarify the reason, ETC value (Kedziorek and Bourg,
2009) was adopted for examining the redox condition. Except for W07uigh, all the other wells
exhibited ETC values below the threshold for manganese and iron dissolution (0.1 millimol/L)
(Fig. 3.14). This suggested that both Fe(Il) and Mn(II) could be released along the flow path
before reaching those observation wells, while the general low Mn?* concentration could be
ascribed to a general scarcity of manganese in the aquifer. Manganese-rich material may exist
between the canal and W09. Superposed by the stagnant groundwater flow along the flow
path, more Mn?>" might be released before reaching W09uigy and W09 ow. With a higher
weight of ‘remnant landside groundwater’, water samples in U100 also showed a general low
background Mn?" concentration in the aquifer. A great variation range of ETC level in
WO07uiGH could be observed, while the release of Fe** and Mn?* was always low regardless of
the seasonal dynamic. This indicates the limitation of ETC on forecasting the case with great
seasonal dynamic on redox condition especially for high DO residues in the winter time like

WO07wch.
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Fig. 3.14 Violin plot of the electron trapping capacity (ETC) values (millimol/l) in wells during the
monitoring period (from 9/15/2010 to 12/14/2016). The red line denotes the threshold for reductive

dissolution of manganese and iron oxyhydroxides occurrence when ETC value lower than 0.2 mmol/L,
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and the green line denotes the threshold for iron dissolution when ETC value lower than 0.1 mmol/L.
The abovementioned standard is according to Kedziorek and Bourg (2009) The “BR” denotes to before
reconstruction (from 2007 July to June 2013); “AR” denotes to after reconstruction (from June 2013 to

February 2).

3.5.6 Sulfate

Sulfate is the electron acceptor after manganese and iron oxides or hydroxides are reduced
(Su et al., 2018). By the joint effort of the difference in the quantity of organic carbon and
previous electron acceptors, further influenced by temperature variation and geological
composition, sulfate might show either conservative (Bourg and Bertin, 1993; Oren et al.,
2007) or variation (Grischek et al., 1998; M. Groeschke et al., 2017; Massmann et al., 2003b;
Su et al., 2018) in the near bank site. Sulfate could be increased by oxidation of pyrite (e.g.,

Massmann et al., 2003) or consumed as the electron acceptor.
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Fig. 3.15 Violin plot of the variation of sulfate (SO4*, mg/L) in the canal and observation wells. The
“*” was used to denote the significance level (*represents P<0.01; **represents P<0.001; ***represents
P<0.0001). Boxplots are included within the violin plot. The “BR” denotes to before reconstruction

(from 2007 July to June 2013); “AR” denotes to after reconstruction (from June 2013 to February
2017).

Before the reconstruction (Fig. 3.15) the SO4* concentration of the near-bank wells had a
similar level as the SW. Even when wells had reached an anaerobic stage, such as W09uicH,
WO090w and W08, there was no noticeable decrease of SO4> compared with the SW. As it
was shown in the study of Massmann et al. (2003b), even with relative stable SO4*
concentration, the change of the SO4* isotopic signature could still hint at the occurrence of
the SO4> reduction, however, the data were not available here. Therefore, no definite
conclusion could be drawn. For the deep and distant wells, a lower sulfate level could be
observed in U100 and W03row (Fig. 3.15). In another distant well W04Low, the median level
was like the near-bank wells, however, with broader variation range to lower concentration.

As it was mentioned before, this could be a mixture of both deep aquifer flow and infiltrated
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SW from the near-bank wells and the sulfate level might vary in between. After the
reconstruction, the most substantial SO4>* change (P<0.0001) was in the SW, where the
median level increased drastically (146 mg/L to 194 mg/L). This was not due to the
reconstruction. The change in the SW was rather a coincidence however the direct cause was
not clear. A global response on the increase of median SO4*- concentration and broader
variation range could be observed, significant in most wells (P<0.01) except for U100,
WO03men and WO04meu. Among them, Ul00 kept the lowest concentration after the
reconstruction (Fig. 3.15). Except for its highest value, which likely is due to measurement
error, U100 also showed the smallest variation range. The largest increase of median value
happened at the distant well of W03Low (P<0.001), where it doubled. The median value
increased from a level similar to U100 to the level of near-bank wells. For WO04row,
significant change (P<0.001) was also observed, where the median level reached as high as
WO03row after reconstruction. This result was in accordance with the conclusion from the
piper plot, which could be explained as the higher infiltration rate of the canal water shifting
the deep aquifer flow from the remnant landside groundwater dominant (similar as U100) to
the newly infiltrated canal water dominant. It also suggested the possibility of using sulfate as

a tracer for further study in this site.

3.5.7DOC

The median DOC concentration in all observation wells was generally lower than SW during
the whole monitoring period (Fig. 3.16). After the reconstruction, there was a significant
(P<0.0001) change of the DOC concentration in the canal, where the median concentration
level decreased from 8.9 mg/L to 7.6 mg/L (Fig. 3.16). Representative of containing the
remnant landside groundwater, U100 showed the lowest DOC level as well as the minimum
variation range both before and after the reconstruction. This indicated a relatively stable and
low DOC background at the starting point of the deep flow path. In the near-bank wells the
variation range of DOC grew after the reconstruction. The high level (5.90-9.00 mg/L) was
mainly measured in November and December of 2013. when the construction was ongoing.
The low concentration level (1.72-3.62 mg/L) was mostly measured among the period
between April 2016 and November 2016. In distant wells, the further enlargement of the
DOC variation range as the near-bank wells was not observed (Fig. 3.16). The deep well of
WO03Low showed a similar low median DOC level as U100. However, it increased slightly
after the reconstruction. This could be attributed to the rising share of high DOC level SW in
the deep flow path caused by the reconstruction. W04Low was the closest observation point to
the water supply network and showed a higher median value than W03 0w, but a much

narrower DOC variation range. This demonstrated that with current setback distance, the RBF

68



site could not only reduce the high and variable DOC level of the SW into a stable and
relative low-level range, but also buffer the influence of the reconstruction. However,
compared to the near-bank wells, there was no observed further decrease in the DOC median
level in the more distant wells (Fig. 3.16). This illustrates that the majority of the DOC

consumption happened before reaching the near-bank wells.
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Fig. 3.16 Violin plots of the variation of dissolved organic carbon (DOC, mg/L) in the river and
observation wells. ‘*’ was used to denote the significance level (***represents P<0.0001). Boxplots are
included within the violin plot. The “BR” denotes to before reconstruction (from 2007 July to June

2013); “AR” denotes to after reconstruction (from June 2013 to February 2).

The measurement of DOC was a direct indicator of the RBF treatment effect. However, since
POC also contributed as an electron donor in the redox reactions, it was necessary to check
the total consumption rate of the organic matter during the bank filtration. A previous
investigation by Kedziorek et al. (2008) recovered the quantity of the reacted organic carbon
by DO and nitrate consumption and further distinguished the fraction between the DOC and
POC in the cold and warm time. In our study, we used a continuous measurement between
November 2015 and December 2016. Shown in Tab. 1.1, the consumed CH,O was estimated
based on the relationship of the difference of DO and the nitrate concentration between the
canal and the near-bank well. Two assumptions were made to simplify the comparison: 1) the
traveling time of the infiltrated water reaching the near-bank wells was ignored since the
sampling time step gap was more than one month, which could be longer than the traveling
time, and 2) all the organic carbon was consumed by the redox reaction mediated by
microorganisms (as mentioned by Grischek et al. (1998)). The total involved CH2O (t- CH20)
was used, which was defined as the sum-up of consumed CH>O and the measured CH.O
(converted from DOC) in the observation wells. Shown in Fig.3.17, the median t-CH,O level
in the observation wells was above the maximum CH-O level in the canal, except for the WO08.
Furthermore, half of the interquartile range for all observation wells was located outside of

the maximum CH,O in the canal. This indicated the involvement of POM as the additional

69



carbon source for the redox reaction which was consistent with the previous studies, e.g.,

(Griinheid et al., 2005; Hoppe-Jones et al., 2010; Romero-Esquivel et al., 2017).
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Figure. 3.17 The total involved CH>O (t-CH20) for the near-bank wells after the reconstruction. The
grey zone stands for measured CH>O concentration range in the canal, which was converted from DOC.
The box-plot of the observation wells stands for the sum of CH>O consumed (inferred from the
decrease of DO and nitrate concentration and the increase of Mn?" and Fe?" concentration) and the

measured CH>O (converted from measured DOC).

3.5.8 SUVA

Specific ultraviolet absorbance (SUVA) has been widely adopted as a surrogate for
forecasting the formation potential of disinfection by-products (DBPs) (Hua et al., 2015;
Singer, 1999). Typically, the SUVA value above 4 L/(mgm) would be considered as a sign of
high weight on the aromatic hydrophobic matters. This leads to a higher potential of DBPs
formation. SUVA values smaller than 2 L/(mgm) indicate a higher fraction of aliphatic
organic substances, which has a low risk of DBPs formation. A middle value is considered as
a medium level, which is a mixture of both. Although in the waterworks at our study site,
there is no further disinfection process involved in, it could still be a hint for other RBF sites
that may face the risk of DBPs. The data in our study was available only before and shortly
after the reconstruction. Shown in Fig. 3.18, the SUVA value in the canal was around 2
L/(mgm), both before and after the reconstruction. No clear relationship could be concluded
between the SUVA and the DOC. In the near-bank wells W07, W08 and W09, the SUVA
value was kept around 2 L/(mgm) along the whole sampling period, which was similar to the
SUVA level in the canal. Even when the sampled DOC value reached above 8 mg/L, the
SUVA level was still consistent, which indicated that there was no apparent preference in the
DOC degradation along the flow path to the near-bank wells regardless of the DOC treatment
efficiency. Among the distant and deep wells, U100 showed a relatively lower SUVA level
and the smallest variation range. No noticeable change could be observed after the
reconstruction. This suggested a relatively stable condition of the remnant groundwater

during the whole sampling period. In the distant wells W03 and W04, SUVA values higher
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than 4 L/(mgm) were observed in Feb 2008 and Feb 2009 when the corresponding DOC level
was also the lowest among the observation results. This suggested a further depletion of
aliphatic matter after passing the oxic zone, which drove the DOC down but increased the
weight of aromatic matter. A similar case was observed at an RBF site in Aurora, Colorado,
USA (Regnery et al., 2015), where the SUV A value increased along with the drop of DOC in
four years of observation. After reconstruction, all the measurements in distant wells were

approximately 2 L/(mgm). This indicated relatively low risk on the DBPs formation.
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Figure 3.18 SUVA value in the canal and observation wells both before and after the reconstruction.
The subscript of ‘B’ stands for the observation before the starting of the reconstruction while ‘A’

stands for the observation after it.
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Chapter 4 Result of Groundwater Flow and Heat Modelling

The analysis of the water quality data described influence brought by the reconstruction both
in the short term and one year after the complement of the project. However, as a technique
for water treatment, not only the quality but also the quantity should be considered. The
increasing hydraulic connection between the canal and the aquifer could bring a larger
infiltration rate into the aquifer. The modelling research could give a reasonable estimation of
this change. This chapter is adopted from the published article in Hydrogeology Journal
named ‘Impact of river reconstruction on groundwater flow during bank filtration assessed by
transient three-dimensional modelling of flow and heat transport’ by Wang et al. (2020),
which can be accessed online as https://doi.org/10.1007/s10040-019-02063-3.

4.1 Groundwater Flow Model

4.1.1 Results of the steady-state flow modelling

The scatter plot of water heads between observation and simulation after model calibration is
shown in Figure 4.1. The evaluation of the goodness of fit for the steady-state model showed
good agreement between observed and simulated values (groups (i) and (ii)), with a Mean
Absolute Error (MAE) of 0.71 m and a Root Mean Square Error (RMSE) of 1.04 m (Fig.
4.1a). Observed water heads lower than 25 m a.s.l. are mainly from the observation points of
the pumping wells (green points in Fig. 2.3). A systematic deviation was observed in this
region, which was to be expected when applying a steady-state model while pumping was
varying on a day-by-day basis. Points with high water heads were mainly located in the
southeast and southwest of the model, where a more considerable degree of uncertainty exists
in the geological conditions, and thus also in the simulated heads, due to sparser drilling
information. Generally, the geological condition at the study site is known to be discontinuous
and heterogeneous, because of the unconsolidated composition of the Quaternary deposits
that have likely been modified by erosion or formed naturally by depositional fluvial system

dynamics.
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Fig. 4.1 Scatter plot of observed versus calculated water heads of the calibrated steady state model of
all available observation wells and b only the observation wells between the canal and pumping wells.
The black dashed lines represent the interval of a+1-m and b +£0.5-m deviation from the perfect match
(red diagonal line). The red circle (b) highlights the position of well WO03mign, which shows the largest

deviation

For the observation points between the ND and pumping well gallery, the deviation between
observed and simulated water heads (group (ii) only) was even smaller, with an MAE of 0.18
m and RMSE of 0.28 m (Fig.4.1 b). Almost all the points are located within the interval of +
0.5 m, except for WO3mcn (absolute error of 0.7 m, highlighted by the red circle in Fig. 4.1b).
Generally, the model did show a good overall fit and can be assumed to represent the complex
hydraulic conditions at the study site moderately well. The hydraulic conductivity for sand
was largest at the bottom aquifer, with a value of 3.5 x 10* m/s for the horizontal and the
Kiw/Ky of 8.3, respectively. The hydraulic conductivity of the remaining aquifers ranged from
2.9 x 10 to 1.0 x 10 m/s in the horizontal direction and from 5.1 x 10 to 4.2 x 10 m/s in
the vertical direction. The Kn of the aquitards (glacial tills and silt) was much lower, varying
between 2.0 x 107 m/s and 2.0 x 10 m/s. Details of the calibrated hydraulic conductivities
can be found in Tab. 4.1. The large anisotropy ratio of SI-GT was set to fit the hydraulic
heads in the southern part of the model domain, which was otherwise underestimated. The
same result could have been achieved by a lower horizontal hydraulic conductivity, but that
would also influence the hydraulic conductivities in the near-shore area. Therefore, the large
anisotropy ratios of SI-GT mimic the impermeable second aquifer bottom without affecting
the calibration results of the first aquifer. The parameter sets achieved were further used for

the transient model, as described further below.
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Table 4.1. List of calibrated hydraulic conductivities for the steady-state and transient models (WI
refers to Weichselian, S to Saalian and GT to glacial till).

Name Steady-state model Transient model

Ko, Ky(m/s)  Kq(m/s) Ki Ky(m/s) K. (m/s)
Sand layers on the top 8.0E-05 1.1E-05 8.0E-05 1.1E-05
Sand zone of WI-GT layers 1.0E-04 1.0E-05 1.0E-04 1.0E-05
Sand layers between WI-GT and SII-GT 5.6E-05 2.0E-05 8.1E-05 3.5E-05
Sand zone of SII-GT layers 8.4E-05 1.5E-05 8.4E-05 1.5E-05
Sand layers between SII-GT and SI-GT 2.9E-05 5.1E-06 1.9E-04 3.5E-05
Sand zone of SI-GT layers 3.5E-04 4.2E-05 1.2E-04 5.8E-05
Sapropel of Lake "Weisser See" 8.9E-06 3.1E-06 8.9E-06 3.1E-06
Sapropel of Lake "Jungfernsee" 1.3E-05 1.5E-06 1.3E-05 1.5E-06
WI-GT lens 4.4E-07 1.5E-07  2.0E-06 2.0E-07
WI-GT 1.1E-06 1.3E-07 1.1E-06 1.3E-07
Silty sand lens 1.1E-06 1.2E-07 1.1E-06 1.2E-07
SII-GT 2.0E-06 7.9E-07  2.0E-06 7.9E-07
SI-GT 2.0E-07 8.8E-10  1.2E-06 1.2E-07

4.1.2 Results of the transient flow modelling

Hydraulic conductivities resulting from manual re-calibration in the transient model are listed
in Table 4.1. Compared with the steady-state model, the changes resulted were mainly for the
aquifers as well as the SI-GT and WI-GT lenses, as they were highlighted in grey. Both
horizontal and vertical hydraulic conductivities were increased in the SI-GT and WI-GT
lenses but decreased in the bottom aquifer. The modifications further oriented the model
towards the observation points with frequent measurements that were in the core area of
interest. A transient model based on such a substantial time series of observations, implying a
strong top-up of experimental information on the groundwater flow system, can be expected
to be a better representation of reality than the inherently more simplified steady-state model.

However, it is also a much higher computational burden.

The model results are grouped into ‘before’ and ‘after’ the start of the reconstruction period
and evaluated by both Pearson’s correlation coefficient () and RMSE (Table 4.2). The
resulting time series are shown in Fig. 4.2, 4.3 and 4.4. The RMSE before reconstruction
ranged between 0.09 m and 0.33 m, with an average value of 0.24 m, while after the
reconstruction, the scenario of with reconstruction showed a lower average RMSE (0.32m)
than the scenario of without the reconstruction (RMSE=0.56m). By including the
reconstruction into the model, the increasing groundwater head was captured at all

observation points. The theory behind could be explained as below. During the riverbed
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reconstruction, low-permeability riverbed sediments (including parts of the glacial tills) were
dredged out, while the bank reconstruction led to the removal of lateral hydraulic resistances.
This increased the hydraulic connection between the canal and the aquifer. To maintain the
consistent pumping rates after the reconstruction, a lower hydraulic gradient between the
canal and pumping wells was sufficient due to the increased hydraulic connection. Therefore,
the water heads in the pumping wells increased as well as in the area between the canal and
the waterworks. Nevertheless, the RMSE on average increased for the period of
reconstruction. This reflects that the system change is less well represented than the stable
period previously, which could be attributed to fact that the real local changes in the riverbed

were not known and that this period was a forward prediction and not subject to re-calibration.

Table 4.2. The transient flow model results for the scenario with reconstruction and without the

reconstruction, evaluated by Pearson’s correlation coefficient and RMSE.

Pearson’s correlation coefficient RMSE (meter)
Before

After Starting Reconstruction Reconstruction After start of reconstruction
Observation ~ Before Including Without Including Without
well Reconstruction Reconstruction Reconstruction Reconstruction Reconstruction
W06 0.9 0.87 0.9 0.09 0.14 0.19
Wo5 0.92 0.13 0.09 0.14 0.30 0.36
W04row 0.59 0.93 0.93 0.31 0.43 0.77
WO03Low 0.18 0.71 0.48 0.33 0.43 1.01
WO07row 0.15 0.26 0.53 0.23 0.34 0.47
Wo8 0.83 0.62 0.28 0.19 0.16 0.87
WO09row 0.85 0.72 0.34 0.10 0.15 0.60
U100 0.77 0.76 0.31 0.13 0.09 0.49
W04 0.71 0.9 0.9 0.15 0.18 0.54
WO3miGH 0.58 0.69 0.8 0.83 0.96 0.34
WO07micn 0.28 0.35 0.62 0.25 0.35 0.45
WO%niGH 0.84 0.7 0.35 0.09 0.18 0.60
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Fig. 4.2 Water head time series at near-bank wells (W05, W06, WO07uicH, W07row, W08, W09HiGH
and WO09row) comparing observed values (black line) and simulated values for both the model

scenarios without (blue line) and including the reconstruction work (green line).

As it is shown above in Fig. 4.2a, b, the simulation result of both W05 and W06 matched
the observation result well before the reconstruction. The RMSE for both is below 0.15 m,
while the Pearson’s correlation coefficient was around 0.9. There was a period of mismatch
one year before the reconstruction, starting from an observed decreasing trend in October
2012 and ending up by another increasing trend in March 2013. In the beginning time from
October 2012 to November 2012, the simulated results increased in contrast with the
decreasing observation, which drove a mismatch during this period. After reconstruction, a
great discrepancy of W05 and W06 started a few months later, where a relatively continuous
decreasing trend was shown in the simulation result, while the observation water head was
stable in a plateau. By the end of the reconstruction, a drastic drop influenced by the new
remediation wells nearby was simulated, however, in reality the drop is much less. This could

be mainly attributed to the inaccurate local geological model.

Before reconstruction, W07mign and W07row (Fig. 4.2c d) were characterized by a moderate
correlation level (<0.4), while other near-bank wells of W08, W09uicn and W09row (Fig.
4.2¢ f g) showed much larger correlation level (>0.8). The mismatch period as W05 and
W06, was also observed to a much larger extent at W07uign and W07Low, and to a smaller
extent at W09uign and WO09Low; that is almost at all near bank wells except W08. This could
indicate that part of the main driving force influencing the water heads in that winter period

might be missing. The winter 2012/2013 was characterized by a long period in time with
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minimum daily temperatures below 0 °C, and average daily temperatures of only 2.4 °C.
Potentially, freezing processes at the study site which were not represented in the numerical
model might have caused this deviation between nominally observed and simulated water
levels. For all simulations the hydraulic conductivity (also fluid viscosity and density) was
constant in time and did not depend on temperature. This simplification may contribute to the
general deviation of the simulation results compared to the observations. However, the
temperature dependent variations in fluid viscosity and density for the given temperature
range were rather small and thus the uncertainties caused by temperature dependent variations

in hydraulic conductivity were much smaller than the general uncertainty in heterogeneous

hydraulic conductivity itself.

Fig.4.3 Photo of the Nedlitzer Durchstich showing the ongoing construction work at 12.12.2013. Note
that at the southern canal bank the old, clogged armourstones were already removed, a geotextile was
placed at the channel bottom and that the new armourstones were still missing. The new armourstones
were placed and canal bank reconstruction was finished between 12.12.2013 and 01.03.2014 (photo by
Matthias Munz).

During and after reconstruction, W07uicu and WO07.ow were characterized by a moderate
correlation level. For W07uigu the short-term dynamics in the observed water level included a
substantial drop of about 0.7 m on 12 January 2014, an increasing trend of around 0.2 m
before a slow recovery of about 0.5 m until the end of February. After that, step changes were
not captured by the model simulations (Fig. 4.2a). During this period the southern canal bank
adjacent to W07 was renewed (see Fig. 4.3), i.e. a new geotextile was placed and covered
with armour stones, potentially affecting the observed water levels at the nearby observation
well W07 (distance between W07 and channel is only 13.2 m paired with a good hydraulic

connection at this spot). From July 2014 onwards, the observed water level at WO07muign
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continuously decreased until the end of the observation period (Fig. 4.2c). In December 2014
the water level at WO7ugn was close to the simulated water level of the model scenario
without canal reconstruction, whereas the water level of the model scenario including canal
reconstruction was about 0.6 m higher. This indicates that the better hydraulic connection
between the canal and groundwater caused by the artificial decolmation of the canal bed at
this canal section lasted for about 6 months only. The hydraulic connection there continuously
decreased to its initial level before river reconstruction, probably by recolmation. Comparable
effects were observed for W07.ow (Fig. 4.2d). These results agree with Schafer (2006) who
confirmed that substantial riverbed colmation was observed at a bank filtration site of the
Ohio River several months after commissioning. However, at this study site it was observed

just for a local spot.
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Fig. 4.4 Water head time series at WO03wigu, W03Low, WO04uiGu, W04Low and U100, comparing

observed values (black line) and simulated values for both the model scenarios without (blue line)

and including the reconstruction work (green line).

80



For the distant wells and deep wells, the simulation results were shown in Fig. 4.4. Among
them, W03 ow was characterized by a moderate correlation level (<0.4). This mismatch is
overemphasized by the continuous measurement starting in mid-October of 2012 with a short,
spurious inverse trend, while the observed dynamic changes taking place beforehand were
actually in accordance with the simulated result, but are likely not being taken into account in
the correlation coefficient due to the sparsity of the data points. For W03migh, it has shown the
largest error of all the wells in group (ii) in the steady state, and it continues this tendency in
the transient state (Fig. 4.4b). After reconstruction, although the rising trend could be
reflected in the scenario of including the reconstruction, the absolute error was smaller in the
scenario without reconstruction. The deviation in WO03mcn could be caused by the existence
of low-conductivity material along the groundwater flow path from the canal not being
captured in the geological model. For the most distant wells of W04Low and WO04u;gh, larger
RMSE level was observed after the reconstruction while the Pearson’s correlation coefficient
increased at the same time. U100 showed the lowest RMSE level among all wells, both before

and after the reconstruction.
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Fig 4.5 a) The ratio of surface water recharge to groundwater (infiltration rate) at the canal with and
without reconstruction. b) Comparison of the cumulative distribution of flow path travel times (forward
particle tracking from the bottom of the canal toward the pumping wells) on 30 June 2014, between the
model scenarios ‘with’ and ‘without’ reconstruction. Points with traveling time longer than 1000 days

are not shown in the graph.
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The increasing riverbed hydraulic conductivity corresponds to the rising infiltration rate. The
ratio of surface-water recharge to groundwater (infiltration rate) at the ND in both the
scenarios with and without reconstruction is shown in Fig. 4.5a. It is evaluated as a net
volume exchange from surface water to the groundwater by bank filtration during each day.
The infiltration rate increases promptly together with reconstruction, which started by
removing clogged riverbed and bank fortifications, and established a higher water level soon
thereafter. On average, the bank filtration volume rate from the river increased by 23 %, i.e.,
521 m’/d, compared to the scenario without reconstruction (Fig. 4.5a). This increase is
equivalent to around 9 % of the total pumping rate and will have led to some spatial
rearrangement of well catchments and an increase in the already high share of bank filtration

water abstracted by the waterworks.

Influenced by the increasing infiltration rate, the traveling time distribution must also change.
The results of forward particle tracking prove that the travel time distribution is shifted
towards shorter travel times (shorter than 550 days); i.e., subsurface residence time of water
in the aquifer is reduced (Fig. 4.5b). Thus, flow paths with travel times between 100 and 550
days occurred more often in the model scenario including reconstruction compared to the
scenario without reconstruction. For example, 55 % of flow paths had travel times shorter
than 300 days whereas without reconstruction this would have been only 40 % of the flow
paths. Also, an according decrease of long residence time (longer than 550 days) resulted,
which has to be expected because pumping as the general driver was continuing on the same

level as before.
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Fig. 4.6 Simulated steady state backward streamlines starting from the individual pumping wells based
on the boundary conditions of 30 June 2014, indicating representative snap shots of individual
catchments. The graph a) represents the scenario without reconstruction and b) the scenario with
reconstruction. These plan views show a 2-D perspective of the 3-D streamlines that generally pass
through several geological units and may thus seem to cross each other in this plan view. Streamlines

are color-coded based on their backward travel times.
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Steady state backward particle tracking from the pumping wells indicates the general shape of
the capture zones and corresponding subsurface travel times/residence times. Based on the
boundary conditions of June 30%, 2014, flowlines were extracted for the model scenario
without and with reconstruction (Fig. 4.6). For the scenario without reconstruction (Fig. 4.6a),
the capture zone of the north-eastern pumping wells extends toward the adjacent canal with
dominant subsurface travel times ranging between 50 and 150 days. Some flowlines could be
tracked back to start at the northern lake “Krampnitzsee” with subsurface travel times up to
several years. North-western pumping wells mainly received their water from the lake
‘Weisser See’. Along these flow paths, the travel times ranged between 150 and 600 days.
Only the southern pumping wells turned out to cover the southwestern area, larger part of the
catchment. The reconstruction work caused some major changes in subsurface flow regime.
The northern capture zone shrinks towards the canal, i.e., no flow lines were traced back
anymore to the northern lake “Krampnitzsee” (Fig. 4.6b). The main reason for this substantial
change could be attributed to removal of impermeable glacial tills below the canal bottom
which had so far impeded the vertical infiltration from the ND. This made the nearby lake of
same water level to deliver the water instead. After the reconstruction, part of the glacial tills
were removed or replaced by more conductive material and the direct infiltration from the
canal became the origin of flow paths. In contrast, no main differences in subsurface capture
zone and corresponding travel times were observed in the southern catchment. Overall, the
increased hydraulic connection between canal and aquifer caused a reduction in subsurface
capture zone in the area north of the canal and shortened subsurface travel times from canal to

pumping wells.

4.2 Result of Heat Transport Model

The thermal parameters of the transient heat transport model were assigned similarly to each
sedimentary material (e.g., glacial tills, sand, sapropel) and changed individually in each
geological unit by trial and error. Due to this moderate level of calibration the heat transport
simulations still have the character of forward modelling. The calibrated thermal
conductivities were 1.7 W m™!/K for silt/glacial tills and 2.7 W m'/K for sand. The volumetric
heat capacity slightly varied depending on geological composition between 2.5 MJ m*/K
(silt/glacial tills) and 2.7 MJ m~/K (sand). The agreement between the simulated temperature
and the observed ones varies in different wells (Fig. 4.7 and Fig. 4.8). Mean differences in
time shift of the maximum and minimum temperatures (A®) and temperature amplitudes (AA4)
between simulated and observed temperatures for the time period after river reconstruction

for all observation wells with substantial temperature variations are presented in Tab. 4.3.
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Table 4.3 Differences in time shift (A®) and temperature amplitude (A4) between simulated and
observed temperatures for the time period after river reconstruction for all observation wells (the

minimum value is used for peak analysis).

Observation Reference ool AQ (days)W — ool A4 (K) Without
well peaking time Recrcl);;ltrlllré{t;ion Reconlstr(:llition Recrcl);;ltrlllré{t;ion Reconlstr(:llition
WO7ui6H 20/08/2014 11 27 0.21 -1.68
WO7Low 04/04/2014 13 34 -1.88 -0.48
W08 27/05/2014 -16 54 0.14 3.95
WO0O%Hi6H 29/07/2014 -110 -50 -3.32 0.46
WO09Low 24/06/2014 -63 29 -0.87 3.65
WO05 17/06/2014 8 3 1.79 1.47
W06 17/08/2014 -7 -14 1.25 0.88

As shown in Tab.4.3, except the well set of W09, the differences in time shift (A®) in the
scenario of including reconstruction in most of the near-bank wells is within two weeks, while
the A® for the scenario of without reconstruction could be up to 54 days (W08). Considering
the time scale of the temperature circle, this suggested an acceptable match the temperature
pattern. For both W0%uign and WO09Low, the time shift (A®) in the scenario of including
reconstruction is quite large, which might suggest a possible misinterpretation in the local
thermal flow field. In the scenario of including reconstruction, deviation of the temperature
amplitude is within one Kelvin (K) in the wells of W07uiga, W08 and W09.ow, larger than
one Kelvin (K) in W05, W06 and W07.ow and W09ich.
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Fig. 4.7 Temperature time series at the near-bank wells (W05 and W06 W07, WO07Low, W08,
WO09nicn and W0910w), comparing observed values (black line) and simulated values for both the
model scenarios without (dark blue line) and including the reconstruction work (cyan line). Time series
for the scenario with reconstruction are plotted for highly conductive thermal properties (red line) and
low-conductive thermal properties (purple line) to show the possible range based on parameter

uncertainty.

The model scenario including the reconstruction characteristically shows that after the start of
canal reconstruction the temperature amplitude of the annual cycle increased and the arrival
time of the peak became earlier (Fig. 4.7c-g, cyan lines) compared to the simulation scenario
without reconstruction (Fig. 4.7c-g, dark blue lines). This general change in the temperature
signal directly corresponds to an increased groundwater flow rate (i.e., increased advective
heat transport), which is generated by the better hydraulic connection between the river and
aquifer after the canal reconstruction. Furthermore, for W07 (Fig. 4.7c d) the match of
observations on different levels supports a reasonable vertical representation of the
groundwater flow distribution. In contrast, the temperature dynamics in W05 and W06 (Fig.
4.7a b) did not differ substantially between both model scenarios. This indicates that the
groundwater flow field in the eastern catchment is not substantially affected by the canal

reconstruction.
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Fig. 4.8 Temperature time series WO03micn, W03row, WO04mcn, W04row and U100, comparing

observed values (black line) and simulated values for both the model scenarios without (dark blue line)

and including the reconstruction work (cyan line). Time series for the scenario with reconstruction are

plotted for highly conductive thermal properties (red line) and low-conductive thermal properties

(purple line) to show the possible range based on parameter uncertainty.
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The observation wells W04uicu, W04Low and U100 were characterized by almost constant
temperatures throughout the year, which is well represented by both simulation scenarios (Fig.
4.8 c-e). The constant signal was not expected to be influenced by the canal reconstruction as
the average yearly temperature (equal to long-term average in air/river temperature) is
independent of the groundwater flow velocity. Mean simulated temperatures were 1.17 K,
1.12 K and 0.70 K lower than observed temperatures in WO04uign, W04rLow and U100
respectively. The greatest deviation between observed and simulated temperatures of the
model scenario including canal reconstruction occurred in WO09uicn (Fig. 4.7f). The
overestimated amplitude and underestimated arrival time of the temperature signal were
caused by overestimated groundwater flow rates (advective heat transport). The model is not
reproducing the slow flow regime in WO09mcn, indicating that the hydraulic connection
between the canal and the shallow aquifer is weaker than incorporated in the current
geological model. Thus, the heat transport simulations here could indicate and rectify a local

refinement of the geological model to be appropriate.

The temperature distribution is shown for a depth of around 10 m (£2 m) in Fig. 4.9 a-d. The
zone adjacent to the river was characterized by strong seasonal temperature oscillations
whereas the wells which are not located in the infiltration zone (U100, northern bank) or are
far from the river (W04, distance to the channel ~126 m) were characterized by yearly
constant temperatures. Driven by the strong hydraulic gradient from the canal towards the
pumping wells, the seasonal temperature signal was transported into the saturated sediment
via advection. Both maximum summer temperature and minimum winter temperatures
infiltrated into the canal bed, and further penetrated into the aquifer, but were retarded to a
certain degree depending on heat capacity and thermal conductivity of the sediment (i.e., the
thermal front moves slower than the water particle or conservative solutes itself; the
retardation factor of heat is about 2.15). Minimum temperatures in the canal occurred at the
end of January (~1 °C). For the scenario without reconstruction, after 6 months (summer, 30™
June) the cold front rose to 6 °C after traveling about 50 m from the canal, whereas the
temperatures in the river already increased to about 20 °C (Fig. 4.9a). Variations in the
transport distance (penetration depth) along the shoreline of the channel correspond to local
differences in hydraulic conductivity, i.e., at W07 the cold front already passed at the
presented summer snapshot (Fig. 4.9a). Analogously, the winter temperature pattern (Fig.
4.9c) could be interpreted in the same way. The rest of the aquifer tended to constant
temperatures of ~11.4 °C (Fig. 4.9a, c). The seasonal temperature amplitude was completely
reduced after a transport distance larger than ~100 m in the southern aquifer. In the northern
aquifer, the penetration depth of the seasonal temperature signal (thermal front) was limited

by heat conduction to roughly 1-2 m (Fig. 4.9a, c¢). In comparison, the reconstruction scenario
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(Fig. 4.9b, d) shows a more continuous area of larger temperature variation range at the
southern riverbank induced by the annually cycling canal temperatures which represents a
more direct hydraulic contact caused by the canal bed reconstruction. The snapshot of the
vertical temperature distribution at 30" June 2014 (Fig. 4.9¢, f) illustrates that in the
reconstruction scenario, the warm water from the canal could penetrate much deeper into the
aquifer, almost reaching the model bottom, with less damping during its propagation.
Further to the right-hand side, in the flow direction towards the pumping wells, the colder
water from the previous winter has been dampened less and clearly shows a still lower
temperature then for the scenario without reconstruction. Especially at the right side of the
streambed, a better connection from the surface water into the aquifer has opened and acts as
a shortcut towards the water works. Generally, the periodic temperature signal travelled
further before it became flat, both in the vertical and horizontal directions. It is the evident
that the reconstruction has driven substantial changes to water flow and heat transport at the

surface-water/groundwater interface.
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Fig. 4.9 Spatial temperature distribution (color-coded according to legends) and water head isolines
(white) of the aquifer below WI-GT for a characteristic summer (30th June 2014) snapshot (a—b) and
winter (31st December 2014) snapshot (c—d). Also shown is fluid flux and spatial temperature
distribution of a cross-section between U100 and W03 for the characteristic summer snapshot (e, f).
The fluxes are indicated by arrows representing fluid flow directions. All temperature patterns are
shown for the model scenario without (a, ¢, e) and for the model scenario including canal

reconstruction (b, d, f).



Chapter 5 Discussion and Conclusion

The 5.1.5 section of this chapter is adopted from the published article in Hydrogeology
Journal named ‘Impact of river reconstruction on groundwater flow during bank filtration
assessed by transient three-dimensional modelling of flow and heat transport’ by Wang et al.

(2020), which can be accessed online as https://doi.org/10.1007/s10040-019-02063-3.

5.1 Discussion

5.1.1 Flow field

The study mainly painted the picture of an RBF field built on a heterogeneous geological
composition and further evaluated the change brought by the river reconstruction project. As
a general background of the study, the flow field was first investigated in chapter 3. Just
considering the stable isotope results, a rough image on the stratification of the water source
for shallow and deep aquifer can be described. The plotting result of the stable isotope data
("0 and Deuterium) before and during the reconstruction can distinguish the deeper wells of
WO03Low and U100 from the other wells and the canal, while the assignment of W041ow is
ambiguous. This indicated that the remnant groundwater from further north also contributed
to the pumping wells by flowing through the deeper aquifer, passing by W03Low, and further
converged with the canal originated water at W04Low. For all the near-bank wells, surface
water infiltrating from the nearby waterbody is dominant. The study of the water chemistry
type confirmed the abovementioned conclusion, that the deeper wells of W03Low and U100
were categorized as calcium bicarbonate water, while the near-bank wells together with the
SW was classified as the calcium sulfate water. W04 0w showed ambiguity between those
two types again, which is analogous to the result of stable isotope analysis. Furthermore, with
the long sampling duration, the extension of the piper plot result into the post-reconstruction
period demonstrated that on the southern bank side, the water in the deep aquifer was altered
from the original type of calcium bicarbonate to calcium sulfate, which is closer to the
hydrochemical type of the SW. This revealed a possible change of the flow field caused by
the reconstruction leading to more canal-originated water flowing through the deep aquifer.
This could be attributed to the increasing hydraulic connection between the canal and the
aquifer, which can be well depicted by the general water head increase in all the observation
wells. It started together with the reconstruction, rose to a new plateau of around 0.5 m higher,
and then variated locally in its development. Afterward, no clear decreasing trend was
observed, while W07 acted as an exception, which showed an earlier rise before
reconstruction and then further dropped. Thus, it could be concluded that the reconstruction
improved the water connection between the canal and the aquifer. Furthermore, the infiltrated
water took a larger contribution in the flow of the deeper aquifer, replaced the remnant

groundwater coming from the north.
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Additional to the qualitative conclusions from the water quality analysis, a quantitative
interpretation of the change caused by the reconstruction was enabled by employing a 3-D
numerical model. Initially, a steady-state model supplied a calibrated catchment-scale flow
field and checked the feasibility and consistency of the geological model. Based on the set of
calibrated parameters, a transient model was implemented that allowed for the development
of the bank filtration groundwater system to be tracked over several years, including the
reconstruction period. During the calibration process, the abovementioned hydraulic head
jump in observation wells was taken into consideration by a specific change of the hydraulic
conductivity at the reconstructed area. This has proved to be a useful tool to quantify the
effect of the reconstruction by being added directly to compare two model scenarios ‘with’
and ‘without’ reconstruction. This went far beyond just interpreting the measured time series.
A key benefit of this modelling approach is that it eliminates the effects of changing
hydrologic boundary conditions that otherwise would add uncertainty to the interpretation of
the situation after reconstruction with inherently varying drivers hampering hard conclusions
based only on experimental data. The increased hydraulic connection between the canal and
the aquifer led to some spatial rearrangement of well catchments and an increase in the
already high share of bank filtration water abstracted by the waterworks. This modelling
result echoed the conclusion from the abovementioned water quality analysis. Furthermore,
different from the description of merely a trend along the time axis in the water quality

analysis, a quantification of the change could be achieved.

5.1.2 Redox zonation

The direct influence of the geological heterogeneity can be observed by the distinct pattern on
the redox zonation, which is depicted by the electron acceptors. Among all near-bank wells,
an anaerobic condition was consistently dominant, except WO07uign, where the seasonal
change of the redox environment can still be observed. The DO and nitrate in W07uign
peaked in winter and dropped as low as the other wells in summer (Fig. 3.7, 3.8), which
simply portrayed the enlargement and shrinking of the oxic/suboxic zone along its flow path.
Similar results have been shown in other studies (Kedziorek et al., 2008; Su et al., 2018). For
other near-bank wells, a seasonal variation may also exist. However, it may have been
squeezed into very limited space, which was not sufficient to reach the wells. Hence, the
constant anaerobic condition was prevailing throughout the whole sampling period. A similar
result was found in the investigation of the Oderbruch polder by Massmann et al. (2004),
where the system reached the anaerobic environment within one day after infiltrating. The
abovementioned redox zonation dynamic for shallow near-bank wells could be simply
illustrated, both spatially and temporally. Shown in Fig. 5.1, the purple dashed line stands for

the approximate boundary of the oxic/suboxic in the wintertime, where a much broader
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dimension is along the flow path of WO7uigu. For the rest of the near-bank area, the
oxic/suboxic boundary is simplified as a straight line parallel to the canal (Fig. 5.1), although
in reality, it might be shaped as a curve line and vary locally. For the summertime, the redox
zone would shrink back and become denser. Therefore, in Fig. 5.1, the brown, dashed line
closer to the canal is used to represent the boundary of the oxic/suboxic zone. Further beyond
the oxic/suboxic zone, the potential on the dissolution of iron and manganese as the following
electron acceptors was evaluated by ETC values. This demonstrated that both iron and
manganese could be released among all observation wells but W07uign. However, manganese
solely rose in W09uign and W09Low, which hinted at prevailing scarcity of manganese but an
existence of manganese-rich areas along the flow path to the wells of W09. Further mixing
with the water through other flow paths, the manganese level in the distant well was diluted.
In contrast, the increase of iron (II) was shown everywhere, except W07uicn, which indicated
a ubiquitous iron (III) dissolution in the RBF field. For sulfate, a lower level was shown in the
deep wells than in the shallow wells, albeit, compared with the sulfate concentration in the

canal, there was no direct evidence showing the reaction of sulfate during the propagation.

The reconstruction could have changed the distribution of the redox zonation, however, the
mechanism behind could be complex. As it was shown in the flow field and thermal field
modelling, the reconstruction drove the surface water infiltrating at a higher rate and
consequently increased the propagation distance of the annual temperature cycle (Fig. 4.9).
Therefore, it created two opposite conditions for the relevant biochemical reaction, 1) a
relatively shorter residence time which may impede the reaction, and 2) a higher temperature
during the warm seasons which could boost the reaction. Another important controlling factor
is the biochemical reaction zone at the riverbed, which supplied a relatively stable
environment and substrate. The influence brought by the dredging and the newly paved
material was hard to predict and conceptualize in the modelling study. Thus, given the current
accuracy level and the uncertainty caused by the great geological heterogeneity, it was
difficult to consider all the above mentioned influential factors in the modelling study. Per
contra, as an alternative option, the simple interpretation of the water quality analysis with a
statistic test could supply a conclusive evaluation of the substantial change for different
solutes, and further show the trend by comparing the median value. In this study, the change
in the redox environment was depicted mainly by iron and manganese concentration since
both DO and nitrate were mostly consumed throughout the sampling period. As it was written
in Chapter 3, the significant difference of the iron concentration was shown in most of the
wells, except both wells of W07, W03uign, W04uigH, while the global drop of the median
level was observed except for WO07Low (Tab. 3.2). However, for manganese, the contradictory

substantial change could be reflected by the increasing median concentration at most distant

94



wells and WO09Low. Therefore, instead of a global trend, the redox change should be

considered well by well.
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Fig. 5.1 The change of the median dissolved concentrations of manganese and iron in the observation
wells after reconstruction, subdivided for the upper and lower part of the aquifer, and the seasonal
change of the oxic zone in the near-bank area. The upward/ downward arrow stands for the increase/

decrease in median concentration increase, while the number stands for value. The *’ stands for the
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level of significance. The dashed lines stand for the boundary of the oxix/suboxic zone at the depth of

shallow aquifer in summer and winter respectively.

The change of the median Mn (II) and Fe (II) concentration was shown in Fig. 5.1. For near-
bank wells, in W07mcn and W07Low, the more reductive condition was shown by a larger DO
consumption in the wintertime (WO07mcn) and the rising median iron and manganese
concentration (W07cow). In W09Low, a declining median level of iron was observed, however,
the change was not statistically significant. Oppositely, the significant (P<0.0001) change
with declining manganese median level suggested a more reductive environment (Fig. 5.1). In
W08 and W09niGH, the declining median level of both iron and manganese indicated a more
oxic environment. For distant and deep wells, the median level change between manganese
and iron was mostly opposite. Taking the statistic significance in consideration, the more
reductive environment was observed in W03mgn, W04mcn, while the more oxic environment
was observed in W04Low and U100. The ambiguity was within W03 0w, where both the Mn
and iron showed significant change with opposite median level change trend. Altogether, this
hinted that the redox change was quite site specific. By further considering the small absolute
change in median value (iron < 0.6 mg/L, manganese < 0.45 mg/L), the influence was not

drastic.

5.1.3 Treatment efficiency

Besides the evaluation of the redox zonation, the improvement of the water quality by the
RBF site was also evaluated. For inorganic matter, the influence of the reconstruction is
different for each solute species. Both before and after the reconstruction, the removal of
nitrate was quite complete. Except for W07min, most of the observation values were below
the detection limit. It hinted that the current setback distance is large enough for the removal
of nitrate, even after the reconstruction project. For sulfate, the rising median value after the
reconstruction suggested a rising trend among all wells. However, due to the increase of the
sulfate level in the canal, the increment can simply be the response of the RBF system. For
iron (II), as one of the main cations, a global decrease in the median value could be found
after the reconstruction (Tab. 3.2), and the largest drop was observed at the most distant well
WO04Low. For manganese, after the reconstruction, there was a substantial difference in most
of the wells with increasing median value. However, as discussed in 5.1.2, the absolute
change was tiny (smaller than 0.43 mg/L). And for the most distant well W04Low, there was
even a drop in the median concentration (from 0.28 mg/L to 0.26 mg/L). Therefore, no extra
concern should be considered in controlling the iron (II) and manganese concentration after
reconstruction. The only value that rose concern was the ammonium level in well W03Low,

where the median value has doubled after the reconstruction. With a parsimonious estimation,
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the nominal retardation factor was estimated between 4.5 and 8.1. However, due to the data
gap, the peaking time could be even earlier, and a smaller retardation factor could be expected.
By estimation, the peak of the ammonium will reach W04.ow latest by February 2024.

However, the peaking concentration could be further dampened by sorption and diluted.

For organic matter, a seasonal pattern of DOC was observed neither in the canal nor in the
observation wells. The removal happened more intensively in the near-bank area. After
reconstruction, a significant change of DOC level in the surface water (P<0.05) was observed
with a decrease in median level, but not in the observation wells (P>0.05). Further estimation
with the median DOC level showed the removal efficiency at W04Low decreased slightly
from 42% to 38%, while a much larger variation range was observed in the near-bank area.
Among them, the highest level was measured in November and December 2013, when the
reconstruction was ongoing. It might be attributed to a time slot when the old reaction layer
was removed, and the new one was not yet fully formed. Besides DOC, POC was also
involved in the redox reaction as an extra electron donor, which was consistent with previous
studies (Doussan et al., 1997; Grischek et al., 1998). However, a clear quantification on the
portion that POC and DOC took separately was hard to evaluate. As it was shown in Fig. 3.17,
the median value of the estimated CH>O consumption was mostly higher than the maximum
DOC level in the surface water. This suggested that the POC could even be a more dominant
contributor in the redox reactions. Similar results were also shown in different studies (e.g.,
Doussan et al., 1997; Grischek et al., 1998). This suggested an additional source of POC
compensated the deficiency caused by the removal of the riverbed. As it was mentioned in the
introduction (chapter 1.3.2), it could be contributed by the infiltrated surface water or the

aquifer matrix (Grischek et al., 1998; Hoppe-Jones et al., 2010).

5.1.4 Rehabilitation and reclogging process

Besides the general view about comparing the results before and after reconstruction, another
important issue to be addressed is how the RBF system performed during the change.
Specified by Hiscock and Grischek (2002), the colmation layer acts as the biologically active
zone with the function of ‘intensive degradation and adsorption processes’. It is also an
important pool of organic carbon for the series of bioreaction (Bretschko and Moser, 1993;
Grischek et al., 1998). Due to the deep dredging depth (2 m), not only the old colmation layer
but also a large part of the former hyporheic zone was removed. Therefore, a sudden change
would act on the water treatment efficiency, and a period of time would be required before a
new balance was reached. A vital question to be answered is the performance of the RBF site
before reaching this time point. The recovery from the reconstruction would consist of the

rebalance of the hydraulic connectivity and the rehabilitation of its treatment capacity.
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The main process for the rebalance of the hydraulic connectivity would be clogging or to say
reclogging in this case. As it was discussed in the introduction, main studies on this process
were limited to lab experiments. Eleven studies are reviewed and summarized in Fig. 5.2.
Among them, most cases indicated a clogging time in tens of days, while the decrease in
hydraulic conductivity could vary from one to three orders of magnitude. However, since the
plotting in Fig. 5.2 stands for the performance of the combined layer along the whole
experiment period, the drastic initial drop happened much faster at the top layer. Some studies
showed the hydraulic conductivity in the top layer was reduced by three orders of magnitude
within 15 days (Engesgaard et al., 2006; Taylor and Jaffé, 1990; Vandevivere and Baveye,
1992), by one order of magnitude within seven days (Schélchli, 1992; Schiff and Johnson,
1958). Within one day, an initial hydraulic conductivity decrease of 80% during 2 hours was
also shown in the experiment for sand column due to the particle mobilization driven by the
hydrodynamic forces (Pavelic et al., 2011). In an extreme case investigated by Du et al.
(2014), the impermeable surface clogging was formed within 3 hours, which drove the
hydraulic conductivity to almost zero. To connect with this study, the reconstruction process
was carried out along the whole year. Therefore, such a fast clogging could happen in parallel
with the reconstruction process. Even in the relatively shorter time slot between the
completion of the dredging and replenish of the new filling material, the bare riverbed may
also form a clogging layer due to the quick initial clogging speed. Furthermore, Ragusa et al.
(1994) found that hydraulic conductivity would strongly decrease with increasing turbidity,
which is similar to condition caused by dredging operation in this study. In summary, the
increase of the permeability on the riverbed may be compensated by an immediate reclogging
process. Besides the removal of the clogging layer, a special feature in this study was the
removal of the impermeable glacial tills below the riverbed. Not being continuous, it created
geological windows, which allowed hydraulic connections and reconstruction increased this
connection. Besides an instant response of the short-term clogging during the reconstruction,
a long-term clogging effect also happened. In this study, it was not observed except for W07,
which kept the decreasing trend throughout the whole period after the reconstruction. This
implied the reclogging effect happened just locally at the infiltration area contributing to W07.
Similar long-term clogging was observed by Wett (2006), where the clogging layer built-up

was observed by one year with one order of magnitude decrease in hydraulic conductivity.
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Fig. 5.2 Review of previous studies on the clogging process expressed by the ratio of hydraulic
conductivity or infiltration rate. Ko and Qo stand for initial hydraulic conductivity and infiltration rate.
The dashed line stands for the decrease of K or Q could be further smaller, but not accessible from the

literature.

For the rehabilitation of treatment capacity, no studies about riverbed reconstruction could be
taken as a reference for the RBF site, while the scouring effect from the natural flooding has
been discussed in the intro. However, a similar problem has been met in slow sand filters.
During the filtration process, a layer (mentioned as ‘schmutzdecke’ or ‘dirty skin’) composed
of ‘dirt and living and dead micro and macro-organisms’ would grow on the filter surface and
may act as a barrier enhancing the filtration efficiency (Ray et al., 2003; Cleasby, J.L., 1990).
Due to its increasing impedance to the infiltration rate, a periodical cleaning process (once in
1 to 6 months, according to Cleasby (1990)) will occur at the end of each operation cycle
(Ray et al.,, 2003). It mainly includes the removal of the top layer (scraping) and
replenishment of the filter bed (resanding) (Cullen and Letterman, 1985). The cleaning
process was always succeeded by a ripening period, which varies from 6 hours to 2 weeks
(mostly below two days, according to Cullen and Letterman (1985)), aiming at the recovery
of the treatment capacity. To connect with this study, instead of a quick impulse like cleaning
in slow sand filtration site or flooding, the dredging and the replenishment of the riverbed
lasted for one year. Therefore, the much faster ripening process would happen in parallel with
the continuous reconstruction work. This is similar to the abovementioned short-term

reclogging process.

Reflected by the DO level, a stable aerobic respiration rate and the in-time recovery of the
related processes could be concluded during the whole reconstruction period. It could also be
found in other investigations. Normally, the electron transport system (ETS) activity was used
to measure the respiration process of DO consumption. In a field study, Claret (1998) found
the ETS active bacterial abundances reached the peaking value in three to five days in the

downwelling zone below the riverbed. Another field investigation by Sabater and Romani
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(1996) showed that the ETS activity per unit area at the newly buried unglazed clay tiles
increased drastically on the fourth day and then behaved without significant difference with
the old tiles. For nitrate, the conclusion would be hard to draw due to the under-sampling
(only three sampling events during the reconstruction period). However, as it was shown in
Fig.3.9b, d, f, the nitrate value of W07.ow W08 and WO09row peaked during the
reconstruction time, which may hint the instability of the sub-oxic zonation in the near-bank
wells and the decrease of the denitrification efficiency during the ripening period. The reason
might be attributed to the absence of the biofilm within the clogging, which may not only
supply the reactant but also a reaction environment. Within the aerobic zone, the biofilm
would allow the happening of denitrification process by creating a micro-environment -
anaerobic pocket (Storey et al., 1999). Therefore, a relatively lower nitrate removal efficiency
could be expected before the full development of the biofilm. It can lead to a breakthrough of
the nitrate in the near-bank wells. However, with sufficient setback distance, the escaped
nitrated might be further utilized along the later flow path. This also hinted at a possibility
that the regrowth of the species based on aerobic respiration is faster than the anaerobic
species after the reconstruction. For the following electron acceptors, no noticeable change
was observed in manganese and iron, which might be attributed to under-sampling. The peak
DOC level was observed in the near-bank wells of W08, W09.ow and WO09uign during
November and December 2013. The concentration was between 7.9 and 9.3 mg/L, which is
around 38% to 63% higher than the median DOC level. This suggested a possibility of the
preferential flow and the breakthrough of the DOM matter during the ripening period.

Different from the rise of the nitrate and DOC, which mainly happened during the
reconstruction period in the near-bank wells, the continuous high ammonium concentration
was observed hundreds of days after the completion of the reconstruction at the deep distant
well WO03Low. As it was explained in chapter 3.5.4, this breakthrough can be traced back to
the removal of the clogging layer and deep hyporheic zone during the reconstruction period.
Besides acting as the primary reaction zone for nitrification and anammox, the original
clogging layer and the hyporheic area may also largely retain the further propagation of
ammonium by its high Cation Exchange Capacity. In pace with the later reconstruction, the
old colmation layer was largely removed, while the newly paved riverbed was not yet capable
of keeping the newly produced ammonium by sorption. Therefore, the ammonium escaped
from the hyporheic area before reacting and propagated further downstream. Different from
nitrate, which could react along the whole traveling path, the decrease of ammonium needs
either oxygen or nitrate as co-reactant. Hence, after passing the oxic and suboxic zone, the
ammonium would rather become a persistent solute in the groundwater field. This
breakthrough of ammonium can give a hint for the future reconstruction work on RBF sites.

When the CEC level of the new filling material is comparable with the old one can strongly
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influence the ammonium level. This is especially true for RBF sites with great ammonium
increase near the riverbed area, e.g., the RBF site at Seine river, France (Doussan et al., 1998)
or high background concentration in the SW, e.g., the RBF site at Yamuna river, India
(Groeschke et al., 2017). However, the CEC level of the riverbed is positively correlated with
the mass fraction of clay and organic matter (McBratney et al., 2002; Seyed Jalali et al., 2019).
Therefore, after the pavement, it may gradually increase by the sedimentation and reclogging
process. The span between the reconstruction and the point when the comparable CEC level

was reached would be the time window for the possible ammonium leakage.

In summary, the fast recovery was due to the aerobic respiration, where no obvious DO
breakthrough was observed. For nitrate, a possible breakthrough in the near-bank wells
happened, albeit it was uncertain due to limited data availability. However, it could be further
reacted along with further groundwater flow. The longest recovery time would be the
ammonium treatment capacity, which is based on both the rehabilitation of the microsystem
and the CEC level in the riverbed area. The infiltrated ammonium may become persistent
along the following flow path and influence the final water quality. The change of the
ammonium concentration is however hard to evaluate due to the missing of the peak in

sampling.

5.1.5 Heat transport model

Featured as a naturally occurring periodic signal with easy and rapid measurement, the time
series of temperature shows greater sensitivity to variations during transport and is above
potential environmental noise when compared to conventional or pulse tracers (Constantz,
2008; Cox et al., 2007; Mahinthakumar et al., 2005). Munz et al. (2017) illustrated that by
taking heat transport into consideration, the model non-uniqueness could be better constrained
and the accuracy of flux estimation across the interface between surface water and
groundwater could be improved. Delsman et al. (2016) demonstrated that conditioning the
model to temperature measurements could worsen other model results such as electrical
conductivity and salinity but also recognized that this could be mainly caused by errors in the
model structure itself. Few studies so far have used heat as a natural tracer for the numerical
modelling of bank filtration. One of them is Henzler et al. (2016), who especially investigated
its details with 3-D modelling of flow and heat transport in areas with geological

heterogeneity.

In this study, by employing a 3-D numerical model for transient water flow and heat transport
incorporating the heterogeneous geological structure, it was only partly possible to match

both the seasonal temperature patterns and water heads at the same time. However, substantial
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deviations can be used to trace back shortcomings of the model structure, and heat transport
can help as an additional test to evaluate model performance and realizing model limitations.
The head simulation results at W09 showed the lowest root mean square error and the highest
Pearson’s correlation coefficient (see section ‘Steady-state flow modelling”), but also
substantial deviation between observed and simulated temperatures. The poor match in the
temperature pattern of W09 indicated an overestimation of water flux, which could not be
compensated by reasonably adapting the thermal parameters (Fig. 4.7f g); i.e., the hydraulic
connections in the geological structural model, especially between the canal and the two
aquifer layers leading to W09, did not represent the real situation well, and could be adapted

based on this insight resulting from temperature observations and heat transport modelling.

5.2 Conclusion and outlook

With an intensive and long-term monitoring program, it was possible to observe the seasonal
behavior of the bank filtration system, as well as its development, during and after the
reconstruction of the ND canal as the main supply of bank filtration water towards the
pumping wells of the waterworks. Evidenced by both the stable isotope analysis ('*O and
Deuterium) and the piper plot results, a simple two-layered stratification of the flow field
could be shown. Additionally, an increasing contribution of canal-originated water in the deep
aquifer can be demonstrated by shift of piper plot distribution in deep wells. This could be
due to the artificial decolmation which had substantially increased the hydraulic connection
between the canal and the aquifer. The change started to take effect directly at the beginning
of reconstruction, intensified during the reconstruction period, and had a clear effect after it
was accomplished. With the help of a 3-D flow and heat transport numerical model, the
conclusion could be reached that, on average, the bank filtration rate along the canal has
increased on average by 23%. Furthermore, the increasing flow rate substantially changed the
subsurface travel time distribution towards shorter travel times. Flow paths with traveling
times below 200 days increased by around 10 % and those below 300 days by 15 %.
Correspondingly, for the thermal field, the seasonal temperature cycle brought by the SW

propagated further in the scenario with reconstruction (reality).

The geological heterogeneity has strongly influenced the distribution of the redox zonation,
leading to a continuously dominant anaerobic condition in most of the wells. This is true
except for WO7mcn, where the seasonal dynamic between oxic/suboxic and anaerobic
condition could be observed. The influence of the reconstruction on the redox condition
varies locally, however, inasmuch as the small concentration level, this change in the redox
environment was mostly very small. The current setback distance is sufficient for a complete

removal of nitrate and at the same time kept the manganese and iron from largely increasing.
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After reconstruction, no deteriorating effect on the water treatment efficiency was observed.
For most of the concerning water quality items, the median level kept constant or even
dropped after the reconstruction. Although a few substantial differences were found, the
absolute increase was still quite small as measured by its low concentration. An exceptional
case was the continuous high ammonium level, which was observed hundreds of days after
the reconstruction. A plausible explanation was that the reconstruction removed the clogging
layer, which previously retained the ammonium for further reaction. By estimation, this peak

of the ammonium would further reach W04row before February 2024.

As it was discussed in this study, the rehabilitation time in the repaved riverbed may vary for
different degradable substances, while the possibility of the breakthrough increases along
with the length of the time window. The under-sampling, both temporally and spatially, very
much limited the characterization of the recovery process (e.g., for nitrate and ammonium
removal in this study). Spatially, the number and the distribution of the wells inhibited
forming a fine resolution of the monitoring network. To highlight the recovery process in the
riverbed, it is better to install observation points right below the reconstruction bottom
directly after the repavement or at the bank with very little distance to the waterbody, lining
up horizontally along the flow gradient. Currently, the near-bank wells are of more than ten
meters away from the canal and thus the concentration curve has been strongly dampened.
For the vertical direction, instead of intensive drilling, a good compromise could be setting up
multi-level sampling, which could improve the sampling resolution with a limited number of
observation wells. Temporally, for the regular monitoring on the RBF site, the logger-
recorded water head and the biweekly sampling frequency for temperature are sufficient for
describing the temporal dynamic. However, the recovery time may vary from hours to days.
Therefore, more intensive sampling events are required during this period. Before the
reconstruction, a pre-monitoring on the riverbed is also essential, including general analysis
of the pore water, the local biomass, and the CEC level. This can help to forecast the possible

breakthrough and estimate the degree of rehabilitation.

Generally, the glacial tills could be confining layers by its complex composition, medium
particle characteristics and heterogeneous distribution at subsurface (Dragon, 2006; Henzler
et al., 2014; Odling et al., 2015; Shaw et al., 2013). The heterogeneity caused permeable
channels for surface water infiltration locating at different depths for different wells even
though the wells share a similar distance to the adjacent river. The discrepancy of
permeability induced by geological heterogeneity can generate a disparity in redox reactions
and redox zonation at RBF sites. Low hydraulic conductivity may strongly squeeze the range
of redox zones as the wells of W08 and W09, while oppositely, the high hydraulic

conductivity may extend it as WO07. A similar result has been observed in an RBF site at the
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Lot river, France (Kedziorek et al., 2008), where a distant well is more oxic than the near-
bank well. For future research of the RBF site built on the heterogeneous geological condition,
instead of studying a single cross-section along the flow direction, extra wells representing
the heterogeneity should also be considered. This would be especially useful for RBF site
planning. Taking our study site as an example, the safe setback distance would be
underestimated by considering the redox condition of W08 and W09 only, where the
treatment efficiency for nitrate and DOC is quite similar to the most distant well WO04.
However, along the flow path of W07, the shorter setback distance may not guarantee the full
removal of nitrate. From another perspective, with a shorter setback distance, a larger
contribution would be from the infiltrated water, and less pristine groundwater would be
abstracted. Therefore, a better understanding of the local heterogeneity could help the planner

to optimize the balance between the infiltration quantity and quality.

Calibration performance limited the model accuracy on reflecting the flow field and thermal
field. It could be attributed to both 1) the insufficient or incomplete interpretation of the
geological conditions and 2) the calibration accuracy. Heterogeneity brought great difficulty
and uncertainty when considering the geological condition. Therefore, further detailed
investigation would be required, especially in the area where the modelling result deviated
largely from the observation. Autocalibration may also reach a better parameter composition
for the model, however, due to the large calculation load, it could be applied only for the
steady state model. Other simplifications and assumptions might also contribute to the
inaccuracy in the model simulation. For example, considering the fixed groundwater recharge,
or not considering the influence from the temperature on the viscosity, which would require
another set of underlying equations and thus modelling environment. Pumping well settings in
the model might also contribute to the possible error in calibration. As the current pumping
rate distribution in a well is decided by the K¢-value of different layers, a clogging of the well

screen may modify the real situation to show a different local flow field.
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Appendix

Figure. S1 Model cross-section of aquifer vs. glacial till layers in transects (a) U100-W03-
W04, (b) canal bank-W07 and (c) canal bank-W09.
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Table S1 Sampling schedule for each of the wells and resulting number of samples for each
resultind data set as used in Tab. 3.1 and 3.2. The ‘+’ stands for available water chemistry
data and ‘X’ stands for the available DOC data.

U100 WO03men  WO03Low WO04men  WO04ow  WO07uige  WO07Low W08  WO09mcn  WO09Low  Canal

16/07/2007 X+ X+

15/08/2007 X+ X+

15/10/2007 X+ X+

15/11/2007 X+ X+

15/01/2008 X+ X+

18/02/2008 X+ X+

15/04/2008 X+ X+

15/05/2008 X+ X+

15/07/2008 X+ X+

15/08/2008 X+ X+

15/10/2008 X+ X+

18/11/2008 X+ X+

15/01/2009 X+ X+

16/02/2009 X+ X+

16/03/2009 X+
15/04/2009 X+ X+

15/05/2009 X+ X+

15/06/2009 X+
15/07/2009 X+ X+ X+
17/08/2009 X+ X+ X+ X+
15/09/2009 X+
15/10/2009 X+ X+ X+
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16/11/2009 X+ X+ X+ X+
15/12/2009 X+
14/01/2010 X+ X+ X+
15/02/2010 X+ X+ X+ X+
15/03/2010 X+
15/04/2010 X+ X+ X+
17/05/2010 X+ X+ X+ X+
15/06/2010 X+
15/07/2010 X+ X+ X+
16/08/2010 X+ X+ X+
15/09/2010 X+ X+ X+ X+ X+ X+ X+
18/10/2010 X+ X+ X+
15/11/2010 X+ X+ X+
15/12/2010 X+
17/01/2011 X+
15/03/2011 X+ X+ X+ X+ X+ X+ X+
14/04/2011 X+ X+ X+
13/05/2011 X+ X+ X+
15/06/2011 X+ X+ X+ X+ X+ X+ X+
18/07/2011 X+ X+ X+
15/09/2011 X+ X+ X+ X+ X+ X+ X+
14/10/2011 X+ X+ X+
15/11/2011 X+ X+ X+
16/12/2011 X+
13/01/2012 X+
15/03/2012 X+ X+ X+ X+ X+ X+ X+
16/04/2012 X+ X+ X+
15/05/2012 X+ X+ X+
19/06/2012 X+
16/07/2012 X+
17/09/2012 X+ X+ X+ X+ X+ X+ X+
15/10/2012 X+ X+ X
15/11/2012 X+ X+ X
17/12/2012 X+
15/01/2013 X
13/03/2013 X+ X+ X+ X+ X+ X+ X+
15/04/2013 X+ X+ X
15/05/2013 X+ X+ X
13/06/2013 X+ X+ X+ X+ X+ X+ X+
15/07/2013 X X+ X+ X X X X X X
14/08/2013 X X

15/08/2013 X X+ X+ X X X
16/08/2013 X X

16/09/2013 X+ X X+ X+ X+ X+ X+

17/09/2013 X X X+
14/10/2013 X X+ X+ X X X X X X X X
17/11/2013 X X X+ X+ X X X X X X
11/12/2013 X+ X X+ X+ X+ X+ X+

12/12/2013 X X X+
13/01/2014 X+ X+ X X X X X X X

14/01/2014 X X
17/02/2014 X X X X X X X
18/02/2014 X X+ X+

12/03/2014 X X+ X+ X+ X+ X+
13/03/2014 X+ X X X+

14/04/2014 X+ X+ X X X
12/05/2014 X+ X+ X
16/06/2014 X X X X X X X
14/07/2014 X X X
18/08/2014 X X X
15/09/2014 X X X X X X X
13/10/2014 X X X
17/11/2014 X X X
05/10/2015 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
03/11/2015 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
15/12/2015 X+ X+ X+ X+ X+ X+ X+ X+
12/01/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
16/02/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
15/03/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
12/04/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
10/05/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+
14/06/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+
18/07/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
30/08/2016 X+ X+ X+ X+ X+ X+ X+ X+ X+ X+ X+
04/10/2016 X+ X+ X+ X+ X+ X+ X+ X+
08/11/2016 X+ X+ X+ X+ X+
14/12/2016 X+ X+ X+ X+ X+ X+ X+ X+
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18/01/2017 X+ X+ X+ X+ X+ X+ X+ X+

15/02/2017 + + + + + + +

Tot. X 30 43 40 44 43 34 34 34 29 33 77

Before 12 20 20 19 19 8 8 8 8 8 45
Reconst. X

After 18 23 20 25 24 26 26 26 21 25 32
Reconst.X

Tot.+ 22 35 39 37 36 27 27 27 21 26 58

Before 12 20 20 19 19 8 8 8 8 8 40
Reconst. +

After 10 15 18 17 16 18 18 18 13 17 18
Reconst. +

Table. S2 The engineering schedule of the canal.

Section Removal of the old structure Dredging
Southwest 17/06/2013 - 22/07/2013 22/07/2013 - 13/09/2013
Northeast 30/09/2013 - 11/10/2013 14/10/2013 - 08/11/2013
Northwest 07/11/2013 - 20/11/2013 07/11/2013 - 20/12/2013
Southeast 19/02/2014 - 11/03/2014 05/03/2014 - 19/05/2014
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