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Abstract

River restoration typically aims at improving and preserving the ecological integrity of rivers and
their floodplains. Restoration projects may, however, decrease the ability of the riparian zone
to remove contaminants as the river water moves into the aquifer, especially during high river
discharges. The purpose of this paper is to analyze several factors involved during riverbank
restoration (i.e. changes in riverbank topography and hydraulic conductivity of the upper
sediments of the riverbank), with respect to their effect on enhancing dissolved organic carbon
(DOC) transport from rivers into the groundwater. 3-D groundwater flow and transport with
first-order decay was simulated for a typical setting of a porous groundwater aquifer near a
large river. The simulations indicate that, during a 5 m flooding event, DOC concentrations
in the groundwater can be 1.7 to 9 times higher at a restored riverbank (i.e. 250 m wide, no
clogging within one meter of riverbank sediments) compared to a steep riverbank (i.e. 8 m
wide, clogging within one meter of sediments), in coarse to fine sandy gravel. 51 to 89 % of this
increase in DOC concentration levels in the groundwater were due to an increase in submerged
area of the riverbank, depending on the type of soil of the aquifer. The remaining part was
caused by a change in riverbank hydraulic conductivity. The simulations further showed that

the arrival times of DOC concentration peaks at 400 to 500 m distance from the river axis can
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be 18 to 27 days shorter at restored than at steep riverbanks. 77 to 100 % of the earlier arrival
times of DOC concentration peaks at 400 to 500 m from the river axis were due to an increase
in submerged area of the riverbank. The remaining part was due to a change in riverbank
hydraulic conductivity. The effects of riverbank restoration on DOC concentrations and arrival
times were bigger if river DOC concentrations increased than if they were assumed constant
during the flood, the more the river water level increased and the closer the distance was to
the river. The findings suggest that riverbank restoration projects as conducted as part of the
implementation of the European Water Framework Directive, potentially, may have adverse
effects on the groundwater quality near rivers. Additional monitoring strategies will therefore
be needed in the future in such projects to protect alluvial ground water resources for public

drinking water supply.
Keywords: riverbank filtration, ecological integrity, water supply, DOC transport

1. Introduction

Aquifers are part of a valuable water resource system for drinking water supply. The water
levels of rivers are affected by hydrological events (e.g. precipitation, snow melts) and by
the regulation of rivers (e.g. power plants, etc.). The river water quality during floods may
deteriorate e.g. due to combined sewer overflow events or direct runoff from areas with intensive
agriculture (stock farming, Kirschner et al. 2009, etc.). Floods may cause strong variations in
flow velocities near rivers and may significantly shorten the travel times of contaminants from
the river to a drinking water well (Shankar et al. 2009). Moreover floods can cause that
contaminants are transported further into groundwater (Derx et al. 2010, 2013a). In addition,
bank sediments may be mobilized by lateral erosion leading to a temporary increase of river
water infiltration (Regli 2007, Woolsey et al. 2007). Initiatives for restoring rivers typically

have the aim to improve and preserve the ecological quality of rivers and their floodplains.
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Restoration measures, such as the widening of the river bed, aim to increase the functional
diversity which may improve the natural biological community of groundwater (Samaritani
et al. 2011). Restoration measures moreover lead to changing bank morphologies and hydraulic
conductivities of bank sediments, which generally increase the degree of river-groundwater
interaction. Concerns have been raised that these measures may be detrimental for groundwater
quality (Hoehn and Scholtis 2011). As a consequence, Swiss regulations already prohibit river
revitalization near production wells (BUWAL 2004). Groundwater quality may deteriorate
due to elevated fractions of infiltrated river water and reduced subsurface residence times after
riverbank restoration. As hydrologic and hydrogeochemical conditions commonly differ before
and after riverbank restoration, these effects are difficult to predict and to quantify (Hoehn
and Scholtis 2011). Vogt et al. 2010 compared the propagation of electric conductivity diurnal
signals in groundwater and found shorter travel times between the River Thur and a drinking
water well at a restored site than at a channelized section, despite similar distance to the river
and aquifer hydraulic conductivity. The effects on contaminant transport during riverbank
filtration are yet unknown.

The removal during riverbank filtration of contaminants is of great concern, which emerge
in the aquatic environment and in waste water because of their use for human and veterinary
purposes (Maeng et al. 2011). Among the contaminants in waters, which are of growing concern
for the safety of drinking water, are pharmaceutically active compounds, endocrine disrupting
compounds and personal care products. However, elaborate and costly detection techniques are
often required for detecting these compounds in water. DOC is therefore most often used as a
sum parameter for organic matter, which often occurs together with contaminants originating
from waste water effluents (Maeng et al. 2011, Weiss et al. 2003, Partinoudi and Collins 2007).

High levels of DOC can deteriorate the taste in drinking water and may lead to disinfection
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byproducts during chlorination of raw water (Schmidt et al. 2003, Hiilshoff et al. 2009). DOC
can be removed by adsorption onto aquifer materials or by biodegradation (Maeng et al. 2011).
During biodegradation microorganisms utilize DOC for growing and for gaining energy, thus
reducing DOC concentrations in water (Ludwig et al. 1997). An essential part of DOC con-
centration is reduced within the first meter of the sediments at the river-sediment interface,
where microorganisms may actively grow bacterial biofilms and thus often reduce the hydraulic
conductivity (i.e. sediment clogging, Cunningham et al. 1991). From a statistical analysis of
a data set from 33 riverbank filtration sites in various countries, Skark et al. (2006) identified
the most important factors for DOC elimination during riverbank filtration as the initial DOC
concentration in the river, the transmissivity (i.e. hydraulic conductivity and thickness) of the
aquifer and the residence time in groundwater. While the importance of riverbank hydraulic
conductivity on groundwater quality is already known (Cunningham et al. 1991, Skark et al.
2006), the effect of changing riverbank topographies after restoration was not yet analyzed,
especially not during floods. Larger submerged areas of riverbanks after restoration can lead
to an enhanced river-aquifer mixing and may thus enhance DOC transport from rivers into
groundwater. As DOC concentrations in rivers can vary greatly during floods, the risk of
groundwater contamination may be high.

The primary objective of this paper is therefore to quantitatively analyze the effects of
topographical changes of the riverbank and changes of riverbank hydraulic conductivities after
restoration on DOC concentrations in the near-river groundwater during floods. The effects of
variable DOC concentrations at the river boundary during floods were separately analyzed, as
they may add to the effect of riverbank restoration on DOC concentrations in the near-river
groundwater.

The secondary objective is to analyze the effects of riverbank restoration on DOC travel
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times from the river into the groundwater aquifer. After riverbank restoration, topographical
changes of the riverbank or changes in hydraulic conductivity of the upper sediments of the
riverbank may cause DOC concentrations to be transported further into the groundwater and
to arrive earlier at a given distance from the river. The risk of groundwater contamination near
rivers may therefore increase as a result of restoration, requiring additional treatment for drink-
ing water. Scenarios of a large river and an aquifer with simplified geometries were assumed,
allowing us to study the above effects independently from each other. This is considered an
important first step in order to understand the mechanisms of riverbank restoration affecting
groundwater quality from a hydraulic perspective.

This paper complements previous studies on river-aquifer interaction for larger river settings
(Derx et al. 2010, Derx et al. 2013a and 2013b). Derx et al. (2010), (2013a) analyzed the effect
of river level fluctuations on solute and virus transport from the river into the aquifer. Derx
et al. 2013b examined temperature effects on the exchange. In contrast, this paper examines
the factors of riverbank restoration that may enhance DOC in the groundwater by comparing

scenarios with and without restoration.

2. Methods

We adopted the groundwater flow and transport model used in Derx et al. 2013a and 2013b,
extended for a restored riverbank. A three-dimensional groundwater flow and transport model
(SUTRA 2.1, Voss and Provost 2008) was coupled to a 1D surface water model (HEC-RAS,
U.S. Army Corps of Engineers 2008), fully accounting for transient-variably saturated flow
conditions. The simulated surface water levels were used as input to the groundwater flow
and transport model by defining the simulated heads as specified pressure boundary conditions

in time and space over the entire river bed (Section 2.2). The groundwater flow model was
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validated on data from a field site at the Austrian Danube with transient flow conditions during
several flooding events. It was demonstrated that the transient groundwater flow situation
during flooding events could be reproduced, with mean biases always less than 7 cm (Derx
et al. 2010). For a detailed description of the water flow model coupled with transient surface

water - groundwater interaction, see Derx et al. (2010).

2.1. Description of the groundwater flow and transport model

Derx et al. 2013a found that river-aquifer mixing and dispersion were important for en-
hancing virus transport into groundwater during river water level fluctuation. As dispersion is
therefore likely to be important also for our simulations and may be smaller when considering
less dimensions, we considered 3-D groundwater flow and transport. Moreover, the ground-
water flow situation is 3-D because the propagating flood wave causes return flows during the
receding flood. At this point in time (after 20 d), the near-river groundwater flow direction
is not perpendicular to the river axis (Figure 1, right). The general form of the 3-D variably
saturated groundwater flow equation as solved in SUTRA 2.1 is

00,

0 - pK (O,
(Oupsiy + 0972 - I - T,

) o T+ 0] =0, (1)
for explanation of symbols see Table 1. The numerical solution of this equation is processed by
a first linear projection of the nodal heads and iterative processing for resolving nonlinearities.
Then the linear system of equations is solved using an iterative sparse matrix equation solver.

For simulating DOC transport in groundwater Equation 2 was used, which is based on the

3-D variably saturated advection-dispersion equation with first-order decay (), as solved by

SUTRA2.1 (Voss and Provost 2008).
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ot

+ V(00,p7C) — V(00,pDVC) = —00,,pAC, (2)

for explanation of symbols see Table 1.

The hypothetical aquifer scenarios were assumed for a steep and for a restored riverbank,
as shown in Figure 1. The gradually submerged area during an increase of river water level by
5 m was assumed to be 8 m wide at the steep riverbank (corresponding to a slope of 2:3 of the
riverbank) and 250 m wide at the restored riverbank (Figure 1). The larger area at the restored

riverbank originates from restored riverbanks often failing under the influence of gravity until

they end up in a stable state (Shields 1996).

2.2. Conceptual model and boundary conditions

The model comprises an area of 9 by 4.6 km, limited by a straight river stretch of 9 km
length (Figure 1, right). The river is 150 m wide and is delimited by the river centre line and
the riverbanks. The model dimensions were chosen large enough to avoid errors caused by
boundary effects. For the simulations we assumed a large river which has an oxygen content
close to saturation. This is important for choosing the degradation rates of DOC later in
this section. The unconfined alluvial aquifer is 10 m deep consisting of either coarse gravel,
fine gravel and fine sandy gravel porous media and is fully connected to the river or partially
overlain by a clogging layer on top of the riverbank and bed. These conditions are often found
at riverbank filtration sites underlaid by fluvial gravel aquifers (Hoehn 2002, Homonnay 2002,
Weiss et al. 2005, Schubert 2006).

As the aim was to simulate infiltration conditions, the boundary conditions were assigned so
that water level gradients were directed naturally from the river into groundwater (the pressure

gradient was assumed 3 m/km, see Figure 1). A straight 9 km long river stretch was assumed to
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overlay the aquifer (Figure 1, the river is shaded in blue). Head boundary conditions prescribed
in this zone were set at the top elements of the river bed and bank based on the water levels
of a hydrodynamic, 1D surface water model (HEC-RAS, U.S. Army Corps of Engineers 2008).
The vertical exchange rates across the river bed are thus controlled by the transient water levels
specified at the river bed boundary and the vertical hydraulic conductivity of the uppermost cell
of the aquifer below the river bed. The dynamics of river flow and their effect on groundwater
flow were fully accounted for. The simulated river water level increased by 5 m at maximum.
The simulated flooding event mimics a real river flooding event and lasts for 20 d, followed by
40 d of steady low flow conditions (Figure 2). As a simplified assumption, the progression of
the river stage was assumed to follow a cosine function.

At all vertical boundaries except for the one along the river, we used the same, constant pre-
scribed head boundary conditions as for the initial condition. We defined the vertical boundary
along the river axis to be no-flow since we assumed parallel flow along the river axis. Likewise,
the top layer in the land zone was set to no-flow, as we assumed no groundwater recharge from
precipitation. The bottom model boundary was defined to be no-flow, representing an imper-
meable layer of clay and silt below the aquifer. The transition zone between the highest and
lowest water mark alternated between submerged and dry during the simulations (Figure 1,
left). The boundary conditions in this zone were set according to the model result of the previ-
ous time step for a given node. If the hydraulic pressure of the previous time step was positive,
the head boundary condition was set to the local surface water level. If the hydraulic pressure
was negative, the boundary conditions were set to no-flow since the soil was unsaturated (as in

Derx et al. 2010).
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2.8. Model discretisation

The horizontal discretizations of the numerical elements vary between 1.5 m and 100 m
(Figure 1). As the effects of riverbank restoration are strongly influenced by river-aquifer
mixing and dispersion in the near-river groundwater (e.g. Derx et al. 2010), it was important
to avoid additional numerical dispersion. Along the riverbanks and in the centre of the model
(Figure 1, right), numerical cell sizes were therefore kept small (1.5 to 10 m). The DOC
transport simulations were evaluated in the detailed section of the model. The upstream and
downstream boundaries were sufficiently far from this middle section so that numerical errors
induced by the coarser mesh could be excluded (Figure 1, right). The aquifer was discretized
into 20 layers ranging from 10 to 35 cm in the upper soil zone and from 1.2 to 1.5 m in the
fully saturated zone (Figure 1, top left). The small vertical discretisation in the upper soil
zone was required in order to resolve the nonlinearities of the unsaturated flow equation. For
including clogging of river beds and banks the same model set-up was used with the difference
that the uppermost 3 layers were discretized using a fixed vertical cell size of 10 cm. This way,
the correct simulation of a thin layer of very low conductivity on the uppermost 3 elements of
the riverbed and bank was ensured. The model consists of approximately 850,000 elements in

total.

2.4. Model parameterisation

The simulations were performed with an initial surface water depth of 0.5 m and 3 m (for
river water levels increasing by 3-5 m and for steady flow, respectively). For the initial pressure
conditions, simulations were performed with all boundary conditions held constant over a time
long enough (1.5 years) so that the initial conditions had no influence on the groundwater flow

results. For the transport simulations, an initial DOC concentration of 1 mg/l was assumed
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homogeneously distributed in groundwater, which was the average value observed in production
wells nearby a number of large rivers (e.g. near the rivers Danube, Wolfram and Humpesch
2003, Orlikowski and Hein 2006, Missouri, Ohio and Wabash, Weiss et al. 2003, Soucook,
Partinoudi and Collins 2007, Rhine, Schmidt et al. 2003 and Thur, Hoehn and Scholtis 2011).
The DOC concentration of the river water during steady flow conditions was set to 3 mg/l,
which is within the range of observed values in these and other middle European rivers (Skark
et al. 2006). The DOC concentrations during an increase in river water levels by 3 and 5 m
were either assumed as for the steady flow conditions or were assumed to increase from 1 mg/1
to 5 mgl/s and 10 mg/l during a 3 and 5 m flood event, respectively (Figure 2, as observed
e.g. in the Danube River by Wolfram and Humpesch 2003). The DOC concentrations were
assumed homogeneously distributed in the river.

As the hydraulic conductivity in fluvial gravel aquifers near rivers often ranges from 1073 m/s
to 1072 m/s (e.g. at the River Rhine, Schubert 2006 and Shankar et al. 2009, or other rivers,
Skark et al. 2006), this range was assumed in our simulations. Out of this range, the maximum
(1072 m/s), average (5-107® m/s) and minimum values (107 m/s) of K; were assigned to
coarse gravel, fine gravel and fine sandy gravel material. Each of these values was distributed
homogeneously over the entire aquifer with an anisotropy ratio of 1:10, assuming effective pa-
rameters. The adopted aquifer was fully connected to the river or overlain by a clogging layer.
This layer was assumed to have a thickness of 30 cm and a hydraulic conductivity of 1076 m/s
on top of the river bed and on top of the steep riverbank (Griinheid et al. 2005, Blaschke et al.
2003, Fischer et al. 2005). Clogging processes may consist of several clogging cycles of a few
weeks each initiated by floods until a stable state is reached (Blaschke et al. 2003). Rating
curves often show a clear trend that suspended load concentrations in rivers are low during

low river flows (Hickin 1995). Clogging will therefore typically establish slowly and during long
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time periods. During the 60 d of simulation time, the clogging layers were therefore assumed
to remain constant.

For the effective porosity a range of 0.1-0.2 was reported for sandy gravel and gravel (de
Marsily 1986). Assuming a worst case, we assigned the lowest value of 0.1 to the effective
porosity. Water saturation and hydraulic conductivity in the unsaturated zone were calculated
by using the model of van Genuchten 1980. The parameters «, n and the residual water
saturation ©, were set to 0.36 kPal, 3.18 and 0.14, as obtained by the Rosetta Lite program
(Schaap et al. 2001) for the sand textural class of the USDA triangle (Derx et al. 2013a and
2013b). The longitudinal and transversal dispersivity for the horizontal directions (oy) was
set to 5 m and 1 m, respectively, in the detailed section of the model (Figure 1, right). The
condition of Kinzelbach (1987) for the three-dimensional case and for small ratios of o; / o
(< 10), as in our simulations, is thus fulfilled: P,=v-Ad/D < 2, where P, is the Peclet number,
D is the dispersion coefficient, Ad is the element size and v is the pore-water velocity. According
to the ratio of horizontal to vertical element sizes, an anisotropy ratio of dispersivities of 0.1 was
assumed. Separate simulations, where we compared anisotropy ratios of 0.1 and 0.01, showed
that they were not important in our simulations (results not shown). Likewise for hydraulic
conductivity, an anisotropy ratio of 0.1 was assumed (Chen 2000).

For simulating DOC transport, we assumed a contaminant undergoing slow irreversible
sorption or first-order decay. Reversible sorption processes were assumed negligible in our
simulations. As DOC decay depends on various parameters, such as the redox conditions in the
aquifer, pH, temperature, etc., the decay rate is often estimated from a global mass balance of
a DOC concentration plume in the field or in the laboratory (Rausch et al. 2005). From such
global measurements of DOC decay in gravel aquifers near the Rhine (Schmidt et al. 2003), the

Elbe (Fischer et al. 2005) and in a 30 m large column experiment (Griinheid and Jekel 2005),
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half-life values (¢1/2) from 30 to 50 d were observed. These half-life values are transformable
into decay rates from 0.01 to 0.02 d™!, given the relation A = In2 / t;/» (Rausch et al. 2005).
Alternatively, DOC decay rates were determined in gravelly porous media from the exponential
decline in observed breakthrough curves during field experiments (Schonheinz and Grischek
2011). The DOC decay rates reviewed by Schonheinz and Grischek (2011) for aerobic aquifer
conditions ranged from 0.01 to 0.07 d~! (Kriiger et al. 1998, Boggs et al. 1993). This range was
therefore assumed for our scenarios. The largest decay rate value of A=0.07 d~* was assigned
to the finest type of porous medium because of a higher affinity to attach to sediments. For
gravel and fine gravel material, A=0.01 and 0.02 d~! were assumed, constant in each simulation
run, even though the field experiments used for deriving A involved physical and chemical

heterogeneities of the aquifer from a scale of 10 to 100 m.

3. Results

In the simulations during steady flow conditions there was a natural groundwater gradient
from the river into the aquifer. During rising river water levels (from days 0-10), groundwater
gradients near the river increased, thus more water entered the riverbank and DOC concentra-
tions in the near-river aquifer increased (Figure 3). During falling river water levels (from days
10-20), the natural groundwater gradient turned from infiltration to groundwater exfiltration
conditions (Figures 3 and 6, ¢ and d, right). The simulated DOC concentrations responded on
the return flows with a delay of 10 d. The DOC concentrations in Figures 3 and 6, ¢ and d
are therefore shown after 30 d of simulation time, while the groundwater flow directions are
shown after 20 d of simulation time. These return flows into the river led to a significant de-
crease in DOC concentrations in groundwater at distances from 400 to 500 m from the river

axis, following the peak of the flood after 10 d (Figure 7). The DOC concentrations over time
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from Figures 7 to 9 refer to the lowest depths of the aquifer because this is where the pipes
of horizontal wells are usually located. In the simulations where DOC concentrations in the
river increased concurrently during the floods and where clogging of the top sediments was as-
sumed, the return flows only led to a decrease in DOC concentrations at the restored riverbank
(Figures 3 and 6). At the steep riverbank, the DOC concentration peaks arrived with a delay
of several days at distances from 400 to 500 m from the river axis, and therefore missed the

time when the return flows occurred (after 10 to 20 d of simulation time).

3.1. Effect of aquifer material

Simulated DOC concentrations in fine gravel were reduced from 10, 5 and 3 mg/1 at 200 m
from the river axis to 4.5, 2.5 and 1.8 mg/1 at 500 m from the river axis (Figure 5, top centre).
This is consistent with a relatively constant DOC concentration reduction of 50 % found at
the Elbe River in Dresden, from 6.9 and 5.6 mg/l in the river to 3.4 and 3.2 mg/l near the
production site 300 m from the river during measurements conducted in 1991/1992 and 2003,
respectively (Fischer et al. 2005). The conditions at the Elbe River are very similar to the
conditions assumed in our simulations,; i.e. with an aquifer thickness of 15 m and a hydraulic
conductivity of 0.6 to 2:107% m/s.

The simulations in this paper showed that a larger area of the restored riverbank which is
gradually submerged during a flood can cause higher DOC concentration levels in groundwater.
Simulated DOC concentrations at the bottom of the aquifer were 1.1 times higher at the restored
than the steep riverbank in coarse gravel, 1.3 times higher in fine gravel and 2.5 times higher in
fine gravel with sand (0.3, 0.7 and 1.5 mg/l, respectively, Figure 4). When assuming that DOC
concentrations in the river additionally varied from 1 to 10 mg/l during the flood, simulated

DOC concentration levels at the bottom of the aquifer were 1.25 times higher in coarse gravel,
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2 times higher in fine gravel and 9 times higher in fine gravel with sand at the restored than at

the steep riverbank (2, 5 and 9 mg/1, respectively, Figure 5, top).

3.2. Effect of a clogging layer

Figure 5, bottom shows that for the scenario of a steep riverbank a clogging layer led to
more DOC removal in the first meter of the riverbank and bed sediments. This is consistent
with reports of the most efficient removal in the oxic infiltration zone (Hiilshoff et al. 2009).
While for the steep riverbank scenario DOC entered the aquifer preferably below the river bed,
DOC entered the aquifer preferably below the riverbank at the restored site (see black arrows
in Figure 6, a and b). In the simulations for the restored riverbank, DOC concentrations were
consequently not affected by clogging in the near-river groundwater, but were reduced more
efficiently further from the river. The additional removal of a low hydraulic conductivity layer
on top of the riverbank sediments after restoration caused that simulated DOC concentration
levels at the bottom of the aquifer were 1.7 times higher in coarse gravel, 2 times higher in
fine gravel and 9 times higher in fine gravel with sand than at the steep riverbank (4, 6 and
9 mg/l, respectively, Figure 5, bottom). If the river water level was assumed constant during
the simulations (Ah = 0), sediment clogging had very little effect on DOC concentrations

(Figure 5, bottom).

3.3. DOC time arrival

Our simulations further showed that larger areas of the restored riverbank which are grad-
ually submerged during the flood can cause that DOC concentration peaks arrive earlier at
500 m distance from the river axis in groundwater. Simulated DOC concentration peaks ar-
rived 2 d earlier in coarse gravel and 5 d earlier in fine gravel at 500 m from the river axis

(Figure 7, black triangles). The scenario in fine gravel with sand was not evaluated for DOC
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travel times because DOC concentration peaks never arrived at 500 m distance from the river
axis during 60 d of simulation time. When DOC concentrations in the river additionally varied
from 1 to 10 mg/1 during the flood, simulated DOC concentration peaks arrived 14 d earlier
in coarse gravel and 27 d earlier in fine gravel at the restored than at the steep riverbank at
500 m distance from the river (Figure 8, black triangles). The additional removal of a low
hydraulic conductivity layer on top of the riverbank sediments after restoration caused that
simulated DOC concentration peaks arrived 18 d earlier in coarse gravel and 27 d earlier in fine
gravel at 500 m from the river axis (Figure 9, black triangles). Due to vertical gradients during
the flood peak, vertical mixing caused that simulated DOC concentrations hit the bottom of
the aquifer after 10 d (Figure 3, right). In case of clogging of the riverbank, the simulated
DOC concentrations infiltrated preferably across the river bed causing vertical mixing below
(Figure 6a). In reality, vertical mixing will depend on the effective vertical dispersivity, which

is very much site-specific.

3.4. Comparative analysis

When comparing the effects of riverbank topography, river concentration and hydraulic
conductivity of the uppermost bank sediments, the topography was responsible for 51 % of
the total increase in simulated DOC concentrations in coarse gravel, 84 % in fine gravel and
78 % in fine sandy gravel. The effect of the riverbank topography on DOC concentrations in
groundwater was higher with an increase of DOC concentrations in the river during the flood
than if they were assumed constant. The remainder is ascribed to the removal of a clogging
layer on top of the riverbank sediments after restoration (49 % in coarse gravel, 16 % in fine
gravel and 22 % in fine sandy gravel).

The surface topography of the riverbank was responsible for 77 % of the total earlier arrival
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times of simulated DOC concentration peaks at 500 m distance from the river axis in coarse
gravel, and for 100 % in fine gravel. Again, the arrival times were by 12 to 22 d shorter when an
increase in DOC concentrations of the river during the flood was assumed. The remainder can
be ascribed to the removal of a clogging layer on top of the riverbank sediments after restoration

(23 % in coarse gravel and 0 % in fine gravel).

4. Discussion

In Europe floodplains increasingly show signs of terrestrial ecosystems, following construc-
tions of flood protection dikes and hydropower plants since the 19th century (Lair et al. 2009).
This process led to an increased retention and demobilization of contaminants, which reach the
river system via waste waters, surface water or atmospheric deposition and thus provide a sink
for pollution, as found by Lair et al. 2009 for nitrate and phosphorous compounds. For the case
of river floodplains, an increase in surface-groundwater exchange is most likely after restoration,
leading to higher infiltration rates of contaminants into groundwater and potentially to their
remobilization. Lair et al. (2009) suggested a way to overcome this problem was to conserve
soil organic matter after restoration, facilitating degradation and thus the removal of DOC.

The aim of this paper was to comparatively quantify the effects responsible for enhancing
DOC transport from the river into groundwater after riverbank restoration. Specifically, the
effects on DOC concentration levels and DOC travel times towards distances from 400 to 500m

from the river axis were investigated, where drinking water wells are commonly located.

4.1. Effects of riverbank restoration on groundwater DOC' concentration
First, the effects on DOC concentration levels are discussed. The simulated DOC concentra-
tion peaks were generally higher and arrived earlier for the restored than for the steep riverbank,

with the largest differences after the largest flood assumed (5 m) and at closest distance to the
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river. Derx et al. (2010) and (2013a) made strong variations in pore velocities and river-aquifer
mixing responsible for enhanced solute and virus transport from the river into groundwater.
These mechanisms apply also in our simulations for DOC transport.

In a statistical cluster analysis of data from 33 riverbank filtration sites in various countries,
Skark et al. (2006) identified the most important factors for DOC elimination being the initial
DOC concentration in the river, the hydraulic conductivity (transmissivity) of the aquifer and
the residence time in groundwater. In accordance with Skark et al. (2006), our simulations
showed that the effect of changes in riverbank topography after restoration on enhancing DOC
transport from the river into groundwater can be strongly amplified by increases in DOC
concentrations in the river during floods and by changes in riverbank hydraulic conductivity.
In previous studies, DOC concentrations in rivers were found to be related to river discharges
e.g. in the Danube and Missouri rivers, with the same ranges of DOC concentrations and river
discharge rates as in our simulations (Wolfram and Humpesch 2003, Raymond and Oh 2007).
This emphasizes the importance for reducing contaminant levels in rivers, specifically if river
floods occur on a regular basis. For example, similar sized flood events as assumed in our
simulations occur at the river Danube on average once a year (via donau 1997). In such cases,
where the submerged area of the riverbank during a flood is similarly large as in our simulations
(i.e. 250 m in width or larger), near-river groundwater quality may therefore be at higher risk
of being contaminated after restoration.

At restored riverbanks mass fluxes across the river-aquifer interface increase. Derx et al.
(2010) e.g. observed that hydraulic pressure gradients changed from groundwater exfiltration
to infiltration during floods at the river Danube. Our simulations further indicated that the
removal of a clogging layer during bank restoration can further enhance DOC transport into

groundwater, especially in coarse gravel. This process can lead to an increase in hydraulic
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conductivity of the uppermost sediments of the riverbank. The higher DOC concentration
levels during the peak of the flood, however, are eventually compensated by more dilution after
the flood due to return flows from groundwater towards the river. As a consequence for the
scenarios at the restored riverbank, the return flows occurring after the peak of the floods led to
a dilution effect in groundwater and below the river bed. This was because in the simulations,
fresh water containing low concentrations of DOC was brought from inland. After a longer
time period and numerous flooding events, however, a clogging layer may re-establish on top
of the restored bank and this dilution effect may decrease.

Interestingly for the scenario at the steep riverbank, the return flows caused that DOC
discharged from the groundwater below the river bed (Figures 3¢ and 6). Robinson et al.
(2007) similarly observed a subterranean discharge of fresh groundwater, which they explained
by tidal forcing, producing oscillating landward- and seaward- directed hydraulic gradients in
the nearshore aquifer. While at the ocean, tides are oscillating on a daily basis, this effect also
shows in our simulations at a river after one single flood event.

Unsaturated-saturated flow conditions were of minor importance in our simulations. A sen-
sitivity analysis for virus transport from a river with first-order decay indicated that variations
in water saturation and in the parameters for the unsaturated zone had small effects on the
simulated concentrations (Derx et al. 2013a). Strong precipitation events or during inundation
of overland areas may cause that unsaturated flow and transport from the top surface become
more important. In this paper, however, we have not considered overland flows, as we focused

on more frequent flooding events.
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4.2. Effect of riverbank restoration on groundwater DOC travel times

Secondly, the effects of riverbank restoration on travel times of DOC from the river towards
certain distances from the river are discussed. The simulations showed that at a restored river-
bank, travel times of DOC concentration peaks towards distances from 400 to 500 m from the
river axis can be reduced by 18 to 27 d compared with at steep riverbanks. Our simulations
indicated that a change in surface topography of the riverbank, i.e. a larger submerged area
during floods, can be very important for decreasing travel times of DOC concentration peaks
from the river towards distances from 400 to 500 m from the river axis. In contrast to a
commonly uniform surface topography of steep riverbanks, the surface topography at restored
riverbanks can be rougher and more heterogeneous. Top surface heterogeneities may addition-
ally enhance river-aquifer mixing and thus further enhance the transport into the near-river
aquifer, as shown by Derx et al. (2010) for solutes. Vogt et al. (2010) studied the travel times
of electric conductivity signals in an alluvial aquifer of the Thur River (Switzerland) after a
similar sized flood event (Ah = 3 m) and similar aquifer properties as in our simulations.
Indeed, they observed a longer travel time, but at a shorter distance from the river than in
our simulations (at 50 m). A more heterogeneous riverbank topography such as at the River
Thur is very likely to occur also at other rivers after restoration. This emphasizes that after
the restoration of riverbanks, the risk of groundwater contamination may increase, potentially
requiring additional treatment to achieve the required drinking water quality.

The simulations suggest that groundwater quality may be impaired after riverbank restora-
tion, specifically after large flood events leading to significant soil erosion and to contaminated
river water. The risk of contamination of drinking water wells near rivers may increase. These
effects may not only apply for DOC but qualitatively also for other organic pollutants and mi-

crobial pathogens that occur in waters (e.g. viruses), and may have important implications for
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the water supply at restored bank sites. Such implications could be to prohibit river revitaliza-
tion in the inner protection zone of drinking water wells, such as done in Switzerland (BUWAL
2004) or to develop further monitoring strategies. Future drinking water safety management
has to consider such potential quality changes due to riverbank restoration and take appropriate

measures (e.g. increased water treatment, large setback distances, advanced monitoring, etc..).

5. Conclusion

This paper is a comparative analysis of the effects caused by riverbank restoration on en-
hancing DOC transport from the river into groundwater. Simulations indicate that at a restored
riverbank, DOC concentrations peaks after a 5 m river flood event can be 1.7 to 9 times higher
and arrive 18 to 27 d earlier at 400 to 500 m distance from the river axis in coarse to fine sandy
gravel than at a steep riverbank.

In our simulations, 51 to 84 % of the increase in DOC concentration levels and 77 to 100 %
of the decrease in DOC travel times towards distances from 400 to 500 m from the river axis
were due to the change in surface topography, i.e. a larger area of the riverbank which was
gradually submerged during floods. The effect was higher if DOC concentrations at the river
boundary were assumed to increase during the flood. The remaining part was caused by an
increased riverbank hydraulic conductivity assumed at the restored riverbank. Our simulations
show that return flows after the peak of the flood can eventually compensate the immediate rise
in DOC concentration levels in the near-river aquifer by more dilution with groundwater from
inland. In the case that riverbank restoration projects are planned, we recommend evaluating
if further monitoring or treatment is needed for the protection of drinking water resources near
rivers.

For predicting the effects of riverbank restoration on the groundwater quality for specific
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sites, we recommend accounting for the complex transient groundwater flow situation in the
near-river aquifer during flooding events, as they may, besides heterogeneities of the surface
topography, significantly increase the infiltration capacity of contaminants from the river into
groundwater. In the future, the effects of riverbank restoration on DOC concentrations in
groundwater will need to be further explored by empirical time series during flooding events.
The effects of pH, organic matter composition, redox conditions and pore velocity will have to

be included, as they have strong effects on the soil’s degradation capacity.
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Figure 1: Cross section through the 3D water flow and transport model (Section 2.1); steep riverbank (top left)
and restored site (bottom left). Map view of the model indicating area that is affected by riverbank restoration
(brown shading, right). Vertical and horizontal discretizations of the numerical element mesh are depicted (top
left and right)..

Figure 2: River water levels (left) and DOC concentrations (right) at the river boundary during steady flow
simulations (Ah=0) and during increases of river water levels by 3 and 5 m.

Figure 3: Cross section W-E (see Figure 1) of DOC concentrations (colours) and groundwater flow directions
(black arrows) for fine gravel, simulated with head changes in the river (Ah) of 0 m, (left) 3 m (centre) and
5 m (right); shown are DOC concentrations after 10 d (a and b) and after 30 d (¢ and d). Groundwater flow
directions are shown after 20 d in rows ¢ and d; DOC concentrations at the river boundary varied in time
(Figure 2, right).

Figure 4: Peak DOC concentrations at the bottom of the groundwater aquifer at 60 d of simulation time; Blue
and red lines correspond to non restored and restored situations; For the location of the zero point of the x-axis,
see Figure 3. The scales of the axis are adjusted for improved visibility of the results.

Figure 5: As Figure 4, but with DOC concentrations at the river boundary varying in time (Figure 2, right).

Figure 6: As Figure 3, but simulated with a 30 cm clogging layer on top of the river bed and on top of the steep
riverbank (K; = 1075 m/s).

Figure 7: Simulated DOC concentrations in groundwater over time at the bottom of the groundwater aquifer
at a restored and a steep riverbank; Red and blue lines correspond to restored and non restored situations; The
black triangles refer to DOC concentration peaks during the simulation time; the scales of the axes are adjusted
for improved visibility of the results.

Figure 8: As Figure 7, but with DOC concentrations at the river boundary varying in time (Figure 2, right).

Figure 9: As Figure 8, but simulated with a 30 cm clogging layer on top of the river bed and of the steep
riverbank (K; = 1075 m/s).



Table 1: Notation

concentration of DOC (mg/1)

3-D dispersion tensor (m?/s)

gravity vector (ms—?)

aquifer depth (m)

total difference in river level (m)

hydraulic groundwater gradient (m/km)

3-D aquifer permeability matrix (m?)

hydraulic conductivity (m/s)

DOC decay rate of the adsorbable and biodegradable portion (d!)
hydraulic water pressure (kN/m?)
specific pressure storativity (kg/ms?)~
simulation time (d)

pore velocity (m/d)

longitudinal dispersivity (m)
transversal dispersivity (m)

1

differential operator (-)

fluid density (999.7 kg/m? at 10°C)
effective porosity (-)

water saturation (-)

fluid viscosity (1.307 - 1072 kg/ms at 10°C)
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