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whereas iron concentrations in bank filtrate often undergo a long-term decline.
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1. Introduction

1. Introduction

Riverbank filtration (RBF) is a natural or technically-induced process during which surface water
Riverbank filtration (RBF) is a natural or technically-induced process during which surface
is subjected to subsurface flow prior to extraction from vertical or horizontal wells, caisson wells, or
water is subjected to subsurface flow prior to extraction from vertical or horizontal wells, caisson
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infiltrated
drain
pipes.
The
raw waterfrom
abstracted
from the
pumping
well
of of
a mixture
of river
waterinfiltrated
and groundwater
in the landside
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Figure 1. Schematic diagram of processes affecting iron and manganese concentration during

Figure 1. Schematic diagram of processes affecting iron and manganese concentration during
riverbank filtration.
riverbank filtration.
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From a water resources perspective, RBF is normally characterized by improved water quality [1,2].
Therefore, RBF is a well-proven treatment step which, at numerous sites, is part of a multi-barrier
approach to the drinking water supply. The positive effects of RBF arise primarily in the mixing,
sorption, and degradation processes. The whole process can be thought of as occurring in
two distinct steps:
(1)

(2)

the highly biologically active colmation (clogging) zone in the riverbed, in which intensive
filtration, degradation, and sorption processes take place over short flow paths and residence
times; and
the subsequent subsurface aquifer passage with more moderate degradation and sorption rates,
and also the increasing effects of mixing processes.

Many organic, especially nonpolar water substances, are completely retained during RBF,
while poorly-degradable polar compounds are hardly removed at all. A synoptic evaluation of
the elimination processes at RBF sites in the Netherlands revealed a strong and sustainable removal of
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, organochlorine pesticides, bromoform,
nitrobenzene, nitrotoluene, and chloronitrobenzene, regardless of redox conditions [3]. Anoxic
conditions bring about a thorough removal of pesticides, like atrazine, diuron, and simazine, which
are hardly broken down under aerobic conditions. During RBF on the Rhine River, concentrations
of dissolved organic carbon (DOC), adsorbable organic halogen or sulfur compounds (AOX or AOS)
were reduced, on average, by more than 50% after a residence time of 6–8 weeks. An overview of
the removal of organic and inorganic water substances with respect to redox conditions is offered by
Stuyfzand [3] and Ray et al. [4].
Depending on the quality of the surface water, redox conditions can already change quickly in the
riverbed or along the subsequent flow path in the aquifer. This depends especially on organic carbon,
oxygen, and nitrate concentrations, and temperature. If riverbed and/or aquifer sediments contain iron
and/or manganese minerals/(hydr)oxides, these can be reduced and dissolved. The resulting increases
in dissolved iron and/or manganese concentrations can create problems for drinking water supply.
Precipitation of iron and manganese can cause incrustations in pipes, which are relevant for
flow hydraulics and offering surfaces for microbial growth, which can cause increased turbidity
and a brown color in the water during times of increased flow velocities in networks. It will also
adversely affect the taste of the water. Thus, using the abstracted water as drinking water, but also
for industrial and agricultural purposes, requires adequate treatment, which is commonly performed
after abstraction e.g., by aeration and filtration. As a result, iron and manganese removal is required
as a further treatment step, making RBF more costly and representing a drawback that may limit its
wider use as an alternative to direct surface water abstraction and treatment. Thus, prediction of iron
and manganese release during riverbank filtration is required.
If the biodegradable portion of total organic carbon (TOC) in river water is relatively high,
biodegradation processes can consume all dissolved oxygen, and often nitrate as well [5]. This, again,
can cause anoxic environments in the aquifer (especially in aquifers that exhibit low hydraulic
conductivity and/or confined conditions) and dissolution of iron and manganese. Such a case is
shown in principle in Figure 2, where the iron concentration in the pumped water increases as a result
of redox and/or dissolution processes in the riverbed and/or aquifer. A simple DOC analysis is not
sufficient because particulate organic matter (the difference between TOC and DOC) often accumulates
in the riverbed and consumes oxygen and nitrate. Even autochthonous production of TOC at the
sediment-water interface has been observed at RBF sites [6].
At many sites, anoxic conditions are already present (Figure 3) and dissolution of iron and
manganese would develop during RBF. Although this paper will focus on iron and manganese, at a
few sites such dissolution can also be observed for arsenic as a result of a reduction of As(V) to As(III)
having a higher solubility or related to dissolution of iron (hydr)oxides containing previously-adsorbed
or co-precipitated As. Recent findings on As removal during RBF are published by Postma et al. [7].
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Continuous pumping and low(er) iron and manganese concentrations in bank filtrate would change
the local equilibria in the aquifer and result in dissolution and/or desorption of iron and manganese.
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Figure 3. Case B – High iron-conc. in GW feeding the river, low iron conc. near groundwater surface.
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Figure 4. Case B – Infiltration of river water resulting low iron conc. in bank filtrate.
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Figure 4. Case B – Infiltration of river water resulting low iron conc. in bank filtrate.
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2. Materials and Methods
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Groundwater samples were taken at least monthly from cross-sections, including several
Groundwater samples were taken at least monthly from cross-sections, including several
observation wells at different distances from the riverbank and different depths between 1995 and
observation wells at different distances from the riverbank and different depths between 1995 and 1997,
1997, later with lower frequency during routine sampling campaigns of the water company.
later with lower frequency during routine sampling campaigns of the water company. Groundwater
Groundwater was obtained using either a mobile submersible pump lowered into observation wells
was obtained using either a mobile submersible pump lowered into observation wells or from in situ
or from in situ membrane pumps used to sample from directly below the riverbed. Chemical analyses
membrane pumps used to sample from directly below the riverbed. Chemical analyses included major
included major ions, iron, and manganese, and were carried out according to German guidelines and
ions, iron, and manganese, and were carried out according to German guidelines and DIN methods
DIN methods (e.g., DIN 38401 for iron analysis [8,9]).
(e.g., DIN 38401 for iron analysis [8,9]).
2.2. Laboratory Experiments
To properly estimate the magnitude of iron and manganese released from the sediment, the source
of the high iron concentrations, especially in the landside groundwater, must be identified. The total
iron content, as well as the chemical speciation of iron were, therefore, determined by running tests on
the soil. By using a variety of extraction methods, it is possible to quantify the fractions of a certain
metal (e.g., iron) in its different species, since the stability of the different species largely depends on
the respective dominant redox and pH conditions. In this way, stepwise (sequential) changes in these
conditions revealed how much each fraction contributed to the total iron content.
Preliminary tests were conducted with sediment samples from drill cores from observation well
(OW) I-6. The total iron concentration in the grain size fraction <2 mm decreased from 3500 mg/kg
in the unsaturated zone to a relatively constant level of 1500 mg/kg below 69 meters above sea level
(masl). This decrease was corroborated by the observation of strong surface deposits of red iron
hydroxides on the quartz grains in the unsaturated zone. In the deepest part of the aquifer, the total
iron content was higher than in the middle layers. The portion of easily extractable iron made up
41% ± 11.5% of the total iron content. No crystalline iron minerals were found using X-ray diffraction
analysis in any samples. An iron content of 6400 mg/kg was extracted from a soil sample from a depth
of 48.5 masl, which contained lignite particles.
Soil samples A and B were taken from OW II-6 immediately next to well 33 on the land side, from
depths of 22–25 m below ground level (mbgl) and 40–43 mbgl, respectively. These were used in a batch
experiment following the method of sequential extraction according to Brand [10]. In the first three
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Table 1. Hydrochemical parameters of Elbe River water, bank filtrate (BF) near the river at OW I-4/2
3. Results
and near the pumping well at OW I-6/3, pumped water from Well 22, and landside groundwater at
OW
I-21/3 at the RBF site in Torgau, Germany (median values for the period 1995-97, n > 36; location
3.1. Field
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of OW see Figure 9).
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(a)

(b)

Figure 9. Mean total iron concentrations in mg/L at (a) cross-section I and (b) cross-section II in
Figure 9. Mean total iron concentrations in mg/L at (a) cross-section I and (b) cross-section II in Torgau,
Torgau, 1995-97 (n > 12), looking downstream.
1995-97 (n > 12), looking downstream.

Given the lack of oxygen and nitrate and the availability of biodegradable organic compounds,
reduction of Fe(III) was expected at the medium depth. However, as well operation continued, a
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Table 1. Hydrochemical parameters of Elbe River water, bank filtrate (BF) near the river at OW I-4/2
and near the pumping well at OW I-6/3, pumped water from Well 22, and landside groundwater at
OW I-21/3 at the RBF site in Torgau, Germany (median values for the period 1995-97, n > 36; location
of OW see Figure 9).
Elbe River
Parameter
pH
EC in µS/cm
O2 in mg/L
DOC in mg/L
NH4 + in mg/L
NO3 − in mg/L
Fe2+ in mg/L
Mn in mg/L
Cl− in mg/L
SO4 2- in mg/L
Ca2+ in mg/L
Mg2+ in mg/L
Na+ in mg/L

7.5
479
10
5.5
0.4
22.1
<0.1
0.11
26.5
85
56.6
11.0
22.9
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Bank filtrate
OW I-4/2
7.0
475
<0.1
3.2
0.02
16.1
<0.1
0.14
27.2
91
49.5
10.1
23.8

OW I-6/3
6.9
466
<0.1
2.8
0.06
<1
0.3
0.08
27.0
104
54.1
10.3
22.4

Well 22

Landside GW

Change from River to BF

6.6
581
<0.1
2.2
0.16
1.6
14.4
0.63
33.4
162
65.3
11.9
22.7

OW I-21/3
6.1
761
<0.1
1.6
0.02
<1
14.5
0.59
42.9
257
76.3
15.2
25.6

OW I-6/3
down >99%
down 49%
down 85%
down >95%
up >200%
down 27%
up 22%
-
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3.2. Laboratory Experiments
Figure 11 shows the cumulative mass curves of the iron extracted during the column
experiments. Soil sample A yielded 2470 mg/kg of extract out of a total 3550 mg/kg, and 400 mg/kg
was found in the subsequent soil analysis. Soil sample B yielded 2000 mg/kg of extract out of a total
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Before well 33 was put into operation in 1993, the water sampled from OW II-5/3 was under the
strong influence of landside groundwater, which showed iron concentrations as high as 100 mg/L.
Depending on the water level in the river, iron-rich landside groundwater can enter the region between
the wells and the river, during times when well 33 is operating at a low flow rate or the well gallery is
not in operation. This water is subsequently extracted from the wells, leading to iron concentration
peaks in the raw water. The augmented flow of bank filtrate, brought about by the steady operation
of wells, led to a drastic reduction in median iron concentrations during the period from 1993 to
1998 from 34 mg/L to 4.4 mg/L at OW II-5/3 (bank filtrate) and from 1993 to 2009 from 40 mg/L to
20 mg/L at well 33 (mixture of bank filtrate and groundwater), as well as manganese concentrations
from 1.6 mg/L to 0.1 mg/L at OW II-5/3 and from 1.6 mg/L to 0.9 mg/L at well 33 during the same
periods. The decreasing iron and manganese concentrations could be explained as a result of leaching
of the most reactive Fe(OH)3 phase in the aquifer between the river and the well.
3.2. Laboratory Experiments
Figure 11 shows the cumulative mass curves of the iron extracted during the column experiments.
Soil sample A yielded 2470 mg/kg of extract out of a total 3550 mg/kg, and 400 mg/kg was found in
the subsequent soil analysis. Soil sample B yielded 2000 mg/kg of extract out of a total 2470 mg/kg,
and 130 mg/kg was measured in the subsequent soil analysis. The portion of extracted iron made
up 70% and 81% of the total iron content, respectively. These figures are underestimates, as the
cumulative mass curves showed a clear upward trend, and more iron would have been extracted had
the experiments been continued. It can be concluded from these results that the vast majority of iron in
the soilWater
is present
in the form of amorphous iron hydroxides and iron oxides.
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Figure 11. Cumulative mass curves of the iron extracted from the soil samples from OW II-6.

Figure 11. Cumulative mass curves of the iron extracted from the soil samples from OW II-6.
Mineralogical tests of the soil samples from the groundwater aquifer indicated the presence of
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contained
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of quartz, feldspar, and iron-rich chlorite [12], probably Thuringite. The chlorite
comes
granodiorite boulders. In some isolated cases magnetite was found in grain sizes below 100 µ m, but
alluvially-deposited fragments of mica slate and from the weathering of biotite, which is contained
was generally found below 2 mm throughout the entire depth, as determined by suspension
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boulders.
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but was generally found below 2 mm throughout the entire depth, as determined by suspension
4. Discussion
experiments
and with the help of magnets.
4.1. Control of Iron Concentration at an Existing RBF Site at Torgau
4. Discussion
Steady operation of the wells led to a displacement of groundwater through bank filtrate and to

4.1. Control
Iron Concentration
at an Existing
at This
Torgau
a slowofreduction
in iron concentrations
in theRBF
raw Site
water.
conclusion has been supported by the

analysis of raw water data from other wells. In the time between 1986 and 1994 there was a gradual
Steady
operation of the wells led to a displacement of groundwater through bank filtrate and
decrease in iron concentrations of about 1 mg/L per year for all wells near cross-section I. From 1995–
to a slow
reduction
in iron concentrations in the raw water. This conclusion has been supported
1997 to 2007, the mean iron concentration at well 22 decreased from 14.4 mg/L by about 50% and
remained stable between 6 and 8 mg/L during the period from 2007 to 2016 as a result of high iron
concentrations in landside groundwater. Which iron concentrations should be expected in the bank
filtrate in the long term? In the Elbe valley at Torgau, the steady operation of the wells is likely to
cause a continued displacement of the iron-rich pore water and eventually lead to iron concentrations
below 3 mg/L in bank filtrate, even at cross-section II, which had a high initial iron concentration in the
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by the analysis of raw water data from other wells. In the time between 1986 and 1994 there was a
gradual decrease in iron concentrations of about 1 mg/L per year for all wells near cross-section I.
From 1995–1997 to 2007, the mean iron concentration at well 22 decreased from 14.4 mg/L by about
50% and remained stable between 6 and 8 mg/L during the period from 2007 to 2016 as a result of high
iron concentrations in landside groundwater. Which iron concentrations should be expected in the
bank filtrate in the long term? In the Elbe valley at Torgau, the steady operation of the wells is likely to
cause a continued displacement of the iron-rich pore water and eventually lead to iron concentrations
below 3 mg/L in bank filtrate, even at cross-section II, which had a high initial iron concentration
in the groundwater. In 2006, the mean iron concentrations in OW II-5/3 and well 33 were 3.2 mg/L
(n = 7) and 23.1 mg/L (n = 9), respectively. Later on, sampling was reduced to specific observation
wells. Pumping from well 33 was stopped in 2009 due to a decreasing water demand and the option to
pump water with lower iron concentrations from other wells. Thus, the further development of iron
concentrations could not be investigated.
The Fe(II) concentrations in the bank filtrate continue to fall as the well galleries operate over
the years, as Figure 7 shows in principle, and are hardly influenced anymore by reductive processes.
The increased portion of bank filtrate in the raw water caused by higher pumping rates is causing a
decrease in the iron concentration of the raw water down to a threshold value that is determined by the
influx of landside groundwater. The well galleries are designed for long-term continuous operation.
This creates a continuous replacement of the iron-rich water in the area between the wells and the river.
Before the well galleries started operating, the Elbe valley at Torgau was characterized by
unusually
high iron concentrations between 10 and 100 mg/L in the middle and lower depths
of
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For cross-section II in Torgau, a pool of >2.5 million kg iron was calculated for the actively-used
part of the aquifer based on about 2500 mg/kg soluble iron in the lab experiments (Figure 11). At a
pumping rate of about 150 m3/h, a portion of bank filtrate of 50% and a starting iron concentration in
the bank filtrate of about 40 mg/L (optimistic approach with start concentration, Figure 10), a removal
of 26,280 kg iron per year can be calculated. Assuming a stable removal rate despite the observed
decrease in iron concentrations in bank filtrate due to different flow paths in the aquifer, a complete
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For cross-section II in Torgau, a pool of >2.5 million kg iron was calculated for the actively-used
part of the aquifer based on about 2500 mg/kg soluble iron in the lab experiments (Figure 11). At a
pumping rate of about 150 m3 /h, a portion of bank filtrate of 50% and a starting iron concentration in
the bank filtrate of about 40 mg/L (optimistic approach with start concentration, Figure 10), a removal
of 26,280 kg iron per year can be calculated. Assuming a stable removal rate despite the observed
decrease in iron concentrations in bank filtrate due to different flow paths in the aquifer, a complete iron
removal would be achieved within 95 years. This is much longer than the field observations indicate.
Reasons for such overestimation of time are neglecting lower iron concentrations in the aquifer in the
upper layer and near the river due to surface water–groundwater interaction before installation of the
RBF scheme, optimistic observations along cross-section II at the centre of the defined area presenting
the shortest travel times, and different flow velocities in different aquifer layers resulting in faster
“wash out” along preferred flow paths in layers having a higher hydraulic conductivity. On the other
hand, this explains the slow response of the iron concentration in well water (Figure 10). In summary,
the mass balance approach gave a rough and more pessimistic estimate for the time required for
rendering the aquifer section between the well and the river becoming iron-free.
4.2. Control of Iron Concentration as an Aspect of Planning New RBF Sites
In designing new RBF sites, the first step should be a comparison with existing sites with similar
boundary conditions. Field experiments using observation wells to study the removal efficiency and
to obtain parameters for the design of large RBF facilities are only useful if the pumping rates are high
and the experiments are carried out for a long time (years). Such field studies should be accompanied
by batch and/or column experiments in the laboratory using actual river water and sediments from
the riverbed and aquifer at the site in question. These experiments could be completed within six
months. After installation of abstraction wells, a minimum of two observation wells should be placed
between the riverbank and the wells and one on the land side of the wells, each with sampling points at
different depths depending on the thickness of the aquifer. If frequent sampling is difficult to manage,
e.g., during long winter periods, a continuous automated measurement of water temperature and
electrical conductivity in the observation wells using probes and data loggers is advised [13].
The occurrence of iron in groundwater is a common problem that constrains wide groundwater
use for drinking water supplies worldwide. For example, in Egypt, a baseline national water
quality monitoring report [14] indicated a high level of iron and manganese in some observation
wells in the Nile delta. Iron concentrations in the Quaternary aquifer of the Nile delta exceed the
Egyptian drinking water standards of 0.3 mg/L in about 20% of wells sampled [15] with a maximum
value of 1.7 mg/L [16]. There is great potential for RBF in Egpyt [17]. However, elevated iron
concentrations in landside groundwater indicate that the part of the aquifer between the riverbank and
the newly-planned pumping well could release iron in the long term, even if the biodegradable portion
of DOC of the river water is low and redox processes are limited. Control of iron concentration by
specific well operation will be marginal. Design parameters of an RBF scheme, such as the number and
pumping rates of wells and the distance between the wells and the riverbank, are the most important.
If RBF is mainly used to remove particles and pathogens, and to achieve some pre-treatment, the wells
might be placed near to the riverbank (Figure 13), thereby pumping a higher portion of bank filtrate
and achieving lower iron concentrations in raw water after several months or years. Therefore, it is
necessary to understand flow conditions, especially if test wells are operated.
Intermittent operation of the wells, or the entire gallery, should be avoided, since this would
allow the iron-rich landside groundwater to spill over the wells into the area between the river and the
wells, erasing the positive effects on total iron concentration in the raw water achieved through the
continuous extraction of bank filtrate (Figure 7).
In some cases, the pumping rate of a test well has been too low compared to the distance to the
riverbank, or it was not continuously pumped [13]. In such cases (Figure 14), the portion of bank
filtrate would be very low and no “wash out” effect for iron would be observed.

riverbank, or it was not continuously pumped [13]. In such cases (Figure 14), the portion of bank
filtrate would be very low and no “wash out” effect for iron would be observed.
A high portion of bank filtrate, which could be achieved by locating wells on an island or in a
meander, could be advantageous for preventing the necessity of iron removal in post-treatment. As
the composition and clogging of the riverbed are of major importance, the potential of iron,
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manganese, and arsenic remobilization within the riverbed should be investigated in detail, e.g.,
using column experiments with original riverbed sediment and river water.

Figure 13. Well placed near the riverbank, pumping more than 50% bank filtrate (bf). 12 of 14

Figure 13. Well placed near the riverbank, pumping more than 50% bank filtrate (bf).
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mentioned
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other issues, are necessary for optimal RBF siting [9,22]. It is essential to have a clear understanding
of how RBF will be utilized (e.g., as a means of pre-treatment or as a primary treatment) prior to
commencing site location planning studies, as certain conditions may be likely to arise that demand
additional technical measures.
At the RBF site at Torgau, a long-term “wash out” effect was observed, resulting in a slow, but
steady decrease in iron concentrations between the riverbank and the abstraction well. Exchange
processes in the aquifer can cause a long-term release of iron and manganese even if the DOC
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remobilization of manganese is more difficult to predict, as observed in aquifer storage and recovery
studies in The Netherlands [19,20] and at a lake bank filtration site in Berlin, Germany [21].
5. Conclusions
Current guidelines do not exist to support engineers in identifying appropriate sites for RBF.
A complex and comprehensive assessment of hydrological, hydrogeological, and hydrochemical
aspects, together with information about country- and state-specific regulations, land use, cost, and
other issues, are necessary for optimal RBF siting [9,22]. It is essential to have a clear understanding
of how RBF will be utilized (e.g., as a means of pre-treatment or as a primary treatment) prior to
commencing site location planning studies, as certain conditions may be likely to arise that demand
additional technical measures.
At the RBF site at Torgau, a long-term “wash out” effect was observed, resulting in a slow, but
steady decrease in iron concentrations between the riverbank and the abstraction well. Exchange
processes in the aquifer can cause a long-term release of iron and manganese even if the DOC
concentration is low. A combination of the sequential extraction of aquifer sediments and the mass
balance approach proved that iron release can last several decades. Thus, at some sites, a short distance
between the riverbank and the wells would be advantageous in lowering costs for further treatment.
Coupling of RBF and subsurface iron removal (SIR) is an interesting option and has been used for
many years at Linz in Austria, Boker Heide in Germany, and Khabarovsk in Russia [23,24]. Results
from a five-month field experiment coupling RBF and SIR in Torgau, Germany, showed satisfying iron
removal which partly exceeded the expectations by far [24]. However, the results from the Torgau
experiments cannot be simply transferred to other sites because of numerous factors affecting the
chemical processes involved. The relatively large distance between the Elbe River and the pumping
wells cause equilibration of concentrations and water levels to a higher degree than observed at other
RBF sites.
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