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ABSTRACT
The present work concerns the infiltration dynamics involving the geochemical variations
within the aquifer sediments. A long term column experiment was carried out to observe the
geochemical changes on the first metre of the infiltration flow path.
In most of the cases, bank filtration is operated along river banks. In view of this fact, the
surface water infiltrates the riverside aquifers at high rates, which are welcome for the
production of potable water.
This kind of production bears a variety of striking advantages, which apply for the bank
filtration scheme of Beelitzhof at the southeastern bank of the lake Wannsee. Although
situated downstream of storm water and treated sewage water inlets to the surface water
system in Berlin, and therewith exposed to possible threads by pollutant contaminants, the
production wells are protected by powerfully water purifying aquifers.
The column experiments conducted at the laboratory has revealed a rather stable redox
zonation. The results of this work show the catchment area for infiltration is composed of
predominantly fine grained sands containing considerable amounts of organic matter. Due to
the comparatively long residence time of the filtration water and its contact to organic carbon
rich aquifer sediments, a steep gradient of the redox conditions is observed. In precedent
studies at the field site informations were gained of a surprisingly rapid change in the
chemical properties of the infiltration water. Thereby the steep redox gradient in the column
sediments verifies the observations in the field.
The partly very high contents of organic matter in the infiltration sediments support clogging
effects, which are induced by the operation of production wells. Thereby the clogging effect
diminishes the hydraulic conductivity of the sediments, on the other hand, clogging enhances
the biodegradation of undesired organic compounds and waste water borne pollutants.
The results of the present work enable the declaration of a narrow stripe parallel to the lake
bank as effective infiltration zone, in dependence on absence of silt material and lacustrine
sapropels.
The investigations at the lake bank in vicinity to the water works Beelitzhof resulted in
understanding the redox and hydraulic conditions valid at the field site.
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1. INTRODUCTION
The supply of potable water has become an issue of rising importance during the past
centuries, coming along with the stronger urbanised and industrialised way of life of the
humans throughout the world. The increasing demand of water needs to be satisfied at low
costs and permanently, the water supply has to be guaranteed in supreme quality. For the
reasons of generally high production capacities, alluvial aquifers hydraulically connected to a
watercourse in vicinity to demanding agglomerations are preferred sites for potable water
production in many countries of the world (HISCOCK & GRISCHEK 2002).

1.1 Bank filtration
In Europe, over a century of experience exists in the operation and maintenance of
riverbank filtration and lake bank filtration schemes, used as a reliable source for potable
water (SCHUBERT 2002). Numerous studies in the past decades have shown that bank filtration
leads to sustainable conditions in exploitation of groundwater resources (GRISCHEK et al.
2002) and specially in terms of auto purification of surface waters (ZIEGLER 2001; FRITZ
2002). Typical aquifers used for bank filtration consist of alluvial sand and gravel deposits
and have a hydraulic conductivity higher than 10–4 m/s. Groundwater derived from infiltrating
surface water provides 16% of potable water in Germany (GRISCHEK et al. 2002).

1.1.1

Processes during infiltration

The induced infiltration of surface water to aquifers is defined as bank filtration or
artificial groundwater recharge, respectively (BMI 1985). The factors influencing bank
filtration processes depend on site-specific conditions (ZIEGLER 2001; FRITZ 2002; GRISCHEK
et al. 2002), as it is illustrated in figure 1. The sediment properties such as grain size
distribution, permeability and porosity, as well as the pumping regime, control the infiltration
velocity. The spatial and seasonal distribution of organic and suspended matter in the surface
water strongly influences the hydraulic conductivity by clogging of the sediment surface
(JOHNSTON 1991; RITTMANN 1993; LE BIHAN & LESSARD 2000; RINCK-PFEIFFER et al. 2000;
GRESKOWIAK et al. 2005). As well, the clogging by fine grained particles affects a decrease of
the hydraulic conductivity of the sediment (SCHUH 1990; ZIEGLER 2001). The mechanisms
-3-

changing the sediment’s properties are multiple; the most important clogging effects are listed
in Table 1.
Biological clogging can have positive effects on the purification capacity of the filtering
aquifer (OKUBO & MATSUMOTO 1983): Microorganisms are able to break down the influent
organic compounds to a certain extent because the detention time increases with the
development of biological clogging.

Fig. 1:

Sketch of factors influencing bank filtration (modified after FRITZ 2002, SenS 2005)

Table 1:

Important clogging effects of infiltration sediments

Physical clogging:

Filtration of suspended particles or compaction of the sediment structure

Biological clogging:

Bacterial colonisation and growth, polysaccharide fermentation

Chemical clogging:

Precipitation of minerals (redox conditions, equilibriums)

Mechanical clogging:

In situ degassing or intrusion of air (unsaturated zone below water body)

The formation of an unsaturated zone below the streambed or lakebed can result from vertical
anisotropies of the hydraulic conductivity of heterogeneous aquifer sediments in combination
with excessive groundwater extraction rates near to the lake bank (FRITZ 2002; BRUEN &
OSMAN 2004).
-4-

1.1.2

Geochemical processes during aquifer passage

Within the first decimetres up to metres of the infiltration flow path, the most
significant processes are reported to affect the filtration water in relation to microbial
degradation of organic matter (JACOBS et al. 1988; VON GUNTEN & ZOBRIST 1993). Driven by
the consumption of dissolved or sedimentary organic matter and characterised by the
reduction of electron acceptors, redox sequences are observed in a large number of aquifer
systems (MASSMANN et al. 2004b). In most cases, microbial populations in subsurface
environments derive their energy from the oxidative decomposition of organic substrates
(HUNTER et al. 1998; SAKITA & KUSUDA 2000). The reasons for the specific order of a typical
redox sequence, starting with the consumption of oxygen and proceeding further, are of both
thermodynamic and kinetic/microbial nature (APPELLO & POSTMA 1999): The reactions
generally proceed from the highest energy yield downwards, the principle pathways are
aerobic respiration, denitrification, manganese reduction, iron reduction, sulphate reduction
and fermentation (HUNTER et al. 1998). The significant reactions are the final electron
transfers to an electron acceptor, as it is listed in table 2.

Table 2:

Sequence of microbially driven redox reactions or terminal electron accepting processes
(TEAPs) and corresponding standard state changes of free energy (in kJ/mol CH2O)
(CH2O = unidentified organic matter with zero-valent carbon) (BERNER 1981)

Aerobic respiration
Denitrification
Manganese (IV) reduction
Iron (III) reduction
Sulphate reduction
Methane fermentation

CH2O + O2  CO2 + H2O
5CH2O + 4NO3–  2N2 + 4HCO3– + CO2 + 3H2O
CH2O + 2MnO2 + 3CO2 + H2O  2Mn2+ + 4HCO3–
CH2O + 4Fe(OH)3 + 8H+  4Fe2+ + 8HCO3– + 3H2O
2CH2O + SO42– + H+  H2S + 2HCO3–
2CH2O  CH4 + CO2

–475
–448
–349
–114
–77
–58

(1)
(2)
(3)
(4)
(5)
(6)

In some cases the disappearance is monitored of a reactant (O2, NO3–, SO42–), while in other
cases the appearance is registered of a reaction product (Mn2+, Fe2+, HS–, CH4). It has been
proposed (BERNER 1981) to classify redox environments in terms of the presence or absence
of indicative redox species. The dominating factors governing the extent of redox zonal
environments are the availability (BANWART 1999) and reactivity (HARTOG et al. 2005) of
organic matter, the fluxes of electron acceptors (VON GUNTEN & FURRER 2000; ANDERSEN et
al. 2001) as well as the stored amounts of redox species in the sediment (KEATING & BAHR
1998). This is strongly dependant on the diffusive or advective kind of the predominant
transport mechanism and therefore also dependant on the flow velocity (JAKOBSEN & POSTMA
1999).
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Permeability changes occur on a variety of scales (shown in figure 2): From large-scale
permeability contrasts between aquifer and aquitard units to small-scale differences between
flow channels and the porous matrix. Slow transport in aquitards and in narrow pore space
limits the supply of electron acceptors, such as O2 or SO42– to the pore solution (HUNTER et
al. 1998). Furthermore, impermeable, fine-grained sediments frequently have significant
amounts of sedimentary organic matter associated with them (LOVLEY & CHAPELLE 1995),
creating conditions favourable for fermentation to occur within aquitards. As an example, in a
groundwater flow system, the zone of Fe(III) reduction may be located upstream from the
zone of sulphate reduction. Among various authors, SINKE et al. (1998) have shown that
distinct redox zoning can develop within only a few centimetres thickness, while in other
cases, redox sequences are stretching over several kilometres away from the infiltration place
(MASSMANN et al. 2004b). Field site-specific conditions, as fluctuating flow regimes may also
lead to partly reversible redox processes in the aquifer (SINKE et al. 1998; GRESKOWIAK et al.
2005).

Fig. 2:

Schematic view of an aquifer system showing redox reactions and zonations at a variety of
spatial scales (POC = particulate organic carbon, DOC = dissolved organic carbon)
(modified after HUNTER et al. 1998).

Active microbial populations modify the chemical composition of their surrounding, which in
turn affects the microbial ecology and rate of production of biomass; metabolic reactions also
influence groundwater pH and alkalinity. By modifying the redox conditions, the pH and the
-6-

alkalinity, microbial reactions take over control on inorganic processes such as ion exchange,
adsorption reactions and mineral precipitation and dissolution (HUNTER et al. 1998).
Furthermore, POSTMA & JAKOBSEN (1996) and other authors found that a segregation of
TEAPs (terminal electron accepting processes) into distinct redox zones is strongly affected
by the spectrum of oxidisable matter present in the sediment: The greater the variance of, for
example iron oxides, in stability, the more diffuse will be the zones of Fe(III) and sulphate
reduction.

1.1.3

Benefits and problems using bank filtration

Bank filtration with its effective natural attenuation processes evidently has the
following striking advantages:
•
•
•
•

Elimination of suspended particles, biodegradable compounds, bacteria, viruses
Part elimination of absorbable compounds
Equilibration of temperature changes and concentrations of dissolved constituents
Vicinity to surface waters ensure high recharge and pumping rates

Detention times of bank filtrate in the aquifer range from 5 days to more than 10 years
(GRISCHEK et al. 2002). In Germany, a travel time minimum of 50 days is proposed because
an old rule determines this period of time being sufficient to obtain the water free of
pathogens. However, recent findings underline that the flow path length, river bed or lake bed
properties and redox conditions play an important role for the removal of surface water-borne
pathogens (HEBERER 2002): Several pharmaceutically active compounds that are discharged
almost unchanged from municipal sewage water treatment plants are not eliminated during
recharge through the subsurface. Further undesirable effects of bank filtration on water quality
can include increases in hardness, ammonium and dissolved iron and manganese
concentrations, and the formation of malodorous sulfur compounds as a result of changing
redox conditions (HISCOCK & GRISCHEK 2002).
Besides the gratifying opportunity of potable water production, bank filtration at suitable sites
also contributes to better preservation of groundwater resources and makes high pumping
rates possible. Nevertheless, management of bank filtration schemes should be implemented
into wide catchment planning in order to limit potentially polluting activities in the watershed
and also to balance infiltration losses with the ecological needs of the water body.
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1.2 Water cycle in Berlin
The city of Berlin gains its total demand of raw water from aquifers on its own territory
(LIMBERG & THIERBACH 1997; FRITZ 2002), depending 70% to 75% on bank filtration
(SCHULZE 1997; ZIEGLER 2001; HISCOCK & GRISCHEK 2002; MASSMANN et al. 2004 a). 6.6%
of the city’s territory (59.24 km2) is covered by surface water bodies, characterised by lakealike enlargements of the major feeding river systems, Spree and Havel, shown in figure 3 and
in figure 6. (SenS 2005*). The entire inflow to the city of Berlin sums up to approximately 79
m3/s, drained from a catchment area of 13600 km2 size (drainage ratio: 183 mm/a). The
inflow shows little changes in flow rates at a low total rate, which is brought about a very low
energy gradient and comparatively low effective precipitation in the catchment area (ZIEGLER
2001; SenS 2005; MLUV 2005**). By ongoing steps, as treatment of storm water runoff and
by phosphate elimination plants, an improvement of the water quality has been achieved in
the past years. The senate of Berlin aims to succeed in classifying the entire surface water
system to good and very good water qualities according to the classification system by
LAWA (1998) (pers. comm. JAHN 2004). Some water works are situated downstream of the
inlets of sewage water treatment plants and of storm water runoff, which causes a
eutrophisation of the surface water and temporarily high contamination with pollutants.

Fig. 3:

*

Schematic map of the surface water system of Berlin: rivers, flow directions, surface water
quality (oxygen content over the past years) and water resources management facilities
(modified after PEKDEĞER et al. 2003; SenS 2005).

All references to SenS 2005 have been accessed at the senate of Berlin via internet in 2005.
All references to MLUV 2005 have been accessed at the government of Brandenburg via internet in 2005.

**
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Parts of the surface water are used for potable water production and are replaced by sewage
water. Via sewage water treatment, it returns into surface water, partly via surface water
treatment. In most cases, it is discharged upstream of bank filtration schemes in Berlin, so
parts of the sewage water are reused again for potable water production. Figure 4 shows the
loop of the water cycle in Berlin.

Fig. 4: Sketch of the water cycle in Berlin: Surface water and groundwater are used and returned
before partly reused again (modified after ZIEGLER, 2001).

1.3 Hydrogeology in Berlin
The lithology below the surface of Berlin is built up of several kilometres thick
interbedding layers of marine and terrestrial sediments. LIMBERG & THIERBACH (1997)
published a hydrogeological structure of the available groundwater resources for the
subsurface of Berlin. Table 3a introduces the classification of the hydraulic property of
aquifers used in Berlin for their systematisation (SenS 2005).
Table 3a: Classification of the permeability of aquifers (SenS 2005).

aquitards
classification of
permeability
permeability
kf-values (m·s–1)

7

6

extremely
very low
low

aquifers
5

4

3

2

1

low

moderate

medium

high

very
high

< 10–9 >10–9 - 10–7 >10–7 -10–5 >10–5 - 10–4 >10–4 - 10–3 >10–3 - 10–2 >10–2
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Table 3b summarizes the correlation of the hydrostratigraphic units in Berlin with the ones
found in the entire northern Germany (SenS 2005). All aquifer formations deposited below
the aquitard H 8 (Rupelton), the most important aquitard in northern Germany, of several
hundred metres thickness, are containing saline groundwaters, which are unsuitable for
potable use. Therefore, these entire units are ordered into one coherent multilayered saline
aquifer formation, listed as last unit.
Table 3b: Structure of the hydrostratigraphic units and coherent multilayered aquifer formations in
Berlin (SenS 2005). For explanation of the stratigraphic short terms, see figure 5.

hydrostratigraphic permeability
units
classes
(H = aquitard)
(L = aquifer)

petrography

stratigraphy

(predominant)

(short terms)

hydraulically
distinguishable
units in Berlin
(aquifers)

0

2-7

debris, digging,
dump, rubbish

y

H1

5-6

peat, silt

qh

aquifer 1

L 1.1

2-3

sand, gravel

qw, qh

qw - qh

L 1.2

2-3

sand, gravel

qw, qh

L 1.3

2-3

sand, gravel

qw

H2

5

glacial till

qw

L2

3

sand, gravel

qsWA - qw

H 3.1

5-6

glacial till

qsWA

LH3

2-3

sand, gravel

qsD - qsWA

H 3.2

5-6

glacial till, silt, clay

qsD

L 3.1

2-3

sand, gravel

qhol - qsD

HL3

5-6

clay, silt

qhol

L 3.2

2-3

sand, gravel

qe - qhol

H4

5-6

glacial till, silt, clay

qe

L 4.1

2-3

sand, gravel

qe

L 4.2

2-4

sand, gravel

qe

L 4.3

3-4

sand

tmiBRo

H5

5-6

clay, silt

tmiBRu

L5

3-4

sand

tmiBRu

H6

5-6

clay, silt

tmiMIu

aquifer 4

L6

3-4

sand

tmiMO, tmiMI

tolCO - tmi

L7

4

sand

tolo, tolCO, tolCOo

H8

5-7

clay, silt

tolRT, tolo

L8

3-4

sand

pre-t - teo
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aquifer 2
qhol - qw

aquifer 3
tmi - qhol

aquifer 5
pre-t - teo

Figure 5: Schematic hydrogeological cross-section from the north to the south of Berlin (SenS 2005)
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Figure 5 shows an overview sketch of the aquifer formations, which have major importance in
Berlin: The lower multilayered aquifer formation of several hundred meters thickness of preOligocene origin contains saline ground waters; it is named salt-water aquifer formation.
These substratum sediments are underlying a thick layer of clay (the Rupelton), which almost
completely separates the saline ground waters from the sediments above. Nevertheless, the
separating clay layer has been eroded by glaciations in the Elster ice age at several places.
Saline groundwater can ascend there to the fresh water containing aquifer formations above.
These unconsolidated, porous sediments, of 150 m thickness in average, play a vital role with
regard to their internal structures as well as to their capacity to store fresh water LIMBERG &
THIERBACH 1997).
This coherent multilayered aquifer formation is characterised by a differentiated sequence of
confining and unconfining sediments; distinctly recognisable, aquitards are not covering the
entire area. The confining sediments, as lacustrine sapropels, clays, silts and glacial tills, are
forming the group of aquitards, corresponding to their hydraulic conductivity. The
unconfining sediments, sands and gravels, are forming the group of aquifers. According to the
stratigraphic deposition, these sediments are structured into a vertical sequence of different
aquifers, which is summarised in table 3b.

1.4 Field site lake Wannsee
Field works have been carried out on the easternmost place on the bank of the
southeastern great bay of lake Wannsee, located in vicinity to the waterworks Beelitzhof.
Figure 6a shows an overview of the surface sediments in Berlin, consisting to its major part of
glacial sands. Finer grained material mainly occurs within the Berlin – Warsaw glacial valley
and tributary small valleys. The glacial valley separates the sands of outwash plains in the
north and in the south of the city. The regressing glaciations of the Weichsel and Saale ice age
left large depressions behind, which are recently filled in by surface water bodies, like lake
Wannsee. The sediments in the subsurface of the field site at lake Wannsee are fine to
medium grained sands, which are classified into the permeability classification 3 (according
to table 3a), shown in figure 8. The surface water quality of the lake Wannsee is strongly
affected by urban influences. Figure 6b shows the dual flow system to the lake, the inflow of
the river Havel from the north and the inflow of the canal from the south. In both ways,
dissolved sewage effluents come into the lake Wannsee, added by diluted storm water runoff
from the south. The flan diagrams indicate the mean monthly proportions of sewage treatment
derived water to the lake, giving an idea of the risks of pollutant contamination of the surface
- 12 -

water. In the southeastern bay of the lake, the inflowing waters are mixing (PEKDEĞER et al.
2003). Figure 6c presents the location of the field site at the lake: The waterworks Beelitzhof
operate a chain of production wells situated a few decametres eastern of the lake bank. The
sediment surface below the lake drops down in a steep slope to a depth of more than eight
metres, in which it flattens out to a large basin with maximum depths of about nine metres.

a)

c)

b)

Fig. 6a: Scheme of the surface geology of Berlin (SenS 2005)
Fig. 6b: Proportions of sewage water diluted in surface water and flow directions (modified after HydroConsult 1999; taken from: FRITZ 2002)
Fig. 6c: Sketch of the field site at the south eastern bank of lake Wannsee (modified after SenS 2005)

Figure 7 displays an overview of the deposition of the surrounding sediments at the field site
at lake Wannsee. The presented cross-section is reaching a depth of up to 100 metres below
the lake surface. In the major part, sands are deposited there, incoherently interbedded with
finer grained material, as silts, clays and glacial tills.
The finer grained sediments are locally forming aquitards, as well as the lacustrine sapropels
deposited in the basin of the lake Wannsee. Figure 8 illustrates more in detail the sediments at
the field site. The sand sediments (Weichsel-ice age to Holstein-interglacial) are ordered to
- 13 -

the main aquifer unit (2nd aquifer), in greater depths, the
sands of the Elster-ice age belong to the 3rd aquifer. Figure
8 also shows the varying groundwater table, the
permeability value kf for representative strata and the
redox zonation of the groundwater (PEKDEĞER et al. 2003).
Geological cross-section of Berlin
(20-fold exaggerated)

Fig. 7: Geological cross-section of the Wannsee area in southwestern Berlin (SenS 2000)

The groundwater is showing an unusual redox zonation with more reducing conditions in
vicinity of the surface water and the redox zones are horizontally layered, stronger reducing
along with the depth. This is possibly caused by an effect of the oscillating groundwater level,
derived of varying pumping rates in each production well, and by the age stratification (pers.
comm. MASSMANN 2005). While the shallower wells contain O2 and NO3– throughout most of
the year, the deeper observation wells are free of these but contain Mn2+ and Fe2+. Several
authors have found that the most significant chemical changes related to organic matter
degradation take place during the first few meters of flow (e.g. JACOBS et al. 1988). Near to
the lake bank, the sediment surface is uncovered of lacustrine sapropels, but the sands are
strongly clogged. With increasing distance from the bank, the hydraulic conductivity
decreases and the organic carbon content of the sediments increases, resulting in longer travel
times and more reducing conditions at BEE205 in comparison to BEE206 (pers comm..
- 14 -

MASSMANN 2005). The narrow vertical redox zoning might be caused by re-oxidation of more
reducing bank filtrate by oxygen laterally intruding the permeable unsaturated zone, which is
made possible by the groundwater level oscillations caused by the irregular pumping regime.

Fig. 8:

Cross-section of the sediments at the field site at lake Wannsee, showing narrow vertical
redox zonations at varying ground water tables (modified after PEKDEĞER et al. 2003).
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2. METHODS
The entire field site (see figure 9 and figure 6c) has been set to extensions of 350 m parallel to
the bank, and of 150 m lakewards, according to the first appearance of consistent
sedimentation of impermeable lacustrine sapropels. In order to map the infiltration zone
below the lake surface, a squared grid was designed, covering the sediment slope from the
bank to the depth of about eight metres. Open-end tests were conducted to examine whether
spatial differences of infiltration capacity of the clogged sands at the bank exist. Sediment
cores were drilled in vicinity to the southwesternmost observation wells for examining the
sediment contents, with regard to the hydraulic conductivity and redox influencing
constituents. In addition, a column experiment with a sediment core was carried out to
understand the narrowly compressed redox zoning at the bank of the lake.

2.1 Field work: Mapping of the hydraulic
conductivity of the sediments
2.1.1

Mapping campaign on the lake

In August and October 2004, 180 disturbed sediment samples were taken with a
Van Veen-sediment dredge from a swimming platform at the grid points, shown in figure 10.
Orientation on the lake was provided by several landmarks, so that each sampling place could
well be fitted to the grid points. At each point, the recovered sediments were examined for the
following criteria:






grain size (finger test)
content of organic material (finger test)
colour
shell content
content of H2CO3 and H2S (test with diluted HCl)

In addition, the water depth was noted at each point by measuring the diving length of the
dredge rope. The instability of the swimming platform inhibited the drilling of deeper cores
by hammering or machine-driven methods. It was therefore not possible to map the thickness
of the covering lacustrine sapropel layer.
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Fig. 9:

Sketch of the field site at lake Wannsee, showing the mapping grid in a 12.5 m raster (25 m
outwards on the lake) with systematic naming of the grid points and the location of the
cross-section presented in figure 8.
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Fig. 10: Working platform on the surface of lake Wannsee; motion by paddle, fixation by anchors.

2.1.2

Infiltration experiments on the bank

In July and August 2004, open-end tests were carried out in a narrow stripe along
the bank of the lake, which is shown in figure 11 (on the left). Using tubes of PE material of
one metre length, which were hammered softly 10 to 15 centimetres deep into the sediment,
the volume of water seeping into the underground by gravity was monitored with a gauged
flask and a stop watch in several intervals at each point.

Fig. 11:

Infiltration experiments near the bankline of the lake (on the left), drilling places of the
sediment cores taken for laboratory examinations (in detail on the right).

The infiltration dynamics examined with the open-end tests are evaluated after (LANGGUTH &
VOIGT 1980) as follows:
kf = Q⁄5.5 r h

(1)

With: r = radius of the tube and h = length of the tube
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2.1.3

Fig. 12:

Drilling of the sediment cores

Drilling of the sediment cores on a swimming working platform on the surface of the lake
Wannsee (from the left to the right: Gudrun Massmann drilling & Tobias Schulze assisting)
at 40 meters distance from the bank.

On the 15th of January 2004, seven sediment cores were drilled in between two piers of the
aquatic sports centre of the Free University of Berlin in front of the wells 3 and 4 (see figure
11b and figure 12). Two undisturbed sediment cores of approximately 1 m length were drilled
each at three distances off the bank for sedimentological examinations. At the central place,
the seventh sediment core, of 1 m length, was drilled and captured in a transparent liner of
Perspex material for a column experiment. Table 4 provides an overview of the capture and to
the destination of each sediment core.
Table 4: Overview of the drilling location and destination of the sediment cores. See also figure 8,
figure 9 and figure 11 (on the right).

distance from
the bank
WS 1A, 1B
1.5 m
WS 2A, 2B, 2C
20 m
WS 3A, 3B
40 m

sediment core

water depth

core category

destination

0.15 m
0.60 m
2.30 m

WS 1, 2, 3 A:
WS 1, 2, 3 B:
WS 2 C:

sediment chemistry
physical properties
column experiment
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2.2 Laboratory work: Sediment examinations
The sediment samples of the core drilling and of the mapping campaign were examined
in the laboratory in order to understand the infiltration dynamics in the research area.

2.2.1

§ 1:

Disturbed samples from the mapping campaign

Transient permeability tests

Fig. 13: Setup of the transient permeability test (modified after LANGGUTH & VOIGT 1980)

The disturbed sediment samples of the mapping campaign were filled into the device designed
for transient permeability tests after STENZEL (in: LANGGUTH & VOIGT 1980), which is shown
in figure 13. The loose material was compacted in order to achieve the highest packing
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density at best, before flushing the sample for at least several hours to obtain water saturation.
The hydraulic conductivity is calculated as follows (BUSCH et al. 1993):

⁄

⁄

kf = f·∆h t·F · ln h1 h2 [m s–1]
§ 2:

(2)

Grain size analysis

Twenty six samples have been analysed for grain size distribution according
to the prescription DIN 4022 by sieving wet and, in case of necessity, by wet mechanical
analysis. Sieves of a mesh size of 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm were used. Prior to
sieving, they were batched over night with sodium-hydrogen-phosphate as a dispersion agent.
The hydraulic conductivity (kf-value) was calculated with the empirical formulas by HAZEN*
(1893) and BEYER (1964) using the KVS software (BUß 1994). After HAZEN, the hydraulic
conductivity, kf, is:
kf = C · d102 [m s–1]

(3)

With:
t = temperature [° C]

⁄

proportional factor C = (0.7+0.03·t) 86,4 = 0.0116 at t = 10° C (~groundwater temperature)
d10 = grain size [mm] of the sediment at the intersection with the 10% line of the sum curve
The formulation is only valid if d60/d10 is smaller than 5 (d60 is the grain size [mm] of a
sediment at the intersection with the 60% line of the sum curve). BEYER (1964) modified the
HAZEN formulation by introducing different proportional factors for different d60/d10 values.

Table 5:

Proportional factors used for kf estimation after BEYER.

d60/d10
1.0 … 1.9
2.0 … 2.9
3.0 … 4.9
5.0 … 9.9
10.0 … 19.9
> 20.0

*

C (range)

C (average)
–4

(120 … 105) ⋅ 10
(105 … 95) ⋅ 10–4
(95 … 85) ⋅ 10–4
(85 … 75) ⋅ 10–4
(75 … 65) ⋅ 10–4
< 65 ⋅ 10–4

110 ⋅ 10–4
100 ⋅ 10–4
90 ⋅ 10–4
80 ⋅ 10–4
70 ⋅ 10–4
60 ⋅ 10–4

The resulting factors C are only valid
for sands with 0.06 < d10 < 0.6 [mm]

References to HAZEN and BEYER are taken from: BUSCH et al. 1993 and LANGGUTH & VOIGT 1980
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§ 3:

Ignition loss

According to KRETZSCHMAR 1991, small portions of the sediment samples
were analysed to their content of organic substances. Prior to glowing for several hours in the
incinerator, 3 g of each sample were dried at 105° C over night. The loss of weight during this
procedure resembles the total content of unidentified organic matter in the sediment,
calculated as percentage proportion.

2.2.2

Undisturbed sediment cores

The undisturbed sediment cores WS 1A, WS 2A and WS 3A were used for
geochemical analysis, while the parallel cores WS 1B, WS 2B and WS 3B were assigned for
examination of their physical properties.

2.2.2.1

Physical properties of the sediment

The undisturbed sediment cores WS 1B, WS 2B and WS 3B were kept in the
drilling tube PE material. According to the lithologic findings of the parallel cores WS #A,
they were cut in segments in order to carry out steady state permeability tests and sieving
analyses afterwards.

§ 1:

Permeability tests

Each segment, each of a minimum of 12 centimetres length, was carefully
saturated with tap water at room temperature. In the experiment, they were flushed in upwards
mode, while the hydraulic gradient was kept constant, which was controlled by piezometers
(figure 14). The volume of seepage water was measured in a gauged flask, the seeping time
was stopped with a watch. After DARCY (BUSCH et al. 1993), the hydraulic conductivity of a
porous medium is equal to:

⁄

kf = Q·L t·P·∆h [m s–1]
With:

(4)

Q, L, t, P and ∆h explained in figure 14
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After LANGGUT & VOIGT (1980), each experiment was conducted at least three times and the
highest resulting value kf was taken as the most reliable one, reflecting the highest degree of
water saturation in the sample.

Fig. 14:

§ 2:

Setup of the steady-state permeability test.

Grain size analysis

In order to derive permeability values kf, the core segments have been
analysed in the same way as the sediment samples from the mapping campaign. Therefore,
see chapter 2.2.1, § 2: Grain size analysis.

2.2.2.2

Sediment chemistry

The sediment cores were cut vertically in half and examined with regard to
their
and H2CO3 content by adding diluted HCl. The sediments' lithology was described
and, according to lithology, samples were taken from each layer. Table 6 provides an
overview of the geochemical examinations of the sediment samples carried out in laboratory.
HS–
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Table 6: Overview on analytical instruments at the hydrogeology laboratory of the Free University of
Berlin (modified after MASSMANN et al. 2005).

parameter

method

type

CEC (Σ Ba)
CEC (Na)
CEC (K)
CEC (Ca)
CEC (Mg)
organic C
inorganic C
total C
total S
CRS
Fedith-red
total Fe
Mndith-red
total Mn

ICP
Flame photometric
Flame photometric
AAS/flame
AAS/flame
Photometric

Leemans
0.5 mg/l
Eppendorf Elex 6361r 1.0 mg/l
Eppendorf Elex 6361r 0.1 mg/l
Perkin Elmer 5000
0.1 mg/l
Perkin Elmer 5000
0.02 mg/l
Technicon Autoanalyser

Photometric
Photometric
Iodometry
AAS/flame

Technicon Autoanalyser
Technicon Autoanalyser
Perkin Elmer 5000

0.1 mg/l

AAS/flame

Perkin Elmer 5000

0.02 mg/l

§ 1:

detection limit norm
DIN 38046-E3-14
DIN 38046-E3-14
DIN 38046-E3-1
DIN 38046-E3-1

Cation exchange capacity (CEC)

Cations are bound to ion exchangers in the sediment and get into solution
via exchange with other cations present in the water. An ion exchanger is a substance with a
positively or negatively charged surface, like clay minerals and humic substances, which are
mainly negatively charged and are cation exchangers. The negative charge of clay minerals is
caused by the partial isomorphic substitution of Si4+ by Al3+ in the crystal lattice, only partly
balanced by the inclusion of positively charged ions in the crystal lattice. The cation exchange
capacity (CEC) depends mainly on the amount and type of clay minerals and on the amount
and type of the organic material; the amount of silt and oxides has a minor influence on the
CEC. The effective CECeff is the CEC at the actual soil pH; the cation exchange capacity was
measured with the percolation method as CECeff. The CECeff is the amount of Ba2+ reexchanged in mmol(eq)/100g of sediment. The sum of the cations exchanged should be equal
to the CEC, however, it is usually smaller, because not all of the cations are measured. In
sediments containing calcite, the sum of the cations is often larger than the CEC, because
some of the calcite is dissolved (KRETZSCHMAR 1991)
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§ 2:

Organic and inorganic carbon content, total sulphur content

Organic and inorganic C as well as total S was determined with a C-N-S
Analyser (CS-225, Leco Instruments GmbH). The sediment sample is crushed with an agate
mortar. Metallic aggregates (zinc, pure iron and wolfram chips) are added in a clay pan and
placed in a burning chamber in an oxygen stream. The carbon or sulphur content is analysed
via infrared (IR) detection.
To differentiate between organic and inorganic carbon, pre-treatment of the sample is
necessary: The samples are weighted with the clay pans. 1 N HCl is added in order to destroy
the carbonate fraction. After ablation of the excess acid, the remaining carbon can be analysed
as before. However a chloride trap has to be used for the flue gas cleaning. It is equivalent to
the organic carbon fraction of the sample. The inorganic carbon fractions, i.e. the carbonates
are calculated by subtraction of the two values. The results are always averages of 3
measurements.

§ 3:

Pyrite content

Sulphide was extracted as pyrite using a Cr(II)Cl solution as extraction
agent (without monosulphides in this case). The H2S degassing in the acid environment was
led into the Zn-acetate trap by passive diffusion over 48 h. After the precipitation of ZnS in
the alkaline solution (pH 13), the amount of sulphide was measured by iodometry (HSIEH &
YANG 1989 and GAGNON et al. 1995: taken from MASSMANN et al. 2005).

§ 4:

Iron and manganese oxides and hydroxides

Fe(III)- and Mn(IV)-oxyhydroxides in the sediment were measured using
AAS (Perkin Elmer 5000) after selective extraction with dithionite-citrate-hydrogencarbonate
as a reducing agent (MEHRA & JACKSON 1960: taken from MASSMANN et al. 2005). Both
amorphous and crystalline Fe(III) and Mn(IV) minerals are dissolved by dithionite-citratehydrogencarbonate, which is a strong reducing agent. The remaining insoluble solid residue
was flushed into a disintegration apparatus with nitric acid. In order to obtain the total iron
and manganese content of the sediment the sum of both fractions was calculated.
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2.2.3

Column experiment

2.2.3.1

Experimental construction

The undisturbed core WS 2C of 0.99 m length was kept in a transparent tube
of Perspex material of 1.20 m length and of 0.07 m inner diameter. On 6th of April 2004, it
was installed vertically in the laboratory with room temperatures of 20° to 22° C. The column
was operated in downwards mode, using a pulsating pump. To simulate natural flow
conditions, fresh surface water from lake Wannsee was used. It has been stored in a container
of 25 L volume and was bubbled with air by an aquarium air pump to retain constant
saturation of oxygen. The aerated inlet water was led to the column at super sufficient rate in
order to avoid any drainage. The surplus of inlet water was branched off by an overflow
outlet, which was fixed 20 cm above the sediment surface.
Nine sampling ports to inlet water and outlet water were connected as water taps to the
flexible pipes and as waterproof connections screwed into the Perspex tube of the column,
which is shown in figure 15. In addition, seven waterproof connections were screwed into the
Perspex tube for a steady installation of O2-probes directly in the sediment material. Figure 15
demonstrates the higher density of sampling locations in the first centimetres of the
infiltration flow path, installed there with expectation to greater changes in water chemistry
than further downwards.
The outlet of the column was connected by flexible pipes of airtight Viton and glass material
and fastened 40 cm above bottom to set up a constant hydraulic gradient. By that, a pressure
head of 60 cm was installed, forcing the inlet water to infiltrate at conditions similar to those
at the drilling place at lake Wannsee (The core had been taken in 0.6 m water depth). In order
to build up constant flow rates of the filtration water in the column, an additional pulsating
pump was installed on 12th of August 2004 due to an irregularly and persisting rise of the flow
rate.

2.2.3.2

Examination of the hydraulic properties

A tracer experiment was conducted in order to get knowledge of the hydraulic
conditions of the column sediments from the 16th to the 28th of July 2004. By addition of 1.0 g
of common salt (NaCl) to 25 L of fresh surface water from lake Wannsee in the inlet water
container, the electric conductivity (EC) was increased by > 20% from 780 µS/cm to 1000
µS/cm. To avoid dilution effects in the surplus water on top of the column sediments, it was
rapidly extracted using a syringe and replaced abruptly afterwards by the enriched solution.
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The EC of the outlet water was logged at intervals of 5 minutes with a WTW-probe of the
type TetraCon 325, using a computer connection and the WTW-software "Multilab pilot".
After the EC of the outlet water obtained stable values, the enriched solution was exchanged
again by fresh surface water operating in the same procedure as before. The measurement and
logging were stopped after original values were obtained again.
The parameters required for determining the hydraulic properties of the sediment in a column
experiment are listed as follows:







cross-section plain of sediment P
length of flow path
L
hydraulic pressure head
H
permeability of sediment
kf
volume of filtrate water
Q
effective porosity of sediment neff

[m2]
[m]
[m]
[m·s-1]
[m3·s-1]
[-]

After the law of DARCY (LANGGUTH & VOIGT 1980), the permeability-value kf is equal to:

⁄

Q = kf · H L · P = k f · G · P

[m3·s–1]

(6)

With G as the hydraulic gradient of H/L [-].
By converting Darcy's equation, the permeability-value kf results in following relation:
kf ·

⁄G · P = v ⁄G

Q

f

[m3·s–1]

(7)

The filter velocity vf or Darcy-velocity q is calculated with:
q = vf =

⁄P = k · G [m·s

Q

f

–1]

(8)

The filter velocity vf is a theoretical velocity of a fluid on its way through a porous medium
with assumption of a straight flow path, which is not given in a grain-skeleton.
The apparent velocity va can be seen as the velocity of a drop of water flowing through a
porous medium in consideration of the bended flow path through the grain-skeleton. va and
the effective porosity neff are in relation with the filter velocity vf (or Darcy-velocity q):
va =

vf

⁄n

eff

[m·s–1]

(9)
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§ 1:

Analytical solution

After SCHULZ ( in: KÄSS 1992), the filtration flow in a column is regarded as
a one-dimensional flux. In a tracer experiment, a non reactive, well soluble and non pollutant
constituent is added to the flow of fluid; additionally its measurement should be easy and
cheap. The arrival time and the variation in concentration of the constituent are measured at a
determined outlet place. The transport behaviour of the flux is predominantly dependent on
advectional transport and a dispersive transport compound. Advectional and dispersive
transport is expressed by following partial differential equation:

∆c
∆2 c ⎧
∆2 c
∆2 c ⎫
∆c
= DL
+
+
D
D
⎨
⎬ − va
V
T
2
2
2
∆t
∆x
∆x
∆y
∆z ⎭
⎩

With:

(10)

DL, DT and DV as the longitudinal, transversal and vertical dispersivity
coefficient. Thereby the terms in parentheses are out of consideration in a
one-dimensional flux.

In the case of continuous tracer input to a sediment column, a concentration front will develop
at the outlet, where the maximum amount of concentration will reach plateau values equal to
those of the input. Using spreadsheet calculation software to determine the two unknown
variables va and DL, inverse fitting of the curve (c/c0 versus time) is possible with the Gauss'
complementary error function, a related equation to Gauss' normal density function:
c x. t =

⎛ x − va t ⎞
c0
⎟
erfc ⎜⎜
⎟
2
2
D
t
L ⎠
⎝

(11)

Should the term in parentheses turn to negative values, the Gauss' error
function has to be modified as follows: erfc (–|a|) = 2 – erfc (|a|).
§ 2:

Software based solution

As in the analytical solution, the software Visual CXTfit (TORIDE et al.
1995), an add-in program, free to download from the internet for the spreadsheet calculation
software "Excel", uses the Gauss' error function in fitting the curve (c/c0 versus time). The
user is free to choose between several model types, which can be simulated in direct or
inverse way. Following the input routine of the program, the required parameters and
boundary conditions for the modelling have to be filled in to input fields in eight navigation
blocks directed in alphabetic order:
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block A:

model type: deterministic equilibrium (dispersion/reduction/sorption)
input and output: t and x are dimensionless (e.g. c/c0)
concentration mode: flux averaged concentration (over the total flowpath)
problem type: inverse problem (because of unknown variables va and DL)
characteristic length: e.g. 100

block B:

parameter constraints: no
total mass estimation: no

block C:

parameter: ν (e.g. 0.6 apparent velocity), D (e.g. 0.05 dispersivity length),
R: e.g. 1 (decay), µ: e.g. 0 (decay coefficient λ·R)
checkboxes clicked/unclicked: coefficient is estimated/known + kept constant

block D:

input: 2 (constant input), 4 (chronological order-input); pulse: e.g. 1000 (cmax)

block E:

initial concentration: e.g. 780 (c0)

block F:

production type: e.g. 0 (neither production nor release of constituent during flux)

block G:

input data code: e.g. 1 (t, c, import from spreadsheet rows)

block H:
would be
used in a
direct
estimation

output position: e.g. 1 (one output measurement place)
spatial increment: e.g. 1 (distance between input and output)
initial output position: 0
number of output times: e.g. 100 (one hundred estimation steps)
time increment for output: e.g. 7 (seven days)
initial value of output time: → 0.07 (0.07 days = first estimated tome step)
output print code: e.g. 1 (concentration versus time)

Visual CXTfit manages to model up to 400 data sets and prints the estimation model to a
spreadsheet row to determine in Excel; with that one can instantly print them to a graph for
visualisation. In block C, the parameters to be estimated (va and DL) can freely be varied for
another run of Visual CXTfit. If a solution is found, in which the curves of the measurement
and the ones, estimated by the software, are well fitting, the parameters va and DL can be
considered as determined.

2.2.3.3

Sampling of the physicochemical parameters

The physicochemical parameters (pH-value, Eh-value and electric
conductivity) of the filtrate water were measured in the inlet water and outlet water. Probes
were installed into the flexible pipes of inlet and outlet (see figure 15). Table 7 provides an
overview of the measuring methods of pH, Eh and electric conductivity (EC) used during the
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column experiment. A computer connection for the device Multiline P4 was at disposal for
logging the physicochemical parameters at intervals of 5 minutes (they are free to choose).
Table 7: Measuring methods of the physicochemical parameters during the column experiment.

Parameter

Method

Temperature

electrometric

pH-value
(range from 1 - 13)
EC
(10 - 10 000 µs/cm)
Redox potential
(–200 - +1000 mV)

potentiometric with automatic
compensation of the temperature
electrometric with automatic
compensation of the temperature
potentiometric (Ag/AgCl referring
electrode)

Fig. 15:

Device (by company WTW)
Multiline P4; integrated in
probe for EC TetraCon 325
Multiline P4; probe SenTIX
41
Multiline P4; probe TetraCon
325
Multiline P4; probe Pt 4805
(Company Ingold)

Column set up in the laboratory. Nine sampling ports and seven O2-probes were steadily
installed. Devices for logging O2 and the physicochemical parameters were at disposal.
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2.2.3.4

Sampling of the water chemistry

Figure 15 illustrates the set up of the nine sampling ports designed for the
measurement of the major cations (Na+, K+, Ca2+, Mg2+) and anions (Cl–, HCO3–, SO42–,
NO3–), and for dissolved organic carbon (DOC), as well as Sr2+ and PO43–; in addition, the
minor redox indicators (Mn2+, Fe2+, NH4+, HS–) were sampled. O2 was measured with seven
probes, placed directly into the sediment body inside the column. Table 8 provides an
overview on the measurement of the geochemical compounds of the filtrate water samples
carried out in laboratory.
Table 8: Overview on analytical measuring methods at the hydrogeology laboratory of the Free
University of Berlin (modified after MASSMANN; inhouse, unpublished 2005).

compound method

type

det. limit

norm

Na+

flame photometric

Eppendorf Elex 6361r

1.0 mg/l

DIN 38046-E3-14

K+
Ca2+
Mg2+
Fe2+
Mn2+
NH4+
Sr2+
DOC
Cl–
HCO3–
SO42–
NO3–
PO43–
HS–
O2

flame photometric

Eppendorf Elex 6361r

0.1 mg/L

DIN 38046-E3-14

AAS/flame

Perkin Elmer 5000

0.1 mg/L

DIN 38046-E3-1

AAS/flame

Perkin Elmer 5000

0.02 mg/L

DIN 38046-E3-1

AAS/ flame

Perkin Elmer 5000

0.1 mg/L

AAS/ flame

Perkin Elmer 5000

0.02 mg/L

colorimetric quick test

Merck

0.05 mg/L

AAS/flame

Perkin Elmer 5000

0.02 mg/L

photometric

Technicon Autoanalyser 0.5 mg/L

IC

DX 100

1.0 mg/L
1.0 mg/L

titration

DIN 38046-E3-22

IC

DX-100

1.0 mg/L

IC

DX-100

0.5 mg/L

Photometric

Technicon Autoanalyser 0.03 mg/L

colorimetric quick test

Merck

0.02 mg/L

photosensitive/software

PreSens FiBox3

0.02 mg/L

(DIN 38409)

The analyses of the four compounds printed bold (HCO3–, NH4+, HS– and O2) were done in a
way specifically adapted to the column experiment.

§ 1:

Titration of HCO3– at micro scale

With regard to narrowly limited sample volumes, the procedure of
examining the amount of hydrogencarbonate was adapted to a total of 3 mL per sample,
instead of 50 mL. The sample was titrated with 0.01 N HCl, added in drops of 10 µL with a
pipette. The decreasing pH was stated with a probe of the type SenTIX 41 and a device of the
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type Multiline P4 by the company WTW (see table 6). The amount of HCl, which was
consumed at a pH of 4.3, resembles the one of hydrogencarbonate in the sample.

§ 2:

Colorimetric determination of NH4+ and HS– at micro scale

As well as for the determination of the amount of hydrogencarbonate, only a
minimum of sample volume was at disposal for the examination of ammonium and
hydrogensulphide. Instead of 20 mL sample volume, needed for each quick test, volumes in
the range of 5 mL to 8 mL were taken. After dilution with distilled water up to the required
volume of 20 mL, the samples were examined in the same way as in order. The amount of
ammonium and hydrogensulphide, respectively, was calculated by multiplying the result of
the colorimetric test with the reciprocal proportion of dilution.

§ 3:

Detection of oxygen with photosensitive technique

A detection system of the company PreSens was used for examining the
amount of O2 in the filtrate water of the inlet, of the column and of the outlet. The
specification of that system is a computer-controlled one-channel fibre-optic oxygen meter for
oxygen minisensors. Figure 16a shows the scheme of a minisensor, which was placed directly
in the sediment material of the column. A spot of photosensitive foil (secret of the company
PreSens) was adhered to the polished spot of the polymer optical fibre. For protection of the
sensor, the steel tube with sensor-foil shown in figure 16a was tightly clamped a few
millimetres ahead of the spot, leaving a narrow slot open for water intrusion. The sediment
material was inhibited to touch the sensor by additional protection of a permeable Teflon foil
inside the steel tube.

Fig. 16a: Oxygen minisensor: A polymer optical fibre of 2 mm diameter and 2.5 m length with
connection to oxygen meter, protected by an open steel tube. The device emits light of 505
nm wavelength for measurement.

The sensing mode of this system uses the phase-modulation technique to evaluate the
luminescence decay time of indicator molecules. The collision between the luminophore in its
excited state and the quencher (oxygen) results in radiation less deactivation and is called
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collisional or dynamic quenching. After collision, energy transfer takes place from the excited
indicator molecule to oxygen. And it follows according to Quantum physics that the oxygen
transfers from its ground state to its excited state (pers. comm. WIENECKE 2005). As a result,
the indicator molecule does not emit luminescence and the measurable luminescence signal
decreases (PRESENS 2003).
If the luminophore is excited with a sinusoidally modulated light, its decay time causes a time
delay in the emitted light signal. The Stern-Volmer equation (5a) displays a linear correlation
between tan Φ0/tan Φ or τ0/τ and the concentration of oxygen. In technical terms, this delay is
the phase angle between the excited and emitting signal (figure 16c). This phase angle is
shifted as a function of the oxygen concentration. The relation between decay time τ and the
phase angle Φ is shown by the following equation (5b) (PRESENS 2003):

⁄L = τ ⁄τ = 1 + K
τ = tan Φ⁄2π·ν [s]
L0

0

SV

· [O2]

(5a)
(5b)

Resulting in:

τ ≡ tan Φ ≡ Φ ≡ f ([O2])

With:

L0 and L = luminescence intensity in absence and presence of O2;
τ0 and τ = luminescence decay time in absence and presence of O2;
Φ = phase angle;
ν = modulation frequency;
KSV = Stern-Volmer constant

Fig. 16b: Principle of dynamic quenching of luminescence by molecular oxygen:
(1) Luminescence process in absence of oxygen
(2) Deactivation of the luminescent indicator molecule by molecular oxygen
Fig. 16c: The luminophore is excited with sinusoidally modulated light. Emission is delayed in phase
expressed by the phase angle Φ relative to the excitation signal, caused by the decay time
τ of the excited state
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The phase angle Φ is a function of the oxygen content (Φ ≡ tan Φ ≡ f ([O2]) and decreases
with increasing oxygen content. Both the phase angle in absence of oxygen, Φ0, and the
Stern-Volmer constant, KSV, are temperature-dependent. Φ0 decreases with increasing
temperature, while KSV increases with increasing temperature. The water vapour pressure pw
influences the oxygen partial pressure of air-saturated water and water vapour saturated air.
Since the solubility of oxygen in water is temperature dependent, it can be described using the
Bunsen absorption coefficient α(ϑ) (see table 9 below) and the oxygen partial pressure p(O2)
according to equation (6) (PRESENS 2003).

CS(p, ϑ) = p(O2) pN · α(ϑ)

⁄

With:

(6)

CS(p, ϑ) = temperature dependent solubility of oxygen in water
p(O2) = partial pressure of oxygen
pN: standard pressure (1013 hPa)
Table 9: Variation of the Bunsen absorption coefficient α(ϑ) with the temperature.

ϑ [° C]

0

5

10

15

20
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35

40

50

α(ϑ)·103 49.01 42.94 38.11 34.17 31.01 28.43 26.30 24.63 23.16 20.85
With increasing temperature, the solubility of oxygen in water decreases. If the temperature is
measured at a precision of ± 0.2° C, the measuring value at 100% varies of 100 ± 0.7% airsaturation of O2.
The measurement of the luminescence decay time has the following advantages compared to
the conventional intensity measurement (PRESENS 2003).






independent on fluctuations in the intensity of the light source and the sensitivity of
the detector
not influenced by signal loss caused by fibre bending or by intensity changes caused
by changes in the geometry of the sensor
to a great extent, independent of the concentration of the indicator in the sensitive
layer
photo bleaching and leaching of the indicator dye has no influence on the measuring
signal
not influenced by variations in the optical properties of the sample including turbidity,
refractive index and coloration.
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3. RESULTS
3.1 Mapping campaign
Figure 17 displays the depth contours of the sediment surface below the lake Wannsee
in the scale of 1:2000. Within one hundred metres distance from the bankline, in the central
part of the map, the sediment surface is dropping in a steep slope to a depth of more than eight
metres. In that water depth, the sediments flatten out to a wide lacustrine basin, with
maximum depths of about nine metres. Further in the northwest and in the southeast, the slope
is less steep.
The sediment samples of the mapping campaign are predominantly composed of fine grained
sands, completely containing organic matter at strongly varying amount (figure 18) and
carbonates without exception. In shallow water depths of up to two metres, the sands are
coloured in light brown to greyish tones, and they are frequently covered by a film of green
organic substances and interspersed with remnants of vegetation. Along with rising water
depth from 2 to 6 metres, the colour of the sands is transiently changing from grey to darker
olive-brown and dark grey tones. In a depth of more than 6 metres, their colour darkens to
olive-black and black colours. The sand material generally is finer grained with depth, as well.
In a depth of more than 6 metres, fine grained sand sediments contain an increasing amount of
silt. In a transitional depth between 6.5 and 7.5 metres, silt material is deposited largely:
Composed in varying proportions of fine sand and silt, the latter dominates along with
increasing water depth. In the depth of more than 7.2 metres, the surface sediments are
developing from compact deposition to increasingly lower packing densities. There, the
granular structure disappears for the benefit of a watery, unconsolidated and non-granular
structure of the sediments: Below 7 metres water depth, lacustrine sapropel is deposited.
With exception to the sand sediments in low water depths of maximum 2.5 metres, all
samples contain sulphides, already visible on the greyish tones. In depths, downwards to
about 4.5 metres, the sands are settled by colonies of mussels, a few centimetres thick. Along
with rising depth, a layer of shells and detritus, increasingly crushed to finer fragments,
replaces the layer of colonies of mussels. In depths exceeding 6 metres, the layer of shells and
detritus is disappearing; carbonate detritus of sand-grain size occurs within the sand material
on the sediment surface. The lacustrine sapropel deposits also contain carbonate in a finedispersed form.
The distribution of the organic matter content (figure 18) in the sand sediments varies by large
from 0.2 to almost 10 weight-percent without obeying a rule: Neither the presence of a
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covering layer of mussel colonies, nor the water depth are determining the amount of organic
matter. The reason for the irregular distribution possibly is to derive from the depositional
history of the sediments and of the landside borne input of vegetation remnants. Nevertheless,
in greater water depths, in correspondence with the sedimentation of fine grained sand,
containing increasing proportions of silt, the amount of organic matter increases to values of
regularly more than 10 weight-percent. The silt sediments mixed with lacustrine sapropels
contain more than 10 to 12 weight-percent of organic matter, in most cases of the lacustrine
sapropels, it is more than 15 weight-percent by far. The maximum content detected at the field
site is 25.7 weight-percent in a loose, watery and unconsolidated lacustrine sapropel.

Fig. 17:

Map of the water depth in the field site at lake Wannsee.
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Fig. 18:

Map of the distribution of the organic matter content of the lake bottom sediments.
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Figure 20 illustrates the distribution of the hydraulic conductivity of the lake bottom
sediments in the scale of 1:1500. Transient permeability tests were conducted with seventy
nine samples, which amount in an irregular distribution of the hydraulic conductivity over the
area. The hydraulic conductivity does not drop to small values in a stringent correspondence
with the water depth in the area of the slope. However, within the edge of the lake basin, in
more than seven metres water depth, the hydraulic conductivity rapidly decreases to values
below 1·10–6 m/s, due to the sedimentation of fine-grained sands, silt and of lacustrine
sapropel.
Figure 20 also displays the shape for a map clipping of a narrow stripe on the bank, where
open end tests were conducted at twenty eight places, which is shown enlarged in figure 21.
The hydraulic conductivity of the sediments at that place, derived from the transient
permeability tests, moves in the range of 1·10–6 to 5·10–5 m/s, whereas the open end tests
resulted in distinctly lower values: 1·10–7 to 5·10–6 m/s.
The kf-values derived from the sieve sum curve of twenty five samples of the entire field site
range distinctly higher, than those of corresponding permeability tests (figure 19). This
contrast is sharpening along with the distance from the bankline (and so with water depth), in
which the sample was taken. The figure illustrates that contrast, but does not implicate that a
lowering of the permeability is a stringent function of rising distance from the bank or of
increasing water depth.

Fig. 19:

Comparison of the hydraulic conductivities of samples taken in different distances from the
bankline (~ water depths): Results of the transient permeability tests show that kf-values
frequently range more than one order of magnitude lower compared to those derived from
sieving analyses.
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Fig. 20:

Map of the hydraulic conductivity at the field site, derived from transient permeability tests
(small squares). The black rectangle shapes the clipping of figure 19.
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Fig. 21:

Map clipping of the hydraulic conductivities of the sediments, derived from transient
permeability tests (on the left) and from open end tests (on the right).

The clogging of the lake bottom sediments causes the sharp contrasts between the hydraulic
conductivities derived from permeability tests and corresponding sieve sum curves
(conducted with the same sample one after the other). The clogging effect results in a
decrease of the hydraulic conductivity of the sands from about 5·10–5 to 5·10–4 m/s to values
ranging from 5·10–7 to 5·10–5 m/s. In that area, where open end tests were conducted, the
sediments below the lake bottom are unsaturated. The hydraulic conductivity of these
sediments additionally is cut down to values ranging from 1·10–7 to 5·10–5 m/s.
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3.2 Physical and hydraulic properties of the
sediments
Figure 22 illustrates the spatial dimensions of the sediment drilling site in a crosssection, combining the three cores in their original position and in their lithological content.
The heterogeneities in their stratification and in their grain size distribution indicate variations
of the depositional history of the sediments.

Fig. 22:

Cross-section of the drilling cores WS 1, WS 2 and WS 3, captured in three distances from
the bankline of the lake Wannsee.

Figure 23 displays the stratigraphic deposition of the sediments: The sediments of the drilling
cores are fine to medium sized sands containing strongly differing amounts of organic
substances, such as remnants of vegetation fibres or pieces of coal. The sediments partly
contain narrow strata of coarse material, as in the 4th horizon of WS 1A with gravel, or in the
2nd and 5th horizon of WS 3A with shells and broken detritus of shells.
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Fig. 23:

Lithology of the drilling cores WS 1A, WS 2A and WS 3A: Predominantly fine grained sand
with a distinct proportion of medium sized sand and small amounts of silt.
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The presence of sulphides rises with darkening of greyish colours of the sandy material, while
sulphides are absent in brownish coloured sands. The sands throughout contain inorganic C as
carbonate, particularly in homogenous fine sands (and in shell detritus horizons), and to a
minor extent in strata containing the highest proportions of vegetation fibres.

Fig. 24:

Grain size distribution of the drilling cores WS 1B, WS 2B and WS 3B in segments.
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The grain size distribution of the sand sediments varies little in most of the strata, however in
single strata by large (figure 24, shown above). Coarse material is almost absent, appearing in
only two horizons near to the sediment surface, as seen in one narrow layer of WS 1B and at
the top of WS 3B. Most strata are containing ½ to ⅔ of sand sized 125 – 250 µm and ⅓ to ½
of sand sized 250 – 500 µm. Finer grained sand of less than 125 µm and silt is occurring in
most of the strata with a proportion of about 10%. The two bottom strata of WS 2B, the top of
WS 1B and almost the entire core WS 3B contain a considerable proportion of silt.
The kf-values of the
hydraulic conductivity, derived from
the
grain
size
analyses and sieve
sum curves after
HAZEN and BEYER,
are distinctly differring from the results
of the steady-state
permeability
tests,
which were conducted
in
the
laboratory.
After
HAZEN and BEYER,
the sediments were
ordered into the
medium
aquifer
classification 3 (kf
ranges from > 10–4 to
10–3 m/s), while the
tests resulted only in
the moderate aquifer
classification 4 (kf
ranges from > 10–5 to
10–6 m/s).

Fig. 25:

Results of the steady-state permeability tests show that the kf-values range about one order
of magnitude lower than the ones, derived from corresponding sieving analyses of the core
segments WS 1, 2 and 3B.
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The sieve sum curves derived from the grain size analyses indicate for almost all examined
segments of the cores WS 1, 2 and 3B a well and very well degree of sorting, with exception
to the ones, which are containing greater proportions of silt material (sieve sum curves: see
Appendix I, figure A1 to A3).

3.3 Geochemical properties of the sediments
The organic carbon content of the sediments moves in its amount and in its distribution
(figure 26) in the range of 1 to 2% in all three drilling cores, with exception to narrow strata
of the core WS 3A, containing up to 8% of organic carbon. Its amount is not a function of the
grain size distribution, only the lowermost fine grained horizon of WS 2A contains a
remarkable proportion of 1.4% of organic carbon. The top of WS 1A, located directly at the
bankline in very shallow water, possibly contains the high proportion of 1.3% because of
landside borne input of vegetation remnants.
The sediments throughout contain some inorganic carbon as carbonate at an amount of up to
0.1%, with exception to the top layers of WS 1A and WS 3A at multiple values. The core WS
2A shows high contents of inorganic carbon in his lowermost fine-grained horizons, also
slightly enriched in organic carbon.

Fig. 26:

Distribution of organic C (left) and organic C (right) in the core segments WS 1,2 and 3A;
concentrations in weight-%.
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Fig. 27:

Distribution of pyrite-sulphur and total sulphur in the core WS 2A (left) and of the pyrite
proportion of the total sulphur content (right).

The concentrations of total sulphur, with 0.04% in average, are moving lower in one order of
magnitude. The content of pyrite-sulphide has been measured only in the sediment segments
of the core WS 2A; its proportion varies in the range of about 10 to 35% of the total sulphur
in average (figure 28).

Fig. 28:

Distribution of pyrite-sulphur and total sulphur in the core WS 2A (left) and of the pyrite
proportion of the total sulphur content (right).
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The figures 29 displays the dithionite-reducible iron(III) and manganese(IV) contents and
total iron and manganese contents within the three sediment cores. Dithionite-reducible
iron(III) and manganese(IV) are present in sediments at considerable amounts. The ones of
dithionite-reducible iron are varying in between of 200 to 1000 mg per kg, only the top strata
of WS 3A and of WS 1A are containing exceeding values, up to 8800 mg/kg. The dithionitereducible manganese contents move lower in one order of magnitude, ranging in between of
20 to 80 mg/kg of sediment. Regarding exceeding values in single strata of up to 385 mg/kg, a
similar pattern to dithionite-reducible iron in its distribution is observed. However, the
proportion of dithionite-reducible manganese within the total manganese content of about 60
to 90% is almost doubled in comparison with the one of dithionite-reducible iron of about 30
to 60%.

Fig. 29:

Distribution of the total and of the dithionite-reducible Fe3+ and Mn4+ content in the cores
WS 1, 2 and 3A. On the top: Distribution of the dithionite-reducible Fe and Mn; on the
bottom: total content of Fe3+ and Mn4+ in the core strata.
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The cation exchange capacity moves in the range of about 0.4 to 0.6 mmol-eq/100 g of
sediment and remains below 1 mmol-eq per 100 g of sediment in most of the strata (figure
30). Only the tops of WS 1A and of WS 3A and the bottom strata of WS 2A contain a greater
cation exchange capacity.

Fig. 30:

Distribution of the cation exchange capacity of the core WS 1, 2 and 3A, (seen from top to
bottom). Ba resembles the values, considered as reliable value of the entire exchange
capacity of the sediments.
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3.4 Column experiment
The undisturbed sediment core WS 2C of 0.99 metres length was drilled on the 15th of
January 2004 in 0.60 metres water depth, captured from the unsaturated zone below the lake
Wannsee. The sediment core was kept sealed in a cooling room and was therefore stagnant
until the start of operation on the 6th of April 2004, due to organisational difficulties. It held a
numerous quantity of gas bubbles and was throughout colourated in medium to dark grey
tones, indicating deeply reducing conditions.
The amount of water Q [m3/s] flowing through the column is shown in figure 31. Due to
entrapped gas bubbles in the sediment, the volume of filtrate water per day persisted at low
values for the first three weeks of operating. During the following three weeks, the volume of
flow has increased to a level twice as high by dissolving the entrapped gas. Therefore, the
permeability of the sediment increased while approaching saturated conditions, which were
not reached before the beginning of September 2004 (days of operation about 160 to 180).

Fig. 31:

Temporal variations of the filtrate water flow through the column.

Sampling extractions at the installed sampling ports have contributed to the irregularities of
the flow volumes. Temporally, entrapped gas was extracted with the water samples and new
pathways have been created for the filtrate water possibly. In order to stabilise the flow
volume an additional pulsating pump has been installed at the outlet on the 12th of August
2004 (day of operation 128). However, irregularities were still obtained in the flow volume.
Nevertheless, very high flow rates, exceeding 1000 mL per day by far, could not completely
be excluded by flow regulation, either. The median flow rate over the entire period of
operation was 540 ml per day. The median hydraulic conductivity value kf is resulting in
2.2·10–6 m/s for the column, operated in free flow mode with the natural hydraulic gradient of
0.6 (equation 4).
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The apparent velocity of the flow through the column of 6·10–6 m/s (or 0.52 m/d), was
derived from a tracer test. It was conducted from the 16th to the 26th of July 2004 at average
flow rates of 600 mL/d.

Fig. 32:

Display of the curves of the tracer test, on the right: measured values, analytically fitted and
software-based estimated curves; on the left: measured and analytically fitted curves after
the end of the tracer input to the column.

Figure 32 displays the curves of the EC (c/c0) versus time (h) measured and fitted, done by
the analytical solution and the software-based estimation for the tracer input on the left. In the
right, the measured values while re-freshening of the column is shown: The tracer test was
conducted in "reverse mode" again. During the re-freshening, a flow rate of 800 mL/d has
lead to slightly higher values for va and DL. In comparison with the filter velocity vf of
1.8·10–6 m/s at a flow rate of 600 mL/d, the apparent velocity has more than tripled,
illustrating that the effective porosity should be > 30% of the entire volume. One drop of
water remains in the column for approximately two days, the minimum travel time is about 30
hours, and the maximum travel time is three days. Accordingly, the average residence time is
27 to 28 minutes per centimetre of the flow path.
Since these values are dependent on the flow rate through the column, they are only valid for
the time of operating the column with the natural hydraulic gradient until the 12th of August
2004.
The electric conductivity (EC) of the inlet water moved in the range of 770 to 780 µS/cm, the
EC of the outlet water obtained values in average 25 µS/cm above those of the inlet. During
the entire experimental period, that difference between inlet and outlet was slightly shortened
to about 15 µS/cm (figure 33). In rough estimation, the dry residue of the outlet water is 15 to
20 mg/L higher than that of the inlet water.
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Fig. 33:

Course of the electric conductivity of the inlet and outlet water over the entire experimental
period.

The pH-value of the filtrate water persistently decreased by 0.5 to 1 units on the flow from the
inlet to the outlet (figure 34). The input values varied in between of 8.4 and 7.8 over the entire
period of the experiment, due to biological activity and altering in the fresh water container.
Additionally, the surface water from the lake Wannsee, refilled at roughly monthly intervals,
changed in its pH-value as well by small amounts.

Fig. 34:

Course of the pH-value of the inlet and outlet over the entire experimental period.

The decreasing of the pH-value in the column is connected to steady biological activity of
micro organisms exhaling CO2. The decrease of the pH-value did not follow the partly strong
variations of the input water with the same intensity. The pH-value of the outlet water moved
in between of 7.6 and 7.4, at the beginning of September 2005, it decreased to a slightly lower
level of about 6.8 to 7.0 in the following months.
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Fig. 35:

Course of the Eh-value of the inlet and outlet over the entire experimental period.

The electric potential of the inlet water and outlet water over the sampling period shows a
similarly irregular picture (figure 35). The inlet water is saturated with regard to oxygen, the
Eh-value of the inlet water moves between +400 and +650 mV. Stronger oxidising conditions
were obtained after refilling with fresh surface water from lake Wannsee, but were not
affecting the Eh-value of the outlet water. Microbiological activity in the interstitial space is
leading to a decrease of the Eh-value in the column to distinctly reducing conditions in the
range of –100 to –150 mV. Over distinctly more than half of the entire experimental period,
negative Eh-values steadily were observed; however, a great excess to positive ranges was
observed in several measurements. These are seen as exceptions to the rule due to possible
leakages in the outlet water pipe connections, if it were not any measuring errors of the
irritable probe.

Figure 36 illustrates the development of the oxygen concentration in the depth of the column
over the experimental period. For the duration of the first 33 days of operation, the oxygen
brought in by the input water has completely been consumed in the uppermost four
centimetres of the column. A thin layer of the uppermost sediments of a few millimetres
thickness was oxidised during the first month of operation: A beginning colouration to light
grey and brownish tones became visible, descending downwards from the top. Further 45
days of flushing brought oxygen to the sediments, before an oxygen content was observed in
8 cm depth. More than 230 days were needed to detect oxygen in the depth of 12 cm. Over the
entire experimental period, the oxidation of the sediments visibly proceeded to a depth of
more than 25 centimetres. However, oxygen never has occurred in the filtrate water at that
depth at a reasonable amount. One leakage of the column brought a steep increase of oxygen
input (on the day 76 of operating) to the sediment surface. That involuntary increase was
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reflected by a steep increase of the oxygen content in 4 cm depth, and it has led to the first
detection of oxygen in 8 cm depth. Two steep decreases in the oxygen concentration of the
inlet water were caused by operational difficulties (regulation of the flow and of the input).
But therefore an interesting result is recieved: The oxygen concentration in the depth is well
following the input concentration. This was also observed in the ending period, from
December 2004 to February 2005: The oxygen concentration in depths of up to 12 cm
increased and decreased by following the behaviour of the input concentration.

Fig. 36:

Display of the temporal content of oxygen in the water samples taken at the sampling ports
in different depths.

A dependence of change in the chemistry of the filtration water was not observed during the
entire experimental period, neither of the length of the flow path, nor of the time. Figure 37
displays the entire plenty of sample analyses done from May 2004 to February 2005. The inlet
water from lake Wannsee was throughout the time and throughout all sampling ports in
different depths a Ca2+-(Na+)-HCO3–-SO42–-Cl–-water. The amounts of the potassium and
magnesium concentrations changed never significantly. As well, the sodium and chloride
concentration remained rather stable (with exception to tracer tests conducted using NaCl as
tracer, not displayed within the graphic).
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Fig. 37:

Concentration of the major cations and anions in different depths of the column; all
measurements with electric balance < 5% of the entire experimental period are displayed.
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Figure 37 displays the median concentrations of the major ions as a line connecting the single
sampling depths in the column, which is following the varying concentrations observed over
the entire experimental period. With exception to the constituents calcium, hydrogencarbonate
and sulphate, the concentration of the other major ions (Na+, K+, Mg2+ and Cl–) was observed
to follow their input concentration of the inlet water without a distinct change: The
concentrations along the flow path downwards in the column were reflected by temporal
changes of the respective concentrations in the inlet water. So did the concentrations of
calcium, hydrogencarbonate and sulphate as well, but these constituents varied stronger in
their input concentration of the inlet water and have undergone chemical reactions in the
column. Most reactive partner was calcium, with the exchange of ±0.3 mmol/L, followed by
hydrogencarbonate and sulphate, with ±0.2 and ±0.1 mmol/L, respectively.
In figure 38, the overall changes in the water chemistry from the inlet to the outlet of the
column are shown as a mass balance (in mmol/L), valid for the entire experimental period.
The median concentrations of the major ions and of the redox indicators are shown. The
calcium, magnesium and the hydrogencarbonate concentrations are increasing during the
sediment passage, the latter at its most by far. The amounts of sodium, potassium, chloride
and sulphate are decreasing by smaller amounts. Only, the loss on potassium and the profit on
magnesium, both with the amount of 8% of the total input during the flow is remarkable. The
profit of hydrogencarbonate results of the microbiological activity (respiration) in the
interstitial spaces of the sediment, and calciumcarbonate gets dissolved due to the slightly
decreasing pH-value during the sediment passage.

Fig. 38:

Sketch of the concentration profits and losses of the single constituents in the flow through
the column.
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Fig. 39:

Concentration of the redox indicators in different depths of the column; all measurements
with electric balance < 5% of the entire experimental period are displayed.
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In anticipation of the two figures following (39 and 40), figure 38 additionally displays the
losses and profits of the redox indicators during the flow, too. Altogether, to sum up the
profits and losses of all important constituents in the flow, the plus of 0.03 mmol/L is leaving
the column (as a rough calculation, based on the median concentrations of the entire sampling
campaigns).
Figure 39 displays the median concentrations of the redox indicators and the measurement
results of each constituent of the entire experimental period in the same way as figure 37.
Dissolved organic carbon gets incorporated in the column at the amount of 15% of its total
input, and oxygen and nitrate are completely consumed in the column. On the other hand, the
redox indicators ammonium, manganese(II), iron(II) and hydrogensulfide are generated
during the flow: Small amounts of these constituents are present in the outlet water, without
an input on the top of the column. The constituents, which indicate the redox conditions in the
column don't play a role in the electrical balance of the filtrate water, due to their small
concentrations. As it is observed in many aquifers or in column studies, the redox indicators
take part in chemical reactions on their flow path through the interstitial space; table 2 and
figure 2 demonstrate the geochemical changes during aquifer passage. Figure 40 illustrates
that development in the column over the depth of the sediment by means of the median
concentrations of the entire experimental period: An overlapping redox zoning is observed,
reaching from oxygen consumption on the top to the beginning of sulphate reduction on the
bottom of the column.

Fig. 40:

Sketch of the median concentrations of the redox indicators during the column passage.
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4. DISCUSSION
In most of the cases, bank filtration is operated along river banks, as in Düsseldorf
with the Rhine or in Saxonia with the Elbe rivers (e.g. SCHUBERT 2002, GRISCHEK 2003).
Such schemes are benefiting from the flow characteristics of the river, which inhibits the
development of a clogging layer or removes it in seasonal intervals by the high erosive power
of the flowing water or of seasonal floods. Therefore, the water can infiltrate the riverside
aquifers at reliably high rates, which are welcome for the production of potable water.
However, the absence of an effective clogging layer bears the risk of possibly rapid
infiltration of pollutant contaminants or of undesired organic compounds brought with the
river water (e.g. ECKERT et al. 2005).
The bottom sediments of the lake Wannsee are strongly clogged and contain considerable
amounts of organic matter. The water of the lake Wannsee, an enlargement of the river system
Havel, fed by a dual inflow from the north and from the southeast, is characterised by very
slow flow velocities of 1.1 kilometres per day (SOMMER-VON JARMERSTED, C. 1992). The lake
bottom sediments are deposited in an almost stagnant water body, and consist of silt material
and lacustrine sapropels, which are never exposed to erosive powers. By these factors, the
Beelitzhof bank filtration scheme, situated on the southeastern bank of the lake, is a particular
system.
The lake flank and aquifer sediments are fine to medium grained sands of only a medium to
moderate permeability classification (PEKDEĞER ET AL. 2003, SENS 2005). The filtration flow
paths to the production wells are comparatively as long as at river bank filtration schemes
(GRISCHEK 2003), but the filtration residence time at Beelitzhof is multiply longer, with up to
several months (in the uppermost aquifer, connected with the lake bank). The biologically
driven decomposition of possibly infiltrating pollutants and of dissolved organic matter
therefore is more effective; it is still supported by the well developed clogging layer and by
the comparatively high organic carbon content of the surface sediments. On the other hand,
the clogging effect reduces the hydraulic conductivity of the infiltration sediments in addition
by partly more than one order of magnitude. As it is the case at the Rhine river (SCHUBERT
2005), effective infiltration can take place only in a narrow stripe of a few decametres width,
parallel to the bank: At the Rhine site, a "paved riverbed" along the banks inhibits infiltration;
only in the central stripe, the seasonally reworked river bed makes infiltration possible
(GRISCHEK 2003). At Beelitzhof, the infiltration zone along the bank of the lake is limited by
the transiently beginning deposition of silt and lacustrine sapropel in water depths of more
than seven metres.
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This limitation can easily lead to an overexploitation of the aquifer connected to the lake flank
sediments, which causes a drawdown of the groundwater table. By operating at steadily high
pumping rates, the drawdown extends to several decametres beyond the lake bank and a few
metres below the lake bottom. An unsaturated zone below the lake develops and laterally,
atmospheric gas intrudes to the infiltration zone, which enhances the cut down of the
hydraulic conductivity of the sediments in addition (HOLLÄNDER, et al. 2005).
Due to the comparatively long residence time of the filtration water and its contact with large
amounts of organic matter in the aquifer sediments, a steep gradient of the redox conditions is
observed. Differing from river bank filtration sites, as described above, or from natural river
bank infiltration zones, as for example at the Oderbruch polder (situated northeastern of
Berlin at the Polish-German boundary), a vertical and narrow redox zonation is developed at
Beelitzhof. Massmann (pers. comm. 2005) describes for the Oderbruch polder a horizontal
zonation from oxygen reduction to manganese and iron production, stretched over several
kilometres away from the infiltration zone. Investigations on groundwater chemistry with
regard to contamination plumes in sandy aquifers (BJERG & CHRISTENSEN 1993, PROMMER &
STUYFZAND 2005) show that a redox zonation predominantly is developed vertically to the
groundwater flow direction. POSTMA & JAKOBSEN (1996) and Greskowiak (2005) observed a
similar behaviour: With rising distance from the infiltration place, the groundwater firstly
decreases on oxygen and increases on manganese(II), ammonium and iron(II) vertically to the
flow direction. The redox gradient in these systems is determined by the presence and amount
of organic matter in the filtering sediments. As (VON GUNTEN & ZOBRIST 1993) have shown
in column experiments in the laboratory or in the field (FURRER & WEHRLI 1996, HUNTER et
al. 1998), redox zonations can be spread over a large range of distances or can be limited to
the narrow extent of a few centimetres.
The infiltration flow path at the lake bank at Beelitzhof is to be seen as a more vertical one,
characterised by high biodegradation rates and comparatively low flow velocities. The surface
sediments of the lake bank make possible a narrow redox zonation from oxygen reduction to
the beginning sulphate reduction. The column experiment, conducted at the laboratory, has
revealed a rather stable redox zonation, with unsaturated conditions at the start, as well as
with different filtration rates during the sampling campaigns until the end of the experiments
after nine months. The steep redox gradient in the column sediments confirms the findings in
the field: The observation well BEE 205, screened four metres below the sediment surface in
vicinity to the sampling place of the column sediment core, shows very similar redox
conditions. The observation wells, situated land inwards in greater distances to BEE 205,
show an increasingly differing picture (NASRI). The redox gradient is developed more
weakly, the groundwater reaches iron reducing conditions within greater depths than at the
lake bank.
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SUMMARY/CONCLUSIONS
The present work is taking concern of the infiltration dynamics, involving the
geochemical changes taking place at the sediment water-interface at the bank filtration
scheme of the water works Beelitzhof, situated on the southeastern bank of the lake Wannsee
in Berlin. In precedent studies at the field site, informations on a surprisingly rapid change of
the chemical properties of the water during infiltration were obtained (PEKDEĞER et al. 2003).
A mapping campaign was undertaken in order to get information on the extent and
effectiveness of the zone of surface water infiltration at the lake bank. Sediment cores were
drilled with regard to examine the lithological and chemical content of the aquifer material
exposed to infiltration of the surface water. A long term column experiment was carried out to
observe the hydrogeochemical changes taking place on the first metre of the infiltration flow
path.
Mapping of the filtration sediments
The sediments deposited in 0 to 7 metres water depth consist of fine grained sand with
increasing proportions of silt along with the water depth.
The sediments deposited below 7 metres water depth consist of silt and fine grained sand with
decreasing proportions of fine grained sand.
The deposition of lacustrine sapropel increases along with the water depth below 7 metres.
The sand sediments contain organic substances ranging from 0.2 to 10 weight-percent.
The silt sediments enclose organic substances at the amount of about 10 to more than 15
weight-percent, as well as the lacustrine sapropels with up to 25.7 weight-percent.
The sediments throughout contain carbonates and below water depths of 2 metres throughout
sulphides.
The hydraulic conductivity of the sand sediments ranges from 1·10–6 to 5·10–5 m/s.
Small, insular areas are covered by sands of higher hydraulic conductivity of up to 1·10–4 m/s.
The hydraulic conductivity of the silt sediments and of the lacustrine sapropels ranges below
1·10–6 m/s.
Open end tests conducted in a narrow stripe along the bank resulted in distinctly lower
hydraulic conductivities of the sands ranging from 1·10–7 to 5·10–6 m/s.
The hydraulic conductivity of the aquifer sediments in landside vicinity range from 5·10–5 to
5·10–4 m/s.
Sieving analyses result in hydraulic conductivities ranging 0.1 to more than 2 orders of
magnitude higher than results of corresponding permeability tests.
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Examinations of the sediment cores:
The sediments consist of fine to medium sized sands with up to 10 % of silt in single strata,
these are also characterised by a low degree of sorting.
Permeability tests result in hydraulic conductivities of the sands ranging from 1·10–6 to 9·10–5
m/s at maximum.
The grain size analyses result in hydraulic conductivities ranging about one order of
magnitude higher than corresponding permeability tests.
The sediments contain organic carbon in the range of 0.1 to more than 8 weight-%. The sands
contain inorganic carbon, mostly in the range of 0.1 to 0.3 weight-%; single strata of up to 4
weight-%.
The sulphate concentration of the sediments ranges one order of magnitude lower, in the
range of 100 to 400 mg/kg. The sediment core WS 2A contents pyrite-sulphur at the amount
of 20 to 100 mg/kg.
The reducible iron(III) and manganese(IV) contents range from 100 to 9000 mg/kg and 20 to
400 mg/kg, respectively.
The cation exchange capacity of the sediments is moving below 1 mmol-eq/100 g.
The column experiment:
In average, surface water of the volume of 550 mL/d filtrates through the column at almost
saturated conditions and operated at a hydraulic gradient adapted to its sampling location.
A corresponding tracer test results in the apparent flow velocity of 6·10–6 m/s and the
longitudinal dispersivity coefficient of 7.8·10–8 m2/s.
The electric conductivity of the filtration water increases from 780 to around 800 µS/cm
during the column passage.
During the column passage, the pH-value decreases by 0.5 to 1 unit, while the
hydrogencarbonate concentration increases by 0.4 mmol/L.
During the column passage, the Eh-value decreases from +400 to –100 mV, while redox
processes take place.
Oxygen is completely consumed in the uppermost few cm of the sediment: at start of the
experiment, no oxygen was detected in 4 cm depth.
Along with the experimental duration, the uppermost 25 centimetres of the sediment were
oxidised, after nine months of operating, oxygen was detected in 12 cm depth for the first
time.
The hydrochemical characteristics of the filtration water are almost unchanged during the
column passage, with exception to the redox indicators (contained at very small
concentrations).
Oxygen (almost saturated) and nitrate (small input concentrations) disappear, the dissolved
organic carbon concentration decreases by 15% during the column passage.
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Manganese(II), ammonium and iron(II) are released as redox reaction products during the
column passage, as well as small amounts of hydrogensulphide in greater depths.
A redox zonation develops in the column with overlapping zones of iron(II) and
manganese(II) production.
The results of the present work enable the declaration of a narrow stripe parallel to the lake
bank as effective infiltration zone, dependent on the absence of silt material or lacustrine
sapropels. The permeability classification of the surface sediment at the lake flanks is low to
moderate only, caused by the high degree of clogging effects. The partly very high contents of
organic matter in the sand sediments support clogging effects, but enhance the biodegradation
of undesired organic compounds or waste water borne pollutants on the other hand. The
clogging and organic carbon content enable a strong change in redox conditions at small
spatial dimensions, which explains the narrow horizontally orientated redox zonation at the
lake bank.

OUTLOOK
The examinations at the lake bank in vicinity to the water works Beelitzhof resulted in
understanding the redox and hydraulic conditions valid at the field site. The examinations
conducted were simulating summer conditions (in the laboratory) or took place in summer (in
the field). Since the clogging effect is cutting down the hydraulic conductivity of the
infiltration sediments by that large amount, the pumping management causes a drawdown of
the groundwater table reaching below the lake bottom. Open space for answering following
questions is left open:






How thick is the lacustrine sapropel layer, and does she contribute to the infiltration
by its basin-wide extensions?
If the thickness of the sapropel reaches up a reasonable amount, which geochemical
processes occur within the sapropels with respect to the redox indicators?
In a possible view of this fact, may there be or arise in future the risk of pollutant
contaminants originating from the sapropel layer?
Does seasonality affect the quality and strength of the clogging effect at the sediment
surface?
Might be estimated, how to optimise the management of the pumping rates for
avoiding a drawdown below the lake bottom?
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APPENDIX I: Sieve sum curves

Fig. A1: Sieve sum curves of the segments of the drilling core WS 1B.
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Fig. A2: Sieve sum curves of the segments of the drilling core WS 2B.
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Fig. A3: Sieve sum curves of the segments of the drilling core WS 3B.
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