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The behaviour of dissolved (<0,45 nm) inorganic species (e.g. metals, anions), and changes in 
relevant properties of polluted river water during infiltration into adjacent groundwater are 
investigated. Water from the river and from several wells is analyzed for temporal and spacial 
changes. For many of the measured quantities a pronounced annual cycle is observed. The 
temperature differences between summer and winter influence biological activity. Growth and 
degradation of organic material lead to drastic changes in pH and redox conditions in the near 
infiltration field. During summer, under relatively anoxic conditions, manganese oxides/hydroxides 
dissolve. In winter, the higher concentration of dissolved oxygen induce reprecipitation of 
manganese. Trace metal mobility (e.g. Cu, Zn, Cd) is influenced by these annual variations. 

In the river, daily cycles are observed for many of the measured quantities. These short term 
variations are induced by photosynthesis and respiration of aquatic biota. The cyclic behaviour 
disappears during the early stage of infiltration. The changes between river and groundwater can be 
modelled by a combination of simplified electron transfer and weathering reactions. 
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Alpine and peri-alpine countries recover drinking water to a large extent from shallow groundwater 
resources in widely distributed glado-fluvial deposits. The groundwater in these quaternary 
sediments is mainly recharged by infiltrating river water. Due to die importance of dm process for 
the water quality it is mandatory to understand the biological, chemical and physical changes 
which occur during infiltration and movement of water in aquifers. 

In the present study we concentrate on daily, annual and spacikl changes of some dissolved 
inorganic water components and other properties in the River Glatt (Switzerland) and in the 
adjacent groundwater stream. This experimental groundwater infiltration-site has been used before 
in a number of studies [1-9]. 

EXPERIMENT 

The well equipped study site is located in the lower Glatt Valley near Zurich, Switzerland (Rfc.1). 
It is described in detail by Hoehn et al. [2]. Here, water from the polluted River Glatt infiltrates 
continuously through the saturated ground zone to become the uppermost layer of the local 
groundwater stream. Due to stratification of the aquifer, mixing between infiltrating river water and 
deeper groundwater is limited (<20%). A mean linear flow velocity of about 2 - 4 m d-' was 
deterrmned, using different tracers [1,5,6, and Hoehn and von Gunten, in preparation]. The 
unconsolidated aquifer contains stones, gravel, sand, silt and clays, and the minerals quartz (30-
50%), calcite and dolomite (40-50%), and aluminosilicates (mainly iilites, chlorites, and feldspars). 
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Daring die years 19*4 to 1987 river and groundwater were sampled o.. a monthly basis. Several 
wels were assayed for groundwater quality (Fig. 1). In the investigation of daily variations of 
water parameters, real tune sampling was attempted in the river and in several wells, i.e. the 
ufoputits of die same moving water package were analyzed at time intervals related to the 
gioundwiwr flow velocity. Carefully clewed plastic equipment (pumps and tubings) was used to 
collect the samples Groundwater was pumped at a low rate (< 1 L min-1) from a depth of 0.5 m 
below die water table. The samples were filtered (0.45 Jim, Sartorius) in the field. Great care and 
special precautions were taken to avoid contamination which was evaluated from blank 
experiments. 

absorption spectroscopy (flame and graphite furnace) was used for the determination of Ca, 
Mf. Zn, Co, Cd, Pb, MB, and Fe. Hg was measured by neutron activation analysis. Anions were 
deamnmed by ion cfaromaiofraphy or cokximetry, oxygen and alkalinity by Winkler and 
poaeaoometric gran titrations, respectively, and the pH by a glass electrode. For details see [9,10]. 

RESULTS and DISCUSSION 

Doe to die fanned lenght of tins conference contribution only a few selected results can be given. A 
mure compare presentation of the resoles will be published elsewhere ([9,10] and M. Kuslys et al., 
in preparation). 

Dairy Variations and Changes During Infiltration 

Diurnal variations of several parameters were observed in the river water. The daily variations are 
much larger in summer than in winter and are accentuated during sunny days.Thcy are the result of 
photosynthesis and respiration of aquatic biota. Fig. 2a shows, for example, the diurnal pH 
variations. The pH (or alkalinity) changes are perfectly correlated with daily fluctuations in 0* or 
AL These variations are not observed in the groundwater (Hg. 2b). Already at a distance of 2.5 m 
from die river tftey are almost completely damped. 
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Fif.2a 
Diurnal variability of pH in the River Glatt O h - midnight. • June, A August, o September. Note 
smaller variability in November v [9) 
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Fig, 2b 
pH measurements in the groundwater at 2.5 m from the river. O h = midnight. Groundwater 
sampled approximately one day later than corresponding samples of Fig. 2a. Symbols as in Fig. 2a. 
After Jacobs et al [9] 

A comparison of Figs. 2a and 2b shows that the pH decreases by almost one unit between the river 
and the groundwater sampling wells. Very drastic decreases during infiltration of the river water 
are also observed in the concentrations of dissolved oxygen (Fig.3 ) which influence the solubilities 
of redox-sensitive elements. The chemical changes during infiltration of river water can be 
described fairly well by a few simple electron transfer (involving organic matter degradation, 
denitrification, nitrification) and weathering reactions [9]. Of prime importance during the warm 
summer months is the oxidation of organic matter and the denitrification process. Both reactions 
are certainly influenced by temperature enhanced micro-biological activities [4,9]. 
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Change* in the concentration of dissolved oxygen during infiltration of river water in 1985 and 
1986. The concentrations in the river are shown at distance zero. Notice a general increase in 
oxygen concentrations at greater flow distances in the aquifer. They are produced by admixture of 
deeper, oxygen-rich groundwater. D July 1985, A August 1985, o August 1986, vNovember 1986. 
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Annual Parameter Variability in the Infiltration System 

The annual temperature variations in river and groundwater are responsible for biology- and 
solubility-related cyclic changes in many of the water parameters. Most of these changes in the 
groundwater are highly correlated (eg. pH, Si-, Mn-, Cd-concentratkws) or anticorrclated (eg. 
alkalinity, O2, NOf, Ca2+) with the water temperature. 

Fig. 4 shows the variability in the concentrations of Ca between 1984 and 1986 in observation 
wells at 2.5 (well 1) and 7 m (well 3) distance from the river. Similar, but larger variations of Ca 
are also observed in the river water. They can be explained reasonably well by the inverse 
temperature dependent solubility of CaCOv 

Tim* fetors) 

Annual variability of Ca*+ in wells at 25 (o), and 7 m (o) distance from the River GlatL Larger 
variability is observed in the river. 

The enhanced degradation of organic matter at higher temperatures during summer leads to a larger 
consumption of oxygen and, hence, to a reduction in die redox potential which becomes low 
enough to cause the dissolution of manganese oxides and hydroxides. The redox potential was, 
however, never low enough to cause iron oxides/hydroxides to dissolve. 

The annual changes in the redox potential lead to very pronounced Mn**-peaks in the groundwater 
(Fig. 5). No such peaks are observed in the river water which is, therefore, not tin. source for the 
high Mx^-concentrauons in the groundwater stream. Recent measurements in die pore-waier of 
Glatt River sediments have shown Mi^-coocentrations > 500 ppb for the summer 1987 
(G.Karametaxas, personal communication). In 1987 a relatively small Mn>-peak was observed in 
the groundwater. Thus, the sediments in die river bed can be considered as die source, or at least 
partial source, for the dissolved manganese. Some Mn> may also result from die dissolution of 
manganese deposits, or inclusions in the aquifer material (F.WegmQller, personal communication). 
The different magnitude of the Mn^-peaks in different surraneis (Fig. 5) may be attributed to 
varying climatic conditons; i.e. die very high peak observed in 1985 may be die result of die 
exceptionally warm weadier enhancing biological activity and, hence, causing more reducing 
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conditions than in other years of the observation period. The dissolved Mn2* does not migrate very 
far in the groundwater field Already at distances of 7-10 m from the river the Mn2+-concentratiofts 
decrease considerably. Sediment traps and teflon foils which were installed in some of the 
observation wells collected manganese deposits in the form of the manganite mineral Buserit (G. 
Karametaxas and R. GiovanoU, personal communication). 

Fif.5: 
Aaraal variability of temperature OQD; Mrt̂ , A (one unit= 10 ppb); Cd>,o (one unit » 0.01 ppb) 
at the well in 5 m distance from die River Glatt. Notice different scales for Mn*+ and Cd>. 

Kg. 5 also demonstrates that concentrations of cadmium in the groundwater are highly correlated 
with those of Mn*+. Tbe Cd-peaks show no relation to river concentrations. We therefore assume 
that the chemical behaviour of Cd is influenced by co-dissolutionApitcipitation of manganese. A 
possible additional source for cadmium may be bkxfegradanon of organic material. Cadmium also 
disappears, tike manganese, after relatively short migration distances. 

Besides the data on Mn and Cd, Fig. 5 also includes the water temperatures in the observation weD. 
It demonstrates a high correlation between the d ree parameters and indicates the importance of 
temperature for the observed chemical changes. 

Material balances suggest that die observed higher groundwater concentrations for Cu and Pb 
during the summer months resuh from the degradation of aquatic biota, whereas Zn-concentrations 
in tbe groundwater reflect those in die river water. In contrast to Cu, Zn is effectively sorbed by rhe 
aquifer material during its migration. Cu and Zn may be affected by EDTA found in the river and 
groundwater [11], 
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CONCLUSIONS 

Distinct daily and annual cyclic variations are observed for several parameters in the 
investigated river/groundwater infiltration system. 

Temperature variations are responsible for changes in the biological and microbiological 
activities and for differences in the solubilities of chemical compounds. 

Microbiological activity enhances the degradation of organic matter which leads to 
considerable changes in pH, 02, redox potential and trace element concentrations. 

The redox cycles mobilize manganese and other elements (e.g.Cd). 

More oxidizing conditions widiin the infiltration field lead to a reprecipitation of manganese. 
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Alpine and peri-alpine countries recover drinking water to a large extent from shallow groundwater 
resources in widely distributed glado-fluvial deposits. The groundwater in these quaternary 
sediments is mainly recharged by infiltrating river water. Due to die importance of dm process for 
the water quality it is mandatory to understand the biological, chemical and physical changes 
which occur during infiltration and movement of water in aquifers. 

In the present study we concentrate on daily, annual and spacikl changes of some dissolved 
inorganic water components and other properties in the River Glatt (Switzerland) and in the 
adjacent groundwater stream. This experimental groundwater infiltration-site has been used before 
in a number of studies [1-9]. 

EXPERIMENT 

The well equipped study site is located in the lower Glatt Valley near Zurich, Switzerland (Rfc.1). 
It is described in detail by Hoehn et al. [2]. Here, water from the polluted River Glatt infiltrates 
continuously through the saturated ground zone to become the uppermost layer of the local 
groundwater stream. Due to stratification of the aquifer, mixing between infiltrating river water and 
deeper groundwater is limited (<20%). A mean linear flow velocity of about 2 - 4 m d-' was 
deterrmned, using different tracers [1,5,6, and Hoehn and von Gunten, in preparation]. The 
unconsolidated aquifer contains stones, gravel, sand, silt and clays, and the minerals quartz (30-
50%), calcite and dolomite (40-50%), and aluminosilicates (mainly iilites, chlorites, and feldspars). 
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Daring die years 19*4 to 1987 river and groundwater were sampled o.. a monthly basis. Several 
wels were assayed for groundwater quality (Fig. 1). In the investigation of daily variations of 
water parameters, real tune sampling was attempted in the river and in several wells, i.e. the 
ufoputits of die same moving water package were analyzed at time intervals related to the 
gioundwiwr flow velocity. Carefully clewed plastic equipment (pumps and tubings) was used to 
collect the samples Groundwater was pumped at a low rate (< 1 L min-1) from a depth of 0.5 m 
below die water table. The samples were filtered (0.45 Jim, Sartorius) in the field. Great care and 
special precautions were taken to avoid contamination which was evaluated from blank 
experiments. 

absorption spectroscopy (flame and graphite furnace) was used for the determination of Ca, 
Mf. Zn, Co, Cd, Pb, MB, and Fe. Hg was measured by neutron activation analysis. Anions were 
deamnmed by ion cfaromaiofraphy or cokximetry, oxygen and alkalinity by Winkler and 
poaeaoometric gran titrations, respectively, and the pH by a glass electrode. For details see [9,10]. 

RESULTS and DISCUSSION 

Doe to die fanned lenght of tins conference contribution only a few selected results can be given. A 
mure compare presentation of the resoles will be published elsewhere ([9,10] and M. Kuslys et al., 
in preparation). 

Dairy Variations and Changes During Infiltration 

Diurnal variations of several parameters were observed in the river water. The daily variations are 
much larger in summer than in winter and are accentuated during sunny days.Thcy are the result of 
photosynthesis and respiration of aquatic biota. Fig. 2a shows, for example, the diurnal pH 
variations. The pH (or alkalinity) changes are perfectly correlated with daily fluctuations in 0* or 
AL These variations are not observed in the groundwater (Hg. 2b). Already at a distance of 2.5 m 
from die river tftey are almost completely damped. 
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Fif.2a 
Diurnal variability of pH in the River Glatt O h - midnight. • June, A August, o September. Note 
smaller variability in November v [9) 
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Fig, 2b 
pH measurements in the groundwater at 2.5 m from the river. O h = midnight. Groundwater 
sampled approximately one day later than corresponding samples of Fig. 2a. Symbols as in Fig. 2a. 
After Jacobs et al [9] 

A comparison of Figs. 2a and 2b shows that the pH decreases by almost one unit between the river 
and the groundwater sampling wells. Very drastic decreases during infiltration of the river water 
are also observed in the concentrations of dissolved oxygen (Fig.3 ) which influence the solubilities 
of redox-sensitive elements. The chemical changes during infiltration of river water can be 
described fairly well by a few simple electron transfer (involving organic matter degradation, 
denitrification, nitrification) and weathering reactions [9]. Of prime importance during the warm 
summer months is the oxidation of organic matter and the denitrification process. Both reactions 
are certainly influenced by temperature enhanced micro-biological activities [4,9]. 
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Change* in the concentration of dissolved oxygen during infiltration of river water in 1985 and 
1986. The concentrations in the river are shown at distance zero. Notice a general increase in 
oxygen concentrations at greater flow distances in the aquifer. They are produced by admixture of 
deeper, oxygen-rich groundwater. D July 1985, A August 1985, o August 1986, vNovember 1986. 
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Annual Parameter Variability in the Infiltration System 

The annual temperature variations in river and groundwater are responsible for biology- and 
solubility-related cyclic changes in many of the water parameters. Most of these changes in the 
groundwater are highly correlated (eg. pH, Si-, Mn-, Cd-concentratkws) or anticorrclated (eg. 
alkalinity, O2, NOf, Ca2+) with the water temperature. 

Fig. 4 shows the variability in the concentrations of Ca between 1984 and 1986 in observation 
wells at 2.5 (well 1) and 7 m (well 3) distance from the river. Similar, but larger variations of Ca 
are also observed in the river water. They can be explained reasonably well by the inverse 
temperature dependent solubility of CaCOv 

Tim* fetors) 

Annual variability of Ca*+ in wells at 25 (o), and 7 m (o) distance from the River GlatL Larger 
variability is observed in the river. 

The enhanced degradation of organic matter at higher temperatures during summer leads to a larger 
consumption of oxygen and, hence, to a reduction in die redox potential which becomes low 
enough to cause the dissolution of manganese oxides and hydroxides. The redox potential was, 
however, never low enough to cause iron oxides/hydroxides to dissolve. 

The annual changes in the redox potential lead to very pronounced Mn**-peaks in the groundwater 
(Fig. 5). No such peaks are observed in the river water which is, therefore, not tin. source for the 
high Mx^-concentrauons in the groundwater stream. Recent measurements in die pore-waier of 
Glatt River sediments have shown Mi^-coocentrations > 500 ppb for the summer 1987 
(G.Karametaxas, personal communication). In 1987 a relatively small Mn>-peak was observed in 
the groundwater. Thus, the sediments in die river bed can be considered as die source, or at least 
partial source, for the dissolved manganese. Some Mn> may also result from die dissolution of 
manganese deposits, or inclusions in the aquifer material (F.WegmQller, personal communication). 
The different magnitude of the Mn^-peaks in different surraneis (Fig. 5) may be attributed to 
varying climatic conditons; i.e. die very high peak observed in 1985 may be die result of die 
exceptionally warm weadier enhancing biological activity and, hence, causing more reducing 
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conditions than in other years of the observation period. The dissolved Mn2* does not migrate very 
far in the groundwater field Already at distances of 7-10 m from the river the Mn2+-concentratiofts 
decrease considerably. Sediment traps and teflon foils which were installed in some of the 
observation wells collected manganese deposits in the form of the manganite mineral Buserit (G. 
Karametaxas and R. GiovanoU, personal communication). 

Fif.5: 
Aaraal variability of temperature OQD; Mrt̂ , A (one unit= 10 ppb); Cd>,o (one unit » 0.01 ppb) 
at the well in 5 m distance from die River Glatt. Notice different scales for Mn*+ and Cd>. 

Kg. 5 also demonstrates that concentrations of cadmium in the groundwater are highly correlated 
with those of Mn*+. Tbe Cd-peaks show no relation to river concentrations. We therefore assume 
that the chemical behaviour of Cd is influenced by co-dissolutionApitcipitation of manganese. A 
possible additional source for cadmium may be bkxfegradanon of organic material. Cadmium also 
disappears, tike manganese, after relatively short migration distances. 

Besides the data on Mn and Cd, Fig. 5 also includes the water temperatures in the observation weD. 
It demonstrates a high correlation between the d ree parameters and indicates the importance of 
temperature for the observed chemical changes. 

Material balances suggest that die observed higher groundwater concentrations for Cu and Pb 
during the summer months resuh from the degradation of aquatic biota, whereas Zn-concentrations 
in tbe groundwater reflect those in die river water. In contrast to Cu, Zn is effectively sorbed by rhe 
aquifer material during its migration. Cu and Zn may be affected by EDTA found in the river and 
groundwater [11], 
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CONCLUSIONS 

Distinct daily and annual cyclic variations are observed for several parameters in the 
investigated river/groundwater infiltration system. 

Temperature variations are responsible for changes in the biological and microbiological 
activities and for differences in the solubilities of chemical compounds. 

Microbiological activity enhances the degradation of organic matter which leads to 
considerable changes in pH, 02, redox potential and trace element concentrations. 

The redox cycles mobilize manganese and other elements (e.g.Cd). 

More oxidizing conditions widiin the infiltration field lead to a reprecipitation of manganese. 
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