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Abstract--River infiltration into a sand and gravel aquifer was investigated to assess the importance of 
denitrification in maintaining low-NO~- groundwater supplies. Samples from the River Elbe and 
groundwater sampling points along a section of the aquifer were analysed for dissolved organic carbon, 
major ions and the t'N/t4N isotopic ratio of dissolved NO~. Input of NO~ to the aquifer is influenced 
by seasonal, temperature-dependent denitrification in the river bed sediments. Along an upper towpath 
in the aquifer from the River Elbe to a sampling point at a distance of 55 m, the median NO~ concen- 

1 15 tration decreased by 4.8 mg litre- and the 6 N composition increased by + 9.0%0, consistent with deni- 
trification. Similar isotopic enrichment was demonstrated in a laboratory column experiment with a 
reduction in NO~- of 10.5 mg litre - l  for an increase in j~SN of +9.8~0o, yielding an isotopic enrichment 
factor of -14.6%o. A mass balance for denitrification shows that oxidizable organic carbon required for 
denitrification is derived from both the infiltrating river water and solid organic matter fixed in the 
fiver bed sediments and aquifer material. © 1998 Elsevier Science Ltd. All fights reserved 
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NOMENCLATURE 

C=concentration at time t (rag litre -~) 
C0=concentration at time t = 0 (mg litre -~) 

DOC =dissolved organic carbon 
DOM = dissolved organic matter 

i.d. = inner diameter 
K= hydraulic conductivity (m s -1) 
n = number of samples 

R~,l = ISN/J4N ratio of the sample 
R~a = 15N/14N ratio of air 
SP = sampling point 

SOC = solid organic carbon 
15 15 14 6 N = N/ N isotopic ratio of dissolved NO~ at time t (%) 

15 15 14 6 No = N/ N isotopic ratio of dissolved NO~ at time t = 0 
34 34 32 2 S = S / S  isotopic ratio of dissolved SO4- 

= isotope enrichment factor 

INTRODUCTION 

The rivers Danube, Elbe and Rhine sustain import-  
ant supplies of  raw water from river bank infiltra- 
tion schemes. In Saxony, a region in eastern 
Germany, 18% of  raw water production is based 
on river-bank infiltration, and waterworks along the 
River Elbe supply 1.5 million people. Given this 
dependence, the geological material comprising the 
zone o f  infiltration is of  importance in the removal 
of  river-borne pollutants. The River Elbe is polluted 

*Author to whom all correspondence should be addressed 
[Fax: 351 4637271, E-mail: grisehek@htw-dresden.de]. 

by industrial and municipal wastewater as well as 
diffuse inputs from superficial runoff. However, 
since 1990 an improvement in water quality has 
occurred with the decline in industry following 
German reunification (Grischek et al., 1995). In the 
1970s and 1980s the dissolved organic carbon 
(DOC) concentration of  the River Elbe exceeded 
8 mg litre - t  with maximum values of  up to 20 mg 
litre - l  due to wastewater input. The closure of  
paper mills in Saxony has greatly reduced the load 
of  organic compounds such as lignin-sulphonic 
acids and chlorinated hydrocarbons. 

To sustain pumped raw water quality, processes 
in the zone of  river-water infiltration must be 
understood and their long-term potential evaluated. 
In general, long towpaths  and travel times between 
infiltrating river water and production boreholes 
have a beneficial effect on the elimination o f  NO~- 
and organic compounds,  although anoxic ground- 
water conditions can have an undesirable effect (for 
example, dissolution of  manganese and iron oxides, 
and ammonification). In the context of  achieving 
low NO~ concentrations in drinking water, denitrifi- 
cation is considered a key process. 

A highly productive river-bank infiltration 
scheme is found on the River Elbe near Torgau in 
Saxony (Fig. 1). The capacity of  the Torgau aquifer 
amounts  to 3.2 x 105 m3d -I .  In 1991 a research pro- 
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Fig. 1. Location of the study area in the River Elb¢ basin near Torgau. Details of cross-section A are 
shown in Fig, 2. 

gramme was initiated to investigate the hydrogeol- 
ogy of the Torgau aquifer, focussing on ground- 
water flow behaviour, mixing processes and 
transport of dissolved constituents. This paper pre- 
sents the results of feld monitoring between 1993 
and 1996 along a section of the Torgau aquifer, 
together with the results of a laboratory column ex- 
periment. This work aimed to investigate denitrifi- 
cation within the river bed sediments and aquifer 
material. Application of the technique of nitrogen 
isotope tracing was additionally incorporated with 
the objective of identifying sources of NO~ and to 
provide further evidence of denitrifcation. 

tS N isotope tracing and denitrificatian 

Sources of NO~ in natural waters may be ident- 
ified by comparison of the nitrogen isotope ratio of 
dissolved NO~ with that of potential sources 
(Heaton, 1986; Kaplan and Magaritz, 1986; Wilson 
et al., 1994). Sources of NO~ and their typical 
range of 61SN composition, include the following: 
nitrified soil organic nitrogen (+4 to +9 %0); ni- 
trogenous fertilizers (-4 to + 4 %0); and animal and 
sewage wastes (> + 10 %0). These ranges incorpor- 
ate the majority of values associated with each 
source, although site-specific conditions may cause 
the ranges to overlap. Also, isotopic fractionation 
by denitrification can alter the original isotope 
ratios, typically resulting in a depletion of the hea- 
vier isotope in the reaction products, and an enrich- 
ment in the residual NO~. 

Denitrification is observed to proceed at reduced 
O2 levels via a number of microbially mediated 
steps, the end product of which is normally N2 
(Korom, 1992). The denitrification process has 
often been treated as a single-step, unidirectional 
reaction so that changes in the isotopic composition 
of NO~ can be modelled using a Rayleigh fraction- 
ation model (Mariotti et al., 1988; Fustec et al., 
1991). Under favourable hydrochemical conditions, 
the isotopic enrichment of NO~ with a decreasing 
NO~ concentration can be predicted by the classical 
Rayleigh equation, as follows: 

6JSN = 6JsN0 + eln(C/Co) (I) 

where 61SN represents the isotopic composition of 
reactive NO~ at time t, with concentration, C; and 
615N 0 represents the isotopic composition of 
unreacted NO~- at time t = 0, with concentration 
Co. Different values for the isotope enrichment fac- 
tor (~) result, depending on specific site conditions 
such as substrate composition, concentration and 
microbial availability of the electron donor, tem- 
perature, denitrifcation rate, type of bacterium 
involved and growth conditions (B6ttcher et al., 
1990). 

SITE HYDROGEOLOGY 

The site near Torgau, 247 km from the source of 
the River Elbe, is situated within a large basin 
which is 4 km wide and 9 km long. The basin is 
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filled with Pleistocene deposits to a depth of 10- 
55m that comprise interfingered glaciofluviatile 
sediments ranging from fine sand and silt to med- 
ium sand and gravel. The deposits are overlain by 
Holocene river gravels (5-8 m thick) and meadow 
loam (2m thick). The Torgau aquifer can be 
described as a three-layer system. The middle layer 
is formed by medium sand with a hydraulic conduc- 
tivity of about  6 x 10 --4 m s -1. The upper and lower 
layers are formed by coarse sand to gravel, with a 
hydraulic conductivity of  about  2 x 10 -3 m s -1. 
Along the line of cross-section A (Fig. 2), silt 
bands, less than 0.5 m thick, form an almost con- 
t inuous boundary between the middle and the lower 
aquifer layers and promote leaky aquifer conditions 
(Grischek et al., 1995; Nestler et al., 1996). 

The contribution of the upper aquifer layer to 
groundwater flow depends on the water level in the 
River Elbe, which is in direct hydraulic contact 
with the aquifer. Groundwater  abstraction from 
adjacent boreholes has induced river-bank infiltra- 
tion and reversed natural flow conditions within the 
aquifer. 

The mean discharge of the River Elbe at Torgau 
is 340 m 3 s-L Land use in the 200-m-wide strip of 
land between the river and the production borehole 
is predominantly grassland, temporarily used for 
sheep pasture. Land  use in the remaining catchment 
area is dominated by arable agriculture. 

METHODOLOGY 

Groundwater sampling 

For this study, groundwater samples were taken from 
cross-section A (Fig. 2) at an interval of 2 weeks. 

Groundwater was either obtained using in situ membrane 
pumps or using a mobile submersible pump lowered into 
125mm diameter observation boreholes. Membrane 
pumps were also used to sample from directly below the 
bed of the River Eibe (Nestler et al., 1993). Samples were 
collected in polyethylene bottles prior to immediate analy- 
sis of NO~. Water samples for analysis of 6t~N compo- 
sition were taken from the River Elbe and groundwater 
sampling points on various occasions in April, June and 
November 1995. All samples were stored in polyethylene 
bottles, with 0.01 M HgCI2 added to inhibit biological 
degradation of the samples prior to analysis. 

Analytical methods 

In the field, well-head measurements included tempera- 
ture, pH, alkalinity and Oz. In the laboratory, analyses 
included DOC, major ions, Fe 2+, Mn z+ , NH~-, NO~ and 
NO~. In general, analyses were carried out according to 
German guidelines and DIN methods. Prior to analysis, 
water samples were filtered through a 0.45-pan cellulose- 
acetate filter. NO~ was determined using an ion chromato- 
graph (model 690, Metrohm GmbH, Herisau, Switzerland) 
with a SC-04 Hamilton PRP-XI00 column (Hamilton GB 
Ltd, Camforth, U.K.), giving an estimated detection limit 
of 0.2 mg litre-L Samples for DOC analysis were pre- 
served by adding concentrated H2PO4 to pH < 2, stored 
at 4°C, and analysed with a Dohrmann Carbon Analyser 
(model DCIg0, Rosemount GmbH, Hanau, Germany). 
Preparation of samples for analysis of 61SN of dissolved 

NO~ followed the method of Feast and Dennis (1996). A 
distillation procedure was used to convert dissolved NO~ 
into (NI-~)2SO4, followed by combustion to produce N2. 
Once purified, the JlSN of the N2 produced was measured 
on a VG Isogas Sira II isotope-ratio mass spectrometer 
(Micromass, Manchester, UK). The method is reliable and 
yields a precision better than :L-0.2 %0, with compositions 
measured and reported relative to purified air according 

• 1 5  to the accepted isotope ternunology: $ N = (R~pt/ 
Rstd)- 1)1000, where Rspl = I~N/14N ratio of the sample 

I 1 4  and R~td = ~N/ N ratio of air. Results are given in devi- 
ations of parts per thousand (%0). 
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Fig. 3. Set-up of laboratory column experiment to investigate denitrification in river-bed sediments 
from the River Elbe and material from the upper layer of the Torgau aquifer• Concentration of NO~ 
C and mtro en lsoto tc corn ly. ( N ~ )  ' g " p' position (6 N ) of dissolved NO~ for three sampling points (SP) are 

shown at lO days after the start of the experiment. 
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Laboratory column experiment 

A laboratory column experiment was designed to model 
fiver-hank infiltration processes (Fig. 3). Four columns, 
2 m in length (i.d. = 74 ram), were filled with cored ma- 
terial from the upper layer of the aquifer at the Torgau 
site, and sieved to a less than 1 mm size-fraction. The col- 
umns were coupled with a ceramic column, 0.42 m in 
length (i.d. = 87 ram), filled with material from the bed of 
the River Elbe. Prior to the start of the experiment, the 
ceramic column was rinsed continuously for 4 months 
with water from the River Elbe (at a flow velocity of 
about I m d -1) to allow natural infiltration conditions to 
become established. Following conditioning, the column 
experiment was conducted at a controlled temperature of 
15°C with samples taken every 2 weeks from the three 
sampling points shown in Fig. 3 and analysed for the 
determinands described above. 

RESULTS 

River Elbe water quality 

Input of  NO~- to the River Elbe is from both 
agricultural fertilizers and wastewater discharges. 
Between January 1993 and December 1996, the me- 
dian NO~ concentration was 22.2mg litre -]  
(n = 150). Figure 4 shows the temporal variation in 
NO~" during this 4-year period, with maximum and 
minimum values occurring in winter and summer, 
respectively. The NO~ concentration depends more 
on seasonal biological uptake of  nitrogen by plants 
than on the river discharge. In 1995 the median 
temperature of  the river water was 13.6°C, ranging 

( l  u.L) 

80 

70 

l )~,nee (m) 300 200 100 0 
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Fig. 5. Median, minimum and maximum NO~ concentrations (rag litre -x) for river-bank infiltrate in the 
upper layer of the Torgau aquifer (Jan.-Dec. 1995). The minimum and maximum NO~" values are 

shown within parentheses. 
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from -0.5 tO 2411°C (n = 28). The median 02 con- 
centration was 10.2 mg litre -1 (n = 28); and the pH 
of the river water ranged from 7.0 to 8.5, with 
higher values in summer. 

River bank infiltrate quality 

Figure 5 and Table 1 give the median NO~ con- 
centrations along cross-section A for the sampling 
period January to December 1995. The data given 
in Fig. 5 are for sampling depths 1 and 2 covering a 
distance of 300 m from the river. This region of  the 
aquifer represents infiltrated river water that does 
not mix with groundwater from other sources 
(Grischek et aL, 1995). However, sampling points 5/ 
1, 6/1 and 6/2 were temporarily influenced by a 
local NO~ source in 1995, thought to be contribu- 
ted by recharge from the soil surface in an area of 
former sheep pasture and manure application. This 
source is of minor significance compared with the 
quantity of  water induced by river-bank infiltration. 
Groundwater at sampling depth 1, near the ground- 
water table, has O2 and NO~ concentrations depen- 
dent on water level, and can be influenced by 
additional NO3~ recharge from the soil surface. 
High NO~ concentrations are detected some weeks 
after high water level (following flooding in the 
river) when the normally 6m-thick unsaturated 
zone is flushed-out. 

The infiltrating river water experiences O2 con- 
sumption within the first decimetres of the river-bed 
sediments through the processes of  nitrification and 
decay of organic matter, although data from 
sampling point (SP) 2/1 show that denitrification 

can begin in the river bed during the summer 
months (see Fig. 6). This seasonal reduction of  
NO~ over a short distance can be significant, but at 
other times the NOg concentration in the river bed 
is higher than in the river water. The sustained low 
NO~- concentrations measured in SP 2/I between 
July and November 1994 are the result of the slow 
extiltration of  groundwater to the River Eibe during 
a period of interrupted abstraction from the pro- 
duction borehole. Since November 1994, the pump- 
ing rate of the production borehole has increased 
by two-thirds, decreasing the residence time of  river 
infiltrate in the aquifer. The effect of  this change at 
SP 2/1 together with the high water level of  the 
river has been to maintain NO~ concentrations 
above zero in the following summer 1995. From 
September to November 1996 water abstraction was 
stopped, resulting in low NO~ concentrations at SP 
2/1 due to low groundwater flow and exfiltration. 

The middle and lower aquifer layers, represented 
by sampling depths 3, 4 and 5, show very low NO~ 
concentrations. Old water present in the lower 
layer, beneath the silt bands, and which flows to the 
production borehole, has no NO~ and a low DOC 
concentration. In the middle layer the infiltrating 
water is mixed with groundwater flowing from the 
east, beneath the River Ell>e, and has an elevated 
C1- concentration (Table 1). 

5SSN composition of river-bank infiltrate 

During the three periods of sampling in 1995, the 
6lSN composition of dissolved NO~" in river water 
ranged between +7 and + 13%o (median value 

20 I~ 
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Fig. 6. Temperature and NO~ concentration of River Elbe water, and NO~ concentration at sampling 
points (SP) 2/1 and 4/2 in the upper layer of the Torgau aquifer (Jan. 1993 to Dec. 1996). 
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Table 2. Median, minimum and maximum concentrations of NO~ and 6tSN compositions in the River Elbe and upper layer of the 
Torgau aquifer for various times in 1995 

NO~ concentration 6 tSN composition 

Sampling point median 
(see Fig. 2) n rain (rag litre -t) max (rag litre -t) (rag litre -1) min (%o) max (Y~) median (~) 

Elbe 6 17.4 24.0 23.2 7.1 13.1 8.6 
2/1 6 13.8 24.4 17.3 10.3 15.6 12.4 
2/3 2 17.7 18.3 18.0 11.9 17.0 14.4 
4/1 3 13.0 21.9 17.1 8.8 14.7 10.7 
4/2 3 13.6 19.7 18.4 13.3 24.3 17.6 
12/2 1 -- -- 27.3 -- --  7.4 
18/1 1 -- -- 5.3 -- -- 25.6 

+8.69/00), with a NO~ concentration between 17.4 
and 24.0 mg litre -l  (median value 23.2 mg litre -1) 
(Table 2). The 615N composition of fiver-bank infil- 
trate demonstrated an enrichment with distance 
from the fiver, while the NO~ concentration showed 
an apparent decrease (compare median values for 
River Elbe water--NO~=23.2mg litre -I and 
6t~N = + 8.6%0--with SP 4/2--NO~-= 18.4 nag 
litre - l  and 615N = + 17.6%0). A single, relatively 
depleted 615N value of +9.4%0, and lowered NO~ 
concentration of 1.4 mg litre -~, for SP 3/3 in the 
middle aquifer layer is the result of mixing of the 
infiltrating water with groundwater from the oppo- 
site side of the river. Sampling point 18/1 is situated 
in a local low-flow region of the aquifer and shows 
lower nitrate concentrations and a higher 6tSN 
value. Sampling point 4/1 is fed from overlying 
layers with higher conductivity and reacts much fas- 
ter to changes in river water-quality than SP 18/1. 

Changes in the water quality of the River Elbe 
influence the chemical composition of groundwater 
at the observation boreholes. The measured NO~ 
and 615N values vary considerably at different 
sampling dates at each of the sampling points listed 
in Table 2 (a range of 10.6 mg litre -'z for NO~ is 
observed at SP 2/1, and a range of +11%o is 
observed for filSN at SP 4/2). The NO~" data shown 
in Table 1 for the whole of 1995 show a wider 
range of concentrations than for the sub-set of 
values corresponding to the times of 315N measure- 
ments. It is likely, therfore, that the compositional 
range of 6tSN would also be greater, although the 
relative trend of 815N enrichment with distance 
from the fiver is not thought to change. 

Laboratory column experiment 

Figure 3 shows the NO~ concentration and 6Z5N 
composition of dissolved NO~ 10 days after the 
start of the experiment for samples of river water in 
the supply reservoir, and at the outlets from the col- 
umn containing river-bed material and the four col- 
umns containing aquifer material. The NO~ 
concentration of fiver water decreased from 22.0 to 
11.5 mg litre -~ between the supply reservoir and the 
outlet from the fourth packed column, while the 
fitSN composition increased from + 8.0%0 to 
+ 17.8%o. The DOC concentration of the River 

Elbe water decreased by 0.2 mg litre -t  within the 
ceramic column and by a further 0.4rag litre - t  
along the 8 m towpath of the four packed columns, 
consistent with a denitrification reaction. The 02 
concentration reduced to <0.5rag litre -1 at the 
outlet from the ceramic column. The NH£ concen- 
tration was 0.08 mg litre -1 following the ceramic 
column and < 0.02 mg litre -1 at the outlet from the 
fourth packed column. No changes in CI- and SO 2- 
concentrations were detected along the entire flow- 
path of the columns. 

A cross-plot of JlSN against ln(NO~) for the 
three column experiment samples (see Fig. 7) shows 
that the observed denitrification conforms to the 
Rayleigh equation (equation 1, with an isotope 
enrichment factor (0 of-14.6%o. Neglecting NH4 +, 
the calculated denitrification rates for water flowing 

.no- 8"N (%,) 

+ 26- 

+ 15" " A 2 ~  
:l< 

) , t 

10 

t 4 
~ Qf a i ~  ~ a ¢ ~ r o ~  ia ~ giv~ g l~  

( 1993-1996) 

4O 

NO; I ma 1"~1 

Me4mn vgu44 for ;toundvf~sr umPlm9 PoW~ (excePt SP 12/2 taxi lWt ) 
x ~4 ~ Ior ~ m ~ n o  paints (ucept SP 1 ~J2 ~nd SP laCq 
r'J Va~u~ for m m p r ~  ~ P 1212 an~ SP t&'~ 
4) OSun~ eq~wVnsat ,I,"- 

Lk, e of M to c o ~  esperkmr4 dste 

Fig. 7. Cross-plot of the results of 61SN composition of 
dissolved NO~ versus NO~" concentration of samples from 
the laboratory column experiment and groundwater 
samples from the upper layer of the Torgau aquifer. Data 
are for various times in 1995. The isotopic enrichment fac- 
tor, E (equation 1), for the line of fit to the column exper- 

iment data is -14.6~,, 
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through the river-bed sediments and aquifer ma- 
terial contained in the columns are 3.2 and 0.1 mg- 
N litre-ld -l, respectively. 

DISCUSSION 

At Torgau, the absence of  high NO~ concen- 
trations in the River Elbe during periods of low dis- 
charge suggests that sources of NO~ from direct 
discharges of  wastewater are of  minor influence, 
and that the main source is from diffuse runoff. The 
river water has a median 6X5N composition of 
+8.6%0, towards the upper end of  the range of  
values associated with nitrified soil organic nitro- 
gen. Seasonal variations in NO~ concentration are 
similar to those observed in the River Ythan 
(MacDonald et al., 1995). Lower NO~" concen- 
trations are observed in river water during the late 
summer months when NO~ is accumulated, com- 
pared to the late autumn and winter when NO~ is 
lost from the soil. 

For groundwater samples, the NO~ concentration 
of the river infiltrate depends strongly on the tem- 
perature in the River Elbe. During summer months, 
denitrification reduces the NO~ concentration to 
zero in the river bed (see SP 2/1, Fig. 6). In com- 
parison, SP 4/2 shows a lagged response to this 
decrease in NO~. The travel time between these two 
points (separated by 55m and estimated from 
inspection of C1- concentration peaks and hydraulic 
calculations) is between 50 and 80 days depending 
on river-water level. In winter months, sampling 
points 2/1 and 2/3, when compared with river 
water, have temporarily increased NO~ concen- 
trations by up to 4mg litre -x. This increase co- 
incides with a decrease in NH~- concentration by 
up to 0.5 mg litre -I  in the infiltrating water and is a 
result of  nitrification within the first decimetres of  
infiltration. Otherwise, the low ~ concentration 
in the region near the river bed is relatively stable 
throughout the year as a result of  oxidizing con- 
ditions maintained in the River Elbe. 

Major chemical changes in the river infiltration 
zone can be modelled using mass-balance calcu- 
lations as long as chemical conditions are assumed 
to be at steady-state, i.e. invariant over the time 
interval of a given time series. This assumption is 
contradicted by processes such as diurnal photosyn- 
thetic activity that alter the chemical characteristics 
of river water, and seasonal cycles of flooding and 
low flow that influence the physical and chemical 
characteristics at the river-aquifer interface. To 
overcome these difficulties, median values for NO~', 
NH4 +, 02 and D O C  concentrations for 1995 data 
given in Table 1 are discussed here in relation to 
the towpath from the River Elbe to sampling 
points 2/1--4/2 in the upper aquifer layer. If  it is 
assumed that the decrease in NO~, 02 and DOC in 
the zone of  infiltration is due to microbially 
mediated degradation of dissolved organic matter 

(DOM), then a mass-balance calculation can be 
undertaken using the simplified equations given by 
Von Gunten et al. (1991): Oxygen respiration: 

DOM+13802 --+ 106CO2 + 16NO 3 

+HPO~- + 122H20 + 18H + (2) 

Heterotrophic denitrification 

DOM + 94.4NO~+92.4H + --> 106CO2 + 55.2N2 

+HPO24 - + 177.2H20 (3) 

where DOM is (CH20)lof(NH3)lf(HaPO4). 
Examining the river water composition, it is evi- 

dent that NO~ produced by nitrification of NH~" 
should be included in the mass balance. Beginning 
with the siltation zone (River Elbe to SP 2/1), 
0.3rag litre -1 of  NI-14 + are nitrified and 1.1 mg 
litre -l of  O2 are consumed, according to the 
equation given by Jacobs et al. (1988): 

NH + + 202 ---> 2H + + H20 + NO~ (4) 

The nitrification of  NI-I4 + results in an additional 
1.0 mg litre -1 of NO~. Assuming negligible 02 at 
SP 2/I, the remaining 9.1 mg litre -1 of  02 in 
the siltation zone are respired, according to the 
stoichiometry of equation 2, for an oxidation of 
2.6 mg litre -l of  organic carbon, and produces a 
further 2.0 mg litre -1 of  NO~. With reference to 
equation 3, the decrease in NO~ (22.1- 
21.4 + 1.0 + 2.0 = 3.7 mg litre -~) in the fiver-bed 
sediments requires the oxidation of a further 0.8 mg 
litre -I  of organic carbon. The calculated organic 
carbon demand of 3.4 mg litre -I compares with an 
observed decrease in DOC of 1.1 mg litre --t. Within 
the aquifer (between sampling points 211-4/2) the 
decrease in NO~ is 9.8 mg litre -1, and the calculated 
organic carbon demand for denitrification is 2.1 mg 
litre -l ,  compared with an observed decrease in 
DOC of 0.9 rag litre -t.  Therefore, the total organic 
carbon demand between the River Elbe and SP 4/2 
is 5.5 mg litre -l.  

The above calculations show an apparent discre- 
pancy between the total demand for organic carbon 
and the amount of DOC oxidized. This suggests 
that there is an additional supply of organic carbon. 
Additional sources are particles of > 0.45 /~m size 
fraction contained in river water and the available 
solid organic carbon (SOC). Guderitz et aL (1993) 
found about 1.5 mg litre -~ particulate organic car- 
bon (>0.45/zm) in River Elbe water in 1991-1992. 
Lawrence and Foster (1986), Trudell et aL (1986) 
and Start and G-illham (1993) all considered that 
SOC in an aquifer, although present in seemingly 
small amounts, is a potential oxidizable source of 
carbon. In the present study, the mean SOC content 
of aquifer material was 0.015% by dry weight, size- 
fraction <2 mm, including reworked brown coal 
fragments. The SOC content of river-bed material 
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was 0.04%-0.5% by dry weight. It is likely, there- 
fore, that a portion of this SOC is involved in the 
denitrification process. The degradability of the 
small amount of  brown coal fragments (which are 
potential e- donors, Postma et al., 1991) found in 
the aquifer is assumed to be low, in that over geolo- 
gic time the SOC remaining in a formation is not 
very labile (Korom, 1992). Prior to 1990 and the 
improvement in river-water quality, the river infil- 
trate contained a high organic carbon content and 
probably contributed a pool of organic carbon 
within the river-bed sediments and aquifer material. 
It is this component of  organic carbon that is ad- 
ditionally available as a source of oxidizable matter. 

The mean total NO~ reduction of 10.5 mg litre -~ 
between the River Elbe and SP 4/2 (a distance of 
about 55 m) compares with other alluvial aquifers 
where reductions of up to 14.9 mg litre -~ over a dis- 
tance of 100 m (River Glatt, Switzerland; Jacobs et 
al., 1988) and up to 3.1 mg litre -1 over a distance of  
50 m (River Lot, France; Bourg and Bertin, 1993) 
are reported. Between sampling points 2/1 and 4/2, 
and for a travel time of  60 days, the calculated 
deuitrification rate is approximately 0.04mg-N 
litre -~ d -1, at least an order of magnitude less than 
the rate obtained from the laboratory column ex- 
periment. 

Autotrophic denitrification involving reduced 
inorganic species such as Mn 2+, Fe 2+ and HS- ser- 
ving as e-  donors can be important in aquifers con- 
taining large quantities of these species (Korom, 
1992). The SO~- concentration is observed to 
increase by 8.0 mg litre -1 along the upper flowpath 
(Table 1). However, sulphidic minerals such as pyr- 
ite were undetected from XRD analyses of  river- 
bed sediments and aquifer material. Mallen et al. 
(1997) reported a decrease in the sulphur isotopic 
composition (634S) of dissolved SO42- and an 
increase in SO24 - concentration between sampling 
points 2/1 and 4/2 in September 1995. The sulphur 
isotope results were interpreted as evidence for 
autotrophic denitrification in the absence of  oxygen 
for pyrite weathering. Therefore, although NO~ and 
SO24 - concentrations measured in this study do not 
respond in a similar manner, it is possible that 
autotrophic denitrification occurs where NO~ is 
introduced into sulphate-reducing zones within the 
upper aquifer layer. In the middle aquifer layer con- 
centrations of Mn 2 +, Fe 2 + and SO24 - are elevated 
(Table 1) indicating that autotrophic denitrification 
may be more significant with increasing residence 
time in the aquifer. 

At Torgau, the c515N composition of dissolved 
NO~ becomes enriched in ~SN relative to the River 
Eibe, increasing from a median value of + 8.6%oo in 
the river water to + 17.6%o at SP 4/2. Derivation of 
an isotopic enrichment factor (0 using equation 1 
for the feld data is not straightforward, in that a 
constant initial substrate concentration (Co) for the 
variable river water NO~ input is not a realistic 

assumption. For the Cape Cod sand and gravel 
aquifer (USA), Smith et al. (1991) found an isotopic 
enrichment factor of -13.9%o, similar to the value 
derived in the present study for the laboratory col- 
umn experiment (~ = -14.6~oo). If median values 
for 6~5N composition and NO~ concentration are 
compared in Fig. 7, an upper flowpath represented 
by the River Elbe and sampling points 2/1-12/2-18/ 
1-4/1 (see Fig. 2), which is entirely composed of 
river infiltrate, is in general agreement with the line 
of  fit to the column experiment data, and further 
corroborates the conclusion that microbial denitrifi- 
cation is occurring in the zone of river-water infil- 
tration. 

CONCLUSIONS 

The following conclusions are drawn regarding 
the factors affecting denitrification of infiltrated 
river water. 

I. The input of NO~ to the aquifer from the River 
Elbe is determined by seasonal effects, principally 
river-water temperature that controls denitrifica- 
tion in the biologically active siltation zone, and 
decreased agricultural runoff of NO~ during the 
summer months. 

2. Dcnitrification is observed in the upper layer of 
the aquifer, as demonstrated by an enrichment 
of the 615N composition of residual NO~ con- 
tained in groundwater. An isotopic enrichment 
factor of -14.6%o conforming to Rayleigh frac- 
tionation, and determined for a laboratory col- 
umn experiment, appears typical for granular 
aquifer material under anaerobic conditions. 

3. A mass balance for the infiltrating river water 
reveals that the source of oxidizable organic car- 
bon to support denitrification is not only DOC 
in the infiltrating water but also SOC fixed in the 
river bed and aquifer materials and probably 
contributed by former river inputs. 

4. The calculated dcnitrification rate of 0.04 mg-N 
litre-ld -l from the field results is less than the 
range obtained from the column experiment 
(0.1-3.2mg-N litrc-ld-l). Also, the isotopic 
enrichment observed for the field data does not 
exactly conform to a Raylcigh fractionation pro- 
ccss. It is concluded that changing physical and 
chemical conditions in the river limit the estab- 
lishment of optimum dcnitrification conditions in 
the aquifer. 

5. At present there is effective dcnitrification along 
the infiltration towpath from the river to the 
production boreholc. In future, and with contin- 
ued high groundwater abstraction rates, the 
available SOC reservoir may become a limiting 
factor in sustaining denitrification. Protection of 
the biologically active siltation zone against the 
destructive effects of flooding and higher currents 
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from navigation is also necessary to maintain 
denitrification of infiltrated river water. 
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