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This master thesis aims to research and develop a way for estimating the nitrate reduction capacities 
of a small agriculture-dominated catchment area of first-second order stream (Lundgårds bæk). From 
landuse management point of view, it would be economically more efficient to use small scale maps 
instead of the existing national big scale nitrate reduction potential map. 
More specific, the goals of this thesis are: to understand the nitrate fate in the catchment area of 
Lundgårds bæk; to develop a method for estimating the nitrate reduction capacities on a sub-
catchment level; and to map critical zones from the catchment area, contributing to the nitrate 
pollution of Lundgårds bæk. 
It was found that the high NO3

- concentrations in Lundgårds bæk are caused by NO3
- contaminated 

groundwater and that the measured concentrations differ significantly in the different part of the 
stream. 
The developed nitrate reduction capacity map showed that only around 30% of Lundgårds bæk 
catchment area has less than 80% NO3

- reduction capacity. While, according to the big scale national 
map the whole catchment falls in the 50-75% reduction potential zone 
The mapping of the critical zones illustrated that the leaching from 80% of Lundgårds bæk catchment 
area is not affecting the water quality of the stream.  
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A. Project Objective  
 

The goals of this project are: 

Á to understand the nitrate fate in a small agricultural area ς the catchment area of Lundgårds 

bæk ; 

Á to develop a method for estimating the nitrate reduction capacities on a small scale (sub-

catchment level );  

Á to map critical zones from the catchment area, contributing to the nitrate pollution of 

Lundgårds bæk; 

Why focusing on nitrate and on the reduction capacities on a small scale? 

Nitrate is one of the two readily available for direct assimilation forms of Nitrogen.  It is, as a part of the 

Nitrogen cycle, one of the most important nutrients responsible for the growth of microbes, algae, 

plants etc. The large input of Nitrogen and Phosphorus to a freshwater or marine water bodies, 

especially when all other factors are present (favourable temperatures, high oxygen content, bad 

mixing of the water column etc.), can cause algal blooms, oxygen depletion and extinction of species. 

Hence, the eutrophication, which is caused by human activities, has a negative impact on the aquatic 

environment. One of the main pathways of Nitrogen, reaching the surface bodies, is recognised to be 

the nitrate leaching from the root zone to the groundwater.   

 As part of the European Union legislation, the EU Water Frame Directive (WFD), which objective is to 

establish a frame work for protecting the surface and groundwater bodies from further pollution, was 

accepted by all EU members. With the acceptance of the WFD, Denmark has set a goal to achieve a 

good ecological status for all surface and ground water bodies until 2015. For the region of Mariager 

fjord, in which catchment area the project area is situated, fulfilling the goals of the WFD means that 

the negative human impact on the ecosystem should be reduced. As part of the plan, a reduction of 

nitrate input from the agricultural sources is needed.  Further, a big scale nitrate reduction map is 

provided on a national level. According to that map the project area falls in a region, where the 

reduction capacity is from 50-75% (see Figure 98, p.118). However, using this big-scale map to take 

land-use management decisions might be economically inefficient. ¢ƘŀǘΩǎ ǿƘȅ ŀs part of this project, an 

attempt to develop a new small scale reduction map is made. 

Taking into account this very general information, the final goal of this project is to find a more effective 

way to define critical areas on a smaller scale, where a reduction of the nitrate input would be efficient. 

In each part of this report something new is added to the knowledge about Lundgårds bæk catchment 

area or in general about the nitrate fait in a dominantly agricultural land.  The report is divided in 

eleven chapters and each of them contributes in the following way: 

Á Literature Study: a better understanding on the chemical and physical processes happening in 

the system is obtained; 

Á Project Site Description: an information on the regional geomorphology and hydrogeology is 

given; as addition, the land use and the historical aspect of the nitrate leaching from the 

agricultural land is discussed; 
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Á Monitoring Data Analysis: the available hydrological and hydrochemical data for the project 

site are analysed; the base flow separation shows what part of the water feeding the stream is 

with groundwater origin; the correlation analysis shows the correlation between the flow rate 

and the nitrate concentration; 

Á Field Work: the distribution of flow rate and nitrate concentrations along the stream is studied; 

the sources of nitrate pollution are investigated; the water quality of the groundwater spring is 

analysed; 

Á Catchment and Sub-catchment Analysis: two methods for delineating the sub-catchment areas 

are used and the areas are compared; additionally, the travelling times of the groundwater flow 

particles (modelled in GMS, by NIRAS) between the recharge and discharge area are analysed 

ŀƴŘ ǘƘŜ άŀƎŜέ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ƎǊƻǳƴŘǿŀǘŜǊ ŦƻǊ ŜŀŎƘ ǎǳō-catchment area is determined; 

Á Estimating the Nitrate Leaching from the Sub-catchments: weighted average and total nitrate 

leaching from each sub-catchment is calculated, taking into account also the non-agricultural 

sources of nitrate leaching 

Á Application of Different Methods for Conceptualising the GSI in Order to Estimate Reduction 

Capacities: it is found which sub-ŎŀǘŎƘƳŜƴǘǎ ŀǊŜ άŎǊƛǘƛŎŀƭέ ŀƴŘ ǿƘƛŎƘ ŀǊŜ άƴƻǘ ŎǊƛǘƛŎŀƭέ ŦƻǊ ǘƘŜ  

nitrate load to the stream and the dependant eco-ǎȅǎǘŜƳΤ 5ŀƘƭΩǎ D{L ǘȅǇƻƭƻƎȅ ƛǎ used to 

determine the reduction capacities of the riparian zones for each sub-catchment area; the 

width of the riparian buffer zone along the stream to have 90% nitrate removal is found, based 

on the Vidon & Hill conceptual model; 

Á Estimation of the Reduction Capacities on Sub-catchment Scale: a new methodology is 

established, so the reduction capacities of each sub-catchment were calculated; as part of the 

ƳŜǘƘƻŘΣ ǘƘŜ άƭŀƎέ ǘƛƳŜ ƛƴ ǘƘŜ ǊŜǎǇƻƴǎŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳΣ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǘƻǘŀƭ ƭŜŀŎƘƛƴƎΣ ŀƴŘ ǘƘŜ 

findings from the measurements for the flow and nitrate concentration distribution along the 

stream are taken into account; the developed method combines all the gathered information 

about the system through the project period. With the knowledge build as part of the initial 

literature study was possible the method and its weaknesses to be assessed; 

Á Critical Areas for Nitrate Pollution: the zones contributing to the nitrate pollution of the stream 

are mapped by using the estimated reduction capacities and the residence times of the 

groundwater flow particles, simulated with GMS; 

Á Summary and Conclusions: the results presented in this report are summarised and 

conclusions about the potential nitrate reduction measures are made; 

Á Future Perspectives: ideas about further investigation in the field of nitrate reduction on a 

small scale are presented. 
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B. Literature Study on Nitrogen  Dynamics: the Fate of Nitrate  in 

Three Zones of Interest  
 

Introduction  
The purpose of this part of the project is to obtain a better understanding on the physical and chemical 

nature of the processes and of the system, where they are happening.  

riparian zone

groundwater zone

upland zone

 

 

When speaking about Nitrogen dynamics (nitrate is part of it), the system where it takes place can be 

roughly divided in a 3 main zones of interest (see Figure 1): 

¶ Upland zone 

¶ Groundwater zone 

¶ Riparian zone (including the wetlands and stream beds) 

The streams carry the Nitrogen to lakes, fjords, seas and the ocean, meanwhile the Nitrogen cycles 

from inorganic to organic form and back. This project studies small agricultural catchment area of a 

first-second order stream and the focus of interest is limited to what happens in the upland zone, 

groundwater zone and riparian zone.  The processes occurring in the lake/estuary sediments or water 

column are not discussed. 

The same logic of zone division is used for the structure of the literature study. First a basic explanation 

on the Nitrogen cycle is made, and then, the processes happening in the three zones of interest are 

discussed.  

  

Figure 1: Zones of interest 
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Introduction  to Nitrogen  Cycle 

 

Figure 2: Nitrogen cycle (modified (Duff & Triska, 2000) ) 

The processes taking part into the Nitrogen cycle are schematically presented on Figure 2. 

Ammonium (NH4
+), nitrate (NO3

-) and nitrite (NO2
-) are the dissolved inorganic Nitrogen (N) forms and 

nitrous oxide (N2O
-) and Nitrogen gas (N2) are the gaseous forms. From all these forms of N, the 

biologically available ones, which can be assimilated directly, are NO3
- and NH4

+. NH4
+ is used preferably 

over NO3
- for assimilation of N by green plants, algae, bacteria, fungi.(CAB International, 2008)(Duff & 

Triska, 2000). Most of the N in the aquatic systems is bond in organic matter and it is inaccessible for 

assimilation until it is mineralized to NH4-N.(Duff & Triska, 2000) 

There are two main types of biological transformation in the Nitrogen cycle: 

- obtaining Nitrogen for structural synthesis; 

- energy-yielding reactions (e.g.: nitrification and denitrification). (CAB International, 2008) 

Between the N in NH4
+ and NO3

- there are 8 electrons difference in the valence (large range in the redox 

potential). As a result, the reactions transforming the Nitrogen from reduced (-3) to oxidized state (+5) 

are producing energy, which is used by the chemolitothrophic bacteria. Opposite, the reactions which 

transform the Nitrogen from oxidised to reduced state require energy.(Duff & Triska, 2000) 

The nitrification-denitrification pathways result in loss of NH4
+, which is first converted to NO3

-, then to 

N2. Nitrification and denitrification are processes driven by microbial metabolism. The nitrification 

process is carried out by two types of organisms: Nitrosomonas (NH4
+ to NO2

-) and Nitrobacter (NO2
-to 

NO3
-). Nitrification is oxygen-demanding process, the efficiency of which is dependent on the oxygen 

concentrations, pH, and temperature.(CAB International, 2008).  

Denitrification occurs largely in sediments and is controlled by both oxygen supply and available energy 

provided by the organic matter. Factors which control the rate of denitrification: 
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- oxygen depletion (favours denitrification); 

- organic carbon (or other compound, see άMicrobial Metabolism in the Soil and Nitrate 

Reduction in Deep AquifersέΣ ǇΦ 21) 

- pH (low pH favours N2 production). 

- Temperature (denitrification decreases at low temperatures) 

- Other inhibiting compounds (for example: Sulphide (S2
-) depresses N2 production, but 

stimulates the reduction of NO3
- to NH4

+). (CAB International, 2008) 

Denitrification occurs in anoxic sediments (estuary, lake, river, stream sediments), in riparian zones, and 

in deep subsurface layers. It is considered as the main mechanism for reducing the concentration of 

NO3
-. Several studies on NO3

- profiles in depth have shown on a meters-scale some correlation with 

both groundwater and sediment characteristics. (Pedersen et al., 1991) 

There are big differences in the N dynamics between the upland and wetland zones/riparian 

zones(Nieder & Benbi, 2008). The nitrification, denitrification and the other processes will be further 

discussed in the next parts. 

1st Zone of Interest: Upland  
The upland soils have a tendency to be better aerated than the wetland soils and in general the 

decomposition rates of organic materials are higher. The landscape position of upland soils results in 

drainage and transport of nutrients and particles to lower areas. The periodic shifts between wet and 

dry cycles causes decrease and increase of the oxygen availability, which influences the direction of the 

processes. (Nieder & Benbi, 2008)(Shaffer & Ma, 2001). 

The N in upland zone occurs together with a carbon in the soil organic matter (SOM) and also as 

inorganic NO3
--N, NH4

+-N, urea, plant residues, and as gaseous forms. Usually the relative amounts of N 

found in the upland soils are in the following order (Nieder & Benbi, 2008)(Shaffer & Ma, 2001), (see 

Figure 3): 

 

Figure 3: Occurrence of Nitrogen in different forms (decreasing amounts from left to right direction) 

The most mobile and with the most negative effects on the environment are the NO3-N and the 

gaseous forms of N. (Shaffer & Ma, 2001) 

Soil organic 
matter - N

Plant 
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Nitrate 
(NO3-N)

Ammonia 
(NH4-N)

gaseus - N 
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Figure 4: Nitrogen cycle in upland soils (after(Nieder & Benbi, 2008)) 

The Nitrogen cycle in upland soils is presented on Figure 4. The sources for N in the upland soil are: 

plant residues, organic fertilizers (manure, sewage sludge, and compost), synthetic fertilisers, biological 

and plant fixation of N from the atmosphere, and N in the precipitation. The processes when there is N 

loss are: erosion and runoff, NO3
- leaching to the groundwater, ammonia (NH3) volatilization, plant 

uptake, and denitrification. (Nieder & Benbi, 2008) 

For the agricultural areas in Denmark, the average total load of N in 1991 has been 235 kgN/ha/year 

(Pedersen et al., 1991): 

Table 1: Nitrogen load in Denmark  (Pedersen et al., 1991) 

Fertilizers 
[kg/ha/yr] 

Manure 
[kg/ha/yr] 

Atmospheric depositions 
[kg/ha/yr] 

~130 ~85 ~20 

 

From which around 85% should be lost in the environment trough the following processes: 

- volatilization as NH3, 

- accumulation as ion-exchanged NH3, 

- organic N in the topsoil, 

- denitrification in the top soil, 

- leakage of NO3
- to the ground water (Pedersen et al., 1991). 



 
17 

The fertiliser application in Denmark has been decreasing significantly since 1991, as will be shown in 

Chapter C (p.36). The present annual N cycle for the agricultural areas, based on the monitoring 

program of 5 representative sites for Denmark, is shown on Figure 5: 

 

Figure 5: Annual Nitrogen cycle for the hydrogeological years 2004/05 - 2008/09 (translated from(Grant et al., 2010) ) The data 
for the fertiliser application is based on interview survey for the period 2003-2007 and the leaching from the root zone is 

calculated with using the N-LES4 and averaged climate data for the period 1990-2005 

The annual N cycle of Denmark is made for two types of catchments taking into account the different 

soil types ς sandy soils or clayey soils. For the studied period the fertiliser application (synthetic and 

natural) equals to 188kg N/ha for sandy catchments and 154kg N/ha for clayey catchments. This results 

in 85kg N/ha and 46kg N/ha leaching from the root zone respectively from sandy and clayey 

catchments.(Grant et al., 2010) 

Typically, the plant uptake of N is an important sink for agricultural areas. The uptake rates of NO3
--N 

and NH4
+-N by crops may range vastly ς from 50kg N/ha/y to more than 400kg N/ha/y (Shaffer & Ma, 

2001)(Nieder & Benbi, 2008). For Denmark it has been estimated to equal to 138kg N/ha/y for sandy 

catchments and 106kg N/ha/y for clayey catchments (Grant et al., 2010). The pre-applying of big 

amounts of fertilizers (to protect the crops from nutrient deficiency) can result in loosing significant 

amounts of N through NO3
--N leaching to the ground water, denitrification, and NH3 

volatilization.(Shaffer & Ma, 2001). 

The N from the decomposing organic material and the NO3
--N and NH4

+-N from the inorganic pool are 

used by the heterotrophic organisms to build a biomass. This immobilized N is remobilised when the 

microbes die(Shaffer & Ma, 2001). N is cycling rapidly between inorganic and organic forms: a complete 

turnover can happen in a few weeks. However, some forms of organic N (e.g.: humus) might have an 

age of thousands of years.(Nieder & Benbi, 2008) 
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As it was mentioned before, the nitrification  process converts NH4
+ to NO3

- and it is carried out by small 

group of autotrophic nitrifies (CAB International, 2008). As addition, it is not anymore believed that 

these are the only organisms responsible for this process: it can occur by the activity of a heterotrophic 

bacteria and fungi capable of oxidising NH4
+.(Nieder & Benbi, 2008) 

Usually 2 to 3 weeks are needed (in the warmer months) to nitrify an application of NH3-based fertiliser. 

If the process is not 100% effective, instead of NO3
-, greenhouse gasses are produced. The nitrification 

process is sensitive to soil pH (reduction in the rates when ph is bellow 6 and above 8(Shaffer & Ma, 

2001)) and also depends on the NH4
+ concentration, temperature and soil-water content. (Nieder & 

Benbi, 2008). 

The denitrification is a very fast pulse process and as a result (if the right conditions are present) a big 

Nitrogen loss can occur in a single day. These preferable conditions involve presence of sufficient NO3
- 

amounts, fresh carbon source (manure, residue SOM), warm temperatures, and precipitation, irrigation 

or temporary flooding. These conditions are common in upland soils in early spring and summer and 

result in production of N2 and greenhouse gasses.(Shaffer & Ma, 2001) 

NO3
- leaching is the main N loss process from the upland soils and contributes to pollution of underlying 

shallow aquifers. The NO3
- leaching can vary greatly depending on the climatic, soil, plan and 

management factors(Nieder & Benbi, 2008)(Shaffer & Ma, 2001). Rates from less than 25 to greater 

then 300kg N/ha/y are common(Shaffer & Ma, 2001).Generally NO3
- is leached faster from sandy soils 

than from silt and clay soils(Nieder & Benbi, 2008). As it is shown on Figure 5, the leaching from sandy 

soils (85kg N/ha/yr) is almost twice bigger than from clayey soils (46kg N/ha/yr) for Denmark. 

The main form of N available for transport from the soil is NO3
-. NO3

- is not usually absorbed by the soil 

particles, is highly soluble and is characterized by high diffusion rates. The export of N from the 

catchment and its availability in water bodies is linked to hydrological processes and represents mostly 

transport-limited system. (CAB International, 2008) 

Once leached bellow the root zone, the reduction of NO3
- is difficult, and further movement downward 

can result in ground water contamination. Groundwater contamination from agricultural NO3
- occurs in 

ƭƻŎŀƭƛǎŜŘ άƘƻǘǎǇƻǘέ ǊŜƎƛƻƴǎ ǿƛǘƘƛƴ ǎƘŀƭƭƻǿ underlying groundwater aquifers.(Shaffer & Ma, 2001)(the 

authors give example with South Platte River in USA, where due to the coarse soil texture and bad 

management of some of the agricultural areas, the underplaying shallow groundwater was NO3
- 

polluted) 

The major routes for the transport of N are surface runoff, deep and shallow lateral groundwater flow. 

The importance of these pathways depends on the amount and pattern of precipitation, the surface 

water level, the specific retention time of groundwater systems, and the composition and slope of the 

soil. Agricultural drainage, in particular when using drains, favours transport in subsurface flow; this is 

recognized as the main pathway of NO3
- transport from hill slopes to streams. (CAB International, 2008) 

This topic will be further discussed in the next part, where the focus is on the groundwater system and 

the processes in the deep subsurface. 
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2nd Zone of Interest: Groundwater  
After the NO3

- leaches to the groundwater the most important process which takes place is the 

transport. For fully understanding the nature of the NO3
- fate in the groundwater, first a characteristic 

of the groundwater flow system should be done. 

Groundwater Flow S ystem 

Different systems for characterising the groundwater flow system exist and 3 of them are presented. 

The most used is the ¢ƻǘƘΩǎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ for unconfined groundwater systems up to 100km2 with a 

small slope and lower order outlet streams. Differentiation is made between local, intermediate and 

regional flow systems. (see Figure 6) 

 

 

Figure 6: Groundwater flow systems of varying scale - local, 
intermediate and regional (Toth, 1963) (Commonwealth of 

Australia, 2006) 

 

Groundwater from the local scale, which 

recharges at a topographic high and discharges 

to a topographic low, has high rates of 

recharge (1-30cm/yr) and high rates of 

groundwater flow (1-100m/yr).  

The groundwater from an intermediate flow 

system, where the recharge and discharge 

points are separate by at least 1 topographical 

high, has a rate of recharge 0.01-1cm/yr and 

groundwater flow rate 0.1-1m/yr.  

When it comes to the regional flow systems, 

which recharge only at a ground water divide 

and discharge only at the bottom of the basin, 

the flow rate is very, very low. (Chapelle & 

Lovely, 1995) 

The water from a regional flow, at the point of discharge, should have relatively higher mineralisation 

and temperature. The local flow systems are shallower and the flow paths are shorter than the 

regional ones. The size of the recharge area is bigger with the respect of the volume water in the 

aquifer. The temperature of the groundwater is close to the year average air temperatures. The 

discharge shows wide fluctuations linked to the precipitation and great changes in the water quality. 

(Fetter, 2001) 

There is a significant difference in the residence time of the local and regional flow systems. A 
schematic overview on the time scale is shown in Figure 7: 
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Figure 7: Schematic overview of groundwater residence times in large regional systems (after (K. M. van der Heijde, 1988)) 

Groundwater originating from regional and deep groundwater bodies is most likely to be reduced 

and NO3
- free. The opposite is expected for a groundwater from shallow local groundwater bodies, 

where water is presumed to be oxidised and probably NO3
- polluted depending on the land use(Dahl 

et al., 2007) 

Heath (1982) has proposed a two level classification of the groundwater system, where on the first 

level, the groundwater system is classified by taking into account the number of aquifers and on the 

second level a further characteristic of the dominant aquifer is made.  

On the first level the system can be classified as: 

¶ single dominant unconfined aquifer; 

¶ two interconnected aquifers of equal importance; 

¶ three unit system : confined, confining and unconfined aquifer; 

¶ complex system of interbedded aquifers and confining layers. 

According to (Dahl et al., 2007), this way of classifying the regional systems gives useful information 

about the characteristics and the regional discharge patterns.  

Milij øǎǘȅǊŜƭǎŜƴΩǎ ǎȅǎǘŜƳ (Dahl et al., 2007) is another way to describe the groundwater flow system. 

¢Ƙƛǎ ǎȅǎǘŜƳ ƛǎ ōŀǎŜŘ ƻƴ ¢ƻǘƘΩǎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ōǳǘ ŀƭǎƻ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ƻǘƘŜǊ ŦŀŎǘƻǊǎ ǿƘƛŎƘ ŀǊŜ 

affecting the groundwater body. In this system the ground water body is defined as a reactor, which 

is recharged, and discharges into the adjacent ecosystem and in between some processes are 

happening. The groundwater body is characterised by the lithology, redox state and the contact with 

the surface bodies (the absence or presence and the duration) (see Figure 8): 
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Figure 8: Miljøstyrelsen classification system 

The different types of contact with the surface water bodies are discussed in the άGroundwater - 

Surface Water Interactions (Connection between 2nd and 3rd Zone of Interest)έ όǇΦ28).  

When speaking about processes happening in the groundwater body, a brief review on the microbial 

metabolism in soil is needed, as most of the processes are governed by microorganisms. 

Microbial Metabolism in the S oil and Nitrate  Reduction in Deep Aquifers  

Since there is no light available in the deep subsurface, the photosynthesis is not possible and the 

microorganisms depend on energy sources like organic matter and other reduced compounds (Mn4+, 

Fe3+, NH3, sulphate (SO4
2-)). Energy is released with their oxidation. Microorganisms have evolved 

different ways for conserving the energy from the oxidations to support their growth. Each of these 

types of metabolisms is part of complex series of electron transfers. The most significant, from an 

environmental point of view, is the final electron transfer to an electron acceptor (terminal electron 

accepting process (TEAP). The dominating TEAP in sediment environment are: 

- O2 reduction ς aerobic respiration, 

- NO3
- reduction ς denitrification and dissimilatory NO3

- reduction, 

- Mn4+ reduction, Fe3+ reduction, SO4
2-  reduction, 

- CO2 reduction (methane production)(Chapelle & Lovely, 1995). 

Aerobic Respiration  

The oxidation of organic matter (aerobic respiration or metabolism) yields the most energy to 

support microbial growth followed by the denitrification. (Chapelle & Lovely, 1995)(see Table 2) 

Table 2: Relative energy yield of different metabolisms (Chapelle & Lovely, 1995) 

 Aerobic 
respiration 

Denitrification 
Mn4+ 

reduction 
Fe3+ 

reduction 
SO4

2-   
reduction 

Methane 
production 

Relative 
energy yield 

100 93 87 84 6 3 

 

The only source of O2 in the deep subsurface is the one which enters the groundwater body dissolved 

in the recharge water. If organic matter or other reduced compounds are present in the soil, then this 
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O2 is consumed fast by the aerobic metabolism. Some aerobic microorganisms can switch and 

catalyze oxidation of the other inorganic compounds. (Chapelle & Lovely, 1995) 

Because of the fast consumption of O2, the regional flow systems are usually anoxic (oxygen 

depleted). O2 could be found in deep aquƛŦŜǊǎ ƻƴƭȅ ǿƘŜƴ ǘƘŜǊŜΩǎ ƴƻ ƳƛŎǊƻōƛŀƭ ŀŎǘƛǾƛǘȅΦ (Chapelle & 

Lovely, 1995) 

 

Figure 9: Typical distribution of TEAPs in deep aquifers, modified after(Chapelle & Lovely, 1995) 

Anaerobic Respiration  

Anaerobic metabolism is a metabolism in anoxic or oxygen depleted conditions. The NO3
- reduction 

metabolism (denitrification) is the anaerobic metabolism, which is most similar to the aerobic one.  

NO3
- can replace O2 in most of the reactions with organic and inorganic donors.(Chapelle & Lovely, 

1995) 

The microorganisms which have both aerobic and anaerobic metabolism typically regulate their 

metabolism to use only O2, when it is available. The organisms, which can respire only anaerobically, 

are usually inhibited in presence of O2. (Chapelle & Lovely, 1995) 

The deep subsurface is extremely nutrient poor environment. The rates of the catalysed reactions are 

in orders of magnitude slower than those in the surface environments. (Chapelle & Lovely, 1995). 

Even though, according to Pedersen et al. (1991) there are different possibilities for NO3
- reduction in 

the deep aquifers: 

¶ by microbial oxidation of organic matter. The number of NO3
- -reducing bacteria and the 

amount of organic carbon in deep soil layers, as compared with the conditions known in top 

soils, are expected to be too low to support any significant biological NO3
- reduction by 

organic matter oxidation. Representing the organic matter by CH2O, the overall 

denitrification process may be expressed by the following reaction showing that 1mg NO3
-- N  

corresponds to 1.1mg of organic C: 

5/4CH2O +NO3
-+H+ -> 5/4CO2 +1/2N2 +7/4H2O 

Shallow groundwater may have a significant content of dissolved organic carbon (e.g. 1-

10mgC/l), which may support denitrification corresponding to a comparable decrease in NO3
- 

concentration. Many coarse-grained aquifer materials contain very little organic carbon 

(supposedly in the range of 0.005-0.5%). Assuming a content of 0.05 organic C in an aquifer 

material available for denitrification, this would mean that 2.2g of aquifer material is needed 

for denitrification of 1mg NO3
-- N. (Pedersen et al., 1991) 

¶ by  ferrous iron oxidation: 

5Fe2+ + NO3
- + 12H2O -> 5Fe(OH)3 + 1/2N2 + 9H+ 

NO3
- reduction by chemical oxidation of Fe2+ has been considered a major factor in some of 

the early studies of NO3
- reduction in deep soil profiles.(Pedersen et al., 1991)  

Oxic NO3
- , Mn4+ Fe3+ reducing SO4

2- Methanogenic
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For anoxic Danish aquifer material, the content of extractable reduced iron is estimated to 

vary between 0.001 and 0.1%. If 0.05% reduced iron in an aquifer material is available for 

NO3
- reduction, this would indicate, that 40g of aquifer material is needed to reduce 1mg of 

NO3
- -N. 

¶ by oxidation of reduced Sulphur compounds such as iron sulphide and pyrite 

5/14FeS2 + NO3
- + 2/7H2O -> 5/7SO4

2- + 5/14Fe2++1/2N2 + 1/7 H2O 

Pyrite has been found in many aquifers at a level of 1-2% in association with lignite. In most 

aquifers the amount of reduced Sulphur is believed to be much lower, supposedly in the 

range <0.001-0.1%. If 0.01% reduced Sulphur as pyrite is available for NO3
- reduction, this 

would mean that 16g of aquifer material is needed to reduce 1mg of NO3
-- N. 

These reactions and the estimated capacities show that aquifers contain a significant potential for 

reducing NO3
- concentrations. (Pedersen et al., 1991) 

Total reduction capacity (TRC), which includes in one analysis all the reduced species, is used to 

quantify the sediment profiles with respect to reduction capacity. Denitrification takes place above 

this reduction front in small anaerobic microenvironments.(Pedersen et al., 1991) 

3rd  Zone of Interest: Riparian Z one 
The third zone of interest for this literature study is named riparian zone, but in fact it consists of 

different elements: the stream with its hyporheic zone, the wetland/riparian buffer zone, and the 

connection between the groundwater and the surface water (see Figure 10). Description of these 

elements and their characteristics are following. 

stream

wetland / riparian zone

hyporheic zone

ground
water
zone

ground
water
zone

 

Figure 10: Elements of the 3rd zone of interest 

Stream and Hyporheic Zone Characteristics  

There are different criteria for characterising a stream. The stream could be young, mature or old, 

based on the landscape age and the erosion stage, according to the classification of William Morris 

Davis (1889). One of the earliest classifications of the streams is based on the channel type. 

According to it, the stream can be straight, meandering or braided. wƻǎƎŜƴΩǎ ǉǳŀƭƛŦƛŎŀǘƛƻƴ όмффпύ ǳǎŜǎ 

letters and numbers to qualify the stream based on geomorphological profile, dimensions and the 

channel material. In general, the letters from that system describe the stream type (see Figure 99, 

p.120) and the numbers characterise the type of dominating bed material (see Figure 100, p.120). 

Longitudinal, cross-ǎŜŎǘƛƻƴŀƭ ŀƴŘ Ǉƭŀƴ ǾƛŜǿǎ ƻŦ ǘƘŜ ƳŀƧƻǊ ǎǘǊŜŀƳ ǘȅǇŜǎΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ wƻǎƎŜƴΩǎ 
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system are presented on Figure 99 (p.120). On Figure 100 (p.120), the different stream channel types 

together with the bed material are presented.(Endreny, 2003) 

Other classification is ǘƘŜ {ǘǊŀƘƭŜǊΩǎ (1957) classification for the order of the stream or/and river. 

According to that system, the streams can be first, second, third etc. order (see Figure 11). 

.  

Figure 11: {ǘǊŀƘƭŜǊΩǎ ǎǘǊŜŀƳ ƻǊŘŜǊ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ (Endreny, 2003) 

 

 

 

Figure 12: Cross-sections of gaining (A) and losing (B) 
streams.(Alley et al., 1999) 

 

When taking into account the hydrological 

status, a stream or parts of it can be losing or 

gaining. 

Gaining stream is typical for humid regions, 

where the groundwater table is above the 

water table in the stream. The gaining stream 

receives groundwater discharge and even 

though there might not be tributaries, the 

base flow increases downstream (see A on 

Figure 12). (Fetter, 2001) 

Opposite, the loosing stream is usually 

situated in arid regions and the bottom of the 

stream is higher than the water table. As 

stream goes downstream, less and less water 

is found in the stream channel (see B on 

Figure 12). (Fetter, 2001) 

It is also possible if the stream is losing during 

low-flow periods to become temporarily a 

gaining stream during flood stage. (Fetter, 

2001).  

Next to the interaction between the groundwater flow and the stream, another interaction is also 

presented ς the one between the stream and its hyporheic zone. The hyporheic zone is the 

subsurface zone, where the stream water flows through parts of the adjacent bed and banks and 

where a mixing between groundwater and stream water occurs(Ranalli & Macalady, 2010). By 



 
25 

definition the hyporheic flow paths differ from the ground water flow paths, because they can leave 

and return the streams couple of times for a study reach (see example on Figure 13). The importance 

of that exchange between the streams and hyporheic zone is that keeps the surface water in close 

contact with the chemical and bioactive sediments, which influences the downstream water 

quality.(Harvey & Wagner, 2000) 

  

Figure 13: Examples of hyporheic flow paths (Commonwealth of Australia, 2006) 

The length of the hyporheic flow path (from the point, where the stream flow enters the subsurface 

to the point where returns to the stream) can vary from centimetres to hundreds of meters. It is 

dependent on the streambed slope and its variation, the hydraulic conductivity of the sediment, and 

the curvature of the stream. (Harvey & Wagner, 2000) 

In general the highest rates of denitrification occur at the soil-stream interface (hyporheic zone) and 

at the upslope edge of the riparian zone, where the ground water recharges (Ranalli & Macalady, 

2010)(Dahl et al., 2007). However, for Denmark the hyporheic zone has a minor importance than the 

hilltop part of the riparian zone in respect to the denitrification rates.(Dahl et al., 2007) 

Wetlands and Riparian B uffer Zone Characteristics  

The term άriparian zoneέ is used for the stripe of undisturbed natural land in the stream valley, which 

has both the characteristics of aquatic and terrestrial environment. For the purposes of this literature 

study, the riparian zone is further discussed in the meaning of a wetland or taking into account the 

conditions similar to the one existing in the wetlands. Different systems for classifying the riparian 

zones exist. The ones which are of particular interest for this study are the classifications which 

criterion is the NO3
- attenuation capacity (see άGroundwater - Surface Water Interactions 

(Connection between 2nd and 3rd Zone of Interest)έΣ ǇΦ28) or the source of water. According to the 

source, they can be mainly fed by: precipitation (bogs), groundwater (fens), surface water (swamps, 

marshes, etc)(Dahl et al., 2007). The classification of riparian zones is usually included in the wetland 

classifications, where the characteristics of the wet land are: 

¶ Groundwater table is near or above the land surface, 

¶ The soil has reduced conditions and accumulates organic matter, 

¶ Communities adapted to these special conditions are presented;(Dahl et al., 2007)  

Wetlands differ from the upland system, because they have aerobic/anaerobic interface in: 

¶ the water column; 

¶ the soil-water zone; 

¶ the root-soil zone.(DeBusk et al., 2001) 
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The retention of the flood water in wetlands results in high decomposition rates and in increased 

accumulation of organic matter. In addition, wetlands have Nitrogen storages in different forms. 

Nitrogen  (N)  Storage in Wetlands  

The stored N in wetlands has organic or inorganic form. The organic N storage consists of: living 

matter ς vegetation, fauna, microbial biomass; non-living matter ς standing dead, detrital plant 

matter, peat, and soil-organic matter. The percentage N stored in microbial mass is 0.3-3% from the 

TN in the wetland. However, the microbial activity is one of the greatest regulators of the stability of 

N. Organic N pool is the most stable and the biggest one in wetlands, but it is not readily available for 

cycling. The inorganic storage consists of NH4
+-N, NO3

--N, and NO2
--N. In flooded soils the NO3

- and 

NO2
- are found only in a trace amounts and the dominating form is NH4

+. NO3
- amounts are higher 

only in the aerobic interface. The inorganic stores are not stable over time and in general are 

presenting less than 1% of the TN in the wetland.(DeBusk et al., 2001) 

Nitrogen  Cycling in Wetlands  
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Figure 14: Wetland Nitrogen cycle (modified from(DeBusk et al., 2001) 

The N cycle in wetlands is presented on Figure 14. The inorganic N can be effectively processed 

through denitrification, nitrification, plant uptake, and NH3 volatilization. NH3 volatilization is abiotic 

process, which is dependent on the pH of the soil-water system. The rates of volatilization are 

increasing significantly at pH ranging from 8.5 to 10. At pH below 7.5 the N losses due to volatilisation 

are insignificant. The sources of NH4
+ in the water column are: the addition of NH4

+ from external 
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sources, the mineralisation of organic N to NH4
+ in the water column, and diffusion of NH4

+ from the 

anaerobic soil layer to the water. (DeBusk et al., 2001) 

The uptake by the vegetation and the immobilisation by microorganisms are only temporary storage 

of N, because it will be returned to the ecosystem upon the death and decomposition. (Ranalli & 

Macalady, 2010) 
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Figure 15: Nitrogen cycle in the root/soil interface (after 
(DeBusk et al., 2001)) 

 

Nitrification occurs in three zones of the 

wetland: in the water column, in the aerobic 

soil layer (see Figure 14) and in the 

rhizosphere (see Figure 15). Nitrification is 

mostly happening at the water column and at 

a very thin aerobic soil layer. Very little 

nitrification occurs within flooded soil and 

then it is only within the rhizosphere of some 

wetland plants that create aerobic 

microclimate. 

The limiting factors are the O2 availability and 

the NH4
+ supply. Other factors regulating the 

nitrification are NH3 concentration, pH, 

alkalinity, wind velocity, density of the 

wetland plants, the photosynthetic activity in 

the water column, and the soil cation 

exchange capacity. Rates of nitrification in 

constructed wetlands range from 0.01 to 

0.161g N/m2/d.(DeBusk et al., 2001).  

NO3
- diffuses into anaerobic soil layers, where it is reduced to gaseous products (denitrification) or to 

NH4
+ (dissimilatory NO3

- reduction to NH4
- - DNRA). The denitrification occurs at higher redox levels 

(Eh= 200-300mV) and DNRA occurs when Eh is bellow 0mV. The more reduced the soil becomes, the 

more favourable are the conditions are for DNRA. The reduction potential of the wetland soil can 

play a critical role to the rate of NH4
+ production. The redox potential of the soil decreases from 

aerobic (Eh=+600mV) to NO3
- reduction (Eh=+300mV), SO4

2- reduction (Eh=-100mV), and 

methanogenic conditions (Eh=-250mV). The major limiting factor for denitrification is the NO3
- 

supply. Denitrification rates in wetlands can range from 0.003 to 1.02g N/m2/d.(DeBusk et al., 2001). 

Redox gradients can have daily fluctuations as a result of plant growth (Nieder & Benbi, 2008). 

The presence of vegetation can play an important role in the N cycling by: assimilating inorganic N 

into plant tissue, and by providing environment in the root zone for nitrification-denitrification to 

take place (DeBusk et al., 2001). During the growing season NO3
- concentrations in surface water are 

lowered by denitrification and plant uptake (Shabaga & Hill, 2010). During the dormant season 

attenuation results exclusively because of microbial processes(Dahl et al., 2007). The most effective 
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period for NO3
- removal for the groundwater-fed surface flow is in the summer when plant uptake 

occurs and warm temperatures increase the rates of denitrification (Shabaga & Hill, 2010). NO3
- 

removal is less effective in landscapes where cold temperatures in the non-growing season restrict 

biotic removal. (Shabaga & Hill, 2010) 

The wetland can function in the watershed as either a nutrient sink or source, providing a retention 

or release of nutrients to downstream waters. Which one will be depends on the biogeochemical 

characteristics: soil and vegetation in the wetland, rate of nutrient input from surface or groundwater 

sources. Wetlands are also functioning as transformers of nutrients from inorganic to organic forms. 

Nutrient export from wetlands is mainly in organic form.(DeBusk et al., 2001) 

Groundwater  - Surface Water Interactions ( Connection between  2nd and 3rd  

Zone of Interest)  

Types of Water Flow through  the Riparian Z one and Attenuation Capacity of the Riparian 

Zone 

The interactions between the groundwater and the surface water determine the NO3
- attenuation 

capacity of the riparian zone and the capability of the riparian zone to maintain the good quality of 

the water in the stream and the adjacent area.  

 

Figure 16: Flow paths through the riparian zone (Dahl et al. 2007) 

The different flow paths and their interaction with the riparian zone can be grouped in four 

categories (see Figure 16): 

Á Shallow subsurface groundwater, passing through the riparian zone, because of a shallow 
aquiclude(Ranalli & Macalady, 2010) or diffuse flow path type (Dahl et al., 2007); 

Á Deep groundwater flow, bypassing the riparian zone and discharging directly in the 
stream or river (Ranalli & Macalady, 2010) or direct flow path type (Dahl et al., 2007); 

Á Ground water seep (the ground water surface is above the land surface)(Ranalli & 
Macalady, 2010) or overland flow path type (Dahl et al., 2007) or groundwater-fed 
surface flow paths(Shabaga & Hill, 2010);  
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Á Artificial drainage(Ranalli & Macalady, 2010) or drainage flow path (Dahl et al., 2007).  

!ǎ ŀ ǇŀǊǘ ƻŦ 5ŀƘƭΩǎ D{L typology (p.32) and after reviewing many riparian zones in Denmark, Dahl 

found that the reduction capacity of: 

¶ the diffusive (Q1) and direct (Q3) flow paths is close to 100% if the organic content of the 
riparian zone is more than 3% and it is close to 0% if the organic content is below 3%. For 
the direct flow this is the case only when the water contacts the riparian deposits below 
the stream bed. If not, then the reduction capacity is close to 0%; 

¶ the overland (Q2) water flow is approximately 50%; 

¶ the drainage (Q2) water flow is close to 0%.(Dahl et al., 2007) 

Dahl proposes to estimate the denitrification capacity of the riparian area through multiplying the 

flow path distribution by the respective path-specific reduction capacities(Dahl et al., 2007). 

Next to the shallow subsurface or deep groundwater flows discharging directly in the stream, a third 

major riparian flow path is the overland flow produced by groundwater discharging as springs or 

seeps (Shabaga & Hill, 2010).(Shabaga & Hill, 2010) suggest to not classify all riparian zones with 

groundwater-fed surface flow paths as sites which are ineffective in NO3
- depletion. They are first to 

examine in detail the hydrodynamics of the groundwater-fed surface flow paths in relation to the 

NO3
- removal effectiveness.  

 

Figure 17: Conceptual model linking riparian zone groundwater-fed surface flow path hydrodynamics to the NO3-N removal 
efficiency (Shabaga & Hill 2010) 

Figure 17 presents the conceptual model on the attenuation capacity of different types groundwater-

fed surface flow. The left side shows an area where the small rivulets flowing rapidly across the 

surface or linked to a shallow horizontal pipe networks have a minimal interaction with the riparian 

soils and low water residence times that result in ineffective NO3
- removal. On the other side, there 

are the diffusive surface flows, where repeated exchanges of water between the main flow zones and 

areas of slower flowing water in surface pools and sediments pore-water zones greatly increase 

residence times and the potential for NO3
- removal.(Shabaga & Hill, 2010) 

According to (Ranalli & Macalady, 2010) if the soil in the riparian zone is saturated or flooded long 

enough during the growing season so anaerobic conditions are developed (hydric soil), the NO3
- 

removal is bigger than 80%. Opposite, if the soils are non-hydric, the groundwater NO3
- removal is 

less than 30%(Ranalli & Macalady, 2010).  
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Although NO3
- attenuation in groundwater occurs in riparian zones, the degree to which this 

attenuation affects stream concentrations and loads has to be assessed on a watershed scale. In 

agricultural watersheds the increase in NO3
- concentration in streams is observed during the snow 

melt and/or rainfall events. Peaks in NO3
- concentration usually occur before peaks in stream 

discharge. This can be explained with the rise of the water table to the soil surface and flushing the 

NO3
- stored near or in the surface. When the saturated zone is deep below the soil surface, NO3

-

accumulates in the soil, which results in a small export to the surface water bodies. When the 

groundwater surface rises the stored NO3
- is flushed out. Riparian zones function as a net source 

during high fƭƻǿǎ ōŜŎŀǳǎŜ ǘƘŀǘ άŦƭǳǎƘƛƴƎέ ƻŦ NO3
- happens primarily there.(Ranalli & Macalady, 2010). 

Low concentrations of NO3
- in the riparian zone of a small headwater catchment can be a sign of 

originally low NO3
- concentrations in a regional groundwater system.(Ranalli & Macalady, 2010) 

(Ranalli & Macalady, 2010) suggest that NO3
- attenuation strategies should be focused mostly in 

riparian zones in 1st order streams, because: 

¶ The small streams often represent up to 85% of the total stream length and collect most 

of the water and dissolved nutrients; 

¶ In agricultural watersheds the in-stream attenuation process is not sufficient to reduce 

the NO3
- loads; 

¶ The groundwater flow is most likely to be local in small watersheds. 

Variety of studies on the attenuation capacity of the riparian zones has been made. As a result, 

different conceptual frames, models or systems for classifying were developed. Presentation of two 

of them follows. 

Examples for Conceptualising the GSI  

The conceptual model of (Vidon & Hill, 2006) and the GSI typology of (Dahl et al., 2007) are 

presented bellow. 

6ÉÄÏÎ Ǫ (ÉÌÌȭÓ Conceptual Model (2006)  

According to Allan Hill, because the riparian zones affect the stream chemistry in significant way, it is 

important to be developed a conceptual framework. In that way it could be explained why the 

riparian zones differ in their influence on the stream chemistry. Moreover, that understanding will be 

useful if there are to be made generalizations which could be applied from one riparian zone to 

other. (Hill, 2000)  

Vidon and Hill developed and validated a conceptual model for riparian zones, that links landscape 

hydrogeological characteristics to riparian groundwater hydrology and NO3
- removal efficiency. (see 

Figure 18)  

Data from several studies in the US and Europe have shown that a width less than 15m is necessary 

to achieve a 90% NO3
- removal from subsurface flows at these sites with loam and silt loam soils 

despite the significant variation in riparian sediment depth (1 to 4m). In riparian zones with sand and 

gravel sediments the distance necessary to achieve 90% removal is generally more than 25m. For 

sites with less than 4m of permeable sediments in the riparian zone, the distance for a 90% removal 

remains below 40m. But for zones with more than 4m permeable sediments in the riparian zone the 

distance for a 90% NO3
- removal could be more than 40m.(Vidon & Hill, 2006)  
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Figure 18: Conceptual model, linking the NO3- removal with the topography, the upland depth of permeable sediments and 
riparian depth of permeable sediments (Vidon & Hill, 2006) 

  


















































































































































































































































































































