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Summary 

 

This study investigates measures to reduce nitrate losses from tillage land used for 

spring barley production to a shallow sand and gravel aquifer situated in Oak Park, Co. 

Carlow, south-east Ireland, in an area with high groundwater vulnerability and close 

proximity to a nearby river. The hydrogeological investigations and the 

characterisation of aquifer under the study area were performed. Particle size analysis 

confirmed the sand and gravel dominated composition of these sediments. Aquifer 

transmissivity was estimated in the range from c. 248 - 1058 m
2
/day. A tracer study 

indicated that soil surface activities at this site can have an impact on shallow 

groundwater quality within a period of less than one year. 

 

The effects of the three over-winter green cover treatments (mustard, natural 

regeneration and no-cover) under two different tillage practices (conventional plough 

and reduced tillage) on nitrate leaching to the unsaturated zone were examined over the 

period of over-winter leaching seasons during the three years. This was done using a 

small-scale randomized block experiment with suction cups installed at 0.9 m depth. 

Nitrate concentrations in the shallow groundwater (water level c. 2.4 m deep) were 

examined under three different over-winter green cover treatments (mustard, natural 

regeneration and no-cover) and a single tillage practice (conventional plough) over a 

period of three years. This was done using a large-scale experiment with installed 

monitoring wells (piezometers) designed to take the hydrogeological characteristics of 

the site into account. An agro-meteorological model was developed for predicting 

effective rainfall for estimating groundwater recharge and computing the nitrate loads 

leached.  

 

The mustard crop, under both tillage practices, was shown to be a reliable method to 

significantly reduce both the soil solution nitrate concentrations at 0.9 m depth (by > 

70%) and the over-winter nitrate loads by between 48% (year 1) and 83% (year 2). The 

overall effect of tillage practice on over-winter mean soil solution nitrate concentration 

was not significant. However, the natural regeneration treatment under reduced tillage 

significantly reduced the soil solution nitrate concentrations (by more than 40%), and 

was observed to be approximately one half as effective as mustard. An overall 
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significant effect of “year” (i.e. yearly effect) on green cover treatments and tillage 

practices was also observed (probably due to climatic conditions). A large-scale study 

on shallow groundwater also proved reduced groundwater nitrate concentrations under 

the mustard cover crop. A significant reduction in the three-year mean shallow 

groundwater nitrate concentrations (by c. 25%) was observed under mustard compared 

to no cover, but not under natural regeneration. A significant increase in the three-year 

mean groundwater dissolved organic carbon concentration under mustard (compared to 

natural regeneration and no cover) was observed, but this increase was very small due 

to overall low dissolved organic carbon concentrations (< 3 mg/l) and therefore it was 

unlikely to have a substantial effect on nitrate elimination via denitrification in this 

aquifer. The accompanying high groundwater dissolved oxygen concentrations made 

the occurrence of denitrification in this aquifer even less likely.  

 

This research highlights the good efficiency of over winter green cover, especially 

mustard, to significantly reduce nitrate concentrations in the unsaturated zone and 

shallow groundwater from free draining tillage land. Further studies are recommended 

to evaluate the potential of reduced tillage cultivation practice to improve the 

efficiency of natural regeneration in reducing nitrate leaching. There is also a need for 

further long-term studies of shallow groundwater nitrate concentrations in relation to 

climatic conditions, recharge and seasonal dynamics.  
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CHAPTER 1: INTRODUCTION  

 

1.1 Introduction to the study  

 

Nutrient enrichment of waters by agriculture can have negative impacts on the natural 

environment, causing eutrophication of surface waters and estuaries, loss of 

biodiversity and degradation of ecosystems (Carpenter et al., 1998; Tilman et al., 2001; 

Tilman et al., 2002). Legislative measures have been established for protection of 

waters against this pollution. The EU Water Framework Directive (WFD) requires 

from EU members the implementation of measures for the achievement of ‘good’ 

water status by 2015 (EC, 2000). The EU Nitrates Directive is concerned with 

protection of water against pollution by nitrates from agricultural sources (EC, 1991). 

  

Aquifers are commonly at risk due to agricultural diffuse pollution. The protection of 

groundwater quality is important because it can influence the surface water quality and 

the environmental state of groundwater dependent ecosystems (e.g. due to groundwater 

discharge). The concern for groundwater protection against pollution is recognised by 

the EU Groundwater ‘daughter’ Directive with the main purpose to establish specific 

measures for preventing and controlling the groundwater pollution (EC, 2006).  

 

Groundwater represents an important drinking water source (EEA, 1999; WFD 

Ireland, 2005a) and elevated nitrate concentrations in water supply wells are associated 

with concerns for human health. Thus drinking water standards have been 

implemented to prevent this potential risk [e.g. by World Health Organisation and EU 

Drinking Water Directive (EC, 1998; WHO, 2004)]. In addition to being an important 

water resource, groundwater has been also recognised as having an environmental 

value in relation to WFD ecological objectives (Daly, 2009) and there is also a recent 

need to start to consider groundwater as a living ecosystem (Griebler et al., 2009). 

 

Elevated nitrate concentrations in water supply boreholes in parts of Ireland have been 

noted for over a decade with some evidence of a relationship with tillage farming in 

the south-east of Ireland (Neill, 1989; Thorn and Coxon, 1992). Recent (2007 - 2008) 
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reported mean groundwater nitrate concentrations in the Barrow Valley (south-east 

Ireland) strongly indicate anthropogenic nitrate inputs (Lucey, 2009). Shallow alluvial 

aquifers are especially vulnerable to nitrate pollution (EEA, 1999); such as the 

fluvioglacial sand and gravel aquifer in the Barrow Valley. Elevated nitrate 

concentrations in several wells from Barrow Valley were found to approach or exceed 

the DW limit by Minet (2007).  

 

It is important to study nitrate pollution in these aquifers, because of their high 

vulnerability and high risk of pollution from agricultural diffuse sources. However, 

agricultural pollution originating from diffuse sources is influenced by climatic 

conditions and also undergoes seasonal variations, which makes it difficult to measure 

or regulate this type of pollution (Carpenter et al., 1998). Since the pollution pressures 

on groundwater can be modified (Chilton, 2006), measures can be implemented to 

minimise nitrate losses to groundwater. These measures are often based on the 

processes that can reduce nitrate leaching.  

 

Over-winter green cover is a potentially good measure to reduce nitrate leaching risk 

during the winter recharge period and has been recognized in Europe and by Irish 

regulations for the implementation of the EU Nitrates Directive (Stationery Office 

Dublin, 2010b). Research on the potential of cover crops to reduce nitrate leaching 

dominates throughout the international literature (e.g. Shepherd et al., 1993; Shepherd 

and Lord, 1996; Hansen and Djurhuus, 1997; Francis et al., 1998; Shepherd, 1999; 

Aronsson, 2000; Bergström and Jokela, 2001; Tonitto et al., 2006; Kaspar et al., 2007; 

Hooker et al., 2008). Most of these studies have focused on quantifying nitrate 

leaching in the unsaturated zone.  

 

However, there are still remaining uncertainties in relation to the efficacy of over-

winter green cover (particularly mustard cover crop and natural vegetative 

regeneration), on groundwater nitrate amelioration under Irish climatic conditions. In 

relation to this, there is also a need to directly monitor the shallow groundwater under 

the over-winter green cover treatments (rather than only investigating the unsaturated 

zone). 
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This study investigates measures to reduce nitrate losses from tillage land (spring 

barley cultivation) to shallow groundwater in south-east Ireland, in an area especially 

chosen due to its high potential vulnerability and due to its close vicinity to the nearby 

surface water (river). The chosen study-area is underlain by a shallow sand and gravel 

aquifer and is situated in the Oak Park area of the Barrow River valley in Co. Carlow 

(Figure 1.1). The River Barrow catchment lies within the South Eastern River Basin 

District (SERBD) (see Figure 1.1 and Appendix 1.1) (WFD Ireland, 2005a). 

 

 

Figure 1.1 Schematic illustration of the experimental area location, situated in Oak 

Park, part of River Barrow catchment, South Eastern River Basin District (SERBD) 

[Adapted from WFD Ireland (2005b) – (top); schematic illustration not to scale 

(bottom); scales and locations are approximate]. 

 
 
 
 
 
 
 
 
 
Figure is not available for viewing in the electronic copy of the 
thesis. 
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1.2 Study aims, objectives and hypotheses 

 Overall aims  

The overall aim of this study was to examine the effects of different measures 

implemented for reducing nitrate leaching losses to shallow groundwater from tillage 

land on a vulnerable site with high leaching potential under Irish climatic conditions.  

A novel aspect of this study was to look into actual groundwater responses rather than 

only unsaturated zone responses.  

 

 Hypotheses 

The main hypothesis in this study was that a significant reduction of nitrate leaching 

losses to the soil (unsaturated zone beneath rooting depth) should be achieved using 

different: 

- over-winter green cover growth (mustard and natural regeneration) and  

- tillage practices (conventional plough and reduced tillage).  

The next main hypothesis in this study was that a significant reduction of nitrate 

concentrations in the shallow groundwater (saturated zone) should be achieved under 

over-winter green cover growth (mustard and natural regeneration).  

 

 Main aims and objectives 

In order to test the above hypotheses the main aims of this study were as follows: 

o Main aim 1: To investigate the effect of different measures (different over-winter 

green covers and different tillage practices) on reducing nitrate leaching losses to 

the unsaturated zone (using suction cups installed at 0.9 m depth).  

In the context of the above main aim, the main objectives of this study were: 

 Objective 1: To investigate the effect of   

- over-winter green covers: mustard, natural regeneration and  no cover and  

- tillage practices: conventional plough and  reduced tillage 

on nitrate leaching losses to the unsaturated zone. 

 Objective 2: To investigate the ‘yearly effects’ (related to environmental and 

climatic conditions and seasonal dynamics) on nitrate leaching losses to the 

unsaturated zone. 
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o Main aim 2: To investigate nitrate concentrations in shallow groundwater or the 

saturated zone (with groundwater level at an average depth of c. 2.4 m below 

ground level, using piezometers installed to 4 - 5 m depth). 

In the context of the above main aim, the main objectives of this study were: 

 Objective 3: To investigate groundwater nitrate concentrations under different 

over-winter green covers (mustard, natural regeneration and no cover) and the 

difference between groundwater nitrate concentrations under these green covers. 

 Objective 4: To investigate groundwater nitrate concentrations under the green-

cover treatments in relation to seasonal dynamics and the  limits provided by the 

relevant European Legislation (see Chapter 2, Section 2.5). 

o Main aim 3: To investigate the quantities of dissolved organic carbon (DOC) in 

the shallow groundwater under different over-winter green cover treatments and 

the groundwater DOC seasonal dynamics in relation to groundwater 

biogeochemistry and the potential for groundwater denitrification. 

 

 Additional objectives 

In order to obtain a sufficient scientific background on the hydrologic system to enable 

the examination of the effects of different measures on the reduction of nitrate leaching 

losses to shallow groundwater, the following additional study objectives had to be 

completed: 

 Additional objective 1: Development of a new agro-meteorological model for 

predicting leaching events and soil moisture conditions for Irish free draining 

arable soil (which can be used as a computing-tool for estimating groundwater 

recharge and cumulative leaching losses). 

 Additional objective 2: Characterisation of the shallow sand and gravel aquifer 

system in Oak Park and estimation of the main aquifer properties; and  collection 

of data on aquifer properties to enable the design of a groundwater experiment with 

treatment plots as hydrogeologically uniform as possible.  

 Additional objective 3: Investigation of the time lag between implementation of the 

measure and groundwater response – i.e. estimation of travel times through the 

whole hydrologic system (unsaturated and saturated zones) essential for:  

a) determination of the hydraulic connectivity between the 

 unsaturated and saturated zones;  
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b) interpretation of current and past water quality data and estimation of the 

time lag between implementation of management strategies and resultant 

changes in water quality.  

 

1.3 Methodology adopted for achieving study aims and 

objectives 

This section provides an overview of general methodology adopted to achieve the 

study aims and objectives explained in Section 1.2. Additional explanations and 

information on other specific methods are also provided in separate chapters.  

 

 Methodology to achieve main aims and objectives 

o Main aim 1 and corresponding objectives 1 and 2: In order to investigate the 

effect of measures to reduce nitrate leaching losses to the unsaturated zone a small-

scale experiment (which allowed a randomised plot experimental design with a larger 

number of land use permutations) was necessary. The Teagasc Road Field experiment, 

which pre-existed since 2002, located in Oak Park, Co. Carlow, was used for this 

research. The Road Field experiment had to be additionally instrumented with suction 

cups for the needs of this doctoral research (see Chapter 7).  

o Main aim 2 and corresponding objectives 3 and 4: The purpose of the 

groundwater experiment established in 2006 (Sawmills Field experiment; Chapter 8) 

was to investigate the shallow groundwater nitrate concentrations under different over-

winter green cover treatments as the next level of nitrate leaching investigations 

(extended from the unsaturated zone small-scale experiment to a large-scale 

groundwater experiment). The groundwater experimental design was entirely 

developed within this doctoral study based on hydrogeological site investigations 

(which were also entirely performed within this doctoral study; see Chapter 5). 

o Main aim 3: In addition to monitoring of nitrate concentrations, the 

groundwater experiment also investigated the quantities of dissolved organic carbon 

(DOC) in the shallow groundwater under different treatments (Sawmills Field 

experiment, Chapter 8). The groundwater DOC monitoring in this thesis (among 

others) aimed to support a separate Teagasc groundwater denitrification project in 

relation to different types of subsoil/sediments (i.e. presence of silt and clay lenses). 
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However, the groundwater DOC study in relation to the over-winter green cover, 

seasonal dynamics and groundwater biogeochemistry was developed independently 

and entirely within this doctoral research (see Chapter 8). The use of Fluorescence 

Spectrophotometric analysis and humification index computation (see Chapter 8) was 

also developed independently within this doctoral study.  

 

 Methodology to achieve additional objectives  

 Additional objective 1: The development of the new agro-meteorological soil 

moisture deficit (SMD crop) model for the spring cereal system (Chapter 4) was a self-

initiated research work. This work was done because it was desirable to modify an 

existing Teagasc model that was developed for grassland, to improve prediction of 

effective rainfall/drainage for spring cereal systems on free draining land. The model 

development in this thesis included the selection of a Teagasc model by Schulte et al. 

(2005) as the basis for the new model, additional independent model design of new 

“crop model” component following FAO crop evapotranspiration guidelines, 

calibration and model validation against field data (i.e. soil tension measurements from 

sites used in this doctoral study). The new model components that were developed 

independently from the already existing Teagasc model are explained in Chapter 4.  

 Additional objectives 2 and 3: The overall importance of hydrogeological site 

investigations was already recognised from the start of the research project (in the 

initially given project outline). The actual specific planning and performance of 

hydrogeological site investigations, such as the selection of drilling locations, drilling 

depth and number of drillings had to be determined within this doctoral research, 

depending on the site properties. The preliminary hydrogeological investigations were 

necessary as a basis for choosing the plot locations; whereas the main hydrogeological 

investigations were required to characterize the hydrogeological characteristics of the 

experiment. The choice/use of certain specific methods used in the preliminary and 

main hydrogeological investigations was developed within this doctoral research (see 

Chapter 6; e.g. – estimation of bulk density using excavation method; - choice of 0.5 

second logging intervals for slug-tests, checking different methods of hydraulic 

conductivity computation; - particle size analysis of sediments using laser diffraction 

method and computation of parameters; - choice of the location, rate and timing of 

tracer application). The estimations of hydrologic travel times within this thesis 

(Chapters 5 and 6), were also performed as an independent work, due to realisation of 
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the importance of this information for the estimation of the lag time between 

implementation of the measure and groundwater response. The computations of 

hydraulic conductivity and tracer velocities in downgradient direction were done using 

Darcy’s equation and results from the bromide tracer experiment (Chapter 6). 

 

1.4 Thesis layout 

 

This thesis contains nine chapters. Following this introductory chapter, Chapter 2 

provides an introductory literature review and Chapter 3 is focused on the main study 

area characteristics (including a GIS study placing the study area in a national context).  

The next five chapters each form separate studies as follows: 

- Chapter 4 presents a study involving the development of the new agro-

meteorological model for predicting leaching events and effective rainfall 

- Chapter 5 focuses on the preliminary hydrogeological investigations and 

aquifer characterisation enabling the design and instrumentation of the groundwater 

experiment 

- Chapter 6 presents the main hydrogeological investigations and provides 

aquifer characterisation (including particle size analysis of sediments, investigations 

of permeabilities using slug test and aquifer travel times using a tracer test)  

- Chapter 7 forms a study of the effect of measures for reducing nitrate leaching 

to the unsaturated zone and ‘yearly effects’ on results  

- Chapter 8 forms a study of the effects of over-winter green cover on nitrate 

concentrations in shallow groundwater including groundwater seasonal dynamics, 

and additional investigations in relation to groundwater DOC and biogeochemistry. 

Each of the listed chapters is written as an individual study with a topic focused 

literature review, study aims, objectives and hypotheses, methods, results, discussion 

and conclusions. Chapter 9 integrates the main findings into a coherent and short 

summary and makes recommendations in relation to management strategies and 

further research. 
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CHAPTER 2: INTRODUCTORY LITERATURE 

REVIEW ON NITRATE LEACHING TO 

GROUNDWATER 

 

2.1 Introduction to chapter  

 

This chapter provides an introductory and general literature review on nitrate leaching 

to groundwater. Most of the chapters in this thesis have a separate and more specific 

literature review related to their particular studies and results because of the very broad 

and complex nature of this research, and its multidisciplinary approach.  

 

2.2 Nitrogen in the environment 

 

2.2.1 Overall importance of nitrogen in the environment and 

agriculture 

 

Nitrogen is one of the crucial substances for life on planet Earth. Nitrogen (in addition 

to oxygen, carbon, phosphorus and sulphur) is a crucial element in living organisms. It 

is known to be an essential element in amino acids, and therefore it is a necessary 

component for the growth of plant and animal organisms in general. Microorganisms 

have a very important role in the cycling of this element. Only a few organisms are 

able to use dinitrogen (N2) in the process of nitrogen fixation. This is an ecologically 

important factor because of the high abundance of N2 in the atmosphere, while 

nitrogen in other forms may represent a limiting factor in the environment for the 

growth of organisms (Madigan, 2003). Nitrogen is quite abundant in the natural 

environment, with dinitrogen gas (N2) representing approximately 78% of Earth’s 

atmosphere (Galloway et al., 2004; EFMA, 2006). 
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Therefore, most of the available nitrogen on Earth is in the form of molecular 

dinitrogen. Dinitrogen is a very stable molecule, with a very strong triple bond 

connecting two nitrogen atoms (see Section 2.2.2). This triple bond requires a high 

amount of energy for breaking, which makes most of the nitrogen in nature 

biologically less available (exceptions are some organisms that can utilise dinitrogen, 

such as nitrogen fixing organisms). In nature, reactive forms of nitrogen are created 

mainly through lightning and via biological nitrogen fixation. Therefore only less than 

2% of the nitrogen on Earth is actually available to living organisms (Galloway, 1998; 

Galloway et al., 2003; Galloway et al., 2004).  

 

Nitrogen is not only crucial for plant growth, but it is also a necessary part of the 

chlorophyll molecule, and as such, essential for the photosynthesis process (Addiscott 

et al., 1991; EFMA, 2006). Nitrogen is also frequently lost from ecosystems to the 

atmosphere, surface waters and groundwater. In addition, the cycling of nitrogen 

through natural terrestrial systems is often slowed down by various factors within the 

ecosystems, such as the nature of the C-N bond in soil organic matter and litter, or high 

C:N ratios in plants (generally plant C:N is often > 100), etc. (Vitousek et al., 2002). 

Primary production of ecosystems is often nitrogen limited; therefore, the nitrogen 

limitation was also a crucial factor influencing the productivity of pre-industrial 

agriculture. This changed after the Haber-Bosch synthesis of ammonia at the beginning 

of 20
th

 century [i.e. Haber discovered ammonia synthesis in 1909; large-scale ammonia 

production was made by Bosch (1913)], which soon led to a very rapid use of nitrogen 

fertilisers in agriculture worldwide. The significant increase in nitrogen fertiliser 

consumption from the 1950s was evident worldwide with slight drops corresponding 

to the two oil crises in the 1970s and 1980s (Figure 2.1.) (EFMA, 2006). Globally 

during the mid-1990s approximately 50% of all nutrients received by crops were in the 

form of synthetic fertilisers (Smil, 2002). According to Smil (2002), nowadays, 

without synthetic fertilisers, only c. 40% of world population could be supplied with 

enough food for survival (Figure 2.1).  

 

In order to meet the increasing food demand by the growing population on a global 

scale, modern agriculture had to use large amounts of synthetic fertilisers for doubling 

the global cereal production in the past 50 years (Tilman et al., 2002). Therefore, 

modern agriculture (besides the increased global production of energy) is one of the 
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major causes of human alteration of the nitrogen cycle today, which has caused strong 

environmental impacts, i.e. often resulting in an increase of nitrate and other nutrients 

in groundwater and in surface waters (Vitousek et al., 1997; Tilman et al., 2002; 

Galloway et al., 2004). 

 

 

 

Figure 2.1 Nitrogen consumption worldwide  

[Adapted from EFMA (2006)]  

 

In many cases nitrogen inputs in the form of fertilisers exceed the outputs in the form 

of crops. This surplus nitrogen can result in nitrate leaching losses to groundwater and 

surface waters (Carpenter et al., 1998). Further discussion on nitrogen leaching from 

arable land is given in Chapter 7. Nutrient enrichment of natural aquatic ecosystems 

(such as elevated concentrations of nitrate by diffuse agricultural pollution) is known 

to have potentially negative impacts on the aquatic environment - e.g. loss of habitats 

and eutrophication in rivers, lakes, estuaries, and coastal oceans (Carpenter et al., 

1998). Nitrate has the ability to readily dissolve in water, and therefore the quality of 

water is directly affected by the elevated nitrate concentrations, and at the same time 

water also represents a transport means for dissolved nitrates (i.e. nitrate enriched soil-

water can percolate to groundwater, and it can be transported further to other water-

bodies - e.g. deeper groundwater and surface waters). In addition to aquatic pollution, 

agricultural N also contributes to atmospheric pollution: N2O, NOx, NH3 (e.g. c. 30% 

of N2O emission, while N2O alone contributes approximately 6% to the total global 

warming) (EFMA, 2006). 

 

Note: This figure can be under/over-estimated depending on how agricultural systems in different 
countries depend on the application of synthetic fertilisers (Smil, 2002). 

 
 
 
 
 
 
 
Figure is not available for viewing in the electronic copy of the thesis. 
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Because the pressures on the natural environment by agriculture are expected to 

increase even more in future together with global population growth, it is important to 

ensure the protection of natural water resources and other natural habitats. In addition 

to growing population demands for clean fresh water, the future projected expansion of 

agriculture is expected to result not only in greater pollution pressures, but also in 

increased water consumption (i.e. due to irrigation) (Tilman et al., 2002). According to 

Tilman et al. (2001), the forecast for global nitrogen fertilisation by 2050 (based on 

past fertilisation trends) is 2.7 times the present amount. Obviously the growing global 

population can potentially cause another future rapid agricultural expansion on a global 

scale with large and irreversible negative impacts on the natural environment (Tilman 

et al., 2001). 

 

Water is a crucial substance for life on planet Earth and groundwater is known to be a 

very important natural fresh water resource. Groundwater represents an important 

drinking water supply (e.g. it supplies approximately 20 - 25% of drinking water in 

Ireland), and its protection is also crucial for conservation of groundwater dependent 

ecosystems, such as wetlands and rivers (DoELG et al., 1999). The protection of 

groundwater quality is therefore another growing issue. Spalding and Exner (1993) 

report that elevated nitrate concentrations often exceeding the level of 10 mg N/l can 

be observed in many parts of USA, EU countries, Africa, Middle East, Australia and 

New Zealand. Due to generally longer residence times in groundwater (compared to 

surface waters) it can be quite difficult to restore groundwater systems to their initial 

quality once they have been polluted (Chilton and Foster, 1996). Further discussion on 

issues related to the hydrogeological aspects of nitrate leaching and transport to 

groundwater is provided in Section 2.3. 

 

2.2.2 Nitrogen cycling and transformations in the environment 

 

 Introduction to nitrogen transformations  

In order to understand the processes of nitrate leaching to groundwaters and surface 

waters one should first be familiar with the various different forms and the many 

transformations that nitrogen can undergo naturally in the environment. A general 

description of nitrogen transformation processes and the associated different forms of 
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nitrogen is therefore given in this section. A simplified scheme of the nitrogen cycle 

(N-cycle) is presented in Figure 2.2. Nitrogen can be transformed to many different 

organic and inorganic forms through oxidation and reduction reactions that mostly 

involve microorganisms (Buss et al., 2005). These can be aerobic organisms (that live 

in the presence of O2 or in oxic conditions), or anaerobic organisms (that live in anoxic 

conditions or in the absence of O2) (Madigan et al., 2003). In this section of Chapter 2 

these transformations are categorized as follows (see Figure 2.2 and Table 2.1):  

 nitrogen fixation 

 mineralisation (ammonification) 

 volatilisation 

 oxidation of ammonia: 

o nitrification (oxidation of ammonia under oxic conditions) 

o anammox (oxidation of ammonia under anoxic conditions) 

 reduction of nitrate: 

o assimilative nitrate reduction 

o dissimilative nitrate reduction or denitrification 

o DNRA (process of dissimilative nitrate reduction to ammonium) 

 microbial assimilation (microbial immobilization) 

 plant uptake 

(Tiedje, 1988; Madigan et al., 2003; Bitton, 2005; Buss et al., 2005; Krešić, 2007). 

 

A special emphasis is given to the process of nitrogen uptake by plants in order to 

provide relevant background for discussions in Chapters 7 and 8 (in relation to the 

over-winter green cover N uptake). Because nitrate in nature is not significantly 

adsorbed, nor can it form insoluble minerals that could precipitate, the only way to 

remove the nitrate that has been already leached to the groundwater is via reduction 

processes (Appelo and Postma, 2005). Therefore, in this section a special emphasis is 

also given to the reduction of nitrate, and related processes, mainly denitrification.  
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Figure 2.2 Simplified N-cycle with main N transformation processes  

[Adapted from Encyclopædia Britannica (2009), Rivett et al., (2008) and McLaren and 

Cameron (1990)]  

Note: Subsurface processes do not appear in vertical or horizontal direction as schematically 
presented with arrows; the arrows merely represent links between different processes and 
environment and their interactions 

 
 
 
 
 
Figure is not available for viewing in the electronic copy of the thesis. 
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Table 2.1 Nitrogen transformation processes and some accompanying chemical 

reactions  

 
  N TRANSFORMATIONS 

P
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Nitrogen is reduced to ammonium that is then converted into organic N: 

N2 + 8H
+
 + 8e

-
 → 2NH3 + H2 

 

(Madigan et al., 2003) 

M
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 Proteins → Amino-acids → Oxidative or reductive deamination to NH4
+   

 

 

e.g. transformation of urea to ammonium: 

CO(NH2)2 + H2O →enzyme Urease → 2NH3 + CO2                                                           (Bitton, 2005) 
 

V
o

la
ti

li
sa

ti
o

n
 

 

 

Ammonia (NH3) is volatile- →  Loss to atmosphere
 

NH4
+
 → NH3+ H

+
 

 

(Madigan et al., 2003; Bitton, 2005) 
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[Adapted from Madigan et al. (2003) and Bitton (2005)] 
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NH4
+  

is oxidised with nitrite as electron acceptor: 

NH4
+
 + NO2

-
 → N2O + 2H2O 

 

Bacteria can grow using CO2 as carbon source: 

CO2 + 2NO2
-
 + H2O → CH2O + NO3

-                          
(Madigan et al., 2003) 
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Nitrate (NO3
-
)→ Nitrite (NO2

-
)→ Ammonia (used for cellular growth) 

 

Key enzymes are assimilatory nitrate reductases. 

 

(Tiedje, 1988; Madigan et al., 2003) 
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Table 2.1 - continued 

 

  N TRANSFORMATIONS 
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Adapted from Madigan et al (2003). 
 

 

o Transfer of nitrate to dinitrogen (Buss et al., 2005; Rivett et al., 

2008): 

               2NO3
-
 + 12H

+
 + 10e

-
 → N2 + 6H2O 

 

o Heterotrophic denitrification – organic carbon is microbially 

oxidized: 

               4NO3
-
 + 5CH2O → 2N2 + 4HCO3

-
 + CO2 + 3H2O   

               (Buss et al., 2005) 

o Examples of nitrate reduction by Fe
2+

 : 

               (increasing rate with   increasing pH)  

              12Fe
2+

 + 2NO3
-
 + 11H2O → 4Fe3O4 +N2O + 22H

+ 

              15Fe
2+

 + NO3
-
 + 13H2O → 5Fe3O4+N2 + 28H

+ 

              10Fe
2+

 + NO3
-
 + 13H2O → 10FeOOH +N2 + 18H

+ 

              (Ottley et al., 1997; Buss et al., 2005; Rivett et al., 2008). 

o Reduced sulphur microbial oxidation - iron sulphide can act as an 

electron donor (Korom (1992)–cited in Buss et al (2005); (Ottley et 

al., 1997; Rivett et al., 2008)):  

              5FeS2+ 14NO3
-
 + 4H

+
 → 10SO4

2-
+7N2 + 5Fe

2+
 + 2H2O
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DNRA process (Robertson et al., 1996; Rivett et al., 2008) 
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Assimilation of NO3
-
 by microorganisms →  into PON 

                                                                       (particulate organic N) 

(Kelso et al., 1999) 
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Transformation of nitrate to 

ammonium in plant tissues: 

NO3
-
+ 2e

-
→ NO2

-
 

NO3
-
+ 6e

-
→ NH4

+ 

Ammonium is then incorporated 

into amino acids. 

(Whitehead, 1995) 
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 Nitrogen fixation  

The reduction of N2 is very energy consuming (high activation energy) due to the 

strong triple covalent bond (N≡N), and only a few organisms are able to use it in the 

process named nitrogen fixation. In this process the nitrogen is reduced to ammonium, 

which is then converted into organic N (Table 2.1) (Madigan et al., 2003). Reduction 

of N2 is done via Nitrogenase enzyme complex (Dinitrogenase and Dinitrogenase 

reductase
) 
and is inhibited by O2 (Madigan et al., 2003). There are two categories of 

nitrogen fixing microorganisms (Madigan et al., 2003; Bitton, 2005):  

 free living (or non-symbiotic) microorganisms that include aerobic organisms 

(e.g. Azotobacter and Cyanobacteria), and anaerobic organisms (e.g. 

Clostridium and purple and green bacteria); 

 symbiotic microorganisms (e.g. Rhizobium or Frankia
)
 that enter a symbiotic 

relationship with higher plants (after infection of the root of leguminous plants 

Rhizobium forms a nodule where the nitrogen fixation takes place). 

Some studies, such as ones performed by Radutoiu et al. (2003), showed that 

molecular recognition of symbiotic bacteria by legume plants is required in order that 

bacteria can enter into root hairs and therefore this symbiosis is controlled by plants 

(Madigan et al., 2003). 

 

 Mineralisation (ammonification)  

Organic nitrogen compounds in soils are mostly in the form of amino acids, as amino 

R-NH2 groups, in proteins and as part of humic compounds, and represent at least 95% 

of nitrogen in soils (Madigan et al., 2003; Bitton, 2005; Buss et al., 2005). 

Mineralisation or ammonification is the process of transformation (decomposition) of 

organic nitrogen compounds to more simple amino acids and finally to ammonium 

(Table 2.1). This process is performed by many different microorganisms such as 

bacteria, actinomycetes and fungi (Bitton, 2005) and it can take place in oxic and 

anoxic conditions (Madigan et al., 2003). It is an inverse process of immobilization 

(inverse of biological assimilation) (Krešić, 2007). The amount of mineral nitrogen 

present in the soil depends on the net mineralisation, which is the balance between 

mineralisation and immobilisation processes (Silgram and Shepherd, 1999). 
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 Volatilisation  

Ammonia is volatile and some loss to atmosphere can occur:  NH4
+
 → NH3 + H

+ 

(Madigan et al., 2003; Bitton, 2005). However at neutral and acidic pH, the ammonium 

NH4
+ 

ion is predominant. Ammonium, if present in the form of ion (NH4
+ 

) is stable 

under anoxic conditions (Madigan et al., 2003). The ammonium ion (NH4
+
) can also be 

adsorbed by clay particles (Ongley, 1996). 

 

 Ammonia oxidation (oxic): Nitrification  

Nitrification is a microbial oxidation process that takes place under oxic conditions in 

which nitrate is produced from ammonia [via aerobic oxidation of NH3 to nitrite    

(NO2
-
) and nitrate (NO3

-
)] (Bitton, 2005; Krešić, 2007). This is done by aerobic 

nitrifying (ammonia oxidising) bacteria (Bitton, 2005). These bacteria are 

chemolithotrophs (they obtain energy from inorganic compounds, but can also grow 

chemoorganotrophically) (Madigan et al., 2003). Nitrification consumes alkalinity (pH 

drops) (Bitton, 2005) resulting in soil acidification. In this process O2 is an electron 

acceptor while ammonia is an electron donor and is often aerobically oxidised to nitrite 

by ammonia oxidizing bacteria such as Nitrosomonas, an autotrophic bacterium 

(Madigan et al., 2003; Bitton, 2005). Ammonium oxidizers include also the genera 

Nitrosospira, Nitrosolobus and Nitrosvibrio (Krešić, 2007). Nitrite (also an electron 

donor) is then oxidised to nitrate by nitrite oxidizing bacteria, e.g. Nitrobacter 

(Madigan et al., 2003; Bitton, 2005; Krešić, 2007). The key enzymes involved are 

indicated in Table 2.1 (Madigan et al., 2003; Bitton, 2005; Krešić, 2007). In general, it 

was believed that nitrification is mainly done by autotrophic prokaryotes (Leininger et 

al., 2006) (sometimes heterotrophic by fungi), but more recent studies have proven it 

can be done also by ammonia oxidizing prokaryotes (Allaby, 1998; Leininger et al., 

2006). A study by Hipkin et al. (2004) showed that nitrification can be done even by 

some photoautotrophic plants that generate oxidised inorganic nitrogen in their shoots 

in a process which is not ammonia limited (N2 is transformed to nitrite and nitrate). 

Nevertheless the input of nitrate by plants is considerably low compared to microbial 

nitrification (Hipkin et al., 2004). 

 

 Ammonia oxidation (anoxic): Anammox  

Anammox is inhibited by high levels of O2 and is a very exergonic process [energy 

releasing process (Isaacs et al., 1996a)] that takes place under anoxic conditions in 
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which NH4
+  

is oxidised with nitrite as the electron acceptor (see Table 2.1; NO2
-
 is a 

product of ammonia oxidation by aerobic nitrifying bacteria as explained in the earlier 

paragraph on nitrification) (Madigan et al., 2003). The levels of O2 will determine if 

oxidation of ammonia will undergo nitrification or anammox process. Habitats that are 

rich in ammonia can have mixed nitrifying bacteria cultures with aerobic nitrifying 

bacteria predominating in oxic zones and anaerobic nitrifying bacteria in anoxic zones. 

The anaerobic nitrifying bacteria are autotrophic bacteria and they can grow by using 

CO2 as a carbon source and NO2
-
 as an electron donor (Madigan et al., 2003). 

 

 Reduction of nitrate: Assimilative reduction of nitrate  

Assimilative reduction of nitrate is a process where nitrate is transformed first to nitrite 

and then to ammonia, which is used for cellular growth in proteins and nucleic acids. 

The key enzymes are assimilatory nitrate reductases, which are not inhibited by O2 

(Tiedje, 1988; Madigan et al., 2003). Some organisms can contain dissimilatory nitrate 

reductases in addition to the assimilatory nitrate reductases (Sias et al., 1980). 

 

 Reduction of nitrate: Denitrification or dissimilative reduction of nitrate 

In this dissimilative nitrate reduction process, N2 and N2O are its end products. In 

dissimilative process NO3
-
 is used for anaerobic respiration as an electron acceptor for 

energy metabolism and is reduced to gaseous forms of nitrogen (N2O, NO and N2) that 

can be lost to the atmosphere (Madigan et al., 2003; Appelo and Postma, 2005; Bitton, 

2005; Krešić, 2007; Rivett et al., 2008). Denitrification produces alkalinity (therefore 

pH increases) (Bitton, 2005), and it is not a reversible reaction (Appelo and Postma, 

2005). 

 

Denitrifying microorganisms (autotrophic or heterotrophic) are metabolically diverse, 

and are mainly facultative anaerobic heterotrophs (they can switch to anaerobic growth 

in anoxic conditions and in the presence of nitrate) (Bitton, 2005; Buss et al., 2005; 

Rivett et al., 2008); and many can also grow by fermentation (Madigan et al., 2003). 

They can be chemoorganotrophs, chemolithotrophs or phototrophs using for their 

energy source organic chemicals, inorganic chemicals and light, respectively (Tiedje, 

1988). The denitrifying bacteria are Prokaryotes, members of Proteobactera (with 

Pseudomonas being one of the most studied denitrifying microorganisms). The 

denitrification process involves several steps with dissimilatory nitrate reductases, key 
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enzymes which are oxygen sensitive (Table 2.1) (Madigan et al., 2003). In 

heterotrophic denitrification the organic carbon forms are electron donors and are 

microbially oxidized (Table 2.1). Therefore the denitrification activity is often related 

to the amount and availability of dissolved organic carbon (DOC) (Rivett et al., 2008). 

Theoretically prokaryotes were thought to be able to use nitrate to oxidise methane in 

an anaerobic denitrification process. This was proved by Raghoebarsing et al. (2006). 

Examples of autotrophic denitrification are reduced iron and reduced sulphur 

denitrification (Appelo and Postma, 2005; Buss et al., 2005). Autotrophic 

denitrification as nitrate reduction via Fe
2+

 is a biotic process (due to Gallionella 

ferruginea bacterium). 

 

However there exists also an abiotic process, that is not entirely understood, but it 

appears that Cu (II) catalyses the abiotic process. Some examples of reactions 

involving nitrate reduction via Fe
2+

 are given in Table 2.1 (Ottley et al., 1997; Buss et 

al., 2005; Rivett et al., 2008). The reduced sulphur microbial oxidation to S (+VI) can 

take place with nitrate and sulphur in different forms such as S(-II), S(-I), S(0), S(+II) 

etc. that can be present as H2S, FeS2, elemental S and thiosulphate (S2O3
2−

) 

respectively (Table 2.1). Sulphides (mainly of  iron or manganese) can act as electron 

donors in an aquifer under specific conditions (reaction examples given in Table 2.1) 

(Robertson et al., 1996; Ottley et al., 1997; Buss et al., 2005; Rivett et al., 2008). In 

aquifers the nitrate is reduced and pyrite (FeS2; an electron donor) is oxidised; 

therefore this is a process that consumes protons. Due to the inhibiting of proton 

consumption by dissolution of carbonate it was thought that this process does not take 

place in carbonate aquifers; however, in their study of pyrite oxidation in a limestone 

(mainly CaCO3) aquifer Moncaster et al. (2000) concluded that this process probably 

takes place in microenvironments where protons are available from oxidation of Fe 

(II). In addition the Fe
2+ 

ions that are produced during the denitirification process by 

sulphide can also add to denitrification potential (Kölle et al (1985) - cited in Buss et al 

(2005). Denitrification can also occur by multiple electron donors i.e. organic carbon 

and reduced sulphur (Buss et al., 2005). 
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 Reduction of nitrate: Dissimilative nitrate reduction to ammonium 

(DNRA) 

The anaerobic reduction of nitrate to ammonium (Table 2.1) can be done by some 

prokaryotes (fermentative, strictly anaerobic bacteria (Hill, 1996)) in their dissimilative 

metabolism (Tiedje, 1988; Madigan et al., 2003). DNRA is less common than 

denitrification and its occurrence is probably controlled by the availability of organic 

carbon (Rivett et al., 2008). DNRA is more likely to occur if nitrate is limited, while 

denitrification will be favoured if organic carbon is limited (Korom (1992), cited in 

Buss et al (2005); (Tiedje, 1988; Kelso et al., 1997; Rivett et al., 2008). According to 

Kelso et al. (1997) DNRA is more likely to occur in the presence of high nitrite 

concentrations. Therefore high nitrite concentrations can indicate the dominance of 

DNRA process. 

 

 Nitrate assimilation (immobilization) by microorganisms 

The assimilation of nitrate by microorganisms for their growth can be important under 

specific circumstances (Rivett et al., 2008). In a study by Kelso et al. (1999) on how 

different organic substrates influence the nitrate reduction process, they determined 

that the assimilation of nitrate into particulate organic N in the presence of a glucose 

substrate exceeded other treatments by 50%. The significance of microbial nitrate 

assimilation is in general difficult to predict. Heterotrophic microbial assimilation of 

ammonium is more likely to occur than assimilation of nitrate (Hill, 1996). 

 

 Nitrogen uptake by plants 

Nitrogen is often a limiting factor for growth of plants because it is an essential 

element of their tissue (protein amino acids and chlorophyll) (Whitehead, 1995; 

Blumenthal et al., 2001). The amount of nitrogen uptake by plants depends on the 

growing conditions. In general plants contain c. 3 to 4% of N per dry plant biomass 

(EFMA, 2006). Plant roots absorb mineral nitrogen, which is then metabolised into 

organic form of amino nitrogen (-NH2) and is trans-located to the upper parts of the 

plant, and converted to amino acids and proteins (Table 2.1) (EFMA, 2006). 

 

Nitrogen in the form of nitrate and ammonium ions is readily absorbed by most of the 

higher plant roots (Whitehead, 1995). Nitrate is the preferred form of nitrogen; 

however, if for example, the nitrification is too slow, plants can also absorb 
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ammonium (Barber (1984) cited by Whitehead (1995)). Ammonium nitrogen can also 

undergo clay mineral fixation (as explained earlier NH4
+
 can adsorb to clay particles), 

and therefore plants have to take it up via roots at the sorption site. This is not the case 

for nitrate which is freely available in the soil-water solution and readily delivered to 

the plant roots (EFMA, 2006). Ammonium in high concentrations is toxic to plants. 

Temperature and pH influence the uptake ratio of nitrate and ammonium by plants 

(Whitehead, 1995). 

 

In the case of nitrate absorption via roots, one part of this nitrate is transformed in the 

roots to amino acids and amides prior to its trans-location to other parts of the plant. 

Another part of root-absorbed nitrate is trans-located to the plant shoots (as nitrate) 

(Whitehead, 1995). After root absorption of nitrate, the nitrate undergoes a 

transformation to ammonium within the plant tissue. This nitrate reduction is an 

energy consuming process (requires energy from photosynthesis) involving a plant 

enzyme. The activity of nitrate reductase enzyme (which is present in plant roots) 

declines with the root maturity. Therefore with increasing root maturity, there is an 

increase in the proportion of unchanged transported nitrate (that was previously 

absorbed through the roots) (Haynes (1986) cited by Whitehead (1995)). 

 

Once nitrate has been transformed to ammonium, other plant enzymes are needed to 

incorporate the ammonium into organic compounds. Ammonium undergoes a rapid 

metabolisation process in which amino acids and amides are synthesized via glutamate 

(C5H8NO4-) synthase cycle (Whitehead, 1995; Campbell and Reece, 2005; 

ChemIndustry.com, 2008). In ammonium absorption, the ammonium usually 

undergoes a rapid transformation to amino acids and amides, which takes place in the 

plant root system (Whitehead, 1995). Through their roots, plants can also absorb other 

forms of nitrogen, such as amino-acids and urea (Table 2.1). Nevertheless, the plant 

uptake of these compounds is very low, because they undergo very fast microbial 

transformation to ammonium in soil. In quite small amounts, plants are also able to 

absorb (through their leaves) some forms of gaseous nitrogen (e.g. NH3, NO2) 

(Whitehead, 1995). 
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2.3 Hydrogeological aspects of nitrate leaching and 

transport to groundwater 

 

2.3.1 Introduction to hydrogeological aspects of nitrate leaching  

 

Due to the nature of nitrate to be readily dissolved in water, water plays a major role in 

transport of this nutrient through the soil and sediments. The characteristics of soil and 

geological material in connection with water also play a very important role in 

transport, spreading, dispersion and diffusion of contaminants such as nitrate (Egboka 

et al., 1989; Whitehead, 1995; Price, 2002), and are discussed in this section. This 

section covers some very general hydrogeological aspects of nitrate leaching to 

groundwater. 

 

2.3.2 The role of groundwater in hydrologic cycle  

 

The hydrological cycle is a simplified conceptual model of water-movement within the 

earth-atmosphere system involving different reservoirs. It includes the transformations 

between liquid, gaseous and solid water states (Davie, 2008). A mathematical 

description of the hydrological cycle is given by the general hydrological equation in 

which inflow equals outflow minus storage change (the storage term means that the 

water in the hydrological cycle can be stored e.g. as groundwater or as snow and ice, in 

lakes and reservoirs etc.) (Fetter, 2001; Davie, 2008). The hydrologic cycle can be 

considered at different scales: e.g. global hydrologic cycle at a large scale, or e.g. 

catchment hydrologic cycle at a smaller scale (Davie, 2008).  

 

Groundwater represents c. 1% of total water amount on Earth, after oceans (c. 97 %), 

ice-caps and glaciers (c. 2%). There is much less water in surface waters (i.e. rivers 

and lakes; c. 0.009 %) and in the atmosphere (c. 0.001%) (Appelo and Postma, 2005). 

In the Earth’s global hydrologic cycle groundwater represents an important component 

because it links the movement of water between other reservoirs (i.e. atmospheric 

water, surface water and oceans) (Price, 2002; Davie, 2008) (Figure 2.3). 
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Figure 2.3 The hydrological cycle  

[Adapted from Fetter (2001) and Davie (2008)] 

 

2.3.3 Classification of water under the ground surface  

 Introduction to the subsurface water classification 

Water from rainfall will infiltrate into a porous soil surface. The soil infiltration 

capacity will depend on the soil type and properties. Most of this water will percolate 

vertically, but it can also form overland flow or puddles (after the final infiltration rate 

has been reached) (Fetter, 2001). The water beneath the ground surface can be 

classified into the unsaturated zone (aerated or vadose zone) and saturated (phreatic) 

zone (Figure 2.4) (Fetter, 2001; Price, 2002). The unsaturated (vadose) zone contains 

pore-spaces that are filled with water and air in different proportions (Krešić, 2007). 

The proportion of water filled pore space in the unsaturated zone is a function of the 

type of soil (e.g. drainage), and meteorological and seasonal conditions. Gravity 

drainage (percolation) is the down-ward water movement that occurs within the 

unsaturated zone due to gravity. However, in addition to gravity drainage there are also 

other different types of water flow that can occur within unsaturated zone. According 

to Fetter (1993) interflow is the process of lateral water flow within the unsaturated 

zone that can occur occasionally; whereas throughflow is the lateral down-slope 

unsaturated flow that occurs within the soil zone if the water infiltrates on a slope. 

Water stored in the unsaturated zone is called vadose water (Fetter, 2001). The pores in 

the saturated zone are filled with water, and the water table represents the top of this 

 
 
 
Figure is not available for viewing in the electronic copy of the thesis. 
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zone (Fetter, 2001). Water stored within saturated zone is referred to groundwater in 

this study. At the top surface of the saturated zone (water table; Figure 2.4) the pore 

water pressure is equal to atmospheric pressure, while beneath it (saturated zone) it is 

greater than atmospheric pressure (Fetter, 2001). 

 

 

Figure 2.4 The hydrogeologic zones of water under the ground surface  

[Adapted from Fetter (2001), Price (2002), Krešić (2007) and Davie (2008)] 

 

 Unsaturated (vadose) zone 

The unsaturated zone can be divided into three zones (Figure 2.4): 

- soil water zone or the belt of soil water, which is the upper part of unsaturated zone; 

- zone of capillary water or capillary fringe the zone just above water-table; 

- intermediate belt or the zone of the intermediate vadose water, which is the zone 

situated in-between the soil water zone and capillary fringe (Fetter, 2001; Krešić, 

2007). Excess vadose water is transported to greater depths via gravity drainage 

entering into the zone of capillary fringe (pores are filled with water, saturation 

approaches 100%). Here the water is held by capillary forces (Fetter, 2001). Lateral 

water flow or interflow can also occur in the unsaturated zone (Fetter, 2001). The soil 
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water zone (or the belt of soil water) is of agricultural importance due to water 

availability to plant roots within this zone: field crops and grass plants in general take 

up the water through their roots from depths up to c. 2 m. The soil water zone can vary 

in thickness (Krešić, 2007). Part of soil water can be discharged into the atmosphere 

mainly via evaporation and plant transpiration (Fetter, 2001; Krešić, 2007). [Note: As 

such, the soil water is likely to undergo the evapo-transpiration from shallow depths 

close to the soil surface and within the plant rooting depths.] 

 

 Saturated zone   

Saturated zone corresponds to the zone in which soil or rock pores are saturated with 

the water, and the water stored in this zone refers to groundwater. Groundwater in this 

zone can move via groundwater flow until it discharges into surface water (Fetter, 

2001). Aquifer is defined as such a geologic unit (formation/group or part of 

formation) with sufficiently saturated permeable material that can supply or yield 

amounts of water significant enough to provide reasonable supply to the wells or 

springs (Price, 1996; Fetter, 2001).  

 Aquifers can be: 

      -  unconfined or water-table aquifers (these are aquifers that are close to the land 

         surface); 

      -  confined or artesian aquifers (which are situated beneath  a low permeability or 

         confining layer); and 

      -  perched aquifers (where the saturated zone is formed on the top of a low permea- 

         bility lens that is situated within highly permeable material) (Fetter, 2001). 

This study is focused on shallow unconfined or water-table type of aquifer. Other 

properties and characteristics of this particular unconfined aquifer that need to be taken 

into account when estimating groundwater flow and travel times in connection with 

nitrate leaching to groundwater and its transport to the nearby river are discussed 

further in separate chapters (Chapters 5 and 6). 
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2.3.4 Hydrogeological characteristics of shallow unconsolidated 

saturated limestone sediments (in relation  to nitrate 

leaching) 

 

The pollutants and contaminants that enter the hydrological cycle can undergo a 

cyclical flux through the cycle (Egboka et al., 1989); and groundwater forms a part of 

this cycle. Even though groundwater is generally thought to be less vulnerable to 

contamination than surface water (since it is less exposed), it should be kept in mind 

that once groundwater becomes contaminated, it is more difficult to clean it up (Krešić, 

2007). From a hydrogeological point of view, nitrate transport mechanisms will be 

affected by various aquifer properties such as the type of sediment formation, grain 

size, porosity, permeability, stratification, layer thickness, etc. (Egboka et al., 1989; 

Whitehead, 1995). Zones with high groundwater velocity represent pathways for fast 

transport of pollutants (Egboka et al., 1989).  

 

Since this study is focused on shallow groundwater, it should be kept in mind that 

shallow aquifers are especially vulnerable to nitrate leaching. Biogeochemical 

transformations of nitrogen often depend on physical and chemical conditions such as 

redox conditions and levels of dissolved oxygen (see Section 2.2.2). Shallow 

groundwaters contain more dissolved oxygen (Egboka et al., 1989). Recharging water 

is often quite oxygenated and oxygen can be carried from the water table to greater 

depths via dispersion flow and diffusion (Krešić, 2007). In addition to oxygen, there 

are also other gases present in groundwater, such as carbon dioxide and nitrogen (inert) 

(Fetter, 2001).  

 

Groundwater in aquifer materials rich in calcium and magnesium carbonates (i.e. 

limestone; such as in the case of limestone shallow sand and gravel aquifer chosen in 

this study - see Chapters 3 and 5) will cause greater hardness of water (Egboka et al., 

1989; Appelo and Postma, 2005; Krešić, 2007). Greater water hardness will be mainly 

caused by percolating rainwater which can form carbonic acids (after it was in contact 

with atmospheric carbon dioxide), and will then react with limestone (Egboka et al., 

1989; Appelo and Postma, 2005; Krešić, 2007). Calcite and dolomite can be soluble in 

rainwater, while a change in pH can cause precipitation of carbonates. The carbonate 
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equilibrium in groundwater represents one of the most important geochemical 

reactions (Fetter, 2001; Appelo and Postma, 2005). 

 

Unconsolidated aquifers (such as coarse sand and gravel aquifers) are often highly 

permeable. They can often remove particulate matter due to presence of pores between 

grains [corresponding to primary porosity and intergranular porosity] (Fetter, 2001; 

Krešić, 2007). Water can move through the sediments because the pores are 

interconnected, and the ability of the sediment/rock to transmit and hold the water is 

one of its crucial properties (Fetter, 2001). Hydrologic characteristics of permeable 

medium describing the rate at which water can move through it are often expressed 

using coefficient K or hydraulic conductivity (Fetter, 2001), which is further explained 

in Chapters 5 and 6 in relation to Darcy’s law (see Section 5.3.1 and Sections 6.4 and 

6.5). Contaminants that are readily dissolved in water, such as nitrate, are not removed 

through the filtering capacity of coarse sand and gravel aquifers; they can be diluted, 

but in general they do not undergo much attenuation (Fetter, 2001).  

 

2.3.5 Irish groundwater vulnerability assessment 

 

The Irish groundwater vulnerability assessment procedures are mainly related to the 

pollution pathway issues (and therefore they are included in this section of Chapter 2). 

Ireland has developed so called Groundwater Protection Schemes, which are practical 

and effective means of protecting the groundwater from pollution (DEHLG/EPA/GSI, 

1999). The overall goal of the Groundwater Protection Schemes is conservation of 

groundwater quality especially for drinking water purposes in the form of a decision-

making tool. The methodology for the preparation of these schemes has been jointly 

developed by the Geological Survey of Ireland (GSI), the Department of Environment 

and Local Government (DEHLG) and Irish EPA (DEHLG/EPA/GSI, 1999). 

 

A crucial background for the Groundwater Protection Schemes methodology is the so 

called source - pathway - target approach. A Groundwater Protection Scheme consists 

of land surface zones (or groundwater protection zones), which are based on aquifer 

hydrogeological information and vulnerability; and groundwater protection responses, 

which are responses to potentially polluting activities, providing guidelines whether 
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such activities are acceptable or not, or whether further investigations are necessary 

(DEHLG/EPA/GSI, 1999). Groundwater Protection Schemes have their limitations, 

mainly due to the limited availability of data that they require. Vulnerability 

assessment in the Irish scheme mainly focuses on the issue of whether the water and 

dissolved contaminants can be transmitted into groundwater easily, by considering the 

permeability and thickness of material overlying bedrock (termed subsoil). 

 

The guidelines for groundwater vulnerability categorisation are given in Table 2.2 

(DEHLG/EPA/GSI, 1999). Table 2.2 shows that although Irish vulnerability zones are 

generally based on permeability and thickness of subsoils (unconsolidated sediments) 

above bedrock aquifers, in the case of sand and gravel aquifers the vulnerability 

classification depends on the unsaturated zone thickness. There is a distinction 

between the approaches for bedrock and for sand and gravel aquifers (Table 2.2). In 

the case of bedrock aquifers subsoil thickness and permeability are taken into account, 

but for subsoil < 3 m thick, only thickness is considered. In the case of sand and gravel 

aquifers (which are composed of subsoil), the vulnerability is assessed not by subsoil 

type and thickness, but by unsaturated zone thickness alone:  

- extreme vulnerability (< 3 m thick) and  

- high vulnerability (> 3 m thick) (Table 2.2). 

Table 2.2 shows that no sand and gravel aquifers are being classed as moderate or low 

vulnerability because of their high permeability. In the case of the extreme category 

the scheme does take into account the permeability of the subsoil (i.e. it does not 

compare “like with like” in terms of the type of subsoil material), assuming that areas 

with unsaturated zone < 3 m are all extremely vulnerable regardless of the subsoil 

permeability (e.g. subsurface waste disposal at 1 - 2 m depth) (DEHLG/EPA/GSI, 

1999). 

 

Although the Irish Groundwater Protection Schemes are concerned with subsoil rather 

than soil characteristics, some soil information is used in the risk assessment of Irish 

groundwater bodies for the WFD (WFD Ireland, 2005). The risk assessment sheet for 

diffuse mobile inorganics (nitrates) GWRA3 (part of the guidance document GW8) 

includes in the risk matrices a distinction between ‘wet’ soil and ‘low permeability 

subsoils’ for the categorization of the pathway susceptibility (in vertical direction), 

(WFD Ireland, 2005). Different from Irish are for example the groundwater 
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vulnerability classifications used in UK [which is based on the soil properties and type 

of soil, considering its texture, leaching potential, etc.; (NRA, 1992)] or USA approach 

[so called “DRASTIC” ranking scheme, which calculates a vulnerability index using 

seven different variables (Aller et al., 1987)].  

 

 

Table 2.2 Groundwater Protection Scheme vulnerability categorisation guidelines 

 
[Reproduced from DEHLG/EPA/GSI (1999)] 

 

 

2.4 Nitrate as a problem in the environment 

 

2.4.1 Nitrate and a concern for health  

 

Because the human body usually excretes consumed nitrate quite rapidly through 

urine, nitrate itself is not considered as a toxic substance for humans (Addiscott, 1996; 

EFMA, 2006). Nitrate becomes problematic for human health if it is converted to 

nitrite (i.e. via aerobic microbes), which can happen in nature, but also within a human 

body (Addiscott, 1996). 

 

In the human body the consumed nitrate can be reduced to nitrite, which can form 

metahaemoglobin by binding to haemoglobin. Metahaemoglobin (if present in elevated 

concentrations) interacts with the blood’s capacity to carry oxygen in the human body, 

which is particularly dangerous for infants (because infants have lower levels of an 

 
 
 
 
Table is not available for viewing in the electronic copy of the thesis. 
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enzyme necessary to convert metahaemoglobin back to haemoglobin) (Ward et al., 

2005). In 1945 Comly reported the case of infant methaemoglobinemia which occurred 

after consumption of water extracted from a well with elevated concentrations of 

nitrate (cited by Addiscott and Benjamin (2004), Ward et al. (2005), and EFMA 

(2006)). Another reason for human health concern associated with elevated nitrate 

concentration is the hypothesis of the formation of N-nitroso compounds in the 

stomach (forming from nitrite which would originate from nitrate). Theoretically the 

N-nitroso compounds potentially could cause cancer due to their capability of 

modifying some DNA components (Addiscott et al., 1991). Both potential risks for 

methaemoglobinemia and for stomach cancer have caused a general concern for 

human health, and precautions have been implemented to prevent increased intake of 

nitrates by humans. This was done by the introduction of a limit for nitrate intake in 

drinking water of 50 mg NO3
-
 /l introduced by World Health Organisation (WHO) and 

EU Drinking Water Directive (EC, 1998; WHO, 2004; see further discussion in 

Section 2.5).  

 

However, some later research suggests that there is not enough evidence that elevated 

nitrate concentrations actually represent a serious threat to human health (Addiscott 

and Benjamin, 2004). There is a considerable suspicion among some scientists that 

infant methaemoglobinemia may not actually be caused by elevated nitrate 

concentrations alone, but by the bacteria presence in the consumed water (Powlson et 

al., 2008). A review by Addiscott and Benjamin (2004) critically discusses the EU 

nitrate drinking water limit, which (according to them) was based on questionable 

medical evidence and was an arbitrary decision because EU made no tests itself. These 

authors also report many cases of infant methaemoglobinemia being documented at 

much higher nitrate concentrations (close to or < 100 mg N/l) than the one introduced 

in the drinking water limit (Addiscott and Benjamin, 2004). According to Avery 

(1999) some scientific reviews show that methaemoglobinemia in infants can occur 

due to inflammation and gastrointestinal infection, and that there is not enough 

indication for increased nitrate levels representing an actual health risk for infants. 

Furthermore, according to Addiscott and Benjamin (2004), nitric oxide (being 

produced from nitrate in the mouth after it is reduced by microbes to nitrite) can have 

an antibacterial and positive effect on human health since it can help controlling the 

pathogen infections in the stomach (e.g. by Salmonella, Escherichia coli). 
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However, Ward et al. (2005) report a US survey of the infant methaemoglobinemia 

cases, which found no record of this illness at quite low observed nitrate levels in the 

drinking-water [i.e. < 10 mg/L nitrate-N; the U.S. regulatory drinking water level for 

nitrate was based on the findings from this survey (Ward et al., 2005)]. Further, 

findings from Knobeloch et al. (2000) do not support the above conclusions on 

elevated nitrate concentrations not representing a threat for human health either. They 

reported two case studies of elevated metahaemoglobin levels in infants (after the 

infants were fed with well-water that contained high nitrate concentrations of 22.9 and 

27.4 mg N/l). In both cases bacterial infection did not contribute to the infants’ illness.  

 

In addition, concern for stomach cancer that could potentially occur due to elevated 

nitrate concentrations seems not to be justified enough: e.g. Duncan et al. (1997) report 

that some later studies show nitrate actually having a positive effect on the resistance 

mechanism against infectious diseases in mammals, and that the formation of 

carcinogenic nitrogen compounds can be prevented via formation of nitrogen oxides 

from nitrates. In fact, nitrate is known to be used as a food preservative usually in meat 

products, as nitrate or nitrite, which is then acidified resulting in nitric oxide that 

affects against some bacteria (botulinum spores) (Addiscott and Benjamin, 2004). 

However, Knobeloch et al. (2000) discuss several other studies reported in the 

literature, on possible risks of gastric cancer development, other suggested risks of 

brain and central nervous system cancers, childhood diabetes and thyroid disease 

development, which could be associated with long-term ingestion of water that 

contains elevated nitrate concentrations.  

 

The above contradictory reports on studies related to nitrate health risks show that it is 

still not completely certain whether elevated nitrate consumption actually represents a 

health hazard for humans or not. However, the existing regulations on nitrate 

concentration limits in the water should not be changed without completing further 

studies that could justify any potential policy changes. Therefore, from the health point 

of view, it is important to prevent nitrate contamination of natural water resources and 

to follow the recommended regulatory nitrate limits.  
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2.4.2 Nitrate from agricultural diffuse sources and a concern for 

the environment 

 

As discussed in Section 2.2.2, nitrate is highly mobile in the environment due to its 

property to readily dissolve in water and because its adsorption onto soil particles is 

minimal (EFMA, 2006). Agriculture is known to be one of the dominating sources of 

diffuse nitrogen pollution in Europe. This makes nitrate a potential environmental 

hazard, depending on the magnitude, time and place of its presence (Addiscott, 1996).  

 

Nitrogen fertilisers are usually in the form of ammonium, nitrate or urea (CO (NH2)2; 

in soil the enzyme urease converts it to ammonium). Urea is frequently used as a 

nitrogen fertiliser because it contains 46% (weight percentage) of nitrogen. 

Ammonium is also frequently used in the form of e.g. ammonium nitrates or 

ammonium phosphates; while some European countries also use calcium nitrate 

fertilisers. Regardless of the fertiliser type, the end product of all nitrogen fertilisers is 

finally nitrate (Addiscott et al., 1991). Nitrogen (originating from fertilisers and from 

soil mineralisation) that has not been taken out by crops has a potential to leach 

through the soil to greater depths. [Further discussion on nitrate leaching from arable 

land, different agricultural practices used to minimize nitrate leaching losses and other 

factors influencing nitrate leaching are given in Chapter 7.]  

 

Naturally occurring nitrate concentrations in groundwater are generally quite low 

(under 10 mg/l NO3
-
) (EEA, 1999); while in unpolluted freshwater nitrate 

concentration ranges from 0.001 to 0.2 mmol /l NO3 (corresponding to 0.06 to 12.40 

mg NO3
-
/l) for nitrates originating from the atmosphere and from organic matter 

(Appelo and Postma, 2005). Algal blooms in rivers, lakes and estuaries are often 

caused by an excess of limiting nutrients (Addiscott, 1996). The eutrophication of 

surface waters is well known to be attributed to enrichment by nutrients such as 

phosphorus and nitrate, with nitrate being of particular importance in estuarine waters.  

 

Nutrient enrichment of waters can cause a decline of nutrient-sensitive water species – 

for example the protected river pearl mussel species, such as Margaritifera 

margaritifera, which is sensitive to elevated water nitrate concentrations (see Section 



Evaluation of measures to reduce                .                       . 
Chapter 2                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

34 

 

2.6). This species has become extinct over the past 25 years in one of Ireland’s rivers - 

the River Barrow (Lucey, 2006). [The River Barrow is located close to the field 

experiments established for the purpose of this doctoral research; see Chapters 3, 5, 7 

and 8).]  

 

It is obvious that nitrate excess can cause the distortion of the ecological balance in 

nutrient-limited ecosystems, their degradation and potential loss of these ecosystems. 

Overall ecosystem biodiversity loss is often a result of excess availability of limiting 

nutrients (Vitousek et al., 1997). From the environmental point of view it is very 

important to ensure limitation and prevention of groundwater pollution. Furthermore 

(as mentioned earlier), it has been recently recognized that there is a rising need to 

consider the groundwater systems not only as important environmental resources but 

also as living ecosystems (Griebler et al., 2009). This issue is further discussed in 

Section 2.5.2.  

 

 

2.5  EU nitrate legislative regulations in relation to 

groundwater protection 

 

2.5.1 Introduction to EU nitrate legislative regulations in relation 

to groundwater protection 

 

In general, naturally occurring nitrate water concentrations are much lower than the 

legally introduced nitrate limits; see Section 2.4.2 (Appelo and Postma, 2005). 

Obviously, human alteration of the nitrogen cycle has resulted in increased nitrate 

loads in natural waters that would most probably rarely occur naturally to such a large 

extent. Nowadays, there is a growing environmental awareness among the general 

population to protect the existing water resources in Europe. According to the recent 

“Eurobarometer on Water” there is an increasing concern for conservation and 

pollution prevention of the water resources in EU (EC, 2009).  
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As mentioned in Section 2.4.1 precautions have been implemented to prevent 

increased intake of nitrates by humans due to a general concern for human health in 

Europe, resulting in the implementation of drinking water standards. The drinking 

water limit introduced by World Health Organisation (WHO) guidelines for drinking 

water quality is 50 mg NO3
-
 /l, which is a guideline limit for short term exposure 

(WHO, 2004). In Europe the EU Drinking Water Directive also limits the drinking 

water nitrate concentrations to 50 mg NO3
-
 /l (EC, 1998).   

 

Because the agricultural diffuse pollution by nitrates represents a well known threat to 

the quality of surface waters and groundwater in general, the EU also introduced a 

directive for protection of waters against agricultural nitrate pollution – the Nitrates 

Directive (EC, 1991), which is discussed in detail in Section 2.5.2. Groundwater 

represents an important drinking water supply in general; therefore both the EU nitrate 

drinking water (DW) limit (50 mg NO3
-
/l or 11.3 mg N/l) (EC, 1998), as well as the 

EU water guideline (25 mg NO3
-
/l or  5.6 mg N/l) (EC, 1980; EPA Ireland, 1993), are 

often used as thresholds for groundwater. The legal actions, introduced for the 

protection of groundwater in the scope of Water Framework Directive, are discussed in 

later parts of this Section 2.5 (see sections below). 

 

2.5.2 The EU directives: DWD, Nitrates Directive, WFD and 

Groundwater Directive 

 

 Drinking Water Directive (DWD) and the nitrate concentration limit 

The EU Drinking water Directive (DWD), which is a directive focused on the quality 

of water intended for human consumption, has set a EU DW limit as explained in 

above Section 2.5.1 (EC, 1998). This particular directive requires that the EC Member 

States ensure to accomplish the following (provided is a direct citation):  

“Member States must ensure that the condition that [nitrate]/50 + [nitrite]/3 ≤ 1, the 

square brackets signifying the concentrations in mg/l for nitrate (NO3) and nitrite 

(NO2), is complied with and that the value of 0,10 mg/l for nitrites is complied with ex 

water treatment works.”, (EC, 1998, Annex I, part B, Note 5, L330/43).  
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 Nitrates Directive 
 

A growing need for increased protection of surface water and groundwater resources 

from agricultural pollution was acknowledged by the introduction of a directive on the 

protection of waters against pollution caused by nitrates from agricultural sources in 

1991 (i.e. the Nitrates Directive, 91/676/EEC) (EC, 1991). The main aim of this 

directive is to prevent nitrates from agricultural sources from polluting the ground and 

surface waters in order to protect water quality in Europe (EC, 1991). For this purpose 

the Nitrates Directive promotes the use of good farming practices. The main steps of 

implementation of the Nitrates Directive are: 

- identification of polluted or threatened waters [e.g. waters that could 

contain a concentration > 50 NO3
-
/l of nitrates; waters that are or could 

become eutrophic]; 

- designation of N ‘vulnerable zones’ (NVZs), as areas which contribute to N 

pollution; 

- establishment of Code(s) of Good Agricultural Practice, to be implemented 

by farmers [on a voluntary basis; including e.g. limitations 

/recommendations regarding the fertiliser application timing and 

 conditions, crop rotations, soil winter cover, catch crops etc.]; 

- establishment of Action Programmes, to be implemented by farmers within 

NVZs for the realisation of objectives stated in the directive. [In particular 

Article 5 of Nitrates Directive requires the member states to establish 

Action Programmes in respect of designated NVZs; see Appendix 2.1. This 

is done on a compulsory basis, including e.g.: measures from the above 

Code(s) and other measures such as the limitation of fertiliser application 

depending on crop needs and all N inputs, and the limitation of animal 

manure applications to maximum 170 kg N organic/ha/year.]; 

- national monitoring and reporting on a 4 year basis (EC, 1991).  

This directive also represents one of the key instruments for protection of waters 

against agricultural pollution (EC, 1991). 

 

 Water Framework Directive (WFD) 

o WFD requirements to achieve ‘good’ water status 
 

The first European water quality legislation dates back to 1975 (focusing on rivers and 

lakes as drinking water sources). Nowadays the EU Water Framework Directive 

(WFD) (2000/60/EC) is concerned with integrated management of all water resources, 
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with the concerns for the protection of waters against pollution caused by nitrates from 

agricultural sources being encompassed within this directive. This directive includes 

requirements for risk assessment and programmes of measures to achieve ‘good’ water 

status by 2015 (EC, 2000). This directive requires integrated management of 

groundwater and surface water resources within River Basin Districts (RBDs). The 

WFD’s Article 5 requires the members to accomplish by 2004 the analysis of RBDs 

including reports on the environmental impact on water bodies (EC, 2004). The idea is 

to manage a single water system by a river basin approach, which is the natural 

geographical and hydrological unit of the water system, rather than by an 

administrative approach and/or political boundaries (EC, 2009). The WFD provides 

several steps for Member States for achieving good quantitative and chemical status of 

groundwaters by 2015; and the programmes of measures for achieving the 

environmental objectives of the WFD are required to be operational by the end of 2012  

(EC, 2000, 2006, 2009a).  Some of the most important steps given by WFD for 

achieving good groundwater status are the following: 

- definition and classification of groundwater bodies within RBDs; 

- establishment of RBD registers of protected areas directly dependent on 

groundwater [including the water bodies used as a drinking water resource, 

protected bathing water areas, nitrate vulnerable zones, urban wastewater 

sensitive areas, and areas designated for the protection of habitats and species]; 

- establishment of groundwater monitoring networks and monitoring 

programmes; 

- establishment of RBD management plans (RBMP) that will include pressures, 

monitoring results, water-use economic analysis, and programmes for pollution 

protection, control and remediation measures (EC, 2000, 2006, 2009a). 

 

o Groundwater protection in WFD 

Some of the main steps that involve groundwater protection within WFD 

(2000/60/EC)) are: 

- definition and classification of groundwater bodies (GWB) within RBDs by 

Member States [including their classification based on pressures; 

identification of GWB at risk of not achieving WFD environmental 

objectives and providing a synthesised report on GWB to the EC by 2005; 

in particular the Article 5 of WFD requires the characterisation of the 
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RBDs, including a review of the environmental impact of human activity 

and economic analysis of water use]; 

- establishment of registers of protected areas of each RBD for those 

groundwater dependent areas, habitats and species, including all bodies of 

water, used as a drinking water supply and all other protected areas 

[protected by other EU directives]; 

- design and establishment of groundwater monitoring networks by Member 

States that had to be operational by the end of 2006 [based on the results 

from the classification, and with a purpose to provide a comprehensive 

overview of chemical and quantitative status of GWB]; 

- set up of a river basin management plan (RBMP) for each RBD including a 

summary of pressures and impacts on the status of GWB [also in a form of 

map], which had to be done by the end of 2009; with a review planned by 

the end of 2015, and every 6 years thereafter. 

 

 Groundwater ‘daughter’ Directive (GWDD) 

The main purpose of this directive is to establish specific measures for the WFD (i.e. 

for WFD Articles 17(1) and (2)), for preventing and controlling groundwater pollution 

(see earlier section). As such the Groundwater Directive (2006/118/EC) has been 

developed as a result of the requirements of the WFD, in which the components of the 

WFD cover a number of different steps for achieving its good status by 2015. The 

Groundwater Directive (2006/118/EC) itself provides (among others) the criteria and 

procedures for assessing groundwater chemical status based on the use of GW quality 

standards and threshold values. This directive provides information on quality 

standards, input limits and pollution prevention measures for GWB (EC, 2006). 

Groundwater quality standards for nitrates limit set up in this directive follow the DW 

limit of 50 mg NO3
-
/l (corresponding to 11.3 mg N/l set by Drinking Water Directive 

(98/93/EC) and WFD (2000/60/EC)) (EC, 1998, 2000, 2006).  

 

It is also important to mention that in addition to groundwater being an important 

water resource, the WFD ecological objectives have finally recognised also its 

environmental value (Daly, 2009). As noted earlier in Section 2.4.2, there has been 

identified a recent need, within European environmental policy and water legislation 

(EC Groundwater Directive), to start to consider groundwater as a living ecosystem. 
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This requires consideration of groundwater biological and ecological assessment 

criteria (which are currently not yet available - i.e. definition and development of a 

conceptual framework for an ecological groundwater assessment scheme are required ) 

(Griebler et al., 2009). 

 

2.5.3 Irish implementation of EU nitrate legislative regulations in 

relation to groundwater protection 

 

 Irish drinking water regulations and nitrate concentration limit  

Ireland as one of the Member States should assure the nitrate drinking water (DW) 

limit of 50 mg NO3
-
/l, according to the requirements of the EU Drinking water 

Directive (DWD), as discussed in above Section 2.5.2 (EC, 1998). In Ireland all 

drinking water (including the groundwater) has to comply with the EC (Drinking 

Water) (No. 2) regulations of 2007 that set standards for a number of individual 

microbiological, chemical and indicator parameters (EPA Ireland, 2009). Monitoring 

tests are used to determine the safety of drinking water supplies in Ireland (EPA 

Ireland, 2009). The security of DW in Ireland is assessed under three major activity 

areas:  

- assessing water quality risks [includes water supply from catchment to 

consumer];  

- monitoring quality risks [includes water supply from catchment to consumer];  

- managing the water supply [including periods of normal and incident 

conditions] (EPA Ireland, 2009).  

Among the parameters that need to be adequately monitored and are of most concern 

in Ireland is nitrate (other parameters that are of special concern are: E. coli, lead, 

trihalomethanes, aluminium and turbidity) (EPA Ireland, 2009). 

 

 Irish implementation of Nitrates Directive  

The EU Nitrates Directive requires revision and reporting of NVZs on a 4 year basis 

(see Section 2.5.2), and during each 4 year period an Action Programme is established 

and implemented in respect of designated NVZs (see Appendix 2.1) (EC, 1991). In 

respect to requirements of the EU Nitrates Directive, Ireland (as one of the Member 

States) had to establish the National Action Programmes of measures for the protection 
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of waters against pollution from agriculture. Ireland took an approach to take into 

consideration the whole national territory rather than designating vulnerable zones 

(such as the nitrate vulnerable zones or NVZ’s as used in UK; (Defra, 2008)). The 

regulation that was in force while this research was being conducted, was the Irish 

national Nitrates Action Programme, which replaced the previous national regulations 

of 2005, 2006 and 2007 (Stationery Office Dublin, 2009). New Irish regulations were 

launched in late December 2010 – i.e. the Statutory Instruments (S.I. No. 610 of 2010). 

Further information on these most recent Irish legislative regulations related to the EU 

Nitrates Directive is provided in next subsection (see below).  

 

The old Nitrate Regulations of 2006 (at the time of commencing this research) and the 

later Nitrate Regulations of 2009 and of 2010 (Stationery Office Dublin, 2006a, 2009, 

2010a) state the following maximum annual N fertilisation rates for spring cereals 

under continuous tillage (crops that follow short leys of 1-4 years or tillage crops) and 

under N Index 1 (which means that the previous crops were also cereals):  

- 135 kg N/ha for spring barley; 

- 110 kg N/ha for spring oats  

- 140 kg N/ha for spring wheat 

Application of an additional 20 kg N/ha may be allowed for each additional tonne of 

higher crop yields [i.e. for each tonne that exceeds following yields: 7.5 tonnes/ha for 

spring barley or for spring wheat, and 6.5 tonnes/ha for spring oats] (Stationery Office 

Dublin, 2006a, 2009) 

 

o The role of over-winter green cover in legislative regulations related to 

the EU Nitrates Directive 

A brief review of legislative regulations in relation to over-winter green cover as one 

of the measures for reducing agricultural nitrate pollution from tillage farming is 

provided in this section of Chapter 2 because green-cover had been chosen as one of 

the treatments in this doctoral research in 2006 (see Chapters 1, 7 and 8). The good 

potential of green cover to reduce the nitrate leaching risks during the winter season 

has been recognized in Europe. As a result the Irish regulations for the implementation 

of the EU Nitrates Directive (i.e. “Good agricultural practice for protection of waters”; 

S.I. No. 378 of 2006) required maintenance of an over-winter green cover on tillage 

farms (Stationery Office Dublin, 2006a) in 2006 (at the time of starting this doctoral 
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research). In October 2009 there was an exceptional change of these regulations 

resulting in a temporary relaxation of the requirement for spring cereal farmers to 

establish green cover on arable lands in winter 2009/2010, allowing farmers to plough 

earlier (i.e. already from 1
st
 December onwards instead of from the 15

th
 January) 

(DAFF, 2009). This decision provided advantages to farmers, such as improved 

seedbed, reduced carry-over of diseases and pests, and a more even distribution of 

workload due to earlier ploughing (DAFF, 2009). However, the most recent Irish 

regulations [i.e. “Good agricultural practice for protection of waters”; Statutory 

Instruments (S.I. No. 101 of 2009 and S.I. No. 610 of 2010)] still require the 

maintenance of an over-winter green cover on tillage land (Stationery Office Dublin, 

2009 and 2010b). 

 

The following are directly cited requirements of some stated regulations of Statutory 

Instruments of both (S.I. No. 378) 2006 Part 4: “Prevention of water pollution from 

fertilisers and certain activities”, “Ploughing and the use of non-selective herbicides”:  

- “Where arable land is ploughed between 1 July and 15 January the necessary 

measures shall be taken to provide for emergence, within 6 weeks of the ploughing, of 

green cover from a sown crop”. - “When a non-selective herbicide is applied to arable 

land or to grassland in the period between 1 July and 15 January the necessary 

measures shall be taken to provide for the emergence of green cover within 6 weeks of 

the application from a sown crop or from natural regeneration.” [Cited from: 

Stationery Office Dublin, 21.(4), page 19 (2006a)].  

- “Where green cover is provided for in compliance with this article, the cover shall not 

be removed by ploughing or by the use of a non-selective herbicide before 15 January 

unless a crop is sown within two weeks of its removal.” [Cited from: Stationery Office 

Dublin, 21.(4), page 19 (2006a)].  

The above requirements remained unchanged in the S.I. No. 101 2009 regulations 

(Stationery Office Dublin, 21.(1) and (4), pages 19-20 (2009)). 

 

As explained earlier, some changes of the above regulations came in force in 2010.. 

The following are directly cited requirements of some stated regulations of most recent 

Statutory Instruments (S.I. No. 610) 2010: “Prevention of water pollution from 

fertilisers and certain activities”, “Ploughing and the use of non-selective herbicides”: 
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- “Where arable land is ploughed between 1 July and 30 November the necessary 

measures shall be taken to provide for emergence, within 6 weeks of ploughing, of 

green cover from a sown crop. A rough surface shall be maintained prior to a crop 

being sown in the case of lands ploughed between 1 December and 15 January.”  

- “When a non-selective herbicide is applied to arable land or to grassland in the period 

between 1 July and 30 November the necessary measures shall be taken to provide for 

the emergence within 6 weeks of the application, of green cover from a sown crop or 

from natural regeneration.”   

- “Where green cover is provided for in compliance with this article, the cover shall 

not be removed by ploughing or by the use of a non-selective herbicide before 1 

December unless a crop is sown within two weeks of its removal.” [Cited from: 

Stationery Office Dublin S.I. 610, 2010, 21.(1),(4) and (5), page 21]; (Statutory 

Instruments, 2010b). 

 

 Irish implementation of WFD and GWDD  

The WFD has been legally implemented in Ireland in the form of Statutory 

Instruments (S.I. No. 722 of 2003), “European Communities (Water Policy) 

Regulations 2003” (Stationery Office Dublin, 2003; EPA Ireland, 2005; McNally, 

2009). A national summary report of the “Characterisation and Analysis Report” from 

2005 reported the tasks, which were completed in Ireland for the implementation of the 

WFD (WFD Ireland, 2005a). Ireland has established 8 RBDs in which the status of 

waters is assessed by comparing it to the undisturbed reference conditions (see 

Appendix 1.1) (WFD Ireland, 2005a). Characterisation reports required under Article 5 

of the WFD were completed in 2004 (including each RBD) and reported to Europe 

through the Water Information System for Europe (McNally, 2009). In respect to 

permitted nitrate concentrations for Irish water resources, Ireland follows the EU 

legislation (see Section 2.5.2) that sets the maximum nitrate limit at 50 mg NO3
-
/l or 

11.3 mg N/l for (EC, 1998) and guideline limit at 25 mg NO3
-
/l or 5.65 mg N/l (EC, 

1980; EPA Ireland, 1993) for nitrate in abstracted water for human consumption. In 

addition, a limit of 2.6 mg/l N for dissolved inorganic nitrogen (DIN) is given as one 

of the indicators for eutrophication or enrichment of tidal fresh waters (Lucey, 2006). 

 

The earlier mentioned source - pathway - target approach (Section 2.3.5) is used in the 

risk assessment of groundwater bodies introduced by the WFD requirements for 
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characterisation of water bodies (including groundwater bodies, and it  involves 

physical and risk characterisation) (Daly, 2009). According to the Irish “Article 5 

Characterisation and Analysis Report” to the EU the classification of water bodies as 

‘at risk’ corresponds to the water bodies for which it is clear to fail the WFD objectives 

without any need for additional investigations; whereas the water bodies ‘probably at 

risk’ correspond to the water bodies for which the WFD objectives can be failed but 

further information is necessary to confirm this assumption (WFD Ireland, 2005a). 

 

In particular the “Irish Guidance document no. GW10” explains the process of 

verifying the predictive groundwater risk assessment methodology for nitrate (EPA 

Ireland et al., 2005). This document explains that a certain groundwater body can be 

evaluated to be at risk if the nitrate concentration exceeds a threshold value 

(groundwater body weighted mean) of 8.5 mg N/l [according to risk assessment sheets 

GWRA3 and DWPARA1]; (EPA Ireland et al., 2005). In addition to pathway 

characteristics and pollution pressures, it is critical to consider the proportion of 

groundwater body that has high impact potential for elevated nitrate concentrations 

(due to susceptibility of pathway and the magnitude of pressures), which could lead to 

categorisation of the groundwater to be at risk (EPA Ireland et al., 2005). In Ireland the 

groundwater at risk by nitrates (originating from agricultural activities) is mainly 

located in the south-east and south of the country (Daly, 2009).  

 

All groundwater bodies in Ireland are considered as potential drinking water sources 

(WFD Ireland, 2005a). For this reason it is important that the groundwater in Ireland in 

general meets the drinking water limit of 50 NO3
-
/l (or 11.3 mg N/l) set by Drinking 

Water Directive (98/93/EC) (EC, 1998), and implemented in Ireland by Statutory 

Instrument S.I. No. 722 of 2003, EC (Water Policy) Regulations 2003 (Stationery 

Office Dublin, 2003). The most recent legal groundwater protection requirements with 

statutory authority in Ireland are the Statutory Instruments S.I. No. 9 of 2010, 

Environmental Objectives (Groundwater) Regulations 2010 (Stationery Office Dublin, 

2010a). These regulations came into action in January 2010 and they include a list of 

measures and rules for protection of groundwater. These regulations transpose the 

requirements of the EU WFD and Groundwater Directive into Irish legislation. For 

assessment of the chemical status of groundwater bodies the Irish Groundwater 

Regulations of 2010 set the quality standard limit for nitrates in groundwater to 50 mg 
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NO3
-
/l and the overall groundwater threshold value to 37.5 mg NO3

-
/l (Stationery 

Office Dublin, 2010a).[Note: The threshold value of 37.5 mg NO3
-
/l represents 75% of 

DW Standard]. In 2009 Daly reported that only two groundwater bodies in Ireland 

were found to have poor water quality status due to nitrates (i.e. exceeding the 

threshold value of 37.5 mg NO3
-
/l) (Daly, 2009). 

 

2.6 General overview of the water and groundwater quality 

in relation to nitrate concentration (with special 

emphasis on SERBD) 

 

Due to its interconnectivity with surface waters (e.g. through the discharge), the quality 

of groundwater influences the water quality in rivers and coastal waters, as well as the 

environmental state of groundwater dependent ecosystems in general. This 

interconnectivity of different water resources is also taken into account in WFD, which 

is concerned with the integrated management of different water resources (as already 

discussed in Section 2.5.2). Therefore this Section 2.6 of Chapter 2 provides a brief 

general overview of nitrate concentrations observed not only in groundwater in 

Ireland, but also in rivers and estuarine and coastal waters. Emphasis is given on 

SERBD and River Barrow (relevant for this study).  

 

 Nitrate in groundwater 

In many parts of Ireland, dominantly grassland agriculture combined with dilution by 

high effective rainfall has resulted in relatively low nitrate concentrations. Natural 

groundwater nitrate concentrations in Ireland are relatively low and in cases when they 

exceed 10 mg NO3
-
/l this is usually a consequence of anthropogenic organic or 

inorganic inputs (Lucey, 2009).  

 

Increased nitrate concentrations in water supply wells have been found in parts of 

Ireland in the past (Thorn and Coxon, 1992). The Irish “Article 5 Characterisation and 

Analysis Report” to the EU (see Section 2.5.3) stated that 56% of Irish groundwater 

bodies were probably at risk mainly due to diffuse and point source pollution, where 

the diffuse pressures were one of the most significant (WFD Ireland, 2005a). The Irish 

Article 5 Report also identified 757 individual groundwater bodies, 266 of which were 
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associated with groundwater dependent surface water & terrestrial ecosystems. The 

total number of Irish Special Areas of Conservation (SACs) designated under the 

Habitats Directive (92/43/EEC) listed in the report as the surface water & terrestrial 

ecosystems that are directly dependent on groundwater was 586 (WFD Ireland, 2005a). 

The national groundwater quality monitoring programme of 2005 [part of EU WFD 

requirements (EC, 2000), see Sections 2.5.2 and 2.5.3] reported 77% of sites to have 

nitrate concentrations less than 25 mg NO3
-
/l (EC, 1980; EPA Ireland, 1993) guideline 

concentration (Lucey, 2006). In relation to the percentage of groundwater monitoring 

locations exceeding the mean nitrate concentrations of 25 mg NO3
-
/l, the situation has 

not changed much during the years 2007- 2008 (Lucey, 2009). The national water 

quality report of 2007-2008 states that approximately 7% of all groundwater 

monitoring locations (mainly drinking water supplies) exceeded the threshold value of 

37.5 mg NO3-/l, whereas approximately 1% exceeded the drinking water limit (50 mg 

NO3-/l) (Lucey, 2009). A recent national water quality document (of 2007-2009) reports 

84.7% of Irish groundwater bodies at good status and 15.3 % at poor status 

(McGarrigle et al., 2010). According to Daly (2009), poor status classification 

corresponds mainly to the presence of phosphate in the groundwater, due to impact of 

groundwater contribution to the surface waters (i.e. P is generally known to be limiting 

nutrient for surface water ecosystems, with elevated concentrations potentially causing 

eutrophication of waters). Although not many Irish groundwater bodies are actually 

classified at poor status due to presence of nitrate in the groundwater (Daly, 2009), it 

should be kept in mind that the threshold value for nitrate in the groundwater is not 

based on an ecological limit but on the DW limit (i.e. 75% of DW resulting in the 

threshold value of 37.5 mg NO3
-
 /l; see Section 2.5.6 

 

This study is based in an area located within the River Barrow catchment in Ireland 

(see Chapter 3), which is part of the South Eastern River Basin District (SERBD) (see 

Appendix 1.1), established as a water management unit for the WFD (see Section 

2.5.3). In the SERBD, 50 groundwater dependent ecosystems are listed, of which 13 

are priority habitats under Directive 92/43/EEC (WFD Ireland, 2005a). According to 

recent 2007 - 2009 national water quality report, in the SERBD 146 groundwater 

bodies were found to be at good status and 5 at poor (McGarrigle et al., 2010). Both 

the national groundwater quality monitoring programme of 2007 - 2008 and the 2007 - 

2009 national water quality report show mean groundwater nitrate concentrations in 



Evaluation of measures to reduce                .                       . 
Chapter 2                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

46 

 

Barrow Valley (mainly from higher yielding wells for drinking water supply) generally 

exceeding 10 mg NO3
-
/l. In fact, during 2007 - 2009 the observed mean nitrate 

concentration in most of the Barrow Valley groundwater monitoring locations were 

mainly either in the range from 10 to 25 mg NO3
-
/l , or in the range from 25 to 37.5 mg 

NO3
-
/l (Lucey, 2009; McGarrigle et al., 2010). Although these concentrations are 

below the DW limit they indicate anthropogenic nitrate inputs (Lucey, 2009). In the 

Barrow catchment, some private groundwater supplies and small group schemes 

(mainly shallow and low-yielding wells) have been found to have nitrate 

concentrations approaching or breaching the EU DW limit in the past (Thorn and 

Coxon, 1992). Similar findings of nitrate concentrations approaching or exceeding the 

DW limit were also reported by Minet (2007) after monitoring several wells from the 

Barrow Valley (intercepting a shallow sand and gravel aquifer overlying Carboniferous 

limestone). From the 51 wells sampled from the Barrow Valley area (total no. of 

samples 283) Minet (2007) observed 88% of groundwater samples exceeding the 25 

mg NO3
-
/l and 44% of groundwater samples exceeding 50 mg NO3

-
/l. 

 

 Nitrate in rivers 

Although the main limiting nutrient in the fresh surface waters is phosphorus, nitrate is 

also an important nutrient for surface waters (see Section 2.2). Sensitive species such 

as the protected pearl mussel species (Margaritifera margaritifera) have declined 

significantly over the last 25 - 30 years in the River Barrow due to their high 

sensitivity to sediment and nitrate in water [i.e. the quality requirements of pearl 

mussel water bodies has been set to < 1.7 mg/l N]; see Section 2.4.2 (Lucey, 2006). 

Nitrate concentrations in Irish rivers show a general trend of increasing from west to 

east across the country, based on data from the last 25 years (Lucey, 2006), with rivers 

in the south-east region showing a positive correlation between nitrate concentration 

and the proportion of cultivated land within the catchment area (Neill, 1989). The 

“Characterisation and Analysis Report” maps most parts of the River Barrow as 

nutrient sensitive (WFD Ireland, 2005a). In 2005 only approximately 59% of SERBD 

river channel length was classed as unpolluted (Lucey, 2006); whereas during 2006 -

2008 the unpolluted channel length for SERBD was c. 67% (Lucey, 2009). The river 

water quality in Ireland and SERBD for the 2007 - 2009 is given in Figure 2.5. 

According to (EPA Ireland, 2004a, b), the ‘Slightly Polluted’ class refers to waters 
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mainly characterised by eutrophication, while the ‘Moderately Polluted’ waters are 

typically extremely eutrophic.  

 

 

Figure 2.5 River water quality 2007-2009 [proportion of channel length in each class]: 

(a) Ireland; (b) South Eastern River Basin District (SERBD) 

[Data source: McGarrigle et al. (2010)]                                     . 

 

Nitrate is only partially relevant for this classification because other main nutrients, 

such as phosphorus, contribute to the eutrophic state of these fresh waters. However, 

the nitrate concentration in rivers is known to be one of the key water quality 

indicators. Elevated nitrate concentrations in rivers indicate the enrichment of nutrients 

and the potential effects on health (Lucey, 2009). Most parts of the River Barrow and 

SERBD were reported to have average nitrate concentrations between 3.6 and 5.6 mg 

N/l [according to the latest national water quality report of 2007 - 2009] (McGarrigle 

et al., 2010)]. 

 

 Nitrate estuarine and coastal waters 

Eutrophication of surface waters is attributed to enrichment by nutrients such as 

phosphorus and nitrate, with nitrate being of particular importance in estuarine waters. 

According to the “Characterisation and Analysis Report” parts of the River Barrow 

estuary are also designated as a Special Area of Conservation (Register of protected 

areas) (WFD Ireland, 2005a) and this estuary is at risk of eutrophication (Toner et al., 

2005). The rivers Barrow, Nore and Suir enter into Waterford Harbour together, 

forming an inner (Barrow), middle (Barrow Nore) and outer (Barrow Nore Suir) 

estuary (see Chapter 3). According to EPA Estuarine and Coastal Water Quality 2001 - 

2005 the Barrow Estuary is classified as potentially polluted, Barrow Nore Estuary as 
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intermediate and only the outer Barrow Nore Suir Estuary as unpolluted (EPA Ireland, 

2007). As noted earlier in Section 2.5.3, in Ireland, a limit of 2.6 mg/l N for DIN 

(Dissolved Inorganic Nitrogen) is used as one of the indicators for eutrophication or 

enrichment of tidal fresh waters (Lucey, 2006). The national water quality reports of 

2007 - 2008 by Lucey (2009) and of 2007 - 2009 by McGarrigle et al. (2010) state the 

five estuaries with the highest observed DIN concentrations in Ireland, amongst which 

the upper Barrow estuary (DIN 4.3 mg N/l) was reported.  
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CHAPTER 3: MAIN CHARACTERISTICS OF THE 

STUDY AREA 

 

3.1 Introduction to the selection of study area 

 

The scope of this chapter is to provide the description of the main characteristics of the 

chosen study area placing it in a national context. An area with high potential 

groundwater vulnerability to nitrate leaching from tillage land was selected for the 

purpose of this doctoral study. A suitable area under spring cereal production was 

located within the Teagasc, Oak Park Research Centre in Co. Carlow, south-eastern 

Ireland. The south-eastern part of Oak Park land (Figure 3.1) had fields used for crop 

production, located on a free draining soil very prone to leaching (Section 3.2). This 

area is also in very close proximity to a nearby surface-water receptor (i.e. the River 

Barrow, c. 500 m in western direction; Figure 3.1), which makes it suitable for 

potential investigations on groundwater-surface water interactions. Based on 

information on subsoils and sediments obtained from previous borehole drillings 

performed within the Oak Park area in 2002 (Minerex, unpublished 2002), it was 

assumed that most of the south-east part of Oak Park Research Centre is underlain by a 

highly to extremely vulnerable shallow sand and gravel aquifer (based on the 

Groundwater Protection Schemes classification; see Chapter 2, Table 2.2). 

 

Hydrogeological investigations were performed in the selected Oak Park area in 2006 

as a part of this doctoral study and are presented in detail in Chapters 5 and 6. The 

investigations that were conducted prior to the establishment of field experiments 

included a number of borehole drillings (Figure 3.1) that confirmed the presence of a 

very vulnerable shallow sand and gravel aquifer (Chapter 5). The dominating 

unsaturated zone thickness in the selected area was estimated to be c. < 3 m, which 

proved this area to be extremely vulnerable to nitrate leaching (see Section 3.2; further 

details on unsaturated zone thickness are provided in Chapters 5 and 6). 
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The two fields selected for nitrate leaching investigations in this thesis were the 

Sawmills Field and the Road Field; (Figure 3.1). The Sawmills Field was selected for 

the establishment of a new field experiment on nitrate leaching to the groundwater. 

The Road Field was selected for monitoring nitrate leaching in the unsaturated zone. 

This field-experiment had some already pre-established plots, and it was additionally 

instrumented in 2006. Further details on the preliminary hydrogeological 

investigations and experimental setup and instrumentation of Sawmills Field are given 

in Chapter 5. Further details on the Road Field experimental setup and instrumentation 

are provided in Chapter 7. Both fields are located very close to each other (i.e. Road 

Field experiment is located c. 300 m south-east from Sawmills Field; Figure 3.1). Both 

fields have also very similar characteristics: both are underlain with a shallow sand and 

gravel aquifer, have the extreme vulnerability to nitrate leaching, the same soil type 

and both are under the tillage land use. These main site characteristics are further 

discussed in Sections 3.2.2 and 3.2.3 of this chapter.  

 

3.2 General overview of study area main characteristics  

 

3.2.1 Location of the study area  

 

Teagasc, Oak Park Research Centre in Cos. Carlow and Kildare, south-east Ireland, 

lies within the Barrow Valley (see Figure 3.1), which is relatively flat and gently 

undulating, low-lying land (Conry and Ryan 1967; OSI, 1971, 1997). The Barrow 

Valley is located between the Castlecomer Plateau in the west and Leinster Mountains 

in the east; it opens out into central plain in the north, whereas it narrows down  

between Carlow and Athy to Bagenalstown (Daly, 1981). This area also belongs to the 

River Barrow catchment, which forms a part of the South Eastern River Basin District 

(SERBD), established as a water management unit for the Water Framework Directive 

(see Chapter 1, Figure 1.1). The present study area is located in the south-west part of 

Oak Park: latitude 52º 86’; longitude 6º 92’; general altitude c. 58 metres above 

Ordnance Datum (maOD); see note to Figure 3.1 [The precise information (including 

OSI coordinates, groundwater- and ground- levels of surveyed boreholes in Oak Park) 

is provided in Appendices to Chapters 5 and 8, in particular in Appendix 8.10].
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Figure 3.1 Location of Oak Park Research Centre in Cos. Carlow and Kildare with the 

two chosen experimental fields: (top) - including locations of sugar factory grounds 

and River Barrow; (bottom) - including locations of borehole drillings  

Note: General schematic illustration 
(top); not to scale; scale is 
approximate. Some locations, 
especially the river, are not precise 
(top and bottom).  

Note: Most of borehole drillings were preformed in spring to autumn 2006 (with exception of few pre-
existing boreholes from 2002). Boreholes labeled in above figure with red dots include: - few pre-
existing (2002) boreholes, - several newly drilled (2006) test boreholes (for preliminary 
investigations), and - 20 new monitoring boreholes (for experimental instrumentation with 
piezometers installed in 2006). Further details are given in Chapters 5 and 6 and their appendices. 
Approximate OSI coordinates of the area of interest are c. x (272204 – 273004) and y (178657 – 
179657); for precise information see Appendices to Chapters 5 and 8, in particular Appendix 8.10. 
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[Adapted/information from: Hooker (2005) and ‘An Foras Talúntais’ provided by 

Teagasc (OSI, 1971); accuracy checked using OSI (1997)] 

3.2.2 Geological and hydrogeological characteristics  

 

According to GSI (2008b) Generalised Bedrock map (see Figure 3.2), both 

experimental fields are underlain by the ‘Dinantian Pure Bedded Limestones’ (DPBL) 

and ‘Dinantian Dolomitised Limestones’ (DDL). Both bedrock types belong to 

‘Marine shelf facies’ and ‘Limestone & calcareous shale’ from Palaeozoic, 

Carboniferous and Mississippian age-bracket (GSI, 2008b), and represent c. 17% of 

the whole country (see Appendix 3.3).  In the Oak Park study area the ‘Dolomitised 

peloidal calcarenitic limestone’ of Milford formation (most of Sawmills Field and the 

whole area of Road Field) belongs to the group of DDL; while the ‘Crinoidal 

wackestone/packstone limestone’ (Ballyadams formation; mid west-north part of 

Sawmills Field) and ‘Peloidal calcarenitic limestone’ (Milford formation; most west 

part of Sawmills Field) belong to the DPBL bedrock type group (GSI, 2008b, c). The 

geological succession in the Barrow Valley described by Daly already in 1981, with a 

list of different types of aquifers from different geological periods, is presented in 

Table 3.2. According to Daly (1981) and Conry (2006) the Carboniferous limestone 

formations (Table 3.2) occupy the Barrow Valley floor and form a narrow corridor (5 

to 6 km in width) overlain by sand and gravel. 

 

The sands and gravels from Quaternary period overly the Carboniferous formations in 

the Barrow Valley (see Table 3.2). The Quaternary period had a succession of ‘glacial’ 

and ‘interglacial’ stages, with two major cold stages, the Munsterian c. 302,000 – 

132,000? years before present and the younger Midlandian cold stage c. 35,000 to 

13,000 years before present, [whereas the Midlandian main cold stage occurred c. 

79,000-65,000 years before present] (Sleeman et al., 2004). The younger Midlandian 

glaciations covered the whole country with the exception of the most southern part of 

Ireland (Sleeman et al., 2004). Ireland has actually experienced more cold stages but 

their terrestrial record is not complete (mainly because glacigenic sequences are very 

complex and because of the difficulties with sufficient dating) (Coxon and McCarron, 

2009). 
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Figure 3.2 Bedrock map (generalised) of SERBD, with outlined River Barrow 

catchment area, and indicated experimental site locations (i.e. Oak Park) 

[Data source: GSI (2008a)] 

Note: The information in the legend is provided in Table 3.1. Data source: GSI (2008a) 
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Table 3.1 Main Irish bedrock type groups and abbreviations used in Figure 3.2  

 

Symbol / Label Abbreviation Name 

 BV Basalts & other Volcanic rocks 

 CM Cambrian Metasediments 

 DDL Dinantian Dolomitised Limestones 

 DESSL Dinantian (early) Sandstones, Shales and Limestones 

 DKS Devonian Kiltorcan-type Sandstones 

 DLIL Dinantian Lower Impure Limestones 

 DMSC Dinantian Mudstones and Sandstones (Cork Group) 

 DMSSL Dinantian Mixed Sandstones, Shales and Limestones 

 DORS Devonian Old Red Sandstones 

 DPBL Dinantian Pure Bedded Limestones 

 DPUL Dinantian Pure Unbedded Limestones 

 DS Dinantian Sandstones 

 DSL Dinantian Shales and Limestones 

 DUIL Dinantian Upper Impure Limestones 

 GII Granites & other Igneous Intrusive rocks 

 NSA Namurian Sandstones 

 NSH Namurian Shales 

 NU Namurian Undifferentiated 

 OM Ordovician Metasediments 

 OV Ordovician Volcanics 

 PM Precambrian Marbles 

 PQGS Precambrian Quartzites, Gneisses & Schists 

 PTMG Permo-Triassic Mudstones and Gypsum 

 PTS Permo-Triassic Sandstones 

 SMV Silurian Metasediments and Volcanics 

 WSA Westphalian Sandstones 

 
 

WSH 
 

Westphalian Shales 
 

 
 

SERBD 
 

SOUTH EASTERN RIVER BASIN DISTRICT 
 

 
 

Catchment 
 

RIVER BARROW CATCHMENT 
 

 Experimental 
site 

TWO EXPERIMENTAL FIELDS LOCATED IN OAK PARK, 
CO. CARLOW 

 

Data source: GSI (2008a) 
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Table 3.2 Barrow Valley aquifers – classification from 1981 
 

Period 
 

AQUIFER [Lithologies] Thickness [m] 

QUATERNARY 
 

SANDS & GRAVELS 
[Sands & gravels, clays/silts, peat] 

10 to 20  
[Covers most of the region] 

CARBONIFEROUS UPPER LIMESTONES & DOLOMITES 
[Namurian shales & sandstones; 
Dinantian limestones, dolomites, shales] 

 
450 
> 800 

DEVONIAN UPPER SANDSTONES 
[Sandstones & mudstones, granite] 

< 50 

SILURIAN                       / 
[Greywackes, shales, granite contact rocks] 

 

 

[Source Daly (1981)] 

 

Nevertheless, the geological structure of the Barrow Valley is characterized by 

Midlandian glaciation period (Gardiner and Radford, 1980b; Daly, 1981; Sleeman et 

al., 2004). During this time the area was shaped by an ice sheet cover and melt (that 

occupied the Barrow Valley from north and northwest) and later by withdrawal of ice 

sheets and formation of a stop-point, i.e. Oak Park (forming a moraine). Melt-water 

from the withdrawing ice sheet formed fluvioglacial material producing a sand and 

gravel aquifer with interbedded sands and clays in this area (Daly, 1981). 

Approximately 10,000 years ago the last main ice-sheet melted (Fay et al., 2007). 

These Quaternary deposits are part of a 10-25 m thick regionally important aquifer 

occupying 60 km
2
 of the Barrow Valley (Daly, 1981; GSI, 2008f, 2010). As such this 

aquifer represents a typical Irish intergranular flow aquifer. Quaternary sand and 

gravel aquifers can be found in many other parts of Europe especially northern areas 

(e.g. Denmark, Finland, Norway, Sweden) (EEA, 1999). These Quaternary sediments 

lie beneath the study sites, and the investigations in this thesis are focused only on 

these sands and gravels (see Table 3.2). As mentioned previously, the Barrow Valley 

area is generally underlain by Quaternary fluvioglacial sediments, which are stratified 

poorly sorted and coarse gravel and sand deposits, and according to Daly (1981) sands 

and gravels in the Barrow Valley frequently have localised clays above and below 

individual components of sand and gravel, especially south of Milford (situated c. 6 to 

5 km south of Carlow town). 

 

The on-site explorations performed on the former sugar factory grounds (i.e. the Irish 

Sugar Ltd. Carlow located west of Oak Park area (west of the River Barrow; see 

Figure 3.1) also report a sand and gravel aquifer with clasts composed of 
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Carboniferous limestone and localised clay/silt lenses. Further information on localised 

clay/silt lenses are provided in Chapters 5 and 6. The gravel aquifer at the old Irish 

sugar factory grounds is underlain by Carboniferous limestone bedrock at an average 

depth of c. 15 m below ground level (GSI, 1994, unpublished, cited in EPA public file 

2006; EPA Ireland, 2006).  

 

The map presented in Figure 3.3 shows the unconsolidated gravel sediments stretching 

through most of the Barrow Valley within Co. Carlow and Co. Kildare. This map was 

produced using the recently available GIS database on Irish unconsolidated sediments 

on a county basis [GIS data source: GSI (2010)]. Figure 3.3 shows that the most 

frequent unconsolidated sediments underlying this part of south-eastern Ireland are 

different tills with gravels less common. 

 

The dominating groups of main Irish aquifer types and their distribution across the 

area of two experimental sites, River Barrow catchment, SERBD, and Ireland is given 

in Appendix 3.3 (see Table Apx.3.3.2 and Figure Apx.3.3.1). A locally important 

‘Bedrock aquifer’ categorised as ‘Moderately productive only in local zones’ is the 

dominating aquifer for most of the  areas of central, east, south and south-west Ireland. 

The aquifer under both experimental sites in Oak Park is categorized as regionally 

important ‘Karstified (diffuse)’ aquifer (GSI, 2008a) [and it represents c. 7% of 

Ireland; see Appendix 3.3]. 

 

Despite the fact that shallow gravel aquifer was not mapped under both experimental 

sites in 2008 (GSI, 2008f), the actual hydrogeological investigations performed within 

this doctoral research in Chapters 5 and 6 (as noted in earlier Section 3.1) showed that 

both experimental sites are underlain by a shallow sand and gravel aquifer. Additional 

background information on the publicly available data on shallow sand and gravel 

aquifer from 2008 (i.e. from GSI in 2008) is provided in Appendix 3.3, Table 

Apx.3.3.3. 
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Figure 3.3 Unconsolidated sediments under Oak Park, Co. Carlow 

[Data source: public available data from  GSI (2010); produced using Trinity College 

Dublin computer ArcGIS 9.3 facilities. The background snapshot-map was created 

using the Internet GSI mapping (©DCENR 2010, OSI No. EN 0047208, Government 

of Ireland), and it was merged with the Oak-Park map created in ArcGIS].  
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3.2.3 Soil  

 

The soil type in the Oak Park area has been reported in the literature as very gravelly 

and sandy: > 65% of the top soil is sand and > 90% of the subsoil is sand and gravel 

(Thorn, 1983; Ryan and Fanning, 1996; Conry, 2006). Most parts of Barrow Valley 

(with the exception of more western and elevated areas) typically have well drained 

soils (Conry and Ryan 1967; Daly, 1981). The soil parent materials are dominantly 

fluvioglacial sands and gravels, while the top soil itself has a low water holding 

capacity, is relatively shallow and therefore very prone to leaching (Daly, 1981; Ryan 

and Fanning, 1996; Conry, 2006). [Figure 3.8, Section 3.3.2 also shows that most the 

soil parent material - i.e. ‘Limestone morainic gravels and sands’- can be related to the 

Barrow Valley unconsolidated gravel sediments presented in Figure 3.3]. The soils in 

the Barrow Valley (including Oak Park area; see Table 3.6, Section 3.3.2) are mainly 

Grey Brown Podzolics and Brown Earths of: 

- Athy Complex [varying drainage, occupying most of Barrow Valley]; 

- Mortarstown Complex [well drained, occupying most of Oak Park];  

(Conry and Ryan 1967; Gardiner and Radford, 1980b; EPA Spatial Analysis Group, 

2006). 

According to the FAO international classification these soils belong to the Cambisol 

Reference Soil Group (see Table 3.6); (FAO, 2001, 2006). The GIS analysis on soils 

and soil parent material is given in Section 3.3.2.2. 

 

3.2.4 Land-use  

 

Soils that are highly suitable for tillage can be generally found in the southern and 

eastern regions of Ireland, and can be used for variety of tillage crops (i.e. malting 

barley, sugar beet, wheat, potatoes, roots and peas) (Gardiner and Radford, 1980b). 

Approximately 22% of the Carlow county’s total area is used for tillage (Conry, 2006). 

Co. Carlow is known to have a reputation as a tillage county, mainly due to the 

presence of easily tilled free-draining soil of light texture that occupies c. 65% of its 

land (Conry, 2006).  
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In addition to light and coarse soil dominating the Barrow area, another important 

factor which makes this area more desirable for tillage cropping is the climate 

(Gardiner and Radford, 1980b; Conry, 2006). The south-east part of Ireland receives 

somewhat less rainfall compared to the rest of the country; therefore arable crop 

production dominates this area (Conry, 2006). However, not all of the suitable land in 

Ireland is actually used for tillage. Data from the Census of Agriculture by District 

Electoral Division (CSO, 2000) show that only a small percent of the land in Ireland is 

under tillage production (see Table 3.8; further detailed information and data analysis 

of the percentage of tillage land use in Ireland is provided in Section 3.3.2.3).  

 

Table 3.3 General information on land use and fertiliser application for selected fields 

located within Oak Park research centre (for further details see Appendix 3.1) 

 

Field name 
(see Figure 3.1) 

Land use 
(mainly cereal production) 

Fertiliser N application per year 
(general information)* 

 
Sawmills Field 

 
Mainly spring cereals  
- mainly spring barley 
- over winter green cover (mustard & 
natural regeneration) from 2006 on 

 
Generally: 100 - 152 kg N/ha 
(2000-2008) 
 

Exceptional years: 
2004 (212 kg N/ha) 
2005 (287 kg N/ha) 

Road Field** -
Experiment 

Spring barley and over-winter green cover:  
-mustard,  
-natural regeneration from 2006 on 

 
135 - 161 kg N/ha 

Road Field** - 
Extended Area 

Winter & spring barley, winter & spring 
wheat  

133 - 190 kg N/ha 

Potato Plots***  Potato during  
2006 & 2007 

123 - 182 kg N/ha 

Big Bull Park Winter & spring barley, winter & spring 
wheat, winter oats, oil seed rape, sugar 
beet 

105 - 253 kg N/ha 

Little Bull Park Winter barley, winter oats  96 - 230 kg N/ha 

Little Church Field Winter & spring barley, grass 120 - 345 kg N/ha 

College Field Winter & spring barley 135 - 160 kg N/ha 

Pump Field Spring barley 135 - 159 kg N/ha 
 

Note: 
* Most of the data in this table represent general summarised information on fertiliser N applications from 
2003/2004 and in some cases from 2000/2001 to 2007/2008 (further details can be found in Appendix 
3.1, and Appendices to Chapters 7 and 8). ** For location of Road Field Experiment in relation to Road 
Field Extended Area, see Appendix 3.1. *** For location of Potato Plots see Appendix 3.1.  
 

[Data source: Teagasc Oak Park field management logs and notes, collected in late 2009]  
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Nevertheless the Oak Park area has been used for tillage in the past as reported by 

Daly (1981): the Oak Park area was used for tillage (e.g. wheat and barley) and for 

crops rotated with grassland, and also for permanent pastures (beef, sheep, dairy). 

Detailed information on more recent Oak Park land use and management of the 

selected fields is given in Appendix 3.1 with a variety of different crops (e.g. spring 

wheat, spring barley, winter wheat, winter oats, sugar beet, oil seed rape, potatoes, 

grass).  

 

This section of Chapter 3 provides only information on general land use history and 

management for the two selected experimental fields (Sawmills Field and Road Field 

experiments) and the fields that surround them (see Table 3.3 and Figure 3.1). 

Additional information on field management and land use can be found in Chapters 7 

and 8 (and accompanying appendices) for the Sawmills Field and Road Field, and in 

Appendix 3.1 for the surrounding fields. The GIS analysis on tillage land use at local, 

regional and national scale is given in Section 3.3.2.3. 

 

3.2.5 Climate  

 

Climate in Ireland is classified as oceanic to near oceanic, and is influenced by its 

location (middle latitudes), dominating westerly winds, and by the nearby sea that 

reduces the occurrence of extreme hot and cold temperatures (Keane et al., 1992; 

Keane and Collins, 2004) mainly due to the extension of the warm Mexico Gulf 

current (Gardiner and Radford, 1980b; Keane et al., 1992). The Irish climate has high 

precipitation: > 1000 mm for most of the country (see Appendix 3.2, Figure 

Apx.3.2.1); (Thran and Broekhuizen, 1965; Keane et al., 1992). During 1961 to 1990 

the average annual rainfall varied from c. 750 mm to above 1200 mm for lowlands in 

east/northeast and for areas in the west/northwest/southwest respectively (Keane and 

Collins, 2004). Generally, the highest rainfall period extends from November to 

January, whereas most dry months are April (for most of Ireland) and June (in south 

and southwest) (Keane et al., 1992; Keane and Collins, 2004). Ireland has cool 

summers and mild winters, with mean daily air temperatures varying from 4°C to 6°C 

in January, to 14°C to 16°C in July and August (Keane et al., 1992). Furthermore, 
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Ireland has high year to year climatic variations (Keane and Collins, 2004), as well as 

regional climatic differences (Keane et al., 1992).  

 

It is known that the south-east of the country has less wind, cloudiness and 

precipitation, and warmer summers compared to the northwest Ireland (Keane et al., 

1992). The climatic information on the Oak Park site in this thesis was limited to the 

availability of data from the weather station located in the Teagasc, Oak Park Research 

Centre, which provided records of the on-site temperature, rainfall, sun radiation and 

wind speed since 5
th

 January 2002 onwards. Additional information on the Oak Park 

local climate in connection with effective drainage/rainfall and soil moisture deficit 

prediction is provided in Chapter 4, whereas the information provided here is of a more 

general nature. The average rainfall recorded at Oak Park on-site weather station 

during 2002 to 2008 was c. 819 mm/year (Table 4.3, Chapter 4), ranging from only c. 

599 mm in 2003 to c. 946 mm in 2008. The mean daily temperature during this period 

ranged from -1.7°C to 22.1°C indicating more warm summers and colder winters 

(Table 4.3, Chapter 4) if compared to previously reported average values during 1961 

to 1990 (Keane et al., 1992).  

 

 

Figure 3.4 Oak Park monthly precipitation and daily mean air temperature (Data 

source: on-site weather station in Teagasc, Oak Park) 
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3.3 GIS spatial analysis of the study area main 

characteristics 

 

3.3.1 Introduction and methodology 

 

The spatial analysis was carried out to summarise the main study area characteristics, 

and to evaluate how representative each one of these characteristics is at regional and 

national scale. The study area was deliberately selected as highly to extremely 

vulnerable to nitrate leaching; therefore the aim was to estimate the proportion of land 

with similar vulnerability and selected main characteristics within the River Barrow 

catchment area, SERBD area, and the area of Republic of Ireland. The assessment was 

performed in 2009 with the help of geographic information systems (GIS), using an 

overlay analysis method in Arc Info 9.2 GIS. The overlay GIS analysis was performed 

using the computer facility from the Teagasc, Johnstown Castle Research Centre in 

Wexford, with a help of GIS specialist Mr. Eddy McDonald.  

 

The main emphasis in this analysis was placed on the groundwater vulnerability, soil 

type (with accompanying soil parent material) and land use (tillage); see Table 3.4. 

Thus, the analysis was limited only to the three listed categories of area characteristics 

because this information was available in an electronic format suitable for GIS at the 

time of this analysis (see note to Figure 3.3 and note to Table 3.4).  

 

The spatial analysis on country scale was limited to the Republic of Ireland. The total 

areas within the boundaries (borders) of Ireland, SERBD and River Barrow catchment 

were used for this spatial analysis. The reason for using the areas within these 

boundaries was the need to keep the same method consistent through the spatial 

analyses performed involving different parameters and data-bases with different 

precision. The total areas of the experimental sites are 10.7 ha for Sawmills Field and 

1.6 ha for Road Field. The total area of River Barrow catchment is 308,259.2 ha, of 

SERBD is 1,288,735.3 ha, and the total area of the whole country is 7,016,465.5 ha. 
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Table 3.4 Three main categories of land properties selected for GIS spatial analysis 

 

 
Characteristics  

 
Selected land properties*  

 
Data sources 

 
VULNERABILITY 
CLASS 

 
Groundwater vulnerability 
 

Geological Survey of Ireland (GSI): 
Irish Interim Vulnerability Map 
(GSI, 2008e) 

 
SOIL & SUBSOIL 

 
Soil group/parent material 

EPA Spatial Analysis Group (2006): 
digitalised data from Teagasc  
(earlier An Foras Taluntais): 
General Soils Map of Ireland from 1980 

 
LAND USE 

 
Tillage 

Central Statistics Office (CSO) in Ireland: 
Census of Agriculture (data on tillage land 
use).CSO (2000) 

 

Note:  The database on Irish Quaternary (unconsolidated) sediments (Figure 3.3) was not available at the 
time of this spatial analysis, and therefore this information was added at a later stage in Section 3.2.2, 
and it was linked to the soil parent material analysis from this section. It should be noted that the poorly 
defined polygons or overlapping polygons in GIS can be a source of imprecision. For this reason the 
results from this GIS analysis should be taken with caution and only as an indication of the most probable 
spatial characteristic of experimental sites in comparison with outlined broader spatial boundaries. 

 

3.3.2 Results and discussion of spatial analysis 

 

3.3.2.1 Groundwater vulnerability  

 

Groundwater vulnerability is a function of the travel time of infiltrating water (and 

pollutants), the magnitude/quantity of pollution (concentration) and pollution 

attenuation properties of geological materials and subsoils (DEHLG/EPA/GSI, 1999); 

see Chapter 2, Sections 2.3.5 and 2.5.3. The travel time, groundwater attenuation and 

pollution quantity (which also depends on the source, concentration and rate of 

pollution loading) depend on the geological/hydrogeological characteristics (e.g. 

subsoils overlying the groundwater; recharge type - point or diffuse; unsaturated zone 

thickness) (DEHLG/EPA/GSI, 1999). 

 

The general Irish Groundwater Protection Scheme vulnerability classification (see 

Chapter 2, Table 2.2) distinguishes between four major categories [‘Extreme’, ‘High’, 

‘Moderate’ and ‘Low’], whereas the GSI on-line mapping categorisation (GSI, 2008e) 

includes two additional categories [‘Rock near surface or karst’, ‘High to low’ (based 

on interim study)]; (Table 3.5). The ‘High to low’ category refers to an issue that a 

significant proportion of Ireland has a lack of adequate information (i.e. has not been 
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mapped yet) to enable the use of the Groundwater Protection Schemes. In this case an 

interim scheme can be used, which combines the principles of Groundwater Protection 

Schemes with the currently available hydrogeological data (DEHLG/EPA/GSI, 1999). 

Sand and gravel aquifers are classified as ‘Extremely vulnerable’ where the 

unsaturated zone is 0 - 3 m thick, and as ‘Highly vulnerable’ where the unsaturated 

zone thickness is > 3 m thick (Chapter 2, Table 2.2) (DEHLG/EPA/GSI, 1999). 

 

The selected experimental fields in Oak Park were classified as ‘Extremely vulnerable’ 

based on on-site hydrogeological investigations from 2006 (see Chapters 5 and 6 and 

their appendices). This classification was based on the fact that the unsaturated zone 

thickness was estimated to be < 3 m (although the water table in the selected study area 

varies seasonally; see Chapters 5, 6 and 8). However, according to the available spatial 

data on groundwater vulnerability (GSI, 2008e) the Oak Park experimental fields lie 

within the ‘High groundwater vulnerability’ class (Table 3.5 and Figures 3.5 and 3.6).  

 

Because the groundwater vulnerability database (GSI, 2008e) is in fact not meant to be 

used for site-specific investigations, the actual hydrogeological investigations in 

present study (Chapters 5 and 6) provide more accurate information in this case. 

Realistically it is most likely that the vulnerability within the Oak Park study area 

varies from ‘Extreme’ to ‘High’ (with unsaturated zone thickness < 3 m and > 3 m 

respectively) and that the ‘Extreme’ vulnerability (< 3 m thickness) dominates both 

study sites. As explained earlier in Chapter 2 (Table 2.2), vulnerability ratings are 

based only on subsoil thickness when subsoil is < 3 m thick (for both sand and gravel 

aquifers and bedrock aquifers). Therefore, the ‘Extreme vunerability’ classification in 

Table 3.5 is based on assumption that areas with unsaturated zone < 3 m are all 

extremely vulnerable regardless of the subsoil permeability [Chapter 2, Table 2.2;  

(DEHLG/EPA/GSI, 1999)]. This issue is discussed in detail in Chapter 2, Section 

2.3.5.  

 

Approximately 18% of SERBD area is categorised as ‘Highly vulnerable’ and 23% as 

‘Extremely vulnerable’. Approximately 13% of Ireland’s area is classified as ‘Highly 

vulnerable’ and 24% as ‘Extremely vulnerable’. Based on the available spatial data-

bases (GSI, 2008e), the ‘High’ category dominates the River Barrow catchment area 

(c. 34% of area is categorised to have ‘High vulnerability’, and 16% as ‘Extreme 

 
 
 
 
 
 
 
 
Parts of this chapter are not available for viewing in the electronic copy of 
the thesis. 



Evaluation of measures to reduce                .                       . 
Chapter 3                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

65 

 

vulnerability’), while most of the Ireland and most of SERBD belong to ‘High to low 

vulnerability’ class (c. 39%); (see Table 3.5, Figures 3.5 and 3.6). 

 

Table 3.5 Distribution of groundwater vulnerability classes within area of Oak Park 

experimental sites, River Barrow catchment, SERBD, and Ireland (% of total area 

within boundaries) 

 PERCENT [%] OF TOTAL AREA 

 Locally Regionally Nationally 

 
 

VULNERABILITY* 
Symbol   Area 

Oak Park 
experimental sites 

Barrow 
Catchment

b
 SERBD

b
 Ireland

b, c
 

Road 
Field 

Sawmills 
Field 

 

 

Rock near 
surface or 
Karst 

[%
] 

  8.8 12.4 13.7 
 

 
Extreme

d 

 100.0
a
  100.0

a
 15.9 22.8 23.9 

 High
e
 [100.0b] [100.0b] [34.0 ] [17.9 ] [12.9 ] 

 

 
High to 
Low 
(Interim 
study)   13.4 36.7 39.4 

 Moderate   22.7 8.0 5.5 
 

 Low   5.1 1.8 2.7 
Notes: a Categorisation is based on actual on-site hydrogeological investigations of Oak Park area 
provided in Chapters 5 and 6 [a combination of Extreme and High vulnerability categories].  
 b Categorisation based on available spatial data; GSI (2008e). c Water bodies are not included in 
analysis (c. 1.9% of area for whole country). d Extreme vulnerability category given in bold; 
Unsaturated zone thickness 0 - 3 m (on-site investigations); e High vulnerability category given in 
brackets (groundwater database by GSI, 2008e); Unsaturated zone thickness > 3 m (DEHLG/EPA/GSI, 
1999); see Chapter 2, Table 2.2. 
 

Data source used for spatial analysis: GSI (2008e). 
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Figure 3.5 Ireland map of groundwater vulnerability with outlined SERBD, River 

Barrow catchment area, and indicated experimental site locations  

[Legend to Figure 3.5 is provided also in Table 3.5. Data source: GSI, (2008e)].
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Figure 3.6 Groundwater vulnerability map of SERBD and River Barrow catchment  

[Legend to Figure 3.6 is provided also in Table 3.5. Data source: GSI, (2008e)]. 
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3.3.2.2 Soil and soil parent material  

The spatial analysis of soil and subsoil was based on a GIS database obtained from the 

EPA Spatial Analysis Group (2006) that used the information from the General Soil 

Map of Ireland from 1980 (Gardiner and Radford, 1980b, a). This database included 

the data on major soil types in Ireland and the soil parent material.  

 

The Irish soil classification has been modified from the system provided by US 

Department of Agriculture in 1938, and is based on the ten main ‘Great Soil Groups’ 

[these are: Podzols, Brown Podzolics, Brown Earths, Grey Brown Podzolics, Blanket 

Peats, Gleys, Basin Peats, Rendzinas, Regosols and Lithosols]; (Gardiner and Radford, 

1980b). The cartographic soil classification used in the EPA GIS database and in the 

Irish General Soil Map is the ‘soil association’; whereas the soil map of Co. Carlow by 

Conry and Ryan (1967) uses ‘soil series’ that are based on the main ‘Great Soil 

Groups’. This information (‘soil association’ and ‘soil series’) for both experimental 

sites in Oak Park is provided in Table 3.6. 

 

Table 3.6 Soils of the two experimental sites within Oak Park area, and dominating 

soils 

                                EXPERIMENTAL SITES IN OAK PARK:  
                                Road Field & Sawmills Field 
 

SOIL ASSOCIATION 
  

 ID 30 soil associationa 
 

- Principial soil*: Grey Brown Podzolic 70%;  
 

- Parent material*: Limestone morainic gravels and sands 
 

 

SOIL SERIES 
 

Mortarstown no. 90 series most of Oak Parkb 
 

- Great Soil Group: Grey Brown Podzolics 
 

 

SOIL COMPLEX 
 

Athy Complex [mainly Grey Brown Podzolic & Brown Earths] 
 

 

SOIL DRAINAGE 
CLASS 

 

Well drained  
[moderate to rapid permeability with periodic and very high water table] 
 

 

FAO Reference Soil 
Group classification 
 

 

Cambisolsc 
 

 

 

[Data source: a EPA Spatial Analysis Group (2006) using information from Gardiner and Radford, (1980a); b Conry 

and Ryan (1967); c FAO (2001, 2006); * Terminology used in given data-source. 
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The GIS analysis is based on the ‘soil association’ and ‘soil parent material’ because 

the EPA GIS database uses them (as shown in Figures 3.7 and 3.8). In addition the soil 

associations were used (rather than soil series), because information on soil 

associations was available for the whole country. In total there are 44 soil associations 

in Ireland and each one is labelled on the map with specific number. Usually each soil 

association consists of two or more soils (these are often formed from the same parent 

material type, and are associated to a particular pattern on the landscape). In fact, each 

soil association has a ‘principal soil’ (c. 75% - 50% of association) and associated soils 

(if > 5% of association; otherwise not included) (Gardiner and Radford, 1980b). 

 

Both experimental sites belong to ‘soil association 30’, which consists of c. 70% of 

Grey Brown Podzolics (principal soil) and c. 20% Brown Earths, 5% Gleys, and 5% 

Basin Peats (associated soils) (see Figures 3.7 and 3.8). Grey Brown Podzolic soils are 

of light texture, they are well to moderately drained. They are generally formed from a 

calcareous parent material with restricted podzolisation process (leaching) and 

translocation of principal materials (Conry and Ryan 1967; Gardiner and Radford, 

1980b; Fay et al., 2007). Brown Earths are well drained mineral soils that are quite 

mature but less leached. They are medium textured, often acid, and generally 

extensively cultivated.  

 

The ‘soil association 30’ is typical for the Oak Park experimental sites (see Figure 3.8), 

and it has a parent material consisting of ‘Limestone morainic gravels and sands’ 

(Gardiner and Radford, 1980b, a; EPA Spatial Analysis Group, 2006). The soil map of 

Co. Carlow by Conry and Ryan (1967) assigns both experimental sites to Mortarstown 

‘soil series no. 90’, which belongs to group of Grey Brown Podzolics. According to 

the Conry and Ryan (1967) these soils mainly belong to the well drained soil of the 

Athy Complex (see Table 3.6).  

 

Based on the soil drainage classification map of Co. Carlow by Conry and Ryan 

(1967) this area belongs to the well drained soil class (that has moderate to rapid 

permeability with a periodically varying high water table). According to the FAO 

international soil classification (FAO, 2001, 2006), the soils of both experimental field 

belong to the group of ‘Cambisols’ (based on the FAO ‘Reference Soil Group’ 

classification). 
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The spatial analysis of soil and soil parent material characteristics typical for the Oak 

Park experimental fields (i.e. ‘soil association 30’) shows that this soil association 

alone is not highly representative on a regional or local scale: approximately 8% of 

Barrow catchment is covered by this specific soil association, and only c. 3% area of 

SERBD and of whole Ireland. 

 

Some other selected soil associations were also included in the spatial analysis. Soil 

associations were selected that were thought to be somewhat close to ‘soil association 

30’ with the ‘Principal Soil’ belonging to the ‘Grey Brown Podzolics’ and ‘Brown 

Earths’ (including acid and shallow). Selected soil associations are presented in Table 

3.7 and Figures 3.7 and 3.8 with following numbers: 10, 13, 16, 19, 28, and from 30 to 

36. The percent area covered by these soil associations is much higher at regional and 

national scales (Table 3.7): approximately 61% of River Barrow catchment area, 39% 

of SERBD, and 27% of Ireland. 

 

.
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Table 3.7 Distribution of selected soil associations (including ‘soil association 30’) within Oak Park experimental sites, River Barrow 

catchment, SERBD, and Ireland (% of total area) 

 PERCENT [%] OF TOTAL AREA 

Locally Regionally Nationally 

 
 

SOIL ASSOCIATION
a
 

Oak Park 
experimental 

fields  

 
 

Barrow 
Catchment 

 

 
 
 

SERBD 

 

 
 
 

Ireland 

 

PRINCIPAL SOIL PARENT MATERIAL 
 
Label/Symbol ID 

Road 
Field 

Sawmills 
Field 

 

Grey Brown Podzolic 70% Limestone morainic gravels and sands  30 100.0 100.0 7.7 3.1 2.6  

Grey Brown Podzolic 75% Mostly limestone and shale  10   3.8 1.4 0.4  

Acid Brown Earth 70% Mixed sandstone and glacial till  13    2.5 1.7 

Acid Brown Earth 90% Morainic sands and gravels and blown sands  16    1.1 0.4 

Acid Brown Earth 70% Upper Carbonif. shale and Sandstone glacial till  19    2.9 1.1 

Grey Brown Podzolic 60% Mostly limestone glacial till  28     3.6 

Minimal Grey Brown Podzolic 80% Limestone glacial till  31   3.9 4.3 4.4 

Degraded Grey Brown Podzolic 50% Mostly limestone glacial till  32     3.0 

Shallow Brown Earth and Rendzina 60% Limestone till shallow in places  33     3.2 

Minimal Grey Brown Podzolic 70% Limestone glacial till  34   20.5 16.7 5.8 

Grey Brown Podzolic 80% Stoney limestone glacial till  35   9.7 3.3 0.6 

Grey Brown Podzolic 80% Limestone gravelly till  36   15.5 3.7 0.7 

 Total [%]     61.1 39.1 27.4  

Note: a   Selected were soil association 30 and some other soil associations dominated by Grey Brown Podzolic soils and Brown Earth soils (with soil parent material mainly limestone and glacial 
deposits). [Data source: EPA Spatial Analysis Group (2006) using information from Gardiner and Radford, (1980a)] 
 

C
hapter 3 

7
1
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Figure 3.7 Ireland map of ‘soil association 30’ and some selected soil associations, 

with outlined SERBD, River Barrow catchment area, and indicated experimental site 

locations 

[Data source: EPA Spatial Analysis Group (2006) using information from Gardiner 

and Radford, (1980a)] 

10 
13 
16 
19 
28 
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31 
32 
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34 
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                       31      28 

 

33       32        30 

  

            

                    31                 36   35 

   28 

                                                  30 

                                  19 

34                                   34 

                             34     13   

Note: Selected are ‘soil associations 30’ and a few additional soil associations dominated by 
Grey Brown Podzolic soils and Brown Earth soils. Legend to Figure 3.7 is also provided in Table 
3.7. 
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Figure 3.8 Map of selected soil associations in SERBD and River Barrow catchment 

[Data source: EPA Spatial Analysis Group (2006) using information from Gardiner 

and Radford, (1980a)] 
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Note: Selected are ‘soil associations 30’ and some other associations dominated by Grey 
Brown Podzolic soils and Brown Earth soils. Legend to Figure 3.8 is also provided in Table 3.7. 
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3.3.2.3 Land use characteristics (tillage )  

 

Good agricultural land in Ireland covers c. 50% and marginal land c. 49% of the Irish 

land area (Gardiner and Radford, 1980b). The percentage of good agricultural land is 

highest for the Southeast (78%) and East (70%) of the country (Gardiner and Radford, 

1980b). Gardiner and Radford (1980b) further classify the Irish good agricultural land 

into tillage suitability classes from highly to moderately and to marginally suitable. 

The suitable tillage land in Ireland (from highly to moderately suitable) is estimated to 

be c. 36% of the country. However, not all of the tillage suitable land has been actually 

used for production of tillage crops in practice in the country in recent times (Gardiner 

and Radford, 1980b; CSO, 2000). 

 

Therefore the GIS spatial analysis was done using data on actual land use obtained 

from the Census of Agriculture by District Electoral Division (CSO, 2000). The 

information on tillage land use in Ireland is provided by selecting the area under crop 

production (defined as tillage land) within each ‘utilised agricultural area’ (UAA) on 

‘District Electoral Division’ (DED) basis. This means that each DED has a certain 

UAA, which is the area that is in agricultural use, but not necessarily used for tillage 

(e.g. it can be also used for grassland or other agricultural purposes) (CSO, 2000). As 

such, only certain percent of the UAA (based on DED) is actually used for tillage. The 

spatial analysis provided results expressed as the percentage of the used tillage land of 

UAA within each DED (i.e. used tillage land as percentage of the UAA). The whole 

area of tillage land use in Ireland is presented using DEDs that were categorised into 

seven categories according to actual tillage land expressed as the percentage of total 

UAA as presented in Table 3.8 and Figures 3.9 and 3.10 (CSO, 2000). 
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Table 3.8 Tillage land use of the two experimental sites, River Barrow catchment, 

SERBD, and whole Ireland 

 PERCENT [%] OF TOTAL AREA 

Percent [%] 
tillage 

Locally Regionally Nationally 

 
 
 

Category a 
Symbol/Area 

[Percent UAA 
tillage land use 
based on DED]b 

 Oak Park 
experimental 

fieldsc  

Barrow 
Catchment 

 

 

SERBD 
 

 

Ireland 
 
 

Road 
Field 

Sawmills 
Field 

 

1   [0% to 5%] 

[%
] 

  53.6 56.9 79.1 

2   [5% to 10%]   12.7 13.8 6.8 

3   [10% to 20%]   16.7 13.9 7.1 

4   [20% to 30%]   6.4 6.9 3.3 

5   [30% to 40%]   4.5 4.3 2.1 

6   [40% to 50%]   3.4 2.9 1.2 

7   [50% and above] 100.0 100.0 2.6 1.0 0.4 
 

                                                 Sum of classes 5 to 7 [%] 10.5 8.2 3.7 
Notes: a In this analysis, the categories have been numbered from 1 to 7, where each category corresponds 
to specific % range of UAA tillage land use based on DED; see 2nd column in the table. b Due to gaps in 
database the categorisation is performed with 98% accuracy. c Both experimental sites are known to be 
under the long term cereal crop production and should therefore be categorised under tillage category 7. 
 

  [Data source: CSO (2000)] 

 

Figure 3.9 shows that total tillage area, which refers to tillage land use of minimum 5% 

or higher, can be mainly found in the eastern parts and few in the central parts of the 

country, including the most of SERBD and River Barrow catchment areas (Figures 3.9 

and 3.10). Based on the categorisation given in Table 3.8 (CSO, 2000) approximately 

11% of River Barrow catchments’ area, 8% of SERBD’s area, and 4% of country’s 

area are under ‘ ≥ 30% tillage’ (corresponding to the percent UAA tillage land use 

based on DED; a sum of categories 5 to 7). As such, most of the land in Ireland is not 

under tillage use (Figures 3.9 and 3.10), but it is mainly used for other agricultural 

purposes (e.g. grassland and grazing).  

 

It should be kept in mind that the categorisation in Table 3.8 does not provide the 

information on how suitable certain agricultural land is for tillage land use (i.e. it is not 

linked to tillage suitability class), but it only provides information on the actual land 

use. By also taking into account that most of ‘good’ land is actually situated in 

southeast and east of the country (Gardiner and Radford, 1980b), then much more of 

the Irish land could be used for tillage practices than presented in the Table 3.8.  
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Figure 3.9 Distribution map of tillage land use for Ireland with outlined SERBD, River 

Barrow catchment area, and indicated experimental site locations 

[Data source: CSO (2000)]. 

Note:  ‘% Tillage’ corresponds to percent utilised agricultural area (UAA) tillage land use 
based on District Electoral Division (DED). Legend to figure is also provided in Table 3.8 
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Figure 3.10 Distribution map of tillage land use for SERBD and River Barrow 

catchment 

[Data source: CSO (2000)] 

Note:  ‘% Tillage’ corresponds to percent utilised agricultural area (UAA) tillage land use 
based on District Electoral Division (DED). Legend to figure is also provided in Table 3.8 
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3.3.3 Summary of spatial analysis  

 

A summary of the spatial analysis at local, regional and national scales including each 

of the three main characteristics of the Oak Park study area is given in Table 3.9 and 

Figure 3.11. In terms of tillage, the overall percent of selected class of tillage land use 

(i.e. corresponding to c. 30% or higher of agricultural land that is actually used for 

tillage) is relatively low at both regional and national scales (c. ≤ 11%; Table 3.9). As 

noted in Section 3.3.2.3, although most of the country land has not been actually used 

for tillage, most of actual tillage land can be found in south-east and north-east of 

Ireland, and few in the central parts of the country (i.e. including most parts of SERBD 

and River Barrow catchment). 

 

Table 3.9 Main characteristics of Oak Park study area (vulnerability class, soil type, 

tillage land use) expressed as % of total area of River Barrow catchment, SERBD, and 

Republic of Ireland 

 
PERCENT [%] OF TOTAL AREA 

Locally [100 %] Regionally Nationally 

 
Dominating characteristics of Oak Park study area 
 

 Barrow 
Catchment 
 

SERBD 
 

Ireland 
 

V
u

ln
er

a-
 

b
ili

ty
 c

la
ss

 

Groundwater 
vulnerability 
 
 

Extreme  
 
 

P
er

ce
n

t 
ar

ea
 [

%
] 

15.9 
 
 

22.8 
 
 

23.9 
 
 

S
o

il 
&

 s
o

il 

p
ar

en
t 

m
at

. Grey Brown 
Podzolics and 
Brown Earths 
(Acid and 
Shallow) 

Soil association 30 and 
selected associations 
dominated by Grey 
Brown Podzolic soils and 
Brown Earth soils 
 

61.1 
 
 

39.1 
 
 

27.4 
 
 

L
an

d
-u

se
 

(t
ill

ag
e)

 Percent UAA 
tillage use by 
DED a 
 

Tillage use [30% to 50% 
and higher UAA by DED; 
categories 5 to 7 in Table 
3.9] 
 

10.5 
 
 

8.2 
 
 

3.7 
 
 

a  …. used tillage land as percentage of the UAA within each DED 

 [Data sources: CSO, (2000); GSI, (2008a, b, d, e, f); Gardiner and Radford, (1980a)]  
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Figure 3.11 Percent of the each of three main Oak Park area characteristics (‘Extreme 

vulnerability’ class, selected soil types, tillage land use) within River Barrow 

catchment, SERBD and Republic of Ireland [expressed as % of total area] 

 

Approximately 16% of River Barrow catchment area is classified under ‘Extremely 

vulnerable’ category, which dominates Oak Park study area in (i.e. Sawmills Field and 

Road Field; see Figure 3.11). However it should be noted that this classification is 

based on the unsaturated zone thickness (< 3 m) and that it does not compare the same 

types of sediment material – i.e. it does not compare “like to like” (see Section 

3.3.2.1). In terms of selected soil types, more than one half of the River Barrow 

catchment area has soils dominated by Grey Brown Podzolics and Brown Earths 

(which dominate the Oak Park study area - i.e. Sawmills Field and Road Field; see 

Figure 3.11). The chosen study area in Oak Park is representative in the range of more 

than 1/2 of the River Barrow catchment area (i.e. 61%) in terms of the selected soils, to 

approximately 1/6 of the catchment area (i.e. 16 %) in terms of groundwater 

vulnerability, and to approximately 1/9 of the catchment area (i.e. 11%) in terms of 

tillage land. The chosen study area in Oak Park is slightly less representative for 
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SERBD area (c. 39% in terms of selected soils to c. 23 % in terms of groundwater 

vulnerability, and only c. 8 % in terms of tillage land), while it is least representative 

for the whole country area (c. 27% in terms of selected soils to c. 24 % in terms of 

groundwater vulnerability, and only c. 4 % in terms of tillage land) (see Table 3.9 and 

Figure 3.11). Further discussion/conclusions in regard to the relevance, applicability 

and transferability of the results from the chosen study area to other situations are 

provided in Chapter 9, Section 9.2.7. 

 

It should be noted that at the time of commencing this doctoral research in 2006 no 

detailed gravel/unconsolidated sediment database was available yet. This database was 

available at GSI web-site at later stage and therefore relevant information was added to 

this chapter after the GIS analysis was already completed (see Section 3.2 “General 

overview of study area main characteristics”). It is expected that the Irish databases on 

geological, soil/subsoil data and land-use will continue to update in the future, thus the 

GIS analysis provided in this chapter is not definitive.  
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CHAPTER 4: PREDICTING SOIL MOISTURE 

CONDITIONS FOR IRISH ARABLE FREE 

DRAINING SOIL 

 

4.1 Introduction to chapter 

 

The work presented in this chapter has been accepted for publication in 2010 in the 

Irish Journal of Agricultural and Food Research under the title ‘Predicting soil 

moisture conditions for Irish arable free draining soils under spring cereal crop 

production’ (Premrov et al., 2010), and has been fully integrated into this chapter. An 

agro-meteorological model for simulating and estimating the soil moisture conditions, 

evapotranspiration or the amount of effective drainage for chosen experimental area in 

Oak Park, Carlow, south-eastern Ireland was developed and verified as a part of this 

doctoral research. Effective drainage in this study corresponds to the effective rainfall. 

A term effective drainage/rainfall is used in this chapter because the model computes 

the effective rainfall as drainage (i.e. the water drainage by percolation, assuming that 

the overland flow and throughflow is zero for this free draining soil, see Chapter 2, 

Figure 2.3).  

 

In general, groundwater can be recharged via precipitation, surface waters (e.g. rivers, 

lakes) and it can be man-induced (Lerner et al., 1990). There is also a distinction 

between the indirect type of recharge (percolation following runoff), and direct 

recharge (originating from downward vertical water infiltration), (Lerner et al., 1990). 

The estimation/modelling work of groundwater recharge requires further distinction 

between the potential recharge and actual recharge (Lerner et al., 1990). The literature 

frequently uses recharge coefficients when reporting a proportion of effective rainfall 

that represents actual aquifer recharge, which can vary depending on various 

conditions. For example, a sensitivity analysis of soil moisture budgets and till 

properties in Ireland by Fitzsimons and Misstear (2006) simulated a range of recharge 

coefficients (2% - 80%) using different till permeabilities, thickness and vertical 

hydraulic gradients. Based on the permeability of material alone, the proportion of 
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simulated effective rainfall, which becomes groundwater recharge (or recharge 

coefficient), increased with higher till permeability (Fitzsimons and Misstear, 2006). 

 

This doctoral study assumes dominance of groundwater recharge by vertical 

percolation, as opposed to lateral water movements by throughflow or overland flow. 

As such, the study assumes that all of the effective rainfall percolates vertically and 

that none of it moves by throughflow or overland flow at chosen area. This study also 

assumes that 100% of effective rainfall becomes groundwater recharge for sand and 

gravel aquifer (i.e. 100% recharge coefficient). These assumptions are justified by free 

draining characteristics of the soil/subsoil and by relatively thin unsaturated zone (see 

Chapters 5 and 6), resulting in a low water-holding capacity of soil/ subsoils of the 

selected study area. 

 

The new model, which is presented in this chapter, was developed for spring cereal 

crops on free draining soil, and was named as the SMD (soil moisture deficit) crop 

model. The development of this new SMD crop model was based on the Schulte et al. 

(2005) SMD hybrid model for grassland. The SMD hybrid model by Schulte et al. 

(2005) was chosen as a background model for the development of the new SMD crop 

model in this study due to the fact that the SMD hybrid model was already available in 

Teagasc, and therefore it was easily accessible at the Teagasc Johnstown Castle 

Research Centre. Furthermore, the SMD hybrid model was used in previous Teagasc 

studies for predicting soil moisture conditions for Oak Park soils under cereal crops 

(e.g. by Hooker et al., 2008); thus, it was desirable to develop a new model for crops 

that would be based on this original model for grassland. Finally, the SMD hybrid 

model was found to be a suitable choice for a background model in this study due to its 

simplicity and because it uses the soil moisture tension measurements (measured from 

the installed tensiometers) for calibration and testing, and these data were also 

collected in this doctoral study. 

 

The new SMD crop model was designed to predict the effective drainage/rainfall, 

which was necessary for computing the cumulative amount of nitrate leached or for 

estimating the groundwater recharge (see Chapters 6 and 7). As explained above, in 

this study the recharge is mainly originating from precipitation -i.e. effective 

drainage/rainfall (due to downward infiltration of water recharging the saturated zone 
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(Flynn and Tasker, 2004)); whereas the throughflow and overland flow have been 

neglected in the model. 

 

4.2  Introduction and background 

 

4.2.1 General facts about modelling and model classification 

 

A model represents such a sufficiently simple form of physical system description that 

comprises all its fundamental aspects, and at the same time enables mathematical 

solutions (Isaacs et al., 1996b). A model is an abstraction of reality (Mulligan and 

Wainwright, 2004). Models can be used not only as a predicting tool, but also as a tool 

for better understanding of complex systems (Holden, 2001). There are various types 

of models. Because the model that was developed in this study is not strictly 

hydrological model, (but it is an agro-meteorological model that includes “crop” 

components), the classification of models presented in this section is of more broad 

and general nature. It should be noted that here presented classification is not ultimate.  

In general models can be classified into: 

- non-physical models (such as mathematical models) and 

- physical models (also named as a scale or hardware models, which 

are actual physical scaled-down versions of reality) (Holden, 2001; 

Mulligan and Wainwright, 2004). 

 

The concept of a conceptual model, as used in this chapter, represents a diagram of 

each-other interacting ideas, which are linked to each-other (Holden, 2001). 

Conceptual models are very important especially in agro-meteorological modelling, 

since they illustrate and define modelling simplifications and different modelling 

stages. They can be used to lead towards the development of final models, such as 

mathematical models (Holden, 2001). The SMD crop conceptual model is given in 

Figure 4.1; Section 4.3.1. 

 

Mathematical models are quantitative models that use mathematical rules and logics 

for expressing different modelling stages and changes (Holden, 2001; Mulligan and 

Wainwright, 2004). Their mathematical classification is based on the way they 
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integrate the equations, and they can be grouped into analytical and numerical models 

and the models that are mixture of both types (i.e. mixed analytical and numerical 

equation solving models). The analytical models solve model equations analytically, as 

differential equations; while numerical models provide computer-based solution, 

solving the equations numerically as difference-equations (such as a simple-repetition 

of difference-equations through the time) (Mulligan and Wainwright, 2004).  

 

Mathematical models can be further classified as follows: 

 

- Conceptual classification:  

- Empirical models: These models say nothing of the processes and are 

not based on pre-defined theory, but they are based on the observations 

of the relationships (Holden, 2001; Mulligan and Wainwright, 2004). 

These are models with unknown element of modelled system, i.e. 

unknown influence of one variable on another variable. They can be 

very simple models  such as a single linear regression equation, but also 

very complex (Holden, 2001).   

- Mechanistic models: are models that include some 

understanding/explanation of the modelled system based on 

descriptions of relationships and quantities (with set up limits) that are 

used for model predictions. These models are usually two layer models 

with descriptions and limits at lower layer and predictions at upper 

layer (Holden, 2001; Smith and Smith, 2007). 

 

According to the level of system understanding, models can be also grouped into 

“black box” and “white box” models, where the first correspond to the group of 

models in which only inputs and outputs are known, and the last correspond to those 

models in which all the processes are know. Most of the models are not “white box” 

models, but mixture of both “black and white box” (Mulligan and Wainwright, 2004). 

As mentioned earlier, the model classification in this section is not definitive. For 

example, under the hydrologic mathematical methods, the conceptual classification 

(which belongs under empirical/deterministic category) distinguishes between direct 

(or physical), indirect (or digital/hybrid) and semidirect (or analog) models. Analog 
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models can be mechanic, electric and liquid based models (Nourani and Monadjemi, 

2006). 

 

- Temporal classification:  

- Static models: are models that ignore time dependency and do not 

include time variable. 

- Dynamic models: are models that contain time variable, usually 

including differential equation with time change (Holden, 2001; 

Mulligan and Wainwright, 2004; Smith and Smith, 2007). 

 

- Spatial classification: 

- Lumped models: are models where space is lumped into single value.  

- Semi-distributed models: are models that include units of multiple 

lumps of space. 

- Distributed models: are models where the space is broken down into 

units such as rasters (Mulligan and Wainwright, 2004). 

 

- Classification according to type of model-prediction: 

- Deterministic models: are models that require an input of initial set of 

conditions on which they base their determined single outcome 

(prediction) without including any distribution of possible outcomes. 

- Stochastic models: are models that include distribution of inputs and 

outputs allowing estimation of the outcome (prediction) probability 

(Holden, 2001; Smith and Smith, 2007). 

 

In most cases the models are not just one single type, but are a mixture of different 

types (Holden, 2001; Mulligan and Wainwright, 2004). Most of the models are 

developed with predicting purpose. Despite high practicability and applicability of 

most models, one should not mistake them for reality, nor forget the boundaries and 

scales within which they operate (Holden, 2001). In general, the modelling approach 

should include the definition of a problem with defined hypothesis, and limits, 

definition of required modelling variables and assumptions. Finally model 

parameterization, calibration and testing are also crucial parts of modelling process 

(Holden, 2001; Mulligan and Wainwright, 2004; Smith and Smith, 2007). 
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4.2.2 Importance of predicting the soil moisture conditions 

and brief literature review 

 

Since Irish climate is classified as oceanic to near oceanic with temperate summers and 

mild winters (Keane et al., 1992), studies of nitrate leaching from tillage land in 

Ireland are particularly important due to potential for winter soil organic matter 

mineralisation (Hooker et al., 2008). Tillage systems can also have increased 

mineralisation of soil organic matter and increased release of nitrogen due to 

ploughing (Addiscott, 1996). It is also known that land under tillage farming can have 

higher risks of nitrate loss than grassland (Webster and Dowdell, 1986; Ryan and 

Fanning, 1996; Thomsen and Christensen, 1998). For these reasons, development of a 

simple model for predicting soil moisture conditions for tillage systems in Ireland 

should be very useful for various agronomic and environmental studies that are 

performed on Irish arable land, and this represents some of the main objectives of this 

study: i.e. the leaching prediction. This includes predicting leaching periods and 

amounts for estimating nitrate loads leached (unsaturated zone experiment, Chapter 7), 

and predicting the amount of groundwater recharge in connection with the 

transportation of water soluble pollutants to the saturated zone (shallow groundwater 

experiment, Chapter 8).  

 

Temporal prediction of soil moisture and evapotranspiration has a crucial role in 

agricultural and environmental management. Estimates of soil moisture conditions are 

frequently required in agriculture for issues such as estimation of crop water use 

(Abdelhadi et al., 2000), agricultural drought monitoring (Narasimhan and Srinivasan, 

2005) or irrigation scheduling and crop water-use studies (Bailey and Spackman, 

1996). Therefore this information has an important role in crop production 

management. These examples show that temporal variations in soil moisture represent 

a significant factor determining crop growth.  

 

Various examples of models used for predicting soil moisture conditions can be found 

in the literature. One of the well known models is MORECS (UK Meteorological 

Office Rainfall and Evaporation Calculation System) (Hough and Jones, 1997) for 
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estimating evapotranspiration, soil moisture conditions and effective rainfall (or 

effective drainage). Although MORECS was developed several years ago, it is 

currently still in use in some hydrological modelling studies [e.g. Arnell (2011)]. 

Among other things, it can be also used for calculating effective rainfall in agricultural 

studies [e.g. see Lord and Shepherd (1993)]. Another example of a well known and 

frequently used model for crop management is the CROPWAT model, originally 

developed by the FAO Land and Water Development Division (Smith, 1992) to 

predict crop water requirements.  

 

In addition to their role in crop management, predictions of soil moisture conditions 

and related evapotranspiration are very important for environmental management. For 

example, the prediction of evapotranspiration is frequently used in hydrological 

models for river catchments such as SWAT or hydrological N-load models such as 

SWAT-N. [e.g. Jha et al. (2006); Pohlert et al. (2007)]. In addition, hydrogeological 

studies often use water balance modelling that involves predictions of effective 

drainage/rainfall. Thus, Misstear et al. (2008) used soil moisture budgeting for 

computing effective rainfall, which can be used for the purpose of estimating 

groundwater recharge by multiplying it with a recharge coefficient. 

 

Models for soil moisture prediction also have a crucial role in investigating leaching 

losses of water-soluble pollutants to soil and groundwater, often carried out as a part of 

diffuse agricultural pollution studies. If the soil moisture exceeds field capacity, it can 

increase the risk of leaching of water-soluble nutrients (such as nitrate). Prediction of 

temporal variations in soil moisture conditions and the amount of effective 

drainage/rainfall are therefore necessary for computing cumulative nitrate leaching. 

Studies of nitrate leaching losses from agricultural systems often include drainage 

period predictions and calculations of nitrate leaching based on the predicted water 

flux/drainage. Examples include Shepherd (1996) who used a modified Penman-

Monteith (Allen et al., 1998) equation and Johnson et al. (1997), Beckwith et al. 

(1998) and Smith (2002) who used the Irriguide computer program, which is based on 

MORECS program (Thompson et al., 1981). Further, Johnsson et al. (2002) presented 

the SOILNDB tool model for agricultural management of leaching that is based on 

SOIL and SOILN models (Jansson and Halldin, 1979; Johnsson et al., 1987), with 

water balance calculation based on the Penman–Monteith equation. Another example 
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is MAGPIE (a modelling framework for evaluating nitrate losses at national and 

catchment scales) by Lord and Anthony (2000), which links several models at field 

scale (e.g. MORECS, SUNDAIL, NCYCLE  etc.) to the catchment scale  within the 

Geographical Information System (GIS) in order to estimate the annual nitrate load for 

agricultural catchments and contribute to the policy development on agricultural 

pollution. 

 

Irish models that involve soil moisture prediction and evapotranspiration estimation 

are mainly used for water budgeting in connection with studies on grassland 

management and grass productivity, e.g. Lewis and McGechan (1999), Moehrlen et al. 

(1999), Clifton-Brown et al. (2000), Mills (2000), Lewis et al. (2003) and Charlton et 

al. (2006). These models were developed mainly for the modelling of overall water-

budgets at large scales, or for modelling the hydrogeological cycle components. An 

Irish model that predicts soil moisture dynamics for grassland at the field scale is the 

soil moisture deficit (SMD) hybrid model (Schulte et al., 2005).  

 

A lack of Irish agro-meteorological models for tillage land represents a knowledge gap 

in this particular area of modelling. An attempt at filling some parts of this knowledge 

gap has been made in this study by developing a soil moisture deficit model for 

predicting soil moisture conditions on a free draining arable soil under spring cereal 

cultivation in Ireland. This SMD crop model is based on the SMD hybrid model 

(Schulte et al., 2005). The original hybrid model was developed in line with 

international FAO guidelines for computing evapotranspiration, and was calibrated and 

tested for grasslands on contrasting soils in Ireland. The objective of this modelling 

study was to develop a simple SMD model for crops that is practical and enables 

prediction of SMD and effective drainage/rainfall using minimal meteorological data.  

 

The SMD crop model can be classified as a dynamic deterministic model. In this 

chapter this model was classified in more general terms, as a “mathematical model”. 

This classification was done in order to avoid confusion with very complex numerical 

models often used in hydrological modelling. Nevertheless, according to Mulligan and 

Wainwright (2004), numerical models solve the equations numerically as difference-

equations (which can be also very simple-repetition of difference-equations through 

time). In this case the model computes the difference between soil moisture deficit 
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(SMD) on days t-1 and t, based on water-mass balance daily time-step calculation; see 

Section 4.3.2). As such, this model could be potentially described also as a “simple 

numerical model”. 

 

 

4.3 Model theory 

4.3.1 General description of model 

 

 Background 

The soil moisture deficit is often used for quantification of soil moisture conditions 

and is expressed as the rainfall (millimetres) required for restoration of soil moisture to 

field capacity (Price, 2002). The Penman-Monteith equation (Monteith, 1973) allows 

the estimation of the potential (or reference-crop) evapotranspiration from a 

standardised, properly watered reference grass surface that occurs when the water 

supply is not restricted (Allen et al., 1998; Davie, 2008). The evapotranspiration that 

actually occurs is the actual evapotranspiration (Allen et al., 1998; Davie, 2008). If the 

water supply is restricted and the soil moisture deficit increases, the actual 

evapotranspiration will be reduced, and actual evapotranspiration will be lower than 

potential evapotranspiration (Keane et al., 1992). Therefore, the ratio between actual 

evapotranspiration and potential evapotranspiration is closely correlated with soil 

moisture deficit.  

 

Most hydrological models are designed with the purpose of solving the water balance 

equation for a given time period (Davie, 2008). Davie (2008) lists the Penman-

Monteith method as one of the best evapotranspiration methods available today, while 

the FAO strongly recommends this method for estimating the potential 

evapotranspiration (ETo). In addition, the FAO also lists a number of ETo ranges 

typical for some agro-climatic regions (Allen et al., 1998). It should be borne in mind 

that the application of the water balance equation in models still involves imprecision 

due to the spatial and temporal scale of the hydrological processes involved; and this 

scale may not be the same as the scale of estimated measurements (Davie, 2008). 
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Because the actual evapotranspiration is a function of soil moisture deficit and 

potential evapotranspiration, this relationship, together with field soil tension 

measurements, can be used to develop and calibrate a simple SMD model, such as the 

SMD hybrid grassland model. This specific grassland model, which uses the Penman-

Monteith method for estimation ETo, was developed for predicting actual 

evapotranspiration using the predicted temporal soil moisture deficit variation for the 

rooting zone of Irish grasslands on well drained and poorly drained soils (Schulte et 

al., 2005). Its development was based on a combination of two approaches (resulting in 

a “hybrid” model) for calculation of soil moisture deficit. The two approaches were the 

Teagasc model (Brereton et al., 1996), which predicts SMD for well drained soils (i.e. 

instant drainage of water surpluses exceeding field capacity), and the Met Éireann 

model (Keane, 2001), which predicts SMD for poorly-drained soils (i.e. accumulation 

of water surpluses). The main advantage of this grassland model is its practicability 

due to minimum requirements for data input. The SMD crop model presented in this 

paper, which is based on the existing SMD hybrid grassland model, involved further 

computing of crop evapotranspiration including the estimation of parameters for 

various crop growth stages, as well as model calibration and model testing for site 

specific conditions. Soil tension measurements from two experimental fields located in 

Oak Park, Co Carlow, Ireland were used for model calibration and testing.  

 

Figure 4.1 presents the SMD crop conceptual model, developed using the components 

taken from the Schulte et al. (2005) model. The conceptual model components from 

Schulte et al. (2005) in Figure 4.1 are based on personal interpretation of that model 

(built in Excel). New crop components and site specific parameters related to the 

drainage component were added (see Appendix 4.1 and Section 4.3.2). 
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Figure 4.1 SMD crop conceptual model: components taken from Schulte et al. (2005) model (based on the model personal interpretation) - in 

black colour; new added crop components and site-specific soil components - in blue colour 
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4.3.2 Model computing 

 

The SMD crop model uses site characteristics and meteorological data for the 

simulation of soil moisture conditions and evapotranspiration. The model inputs and 

expected outputs are summarized in Table 4.1. The soil moisture deficit, radiation and 

drainage are calculated as described in the Schulte et al. (2005), which is a water-mass 

balance daily time-step procedure based on Aslyng (1965) and using the Penman-

Monteith equation (Allen et al., 1998). Consequently some of the common components 

of the crop model presented here have been taken directly from the SMD hybrid model 

for grassland; these involve calculation of soil moisture deficit, calculation of the 

potential and actual evapotranspiration during the over-winter natural-regeneration 

period, and radiation [further information can be found in Appendix 4.2]. On the other 

hand, the crop and soil specific components were developed specifically for the SMD 

crop model for spring cereal crop production systems on free-draining soil. These 

components are:  

- calculation of crop-specific coefficients, 

- construction of crop coefficient curve, 

- computing the crop reference-evapotranspiration for spring cereal 

crops,  

- the drainage component of the crop and soil specific parameters, which 

involved a model calibration using the soil tension measurements from 

one field experiment and model testing using the measurements from an 

independent field experiment.  

 

Table 4.1 Inputs and output parameters for the SMD crop model 

 

Input
a
 Output 

 
- Latitude 
- Altitude 
-Daily temperature  
  (min, max) 

 
- Wind speed 
- Rainfall  
- Radiation 
(or sunshine hours ) 

 
- Soil moisture deficit 
- Effective drainage 
[or effective rainfall]  

Note: 
a
 ... Relative humidity is computed from input parameters according to Allen et al. (1998); 

see Figure 4.1 and Appendix 4.1. The current SMD crop model follows the basis of the SMD 

hybrid model for grassland. Further information on direct input parameters and computed input 

parameters can be found in Schulte et al. (2005). 
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 Soil-water balance components 

Soil moisture deficit is calculated as (Allen et al., 1998; Schulte et al., 2005): 

SMDt = SMDt-1 – Raint + Eta + Draint   [4.1]       

where SMDt represents the soil moisture deficit [mm] on day t; SMDt-1 is soil moisture 

deficit on day t-1; Raint is an input variable of daily precipitation [mm/day]; Eta is 

actual evapotranspiration [mm/day] and Draint is water drainage [mm/day] by 

percolation and/or overland flow. Topsoil characteristics control the drainage rate and 

thus these are site-specific parameters (calibrated). On the other hand, the equations for 

the effective drainage remained the same as in the SMD hybrid model, where it is 

calculated from Eq. 4.1 as  

  SMDt -SMDt-1+Raint– Eta. 

Due to difficulty in quantifying the precise relationship between actual drainage rate 

and SMD, Schulte et al. (2005) specified the drainage rate Draint as a simple linear 

function of SMD, when SMD < 0: 

Draint = Drainmax∙(SMDt-1/SMDmin)     if Drainmax < - SMDmin  

and 

Draint = -SMDt-1  if Drainmax > -SMDmin  [4.2]. 

The original hybrid model by Schulte et al. (2005) differentiated between poorly-, 

moderately- and well-drained soils by calibrating specific parameters for each drainage 

class, i.e. maximum drainage rate (Drainmax), minimum soil moisture deficit or SMDmin 

(i.e. point of saturation that can have negative SMD value), and the critical soil 

moisture deficit or SMDc. SMDc corresponds to the critical value above which 

vegetation transpiration rates are reduced). The critical SMD threshold value is 

frequently termed as a root constant (Fitzsimons and Misstear, 2006), whereas Hulme 

et al. (2001) use a concept of readily available water to the crop, which relates the root 

constants to the type of crop and agricultural practice, based on the FAO guidelines for 

computing the crop water requirements (Allen et al., 1998). Because the current SMD 

crop model has been developed only for well drained soil, SMDmin has been assumed 

to be 0, and as defined by Schulte et al. (2005), because by definition these soils can 

not reach saturation point. For well-drained soils, the parameter Drainmax is redundant 

(Schulte et al., 2005). SMDc (critical soil moisture deficit) and SMDmax (maximum soil 

moisture deficit) were calibrated using soil tension measurements from the 
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experimental sites in the current SMD crop model. The calibration procedure followed 

the method of Schulte et al. (2005), using MS Excel 2000 Solver for maximising 

correlation coefficients, with constrains SMDc ≥ 0 and SMDmin ≤ 0. Schulte et al. 

(2005) used initial parameters from the Teagasc and Met Éireann models on which the 

grassland model was based, for calibrating well drained and poorly drained soils 

respectively. SMD parameters are crop and site specific parameters; for example 

Schulte et al. (2005) explain that SMDc of 30mm and SMDmax of 120 mm were found 

by Aslying (1965) for Danish reference soil. Further explanation of the concept of 

above parameters in relation to some other studies is provided in Schulte et al. (2005). 

Further information and discussion in regard to the calibration of SMDc and SMDmax is 

given in Sections 4.4.2, 4.5.2 and 4.6.2. 

 

 Evapotranspiration components 

Actual evapotranspiration during over-winter natural-regeneration growth is calculated 

the same way as in the SMD hybrid model by Schulte et al. (2005). When soil 

moisture conditions are not limiting plant growth SMD is between field capacity 

(SMD = 0) and the critical SMDc: 

If 0 < SMDt < SMDc,  then  ETo = ETa  

When SMDt > SMDc the actual evapotranspiration will be reduced and less than ETo 

(potential evapotranspiration) since the plants will be closing their leaf stomata to 

reduce transpiration due to lack of water (Aslyng, 1965; Allen et al., 1998) and under 

this condition 

Eta  = ETo ∙ [SMDmax – SMDt-1] / [SMDmax – SMDc]  [4.3]. 

The parameters used in the Penman-Monteith equation were determined from the 

meteorological data collected at Oak Park weather station: daily precipitation 

[mm/day], global radiation [MJ m
-2

 d
-1

], maximum and minimum temperature [ºC], 

wind speed at 10 metres [m/s], negligible ground-heat flux, albedo of grass crop 0.23 

and site latitude [radians] and altitude [m]. Required radiation input data were 

calculated from sunshine hours for the days with no available data on global radiation 

(Allen et al., 1998). Further information on ETo and radiation, which were calculated 

the same way as described in Schulte et al. (2005) model, is provided in Appendix 4.2. 

 



Evaluation of measures to reduce                .                       . 
Chapter 4                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

 95 

 Reference evapotranspiration for spring cereal crops and construction of 

crop coefficient curve 

The ETo is the evapotranspiration from the standardised reference surface, while the 

reference-crop evapotranspiration (ETocrop) is the evapotranspiration under non-

standard conditions (i.e. other crop growing surfaces). Therefore the 

evapotranspiration needs correction in the form of crop growth coefficients Kc (Allen 

et al., 1998) as: 

ETocrop = Kc∙ ETo  [4.4] 

The ETocrop values for spring cereal crops (spring barley and spring wheat) are 

determined in the SMD crop model according to the FAO guidelines for computing 

water requirements for crops (Allen et al., 1998) through the following steps:  

- identification of crop growth stages and determination of Kc 

coefficients; 

- adjustment of Kc for frequency of wetting-climatic conditions; 

- construction of crop coefficient curve (for determining Kc values for 

any period during the growth); 

- calculation of ETocrop using Eq. 4.4. 

 

The growing period of the crop was divided into four growth stages, according to FAO 

guidelines (Allen et al., 1998). The initial stage (Lini) is from the date of seed 

application to about 10% ground cover; the crop development stage (Ldev) lasts from 

end of Lini until the effective plant cover has reached 100%; next is the mid-season 

stage (Lmid), which is generally the longest stage lasts until the beginning of plant 

maturity followed by the late season stage (Llate) that ends with full plant senescence or 

when the crop dries out naturally (Allen et al., 1998). The chosen growth stages for 

cereals planted during March/April are 20 days for Lini, 25 days for Ldev, 60 days for 

Lmid, and 30 days for Llate. Plant growth phases were not empirically determined; the 

default values given by Allen et al. (1998) were used. 

 

The “Graphical determination of Kcini” as outlined in the FAO guidelines was used to 

estimate the crop coefficient for the initial stage in this paper (Kcini), based on the 

relationship between average Kcini and the level of Eto (Allen et al., 1998). The crop 

coefficient for mid-season (Kcmid) was evaluated by two approaches: 

-  calculating Kcmid following Allen et al. (1998) and, 
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-  using the listed value by Allen et al. (1998).  

The listed Kcmid value was finally chosen for this model, because the calculated value 

resulted in an underestimation. The crop coefficient for the final stage (Kcend) was 

determined according to Allen et al. (1998), while the crop daily values for the 

coefficient for the development stage and for the late stage were obtained by linear 

interpolation (Allen et al., 1998). 

  

 Actual evapotranspiration during the crop growth stages  

ETocrop was used in the SMD crop model for the calculation of ETa during the crop 

growth stages. Actual evapotranspiration was calculated according to Eq. 4.3, by 

replacing the ETo with the ETocrop. 

 

4.4 Methods 

 

4.4.1 Field Methods 

 

Two experimental sites were used in this study: the Sawmills Field and Road Field, 

both located on well-drained tillage land under cereal crop production (spring barley) 

at Oak Park Research Centre, Co. Carlow, Ireland (see Chapter 3, Section 3.2.1, Figure 

3.1). Soil tension, which was measured at both sites using tensiometers (SDEC, 

Reignac sur Indre, France) and was recorded at fortnightly intervals using a digital 

tensimeter with attached hypodermic needle displaying the soil tension recordings as 

negative hPa. Tensiometers were installed at different depths using the same 

methodology as for the installation of suction cups (further details are provided in 

Chapters 5 and 7). Measurements from the tensiometers installed at 0.3 m depth and at 

0.6 m depth were used for model development and testing. [Note: Tensiometers were 

installed at four different depths but only these two depths were finally used due to 

very low soil water holding capacity of both experimental sites, causing very fast 

vertical movement of water through the soil. Additional information on tensiometers is 

given in Appendix 6.1., Figure Apx.6.1.1.] The tension measurements (n = 2 per 

depth) from Sawmills Field were used for model calibration and were collected from 

January 2007 to January 2008; the Road Field measurements (n = 4 per depth) which 
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were used for model evaluation and were collected from December 2004 to September 

2007. Additional evaluation of the model was done using measurements from 

Sawmills Field from January 2008 to March 2009.  

 

4.4.2 Model calibration and testing 

 

The model simulation was performed using meteorological data from 5 January 2002 

to 16 September 2008. A wet period was deliberately chosen for the start of the 

simulation, when the initial value of SMD was assumed to be equal to SMDmin [as in 

Schulte et al. (2005)]. 

 

Determination of crop coefficients was performed as described above. The determined 

coefficients for each stage of crop growth were used for calculating the reference and 

actual evapotranspiration for spring cereals. The SMD crop model allows the standard 

reference-evapotranspiration (ETo) to change to crop reference evapotranspiration 

(ETocrop) for the period of the spring cereal crop growth. This was done first by 

inputting meteorological data from January 2002 onwards in order to compute the 

reference evapotranspiration, and then by applying the appropriate Kc for each crop 

growth stage to generate the ETocrop during each stage. The ETo was retained for the 

period of over-winter natural-regeneration growth between harvest and sowing. The 

above procedure resulted in the construction of the temporal crop coefficient curve. 

The effective drainage/rainfall and SMD were then computed. 

 

The model was calibrated by correlating the predicted SMD with the observed soil 

moisture tension. Subsequently, the accuracy of the model was evaluated using an 

independent dataset. Schulte et al. (2005) found that, for Irish conditions, the 

relationship between SMD and measured soil tension was close to linear for a wide 

range of potential parameter values. Therefore, a similar approach was adopted in the 

present study as this resulted in the same model performance, while requiring fewer 

input parameters. Simple correlation coefficients were computed for between the 

predicted SMD values and measured soil moisture tension at 0.3 m depth and for the 

average soil tension at 2 depths (0.3 m and 0.6 m) for the year 2007. Calibration of the 

model was performed by choosing values for SMDc and SMDmax that maximised the 
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correlation coefficient using Microsoft Excel 2003 Solver (under constraints SMDc > 0 

and SMDmax > 0; SMDmin was set to 0 as explained in Section 4.3.2). Testing of the 

SMD crop model was performed by comparing predicted SMD from the calibrated 

model against average soil moisture tensions measured at 0.3 m and 0.6 m depths from 

the Road Field (from December 2004 to September 2007) and from Sawmills Field 

(for the year 2008). Although the database on the tensiometer measurements from 

Sawmills Field used for calibration was only for the year 2007, it should be noted that 

the measurements were done at approximate 7-day intervals, whereas the Road Field 

measurement were not done at regular even intervals (i.e. from c. 7-day intervals to 

approximately 1-month intervals). For this reason, the precision of the Sawmills Field 

soil tension database was estimated to be higher and a more appropriate choice for 

model calibration. In addition, the choice of Sawmills Field measurements for 

calibration of the model is also supported by the fact that the main purpose for the 

model development was the prediction of groundwater recharge for Sawmills Field. 

Three soil tension measurements with an uncertain level of precision due to poor 

equipment performance on the day of measurement (slightly bent tensimeter needle), 

were identified as outliers and were excluded from model testing. However, these three 

outliers were still acceptable for evaluation of leaching events, which does not need a 

high level of precision.  

 

4.4.3 Model verification 

 

The seasonal variability and the range of predicted total monthly values of potential 

evapotranspiration for crops (ETocrop) from this model were evaluated against Met 

Éireann potential evapotranspiration ETo [predicted and/or measured] (Met Éireann, 

2006-2008) from Irish weather stations at Kilkenny in Co. Kilkenny and Johnstown 

Castle in Co. Wexford [data can be found in Met Éireann weather bulletins (Met 

Éireann, 2006-2008)].  

 

Model performance was also verified by comparing predicted and observed effective 

drainage/rainfall, as one of the most important model outputs. The predicted and 

observed leaching periods were investigated for the period between 11
th

 January 2007 

and 27
th

 July 2008 (corresponding to a total of 560 days investigated). The vertical 
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transport of water from surface to greater depth (leaching) can occur only if the 

effective drainage/rainfall is above 0. Tensiometers installed at depths of 0.3 m and 0.6 

m were used to interpret the vertical water flux within the soil. Based on the observed 

soil tension measurements, the periods between measurement dates (observations) 

were classified as either leaching or non-leaching periods. Tensiometer readings at 

different depths can be used to predict leaching events due to the downwards direction 

of water flux within the soil, resulting in an increase in soil tension. Leaching occurs 

when the measured soil tension at shallower depth is less than that at greater depths.  

 

Based on the predicted daily effective drainage/rainfall values, the same observation 

periods (as above) were classified as leaching or non-leaching, depending on the 

following conditions: 

- leaching can occur only if the effective drainage/rainfall is > 0; 

- observation period was categorised as a leaching period if effective 

drainage/rainfall was > 0 for more than 50% of the total number of days 

within the chosen period  

- observation period was categorised as a leaching period if the mean 

daily effective drainage/rainfall for the period exceeded 0.5 mm 

(regardless of how many days the effective drainage/rainfall was > 0). 

 

4.5 Results  

 

4.5.1 Reference evapotranspiration for spring cereal crops 

and crop coefficient curve 

 

The ETocrop values for spring cereal crops determined using Eq. 4.4, with assigned Kc 

coefficients for initial (0.86), mid (1.15) and final stages (0.25) and the values for the 

developing and late stages calculated by linear interpolation (Allen et al., 1998), as 

explained earlier, with sowing on day 74 the year (day 1 = 1
st
 January). Because the 

calculated crop coefficient for mid-season resulted in an underestimation of Kcmid 

(0.92), the Kcmid value of 1.15 (listed in Allen et al. (1998)) was chosen as a better 

estimation of crop coefficient for mid-season growth. 
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Determination of the Kc coefficients provided the crop coefficient curve typical for 

spring cereal crops under the soil specific conditions (Figure 4.2 shows an example of 

crop coefficient curve commencing from January 2006). It was assumed that after the 

late stage, Kcend returns to 1, corresponding to the coefficient of actual 

evapotranspiration (Eta) for grass cover. The crop coefficient curve (Figure 4.2) was 

plotted for c. three years in order to show more clearly the interruption of growth 

periods due to spring ploughing and autumn harvesting. 

 

 

Figure 4.2 Example of constructed crop coefficient curve for spring cereal crops for c. 

three-year period commencing from 01/01/2006, (derived from assigning Kc values for 

each growth stage, with labelled events of ploughing, harvest, and the periods of 

growth of over-winter natural regeneration and spring crop). 

 

4.5.2 Model calibration and testing 

 

The calibration of site-specific parameters using soil tension measurements from the 

Sawmills Field resulted in a value of 50 mm for SMDmax and 0 mm for SMDc (see 

Section 4. 3.2 and discussion in Section 4.6.3 in relation to 0 mm SMDc). The best 

result for correlation with soil moisture tension (R
2
 0.71) was obtained from the 

average of values measured at 0.3 m and 0.6 m depths (Figure 4.3). Model testing gave 

an R
2
 of 0.67 using data from Road Field and 0.65 for data from Sawmills Field 

(Figures 4.3 and 4.4; note different X-scales). The intercept of approximately -68 to -

71 hPa on the soil tension axis (Figure 4.6, a and b) shows higher actual soil tension at 
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predicted field capacity. [Note: R
2
 is the square of the Pearson product moment 

correlation coefficient through the given data points]. 

 

 

 

Figure 4.3 Model calibration - predicted SMD vs. Sawmills Field measured soil 

tensions (average of measured values at 0.3 and 0.6 m depth) 

 

 

 

 

Figure 4.4 Model testing - predicted SMD vs. measured soil tensions - Road Field 

(December 2004 – September 2007) 
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Figure 4.5 Model testing - predicted SMD vs. measured soil tensions - Sawmills Field 

(2008) 

 

 

 

Figure 4.6 Predicted SMD (mm) vs. measured soil tension (-hPa): (a) - Road Field 

(December 2004 – September 2007); (b) - Sawmills Field (2008). 
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4.5.3 Model verification 

 

 Effective drainage/rainfall simulation 

Tensiometer measurements at 0.3 m and 0.6 m depth, and the resulting observed 

leaching periods for the Sawmills Field, are shown in Figure 4.7 (note that soil tension 

is expressed as a negative value, with decreasing scale on Y-axis). In addition, Figure 

4.7 shows the leaching events as predicted by the SMD crop model for the period of 

time between 11
th

 January 2007 and 27
th

 July 2008 (560 days). The observed number 

of leaching days (309 days) was very close to the number of predicted leaching days 

(295 days). The predicted leaching and non-leaching events (compared to measured 

values) also show accuracy of 70% (i.e. percent of the sum of actual correctly 

predicted leaching and non leaching events divided by total number of days); 

sensitivity of 71% (i.e. percent of actual correctly predicted leaching events divided by 

predicted number); and specificity of 69% (i.e. percent of actual correctly predicted 

non leaching days divided by the predicted number) (Table 4.2; Figure 4.7). 

 

Complete results from tensiometer measurements (all four depths: 0.3, 0.6, 0.9 and 1.2 

m) for the Sawmills Field are presented in Appendix 4.3, Figure Apx.4.3.1, with 

indicated occasions with no upwards or downwards water movement at certain depths 

- i.e. zero flux plane, which [according to White (2006)] corresponds to the depths 

where the tensiometer potential gradient is zero; see Appendix 4.3). The occurrence of 

the zero flux plane (at specific depths, see Figure Apx.4.3.1) was generally observed 

during the periods from May to late September of 2007 and 2008.  

 

Table 4.2 Number of observed and predicted leaching (L)/non-leaching (NL) events 

during a chosen total period of 560 days (11
th

 January 2007 to 27
th

 July 2008)  
 

 PREDICTED  

 L NL Total 

O
B

S
E

R
V

E
D

 

L
 218  91  309  

   N
L

 77  174  251  
 

Total 295  
 

265  560  
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 Simulated potential evapotranspiration  

Because different methods were used for predicting or measuring ETo from this study 

and at other sites (from Met Éireann found in the literature), the evaluation of ETocrop 

should be interpreted with caution. The predicted potential evapotranspiration obtained 

from the model (ETocrop in the range from > 20 to < 100 mm) showed seasonal 

variability with slightly higher values during the winter period and an evident drop in 

ETocrop during June/July (before the harvest). The predicted ETocrop (this study) 

followed the general pattern of other selected Met Éireann predicted and/or measured 

ETo values in Ireland using different methods (i.e. Kilkenny, Wexford) (Met Éireann, 

2006-2008).  
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Figure 4.7 Predicted periods of leaching from modelled effective drainage/rainfall and from soil tension field measurements (0.3 and 0.6 m depth) 

1
0
5
 

C
hapter 4 

Note: The effective drainage/rainfall prediction of a 
single day (16/08/2008) in Figure 4.7 differs from 
its predictions in remaining chapters. This 
difference occurred because the meteorological 
database from the Oak Park weather station (for 
this particular day) was updated at a later stage 
(i.e. in 2010). Because the difference in prediction 
was negligible (i.e. only in a single day prediction), 
and because it did not affect the predictions of the 
leaching events in this chapter, the results 
presented in Figure 4.7 remained the same as in 
the publication Premrov et al. (2010). The model 
output results used for calculations in the 
remaining chapters of this thesis was predicted 
using the most updated weather input database 
from Oak Park weather station.  
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4.5.4 Model output: Effective drainage/rainfall 

 

The modelled annual effective drainage (or effective rainfall) during this period ranged 

from only 175 mm in 2003 to 478 mm in 2002. The maximum observed soil moisture 

deficit or Max SMD (daily modelled) was from 36.3 mm in 2008 to 45.5 mm in 2003 

(Table 4.3). The overall mean annual effective drainage/rainfall for the period from 

2002 to 2008 was 335 mm/year (Table 4.3). The number of days, during which the 

effective drainage/rainfall was > 0 mm, was from 69 in 2004 to 116 in 2002 (Table 

4.3). Figure 4.8 shows monthly rainfall together (calculated from daily measurements 

from an onsite weather station) and monthly effective drainage/rainfall (modelled 

using SMD-crop model) (Figure 4.8 a) with mean daily air temperature (Figure 4.8 b) 

and daily modelled SMD (Figure 4.8 c) for Oak Park from 2002 on. Figure 4.8 shows 

seasonally varying effective drainage/rainfall and SMD. SMD values in general 

increased during the summer period and late autumn (i.e. maximum SMD of c. 45.5 

mm occurred in September 2003)  

 

Table 4.3 Rainfall, effective drainage/rainfall, SMD and temperature for Oak Park 

during 2002 to 2008 and part of 2009 based on the daily soil-water balance 

Year 

Mean 

daily air 

temp. 

T [°C] 

Minimum 

T [°C] 

Maximum 

T [°C] 

Rainfall 

[mm/yr] 

Max SMD 
[mm] 
daily 
modelled 

 

Actual 

evapo-

transpira-

tion  

[mm/yr] 

Effective 

drainage 

/rainfall 

[mm/yr] 

No. 

days 

with eff. 

rainfall  

> 0 mm 

2002 9.7 -1.1 18.7 914 38.3 435 478 116 

2003 10.0 -1.7 22.1 599 45.5 424 175 77 

2004 10.0 -1.1 20.2 787 41.6 505 284 69 

2005 10.2 -1.1 20.4 732 39.5 490 240 73 

2006 10.4 -0.8 21.4 909 41.5 495 415 75 

2007 10.5 -1.2 20.5 844 39.6 504 340 100 

2008 9.6 -1.6 19.5 946 36.3 540 413 89 
Part of 
2009a 6.8a 3.1a 10.5a 373a 

 
23.6a 189a 175a 

 
40a 

Average 
2002-
2008 10.1   

819 
mm/yr 

 

485mm/yr 335mm/yr 

 

2006-
2008 10.2   

900 
mm/yr 

 
513mm/yr 389mm/yr 

 

 

a...only part of 2009 meteorological database was available: from 1st January to 19th May 
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Figure 4.8 Oak Park monthly rainfall and monthly effective drainage/rainfall (a), mean 

daily air temperature (b), and SMD (c)  
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Figure 4.9 Oak Park (Sawmills Field) groundwater level and the effective 

drainage/rainfall accumulated between groundwater level measurement dates  

 

Figure 4.9 was produced using the predicted effective drainage/rainfall and the results 

of groundwater level records from Chapter 8 (average water level of measurements 

from 20 piezometers installed at Sawmills Field; see Chapters 5 and 8). This figure 

links the groundwater recharge (effective drainage/rainfall) with groundwater level 

(WL) measured at Sawmills Field during the period from 01/11/2006 to 09/03/2009 

(groundwater monitoring period is presented in Chapter 8).  

 

The graph shows the effective drainage/rainfall accumulated between WL 

measurement dates [i.e. in millimetres of cumulative rainfall between two subsequent 

dates when the water level was measured on c. 2 week intervals]. Mean water level 

was 56.02 m above Ordnance Datum. The time lag between the water level and 

effective drainage/rainfall is evident from Figure 4.9. A crude estimation of time lag 

was 65 days (estimated by shifting the effective rainfall to later monitoring dates). A 

simple linear regression model of water level and effective rainfall/drainage [made in 

R version 2.11.1; (The R Foundation for Statistical Computing, 2010)] was proven to 

be significant (at 0.001 level) after taking this time lag into account (see Appendices 

4.4 and 4.5). The relationship was not significant if the time lag was not included. 

There are some occasional discrepancies between predicted effective rainfall and 

measured groundwater level, such as the sudden drop in effective rainfall between 

01/07/2008 and 01/09/2008. Thus, it should be kept in mind that effective rainfall is a 

Time lag between Eff. 
rainfall and WL  



Evaluation of measures to reduce                .                       . 
Chapter 4                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

 109 

predicted value (with limited precision) and it should not be confused with reality. In 

addition, it should be kept in mind that the predicted effective rainfall is based on the 

daily water balance, whereas groundwater level measurements were done 

approximately every two weeks (occasionally every one week). Nevertheless, the 

results presented in Figure 4.9 shows that there is an obvious time lag involved 

between the time of occurrence of effective rainfall and actual recharge evident in the 

response of groundwater level, which should be linked to the time necessary for the 

percolating water to reach the saturated zone. 

 

4.6 Discussion and conclusions 

 

4.6.1 Model applicability and limitations 

 

The SMD crop model presented in this paper was developed for predicting temporal 

changes of soil moisture conditions on a high-risk site with free-draining soil under 

spring cereal crop production in Ireland, i.e. spring barley and spring wheat that are 

generally sown in March and harvested in August, followed by over-winter natural 

regeneration growth (weeds spontaneously growing during the winter drainage period). 

 

The SMD crop model is a simple model that predicts effective rainfall and soil 

moisture conditions for spring cereal production systems on a free draining soil in 

Ireland. The model is practicable due to the small number of basic meteorological 

input parameters required, and model outputs that have high practical applicability, 

such as for computing the cumulative amount of water-soluble nutrients leached, or for 

a general water balance. 

 

However, as mentioned previously, application of the water balance equation in 

models can involve imprecision due to possibly different spatial and temporal scales of 

the hydrological processes, compared with the scale of estimated measurements 

(Davie, 2008). Therefore some bias can occur due to the different temporal scales. The 

model was calibrated for the period from January 2007 to January 2008 using soil 

tension measurements on an approximately fortnightly basis; while it is used for 
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predicting soil moisture deficit on a daily basis. Other possible bias in this model could 

potentially occur due to specific conditions at the two experimental sites used for 

model development. Both experimental sites have very low water holding capacity and 

this factor could cause possible site-specific model limitations.  

 

4.6.2 Model calibration and testing 

 

In general, the ideal soil for crop growth should have sufficiently high water holding 

capacity, due to small pores to hold enough water for plant growth, but at the same 

time it should allow free drainage, from the larger pores, to facilitate soil aeration for 

respiration of soil organisms and plant roots (Price, 2002). This is often not the case, 

such as for the soils in the Sawmills and Road fields. In the case of well-draining 

coarse soil, such as sands and gravels, the water will drain easily after rainfall (Price, 

2002). It is possible that a lack of small pores to hold the water at 0.3 m depth for a 

sufficiently long time resulted in very fast draining of the soil water to greater depth 

(0.6 m). The recommended depth for installing tensiometers depends on soil type and 

on plant rooting zone depth. The model calibration results in this study suggest that the 

appropriate soil depth for measuring soil tensions is approximately 0.45 m, which is 

mainly a function of free draining soil characteristics, and less a function of crop 

rooting depth in this particular case. However, it should be kept in mind that the 

rooting depth depends on crop type and other environmental conditions (e.g. 

temperature, climate), and therefore this needs to be taken into account if studies are 

performed on different crop or soil types. 

 

The calibration for SMDmax resulted in 50 mm in the present model whereas the 

calibration of the SMDc resulted in 0 mm. The lower SMDmax in the crop model (50 

mm) compared with a value of 111 mm for the SMD hybrid model for grassland 

(Schulte et al., 2005) indicates that SMDmax is most probably a function of the low 

water holding capacity of the soil (free-draining and very coarse) at the selected site. 

The correspondingly lower soil tension (Figures 4.5 a and b) also indicates a possible 

faster occurrence of the plant wilting point on this very coarse soil, due to its poor 

capability to hold water. The calibration of SMDc resulted in a value of 0 mm in both 

models, the present SMD crop model and the SMD hybrid model for grassland for 
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well drained soils (Schulte et al., 2005). This SMDc value is below the 30 mm value 

(Aslying, 1965) that is often used for Irish soils (Fitzsimons and Misstear, 2006). 

According to Schulte et al. (2005) this low SMDc value indicates that the decrease in 

actual evapotranspiration starts immediately when soil starts to dry after the rainfall. In 

both models (SMD crop and SMD hybrid) the SMDc was calibrated as 0 mm for well 

drained Irish soils, which suggests that the low SMDc value could be a consequence of 

the low water holding capacity of this specific soil. 

 

The simple correlation coefficients should be interpreted with caution, since the data in 

Figures 4.5a and b fall into two broad categories: - one falling very near 0 mm SMD, 

and another category ranging from c. 20 to 40 mm SMD (Y-axis). Consequently the 

correlation coefficients obtained for model calibration and testing were lower than the 

ones in the grassland model (Schulte et al., 2005). It can be assumed that the reason for 

this is that the SMD crop model includes assumptions on input parameters (i.e. 

measured crop growth stages and associated crop coefficients) over and above the 

parameters listed in Table 4.1 and in the original hybrid model for grassland. Since this 

model is specialized for spring cereal crops, the crop growth stages and associated crop 

coefficients used in this model may be different in reality and therefore it can be 

expected that the model performance could be further improved by empirical 

determination of the input parameters for the timing of crop growth stages. 

 

4.6.3 Reference-evapotranspiration for spring cereal crops 

and crop coefficient curve 

 

An attempt to have an additional linearly interpolated “natural regeneration growth 

development stage” before Kc returns to 1, resulted in poor output predictions. This 

may be due to the fact that a small amount of natural regeneration growth can 

potentially start establishing already before harvest of crops (usually after the crops 

have matured). Therefore the model uses a simplified crop coefficient curve, instead, 

i.e. it is assumed that Kc returns to unit abruptly at the end of late stage, as discussed 

earlier.  
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4.6.4 Model verification 

 

The total monthly values of potential evapotranspiration for crops (ETocrop) showed 

that these were generally within the range of Irish values. This indicates generally 

satisfactory performance of the model under Irish conditions. The prediction of 

effective drainage/rainfall is a particularly important output of the model for the 

prediction of soil moisture conditions and leaching events. The effective 

drainage/rainfall output showed that the model provides generally satisfactory 

predictions with 70% accuracy.  

 

4.6.5 Potential for model modifications 

The current model has a good potential for simple modifications for different soil and 

crop types. It can be modified for different types of soil by directly using components 

for moderately drained and poorly drained soil from Schulte et al. (2005). In order to 

modify the current model for different types of soil tension measurements under crop 

production, conditions should be determined to enable model recalibration and testing. 

The parameter Drainmax (Eq. 4.2) would need to be calibrated for poorly and 

moderately drained soils. In addition the current model also allows modification for 

different crops by assigning different crop coefficients and crop growth stages. 

 

The SMD hybrid grassland model by Schulte et al. (2005) was found to be a suitable 

background for development of the new SMD crop model (see Section 4.1) under the 

condition that it had to undergo some considerable changes (in addition to the model 

re-calibration using the soil tension measurements from the new study sites). This 

considerable modification of the old model included the development of the new 

model component for spring cereals, which required construction of a crop-coefficient 

curve for the period of spring cereal growth. During the over-winter green cover 

growth period the model was simplified by returning back to Kc = 1 (see Sections 

4.6.3 and 4.3.2), which is a simplification of the model for the period of over-winter 

green cover growth. Therefore the new SMD crop model could potentially be 

improved by also developing additional model components for various over-winter 

green cover growth scenarios (e.g. different types of green covers and bare soil). 
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Finally, the new SMD model for crops is simple, with potential for easy modifications, 

requiring limited input parameters; and it provides recharge rates for computing 

cumulative water-soluble nutrients leaching from free-draining soils under spring 

cereal cropping. 

 

4.6.6 Model output: Effective drainage/rainfall  

 

The effective drainage/rainfall and SMD are the main outputs of this model. Effective 

drainage/rainfall is particularly important in this study as a crucial parameter for 

estimating cumulative loads of leached water-soluble pollutants from an agricultural 

area (Chapter 7). In general, it corresponds to rainfall after subtracting the actual-

evapotranspiration. Assumed is no overland flow/throughflow (see Chapter 2, Section 

2.3.3) due to free draining soil typical for the chosen experimental site. The SMD-crop 

model also takes into account the difference between soil moisture deficit (SMD) on 

days t-1 and t, based on water-mass balance daily time-step calculation (see Eq. 4.1). 

The predicted effective drainage/rainfall is assumed to represent estimated 

groundwater recharge in this study. In general groundwater recharge equals effective 

drainage/rainfall after subtracting the overland-flow and through-flow (which is zero in 

this case); as such it corresponds to maximum potential groundwater recharge (Chapter 

8). 

 

The modelled output of SMD for Oak park during 2002 to 2008 showed seasonally 

varying soil moisture conditions, with a maximum value of c. 45.5 mm (daily 

modelled SMD) observed in early September 2003, which is in agreement with model 

parameter SMDmax of 50 mm (for SMD-crop model, see Table 4.3). As mentioned 

above, the modelled overall annual effective drainage/rainfall (which corresponds to 

the maximum groundwater recharge in this case) for the period from 2002 to 2008 was 

335 mm/year (Table 4.3). Figure 4.9 shows that groundwater recharge mainly occurs 

during October/November to March/May, with some occasional recharge in summer 

and early autumns. Similarly, Daly (1981) also reported recharge for the Carlow area 

(estimated from well hydrographs for the period from 1975 - 1981) to occur: regularly 

during November to February; frequently during September/October and March to 

May; and in some small amounts during summer months. 
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The model output results show the effective drainage/rainfall (or maximum potential 

recharge) to be seasonally varying and in general very low or zero during summer 

months of 2002 to 2006 (Figure 4.8). The main recharge occurs through autumn 

(generally starting in October/November) and it continues through some of the winter 

months, with peak effective drainage/rainfall usually occurring during October to 

January). However, both summers in 2007 and 2008 were more wet then usual which 

resulted in additional effective drainage/rainfall during July, August and September. 

For year 2007 the “dry” period (in terms of zero effective drainage/rainfall) occurred 

quite late in September/October. In 2008, the summer was even more wet: the effective 

drainage/rainfall occurred during the whole summer period (there were no dry summer 

months), extending into autumn and winter months (Figures 4.7 and 4.8). Year-to-year 

differences and seasonal variations in effective drainage/rainfall in relation to nitrate 

leaching are further discussed in Chapters 7 and 8.  

 

The predicted effective drainage/rainfall results in connection with the groundwater 

levels (provided in Figure 4.9) show that the response of the mean water levels to the 

effective drainage/rainfall occurred with a time lag. Positive correlation was observed 

between groundwater level and effective drainage/rainfall (Appendix 4.4). Simple 

linear regression model of groundwater level and effective rainfall/drainage was 

proven to be significant (at 0.001 level) after taking into account the time lag by 

shifting backwards the water level data for 5 monitoring dates, which corresponded to 

65 days of time lag between the effective rainfall/drainage and groundwater level (i.e. 

shifting the water level measurements for 65 days backwards; see Appendices 4.4 and 

4.5). These results show that this shallow sand and gravel aquifer has quite a fast 

response to the recharge. It should be noted that the estimated time lag (of the 

groundwater level response to the groundwater recharge) does not automatically 

represent the solute transport time through the unsaturated zone, although the solute 

transport through the unsaturated zone is a function of effective drainage/rainfall. 

However, the transport of solute may require longer travel times for transporting the 

water soluble compounds from the soil surface to the groundwater. The estimation of 

solute travel times through the unsaturated zone to groundwater is further investigated 

in Chapter 7 (in a Br
-
 tracer test study). 



Evaluation of measures to reduce                .                       . 
Chapter 5                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

 115 

CHAPTER 5: PRELIMINARY 

HYDROGEOLOGICAL SITE INVESTIGATIONS 

AND ESTABLISHMENT OF GROUNDWATER 

MONITORING EXPERIMENT  

 

5.1 Introduction and background 
 

5.1.1 Introduction to chapter 

 

This chapter presents the preliminary hydrogeological investigations of the selected 

study area in Oak Park. These investigations were crucial in order to confirm the 

suitability of the field, which was chosen for the monitoring of nitrate leaching to the 

saturated zone (shallow groundwater) in this doctoral study - i.e. the Sawmills Field 

(Chapter 3, Section 3.1) and to aid the decision on positioning of experimental plots 

within this field. The suitability of the Road Field for the monitoring of nitrate leaching to 

the unsaturated zone was already confirmed by earlier studies in the area by Hooker, 

(2005). The actual establishment and instrumentation of groundwater monitoring 

experiment at Sawmills Field is described in this chapter and its appendices; and the 

background information provided in this introductory section is also relevant for 

Chapter 6 (which describes the main hydrogeological site investigations). 

 

Some selected results from the preliminary hydrogeological investigations from this 

study have been already published in peer-reviewed/edited publications and conference 

proceedings. The following published results (from this doctoral study) have been fully 

integrated into this chapter:  

- Preliminary hydrogeological investigations published in Premrov et al.  

(2007a), and the groundwater experiment establishment published in Premrov 

et al. (2008a). 

- Initial calculations of aquifer travel times to the River Barrow, published in 

Premrov et al. (2007b); and the initial calculations of aquifer travel times to the 
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virtual receptor (Oak Park case study), published in Fenton, O., Coxon, C., 

Haria, A., Horan, B., Humphreys, J., Johnson, P., Necpalova, M., Premrov, A., 

Richards, K., (2009). [Note: The above Fenton et al. (2009) paper includes 

several case studies of which one (the Oak Park case study) is based on the 

results from this doctoral research. The parts integrated in this chapter from the 

above Fenton et al. (2009) joined paper are strictly limited to the selected 

sections of own independent research work and writing from this doctoral 

research – i.e. specialized literature review and aquifer travel time estimations 

and calculations]. 

 

5.1.2 Justification and main aims of preliminary studies 

 

 Study justification 

Characterisation of the shallow sand and gravel aquifer system in Oak Park and the 

estimation of the main aquifer properties were essential parts of this doctoral study. 

The reason was that this sand and gravel aquifer could be heterogeneous and 

anisotropic because the unconsolidated formations underlying the selected study area 

in Oak Park form a part of the Barrow Valley sand and gravel fluvioglacial deposits 

with interbedded silts and clays (see Chapter 3). Therefore the aquifer properties had to 

be considered when establishing the groundwater monitoring experiment at the 

Sawmills Field. 

 

The aim of the Sawmills Field groundwater experiment was to monitor the effects of 

over-winter green cover treatments on nitrate leaching to shallow groundwater over 

time. In order to be able to detect the possible effect of treatments on the groundwater 

a large scale experiment was necessary consisting of the three large over-winter green-

cover treatment plots (c. 1 to 2 ha each). The Sawmills Field in Oak Park was a field of 

suitable size (c. 10 ha) which could be made available for the experiment by Teagasc, 

Oak Park Research Centre. However, in order to be able to investigate the effects of 

green cover treatments on nitrate leaching to groundwater, the groundwater 

experimental design (besides being a large scale) had to fulfil the following 

requirements, as much as this was practically possible: 

o The unconfined sand and gravel aquifer should underlie all three over-winter 

green cover treatment plots in the experiment, and should ideally have as 
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uniform properties as practically possible (based on the information obtained 

from preliminary drilling works). This meant that any discovered significant 

anomalies or significant differences in the subsurface geology (such as “semi-

confined” situations due to silt/clay layers) had to be avoided in the 

experimental design of three treatment plots as much as practically possible. 

o The overlapping effect of the green cover treatments and the potential effects 

from surrounding fields, due to groundwater flow direction/s, had to be 

minimised as much as practically possible. 

 

 Study aims 

The preliminary hydrogeological studies were performed on the Sawmills Field in Oak 

Park, and on the fields surrounding it during April to July 2006. The main aims of 

these studies were to:  

o Initially estimate the saturated and unsaturated zone travel times that would 

enable planning of the groundwater monitoring period for this doctoral 

research. 

o Initially describe/characterise the shallow, unconfined, sand and gravel aquifer 

underlying the selected area in Oak Park by:  

- performing on-site field investigations (borehole drillings, levelling 

and GPS positioning, water table/level measurements and field surveys 

of the selected area); and 

- producing cross sections from borehole logs and water-table contour 

maps (based on data gathered from the preliminary on-site field 

surveys).  

o Complete the construction and establishment of the field plot experiment 

within the Sawmills Field and the appropriate monitoring network for 

evaluating the effects of over-winter green cover treatments on nitrate leaching 

to the shallow groundwater. 

 

It should be noted that it was necessary to perform the preliminary site investigations 

within a quite limited period of time of c. 3 - 4 months due to the scheduled 

establishment of the Sawmills Field experiment during July to October 2006. This was 

necessary because the treatment plot establishment, instrumentation and preparations 

at the Sawmills Field had to be completed before the start of the sampling season, 
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commencing with the first drainage season in late autumn 2006. (The preparations 

prior to sampling included the well-development by frequent well purging and 

rinsing/cleaning of the installed suction cups).  

 

5.1.3 Background information on Oak Park shallow sand 

and gravel aquifer  

 

 Barrow Valley sands and gravels 

An overview of the geology of the Barrow Valley has already been introduced in 

Chapter 3. This section presents general additional information on the Barrow Valley 

sands and gravels and the area. The topography of Barrow Valley is rather flat (c. 50 - 

60 maOD), with some hills to the west (Co. Laois). The land is gently sloping towards 

the River Barrow, which is the main surface water resource of this area (GSI, 2002). 

The Barrow Valley aquifer mainly consists of poorly sorted, interbedded sands-gravels 

and sands-silts/clays, considerably varying in both vertical and horizontal directions 

(Daly, 1981; see Chapter 3). 

 

Thickness of the gravel deposits is estimated as 10 - 25 m (Daly, 1981, 1987; GSI, 

2008f, 2010). Estimated aquifer transmissivity reported in Daly (1981) is in the range 

from 200 - 2000 m
2
/day and the specific yield 5 - 10%. The aquifer permeabilities in 

the Athy area estimated using salt tracer tests are reported to be in the range from 30 - 

40 m/day (Daly, 1987). The aquifer sediments are limestone derived and calcareous, 

and thus the groundwater is ‘very hard’ (GSI, 2002) [electrical conductivity of c. 700 

µS/cm (Daly, 1987)]. The main recharge mechanism for this aquifer (with highly 

permeable deposits and quite low estimated runoff) is diffuse recharge of effective 

rainfall, especially on locations where sands and gravels are very close to or at the 

ground surface. The main aquifer discharge is baseflow to River Barrow (Daly, 1981; 

GSI, 2002).  
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 Unconsolidated sands and gravels under the Sawmills Field in Oak Park 

The Sawmills Field is situated on the most south-western part of the Teagasc Oak Park 

Research Centre area in Co. Carlow, Ireland (see Chapter 3; Figure 3.1). In addition to 

being a suitable size for a large-scale experiment, and its close proximity to nearby 

surface water (c. 500 m to River Barrow), the Sawmills Field was selected for the 

groundwater experiment mainly because it is located on the  quite permeable, shallow 

and highly vulnerable Oak Park aquifer. It was assumed that short travel times of water 

soluble pollutants through the unsaturated and saturated zone could be possible on the 

Sawmills Field site (although this was still uncertain at the time of the establishment of 

the experiment). This assumption was in agreement with some existing permeability 

(hydraulic conductivity) data for Irish fluvioglacial sand and gravel aquifers reported 

in the literature. For example the fluvioglacial gravels in the Lee Buried Valley, Cork-

Midleton Syncline, SW Ireland have permeabilities in the range from c. 415 - 594 

m/day (Allen and Milenic, 2003). The upper part of the fluvioglacial sand and gravel 

aquifer in the Enler Catchment in Northern Ireland has a reported permeability of c. 

100 m/day (McConville et al., 2001).  

 

However, being a fluvioglacial deposit, the Oak Park aquifer under the Sawmills Field 

site was not expected to be homogeneous, and thus the travel times through the 

sediments would depend on the extent, location and continuinity of less permeable 

silt/clay lenses. For example the Curragh sand and gravel aquifer in Co. Kildare has a 

range of permeability values, depending on the deposit type: permeability of 200 

m/day was reported for sandy and gravelly parts of aquifer, but only 0.1 to 1 m/day for 

clayey gravels and 1 x 10
-3

 m/day for clays (Misstear et al., 2008). In addition, the 

earlier reported permeability estimations using tracers (c. 30 - 40 m/day) for sands and 

gravels in the Athy area by Daly (1987) are in a higher range than estimations reported 

by Thorn (1983) of c. 0.04 – 0.78 m/day for 1.1 – 2 m deep boreholes within Oak Park 

lands. Due to possible vertical and lateral variations in the sediment sequence (Daly, 

1981), differences in vertical and lateral hydraulic conductivities and travel times 

through the subsurface and aquifer material of this selected study area were also 

expected.  

 

Earlier studies, performed in Oak Park by Hooker (2005), already provided an estimate 

of unsaturated zone travel times in the Oak Park area. In 2004 a bromide (Br
-
) tracer 
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study was conducted by Hooker (2005) on the Road Field in the vicinity of old 

borehole oBH6, see Section 5.2, Figure 5.1). Hooker (2005) applied Br
-
 tracer at the 

soil surface in February 2004 and the first Br
-
 detection in unsaturated zone (suction 

cups) at 0.9 m depth occurred between days 24 and 27 after tracer surface application. 

Tracer breakthrough in the saturated zone was not detected during the period of 

Hooker’s investigations. Br
-
 tracer was first detected later in the borehole oBH6, 227 

days after tracer surface application, by K. Richards (2006; unpublished results). This 

detection followed after the first effective rainfall of the autumn, which presumably 

provided a piston displacement of the most rapidly moving component of Br
-
 from the 

unsaturated zone into the saturated zone. Peak tracer breakthrough (corresponding to 

the main pulse of traced water) was detected 345 days after the tracer was applied, 

corresponding to c. 300 mm effective rainfall [detailed information on effective 

rainfall prediction is provided in Chapter 4]. 

 

Because the geological material and unsaturated zone thickness is comparable at the 

two sites (Sawmills Field and Road Field, c. 300 m from each-other; see Chapter 3, 

Figure 3.1), it was initially considered that the travel time from ground surface to water 

table (unsaturated zone travel time) for Sawmills Field is probably of the order of 1 

year (corresponding to c. 300 mm effective rainfall). In addition to these estimates, 

further initial theoretical travel time computations were conducted as a part of these 

preliminary hydrogeological site studies (see Section 5.3.1). These initial travel time 

estimations were the basis for the recognition of the importance of additional on-site 

field investigations and for the selection of the type of hydrogeological studies and 

aquifer tests described in Chapter 6. 

 

5.2 Materials and methods 

 

During the period from April to June 2006, nine test boreholes (tBHs) were drilled and 

temporarily installed in south-western area of Oak Park, Carlow. This supplemented 

the existing network of nine old boreholes (oBHs), (see Figure 5.1 and Appendix 5.1) 

that were installed prior to commencing this doctoral research, in June 2002 (Hooker, 

2005). All boreholes in this thesis were drilled by continuous solid stem auger drilling 

method (spiral welded blade) using the Giddings Hydraulic Soil Sampling, Coring and 
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Drilling Machine provided by Teagasc, Johnstown Castle Research Centre (see 

Appendix 5.1). Auger drilling is known to be a less expensive and more practical 

method (Misstear et al., 2006) suitable for constructing small monitoring wells to a 

shallow depth (Driscoll, 1995). 

 

All boreholes in this thesis were installed with HDPE monitoring piezometer pipes 

(VanWalt Ltd., UK) for saturated zone monitoring. The piezometer pipes had 25 mm 

internal diameter and screw flush joint connections. All piezometer pipes installed in 

this thesis were screened across the water table/level (see borehole logs from test 

boreholes in Appendix 5.1). The perforated pipes had horizontal slots and they were 

secured with the filter-sock (VanWalt Ltd., UK) during the installations.  

 

Boreholes installed at Sawmills Field after the establishment of experiment (i.e. the 20 

monitoring piezometers as a part of the experiment monitoring network) were drilled 

using the same methodology. Their borehole logs are provided in the Appendix 6.1. 

The installation of monitoring piezometers was similar to the test borehole installation 

(see Section 5.3.3); the only difference was in the filling of the annular space around 

the perforated piezometer pipes with a gravel filter pack (pea size gravel) and sealing it 

at the top with a bentonite seal, following the USGS guidelines and standard 

procedures (Lapham et al., 1997). Additional information is provided in Appendix 6.1. 

An artificial gravel pack is usually used if aquifer material is layered or heterogeneous 

(Misstear et al., 2006). This procedure was not done for the test boreholes (i.e. the 

annular space around the pipes in the test boreholes was back-filled with the original 

sediment material in its naturally occurring sequence).  

 

All on-site borehole logging and sediment sample collection in this thesis was done 

manually at the field during the drilling procedure. The sediment samples were 

transported to the laboratory in Johnstown Castle where they were described using 

BS5930:1999 standard (BSI, 1999). Levelling of the test boreholes was first done with 

TOPCON AT-G4 auto-level equipment and they were also GPS positioned using a 

GPS Asset Surveyor V5.2 instrument. The GPS positions of the field boundaries were 

merged with a scanned version of the printed map of Oak Park research centre (OSI, 

1971), in order to generate an electronic base map. The GPS positions of the wells 

were recorded on the generated base map via ArcGIS. The water level in all wells was 
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measured using an electric water-level indicator (Van Walt Ltd, U.K.). The water level 

measurements were corrected for the height of top of casing of the boreholes and 

ground level measurements (in metres above Ordnance Datum). 

 

The information from the preliminary hydrogeological investigations (April to June 

2006), including water table/level surveys, drilling records and sediment strata 

analysis, was used to produce the borehole logs and water table/level maps. Using 

information from the borehole logs, the preliminary geological cross section strata 

model diagrams were created (Appendix 5.1, Figure Apx.5.1.1). Surveyed water 

table/level height data from the past (Hooker, 2005) and recent studies (this thesis) 

were used to produce water table/level contour maps with a full version of GW-

Contour 1.0 visualisation and interpolation software (Waterloo Hydrogeologic, 

Canada).  

 

 

 

 

Figure 5.1 Schematic presentation of the location of Sawmills Field experimental area 

with installed test- and old- boreholes (tBH- test boreholes installed from April to June 

2006; oBH- old boreholes installed in July 2002) 

 

 

 
 
 
 
 
 
 
 
Figure is not available for viewing in the electronic copy of the thesis. 
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5.3 Results, discussions and Sawmills Field experiment 

establishment 

 

5.3.1 Initial travel time estimations for the Oak Park 

shallow sand and gravel aquifer 

 

The initial phase of this doctoral study included the estimation of travel times through 

the unsaturated and saturated zones at the chosen experimental area in Oak Park. This 

initial estimation of travel times was done using the data from earlier studies 

performed in the area (Hooker, 2005;  K. Richards 2006; unpublished, personal 

communication) and from selected literature sources (see Table 5.1). An attempt was 

made to calculate potential travel times to the nearest surface water receptor, i.e. the 

River Barrow, 500 metres away. This was done by summing the unsaturated zone 

(vertical) travel times [i.e. approx. 345 days; peak Br
-
 detection; initially estimated by 

Hooker (2005)] with the saturated zone (lateral) travel times [computed in this study].  

 

The initial estimation of the saturated zone (down-gradient, lateral) flow rates was 

done using Darcy’s law (Darcy, 1856). The form of Darcy’s equation used in this 

study is presented as follows (Fetter, 2001):   

 Vx = Q/(ne A) = -A K (dh/dl) /(ne A) =  - K (dh/dl) / ne ;       [5.1] 

where Vx = seepage or average linear velocity [m/day]; K = hydraulic conductivity 

[m/day]; dh/dl = hydraulic gradient; ne = effective porosity; A = cross sectional area of 

flow [m
2
]; Q = discharge [m

3
/day]; (Fetter, 2001). The hydraulic gradient (dh/dl) was 

calculated as 0.0122 using the water level value in the River Barrow (49 maOD or 

metres above Ordnance Datum) (OSI, 1997) and the average groundwater level 

surveyed at the site of 55.1 maOD (st.dev. = 0.3; n = 20). Effective porosity (ne) was 

estimated as 0.25 from values for sand and gravel given by Fetter (2001).  

 

The travel time was first calculated using permeability values for sand and gravel from 

the literature (Kruseman and de Ridder, 1992). For mixed sand and gravel (K = 5 – 10
2
 

m/day) the calculated saturated zone travel time through the aquifer resulted in the 

range from 103 days to 5.6 years, and for gravel (K = 10
2
 – 10

3
 m/day) from 10 to 103 
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days. This resulted in an initially estimated total travel time to the River Barrow 

through both the unsaturated and saturated zones, of the order of only 1 to 7 years, if it 

is assumed that the silt/clay lenses are discontinuous and do not present much of a 

barrier to lateral groundwater flow. 

 

However, since the presence of silt/clay lenses was reported for the Oak Park sand and 

gravel aquifer, the initial estimations of groundwater travel times were further 

developed using ranges of permeability values typical of Irish fluvioglacial deposits. 

These selected ranges of permeability were based on literature sources (see Table 5.1). 

It can be seen that the travel times can differ considerably depending on the type of 

aquifer material and its permeability (from c. 1 to over 280 years). Nevertheless, the 

fastest transport scenario of water-soluble pollutants (e.g. nitrate) to the nearby River 

Barrow (c. 1 year) was estimated for homogeneous gravel and mixed sand and gravel 

(Table 5.1). 

 

Table 5.1 Theoretical estimations of travel times to surface water receptor (River 

Barrow) for the different types of subsurface fluvioglacial sand and gravel material  
 

Type of 
material 

K  
[m/day] 

Vx  
[m/day] 

Saturated 
laterale  [yrs] 

Unsaturatedf 
[yrs] 

Total 
[yrs] 

      
Clayey gravel 0.1-1b 4.9∙10-3 -0.488   280.7 - 2.81 1 281.7 - 3.81 

Fluvioglacial 
sand & gravel 

100 -500a, b, c 4.88-24.4 0.28 - 0.06   1 1.28 - 1.06 

Mixed sand  
& gravel d 

5-100 0.244 -4.88   5.6 - 0.28 1 6.6 - 1.28 

Homogeneous  
gravel d 

100-1000 4.88-48.8 0.28 -0.03 1 1.28 – 1.03 

 

a -based on Allen and Milenic (2003); b - based on Misstear et al. (2008); c - based on McConville et al. 
(2001); d - from Kruseman and de Ridder (1992) are given for comparative purposes; e - computed using 
following parameters: ne = 25%;  dh/dl = 0.0122; distance to River Barrow =500m; f - from Hooker (2005); 
Note: This table includes selected parts of own independent work from this doctoral research published 
in the joined publication (Premrov A. as a co-author) in Fenton et al. (2009); see explanation in Section 
5.1.1. 
 

 

These preliminary travel time estimations enabled some insight into the approximate 

time period necessary for the experimental plot treatment effects to become evident in 

shallow groundwater (e.g. 1 year in case of the shortest estimate). In addition, they 

enabled the recognition of the importance of further on-site field investigations. 

Knowledge about the composition and properties of the Oak Park unconsolidated 

sediments  was found to be crucial for estimating the travel times more accurately. 
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Thus it was necessary to determine the hydraulic conductivity (K-value) of aquifer 

material with on site aquifer tests (i.e. the saturated zone hydraulic conductivity), and 

to measure the unsaturated and saturated zone travel time at Sawmills Field in order to 

obtain “real” estimates of both vertical and lateral travel times. The additional main 

hydrogeological investigations performed on the study site are described in Chapter 6.  

 

5.3.2 Results from the preliminary hydrogeological site 

investigations 

 

The initial hydrogeological investigations resulted in the construction of the 

preliminary borehole logs and geological cross section strata model diagrams 

presented in Appendix 5.1. The presented results were based only on a total of 18 

boreholes (i.e. old- and test- boreholes). However these results are reported in this 

chapter because they provided the basis for the establishment of the Sawmills Field 

experiment (in order to have the experimental area as hydrogeologically uniform as 

possible). 

 

The results from these preliminary hydrogeological site studies (Appendix 5.1): 

- support earlier findings from 2004 of the existence of a sand and gravel aquifer 

with localized clay layers (Hooker, 2005);  

- demonstrate marked vertical variations in the sediment sequence; 

- prove that lateral changes from gravel to sand to silt/clay can occur over short 

distances; 

- indicate that the silt/clay lenses in the shallow aquifer at this site are not 

continuous and that they do not represent a barrier for transport of water 

soluble pollutants.  

It should be noted that the particle size analysis performed at a later stage of this 

doctoral project (on the sediment samples collected during the borehole drilling) 

revealed that the initially described as ‘probably clay or silty/clayey’ sediments in 

reality correspond to sandy/gravelly silt (see Chapter 6, Section 6. 3). 

 

The results of surveyed groundwater level and cross section strata models from the 

study area showed the presence of silt/clay related local aquifer confinement (possible 

‘semi-confined’ situations). Therefore, the data from these locations had to be 
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excluded from the water level contour modelling (Appendix 5.1), because semi-

confined situations can result in a different hydraulic head (Misstear et al., 2006). The 

preliminary strata models enabled the most unsuitable areas to be avoided from the 

experimental design. The following results were obtained from the surveyed water 

table/level and modelled groundwater contour maps (see Figure 5.2 and Appendix 5.2, 

Figures Apx.5.2.1 to 5.2.3): 

- preliminary groundwater contour maps indicated the existence of a relatively 

flat water table (dh/dl of 0.0122; see Section 5.3.1), with evidence of main 

groundwater flow from the north and east to the south and west (i.e. towards 

River Barrow);  

- preliminary groundwater contour maps provided evidence of seasonal variation 

in the direction of groundwater flow, with flow from north-east to south-west 

appearing to dominate for much of the year; 

- the groundwater level based on the preliminary surveys was found to be 

approximately 2 - 5 mbgl (metres below ground level) and 56.4 - 53.4 maOD 

(metres above Ordnance Datum).  
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Figure 5.2 Example of a preliminary groundwater contour map from the Sawmills 

Field and surrounding area in Oak Park Co. Carlow produced from recorded 

groundwater levels of 27
th

 June 2006 [other preliminary maps are provided in 

Appendix 5.1.2] 

Date: 27/06/2006 

Note: Map was produced using GW Contour software, and it was corrected manually (this included 
smoothening of the contours, correction of contour interval). Main groundwater flow direction, which was 
estimated from electronically generated maps, was also verified on manually plotted groundwater contour 
maps. 

 
 
 
 
 
 
 
 
Figure is not available for viewing in the electronic copy of the thesis. 
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5.3.3 Design and establishment of the Sawmills Field 

experiment for groundwater monitoring  

 

 Background to experimental design 

The preliminary results from the hydrogeological site investigations were used as a 

basis for designing the Sawmills Field experiment setup for the purpose of studying 

the effect of over-winter green cover treatments on nitrate concentrations in the 

shallow groundwater at an area used for spring cereal cultivation (Chapter 8). The 

Sawmills Field experiment design in this doctoral research consisted of large scale 

over-winter green cover treatment plots (Chapter 8). Because monitoring of the over-

winter green cover treatment plots aims to investigate the shallow groundwater quality, 

it was important to minimise groundwater flow from one plot to another. Therefore the 

data on seasonally varying groundwater flow direction was taken into account when 

determining the orientation of the experimental treatment plots and when choosing the 

location for the groundwater monitoring installations within these plots (piezometers 

P1 to P20; Figure 5.3). Obviously, the choice of the location of plots was constrained 

by hydrological flow paths (which are further explained below and in Figure 5.4). In 

addition the plot location was also constrained by the geologically unsuitable area 

close to tBH1 (due to the potential presence of localised semi-confined situations in 

this part of the field, based on water-level measurements and borehole logs; see Figure 

5.3 and borehole logs in Appendix 5.1), and the adjacent potato area (north-east of 

Sawmills Field; see Figure 5.3, tBH8 and the accompanying note to the figure) which 

all had to be avoided from the experimental design. Further information on the 

adjacent potato area is provided in Appendices to Chapter 3 (see Appendix 3.1 and 

Figure Apx.3.1.1). 

 

 Establishment of treatment plots 

The Sawmills Field experiment consists of the following 3 main plots with different 

over-winter green cover treatments (Figure 5.3):  

- Plot 1 - mustard; 

- Plot 2 - natural vegetative regeneration (or natural regeneration); 

- Plot 3 - no cover (sprayed with herbicide). 
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ha each) were both oriented in the direction of the main groundwater flow. At the same 

time both these plots were shifted parallel from each other to minimise the overlapping 

effect (Figures 5.1 and 5.2). Further information on Sawmills Field experiment is 

provided in Chapter 8.  

 

The monitoring part of the natural regeneration area was limited to the area located 

north of other two treatments (Plot 3; c. 1.5 to 2 ha in size; see Figure 5.3). This 

particular experimental design allows a comparison of the effect of the three treatment 

plots on nitrate leaching to groundwater because: 

- Plot 1 (mustard) and Plot 2 (no cover) in general do not have an overlapping 

effect on each other (Figure 5.4), based on the dominant groundwater flow 

direction; 

- any potential influence of Plot 3 (natural regeneration) due to possible north to 

south groundwater flow direction would affect both Plot 1 (mustard) and Plot 2 

(no cover); (Figure 5.4). Any such potential influence should therefore be 

evident from Plot 2 results if compared to Plot 3 (Plot 2 - no cover acts as a 

treatment and as a ‘control’ at the same time). 

 

The idea was to use the natural regeneration (in addition to its role as the green-cover 

treatment in Plot 3) as a ‘buffering zone’ for reducing potential influences from the 

surrounding fields on this experiment as much as this was practically possible 

(especially fields north and north-east of the Sawmills Field). Therefore, the natural 

regeneration growth was left to cover the remaining area of Sawmills Field during the 

over-winter periods (Figure 5.3). For the needs of this doctoral research, the 

establishment of the same three over-winter treatment plots at the Sawmills Field  was 

done each year after the harvest of spring cereals in autumn, for a total period of 3 

years (until April 2009).  
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Figure 5.3 Schematic presentation of the Sawmills Field experiment with installed treatment plots and monitoring network 

1
3
0
 

Note: The location of the 2006 potato experiment 
(part of another Teagasc project) at very eastern 
side of the Sawmills Field around tBH8 is 
indicated on the map with the light grey border 
line. Although this potato experiment was soon 
removed from the Sawmills Field (see Chapter 3) 
the effects of this experiment could have 
remained during the period of three years of this 
doctoral field study. Therefore, the location of the 
green cover treatment plots (Plot 1 and 2) in this 
study had to be shifted to the western part of the 
Sawmills Field (than originally planned; as 
presented on the Figure 5.3), to avoid any 
potential effects of the potato experiment on this 
experiment.  

C
hapter 5 
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Figure 5.4 Schematic presentation of Sawmills Field experiment design aiming to 

avoid potential occasionally overlapping effects of treatments due to possible 

occasional seasonally varying groundwater flow directions (indicated with coloured 

arrows) 

 

 

 Instrumentation of the experiment 

A relatively large size of treatment plots (c. 1.5 ha) enabled a choice of suitable 

locations for the instrumentation of plots at Sawmills Field, with installed piezometers 

and suction cups placed away from plot edges (in order to avoid potential “edge 

effects”) and following the main groundwater flow direction. The drilling and 

installation of new piezometers at the Sawmills Field was already explained in Section 

5.2. All of the new and old instrumentations and the treatment plots at the Sawmills 

Field were GPS positioned and levelled once again (i.e. after all of the installations 

were completed and after the treatment plots were established the positioning and 

levelling was re-done). This time this was done using the system Trimble 4700 

instrument (provided by the Department of Geography, Trinity College Dublin). Data 

obtained from the new levelling and positioning were in agreement with previous data 

from initial levelling and positioning. Piezometer coordinates (OSI grid) and ground 

levels of the locations of all boreholes in this thesis are given in Appendices to Chapter 

8, Appendix 8.10. Four treatment piezometers were installed per plot (details are 

MAIN  
GROUNDWATER 
FLOW 

DIRECTION 

Note: Mainly the dominant groundwater flow 
direction from north-east to south west (under 
slightly varying angles) was confirmed by Br- 

tracer experiment presented in Chapter 6. Other 
modelled groundwater flow directions were not 
confirmed by tracer experiment. 

Note: Mainly the dominant groundwater flow 
direction from north-east to south west (under 
slightly varying angles) was confirmed by Br- 

tracer experiment presented in Chapter 6. Other 
groundwater flow directions (based on the series 
of water table maps over time; indicated with 
blue coloured arrows) were not confirmed by 
tracer experiment. 
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provided in Appendix 6.1). Additional piezometers were installed within the natural 

regeneration growth area of the Sawmills Field. It should be noted that only 4 

piezometers belong to the natural regeneration treatment plot (piezometers P12, P13, 

P15 and P16 as shown in Figure 5.3); whereas the remaining piezometers were 

installed in order to monitor the areas surrounding the three treatments. As such, the 

installed groundwater monitoring network on Sawmills Field consisted of total 20 

newly installed piezometers (P1 - P20) of which 12 were under the green cover 

treatments (i.e. located within the three over-winter green cover treatment plots). Two 

new updated geologic cross sections across of Sawmills Field (i.e. north-east to south 

west direction and north-west to south east direction) were made and are presented in 

Chapter 6 (see Figure 6.2). 

 

In addition to piezometers, the Sawmills Field experiment was also instrumented with 

ceramic suction cups at two different depths in the unsaturated zone (drilling of 

boreholes for suction cup installation was also done using the continuous auger method 

explained in the Section 5.2). The installation procedure for suction cups was the same 

as explained in Chapter 7 (Road Field suction cups). The suction cups were installed 

on Sawmills Field mainly as a precautionary measure, because at this early stage of the 

experiment establishment it was still uncertain whether the travel times through the 

unsaturated zone to shallow groundwater (c. 2 - 4 mbgl) would really be in the order of 

1 to 2 years (see Section 5.3.1). Therefore, three pairs of suction cups were installed in 

a specific pattern surrounding each treatment piezometer (see Appendix 6.1). The pairs 

of suction cups were installed at c. 0.9 and 1.5m depth in order to be able to detect 

potential effect of treatments on nitrate leached at shallower depth in case the installed 

piezometers would not provide usable results within a reasonable time for this doctoral 

study. Further information on suction cups installation is given in Appendices to 

Chapter 7, Appendix 7.2.  

 

Two sets of tensiometers (Appendix 6.1., Figure Apx.6.1.1) of different depths (0.3 m, 

0.6 m, 0.9 m and 1.2 m deep) were installed close to the piezometer P6 (within Plot 2) 

for monitoring the soil tension, which was used to predict leaching events (see Chapter 

4).  
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This doctoral research included also the establishment of an additional statistically 

designed small-scale experiment (for monitoring unsaturated zone leaching – i.e. the 

Road Field experiment; see Chapter 3, Figure 3.1) because it was not possible to 

statistically design and randomise the groundwater experiment (due to the need to take 

the dominant groundwater flow direction into account). This small scale experiment 

was established in order to link it with the large-scale groundwater experiment. Further 

details on the small-scale experiment are provided in Chapter 7. 
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CHAPTER 6: MAIN HYDROGEOLOGICAL 

INVESTIGATIONS OF THE OAK PARK 

SHALLOW SAND AND GRAVEL AQUIFER 

 

6.1 Introduction and background 
 

6.1.1 Introduction to chapter 

 

Chapter 6 presents the main hydrogeological investigations performed to characterise 

the shallow sand and gravel aquifer underlying the selected study area in Oak Park, 

Co. Carlow. The aquifer main parameters have been determined and presented. Some 

results from the main hydrogeological investigations from this doctoral study have 

been already published in Premrov et al. (2008b) and (2009) conference proceedings 

and have been integrated into the body of this chapter. Integrated parts include the 

initial findings of bromide tracer experiment initiated in November 2007 in Oak Park, 

including some parts of the estimations of bromide tracer vertical and lateral travel-

times towards the River Barrow. 

 

6.1.2 Study justification  

 

A meaningful interpretation of the relationship between agricultural practices and 

groundwater quality, and groundwater influences on surface water quality, requires a 

knowledge of travel times through the unsaturated and saturated zones to the surface 

water body. According to Kronvang et al. (2008) a time lag is likely to occur between 

water protection measures and actual water quality improvements, and this time lag 

can vary in catchments with different soils and geologies. These delays in catchment 

response to nitrogen mitigation should be taken into consideration in policy and 

management development (Kronvang et al., 2008). In Ireland, unsaturated zone travel 

times and subsoil permeability represent some of the crucial factors in the evaluation 

of groundwater vulnerability (Swartz et al., 2003; Richards et al., 2005). Already in 
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1996, Richards et al. (2005) conducted a study of the aquifer travel times in Co. Cork , 

Ireland. Although a study by Richards et al. (2005) was made on karstified limestone 

aquifer, the unconsolidated formations overlying this bedrock were quite shallow and 

thin (0.6 m to > 2 m deep) Quaternary fluvioglacial deposits. Richards et al. (2005) 

observed relatively rapid unsaturated zone vertical travel times through these 

fluvioglacial deposits to c. 1.5 m depth (up to 0.55 m/day), and quite short travel times 

to the bedrock aquifer (up to 0.66 m/day), concluding that especially the vertical flow 

through the overburden is a highly important transport pathway for this groundwater 

(Richards et al., 2005). Both unsaturated zone and saturated zone travel times should 

be considered when estimating hydrologic time lags. Travel times should be taken into 

account by policy makers in relation to the efficacy of water mitigation measures 

(Fenton et al., 2009). Fenton et al. (2009) provided a comparison of four different 

travel time case studies in Ireland to a virtual surface water receptor [including a case 

study from this doctoral research as explained in Chapter 5, Sections 5.1.1 and 5.3.1]. 

These four contrasting case studies indicated the high importance of hydrological 

response times for policy requirements introduced under the EU Water Framework 

Directive, showing that travel times can vary considerably depending on the 

hydrogeological properties of soil, subsoil and aquifers (Fenton et al., 2009).  

 

In this study, the suspected vertical and lateral variations in the sediment sequence of Oak 

Park shallow sand and gravel aquifer indicated the high importance of different vertical 

and lateral travel times influencing the quality of  shallow groundwater and the nearby 

surface water receptor. The information on travel times through the whole hydrologic 

system is not only essential for the interpretation of current and past water quality data, 

but it is also crucial for estimating when expected changes in water quality will occur 

after implementing management practices for improving water quality status within the 

system (such as the over-winter green cover management used in this doctoral study).  
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6.1.3 Study aims and overview of the investigations undertaken 

 

 Aims 

Here presented hydrogeological investigations aimed to: 

- further characterize the shallow Oak Park aquifer and determine its main 

parameters and 

- narrow down the broad estimations of aquifer travel times (described in 

Chapter 5, Section 5.3.2) using the results of aquifer determined parameters. 

The determination of permeability of sediments (i.e. hydraulic conductivity or K values) is 

necessary for computing the travel times through the porous medium to the nearby surface 

water receptor as explained in Chapter 5. In this doctoral research, the suspected vertical 

and lateral variations in the sediment sequence under the selected study area required 

further hydrogeological investigations of this aquifer. In addition to the differences in the 

permeability of unsaturated and saturated zone sediments, the saturated zone K values 

measured by water table/level displacement (slug tests) and K values in lateral direction 

could also be different. Furthermore the lateral K values can further vary in different 

directions. This means that the selection of K values for computing lateral saturated zone 

travel times to the nearby surface water receptor using Darcy’s law (see Chapter 5, 

Sections 5.3.1 and 5.3.2), should be made with a special caution. Thus one of the main 

aims of the hydrogeological investigations presented here was to perform in-situ aquifer 

measurements for the estimation of the saturated zone sediment permeabilities by: 

- the vertical displacement of water level using slug tests for the determination of K 

and 

- tracer experiments for measuring the K values along down-gradient tracer route. 

 

 Summary of the investigations undertaken 

The main background information on Oak Park unconsolidated sediments (as a part of 

Barrow Valley sands and gravels) are described in Chapter 5. This section provides the 

information on the selection of main hydrogeological investigations in this study. 

These included some additional supporting (general) on-site investigations (water 

table/level surveys from the complete groundwater monitoring network and digging of 

soil profiles), sediment particle size analysis and classification, and aquifer slug and 

bromide tracer tests. The collected and stored sediments from the borehole drillings 

(i.e. drilled boreholes/piezometers P1 to P20; see Chapter 5) were an important 

resource for further investigation of the sediment composition. Particle size analysis 
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provides valuable information on sediment composition (i.e. percentage gravel, sand, 

silt, and clay). Furthermore, results obtained from the particle size analysis can be 

important for determining other properties of the sediments such as the sediment 

permeability or their uniformity (Fetter, 2001; Krešić, 2007). To estimate 

permeabilities within the saturated zone, additional aquifer tests were chosen: 

- aquifer slug tests (see Section 6.4) for determining the sediment permeability 

(Ksat-slug); i.e. the tests were based on the vertical displacement of water level; 

and  

- bromide tracer tests for estimating the ‘real’ vertical and down-gradient travel 

times through the Oak Park sand and gravel unsaturated and saturated 

sediments, and for computing the sediment permeability (Ksat-tracer) from the 

tracer travel times within the saturated zone (see Section 6.5). 

 

6.2 General field investigations  

 

6.2.1 Background and methodology used 

 

Borehole drilling (P1 to P20) and accompanying field and laboratory work (i.e. 

production of borehole logs, sediment descriptive classification, levelling and GPS 

positioning of installations and water table/level survey methodologies) were already 

described in Sections 5.2 and 5.3.3 of Chapter 5 and in Appendix 6.1. The sediment 

samples, which were obtained during the drilling procedures, were transported to the 

laboratory and stored at room temperature for later particle size analysis. New borehole 

logs (based on piezometers P1 to P20) were used to develop updated geologic cross-

sections. The new geologic cross-sections were constructed using the methodology 

adapted from Bair et al. (2011). The water table/level was surveyed at c. 14 day 

intervals in the newly installed piezometers (whereas it was surveyed approximately 

once monthly in all of the installed boreholes in the Oak Park area: i.e. all of the old- 

and test- boreholes and the newly installed monitoring boreholes). In addition, soil 

profiles were dug within the Sawmills Field: three profiles at the western side of the 

field and one at the south-eastern side of the field). The soil profiles were dug to c. 1.1 

m - 1.5 m depth. Special care was taken to avoid the Sawmills Field experimental 

treatments from being disturbed by digging. The sediment bulk density was estimated 

using the excavation method. By definition the bulk density represents the mass of the 
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oven-dry sediment sample divided by its original volume (prior to drying) (Fetter, 

2001). The bulk density excavation method was adapted from procedures described in 

soil manuals (Campbell and Henshall, 1991; Grossman and Reinsch, 2002). A detailed 

description of excavation method is provided in Appendix 6.5.  

 

6.2.2 Results and discussion  

 

The new borehole-logs and groundwater contour maps produced from the new water 

table/level surveys are presented in Appendices 6.1 and 6.3. The new results supported 

previous findings from the preliminary hydrogeological investigations (Chapter 5, 

Section 5.3): 

- the existence of a shallow sand and gravel aquifer with localized silt/clay lenses 

on this site;  

- the seasonally varying groundwater flow direction and the existence of a 

relatively flat water table (see Table 6.5; hydraulic gradient of c. 0.002 between 

two piezometers); 

- the dominating main groundwater flow direction from north-east to south-west 

(towards River Barrow) for most of the year. 

An example of one of the new groundwater contour maps (produced after the 

installation of additional piezometers for groundwater monitoring network) is provided 

in Figure 6.1. More maps can be found in Appendix 6.3. 

 

New geologic cross-sections were produced for the Sawmills Field, presented in 

Figure 6.2, showing the dominance of sand and gravel sediments at shallow depth (up 

to c. 4-5 mbgl). The three soil profiles from Sawmills Field, Oak Park enabled the 

description of the A, B and C main soil horizons (see Appendix 6.4). The presence of 

soil horizon sub-categories was also observed (e.g. horizon A typically consisted of 

sub-horizons A1 and A2). In general, thin sandy and gravelly topsoil was found in all 

of A horizons (maximum c. 0.4 m thick); sand and/or gravel in most of the B horizons 

(maximum c. 0.5 m thick); and (gravelly, silty) sand in the C horizons (maximum c. 

0.9 m thick). These results were in agreement with the description of sediments from 

most of the borehole logs from Sawmills Field (Appendix 6.1). The presence of plant 

roots was found mainly in the top (A1) horizon, at a shallow depth of up to c. 0.2 m. 

Some presence of roots was also detected in the A2 horizon (c. 0.4 m deep), whereas 
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the following horizon (B1) had very little or no roots. Further details are provided in 

Appendix 6.4. 

 

 

 

 

 

 

Figure 6.1 Example of a final groundwater contour map from Sawmills Field and 

surrounding area in Oak Park Co. Carlow including boreholes from the new 

monitoring network installed in September 2006 

Date: 16/01/2007 
Groundwater level [maOD] 

X 

Y 

Note: X and Y axes represent the coordinate system - Irish grid. Dots represent location of 
boreholes. Water table contours are presented in maOD. Dotted lines represent uncertain contours. 
Map was produced using GW Contour software, and it was corrected manually (this included 
smoothing of the contours, correction of contour interval). The electronically generated map was 

verified by manually plotting the groundwater contour map. 
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Figure 6.2 Sawmills Field geologic cross sections: a – north-east to south west cross-section (P1-P2-P3-P5-P6-P7-P18);  

b – north-west to south-east cross-section (P14-P15-P5-P4); distance between selected piezometers is indicated with red arrows 

1
4
0
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The estimated bulk density of the Sawmills Field unconsolidated sediments was c. 2 

g/cm
3
 (for sediments extracted from 1.1 m to 1.2 m depth). Table 6.1 presents the 

results of estimated bulk density, as well as the results of the weight/volume ratios for 

the coarse and fine material.  

 

Table 6.1. Estimated bulk density of sand and gravel sediments extracted at 1.10 m- 

1.20 m depth from the Sawmills Field in Oak Park, Co. Carlow 

 
Sample Bulk density ρ [g/cm

3
] 

 

TOTAL (DRY) Oven-dried material 
 

2.1 
TOTAL (“MOIST”) Material was not oven-dried 2.2 
 
Fraction (“disturbed” sample)* 

 
Weight/volume

a 
[g/cm

3
] 

 

COARSE (DRY) 
Oven-dried material including only fraction above 2mm 

 

2.5 

 

FINE (DRY) 
Oven-dried material including only fraction below 2mm 

 

1.6 

 

Note: a “disturbed” sample, thus this is no longer bulk density 
 

 

6.3 Particle size analysis  

 

6.3.1  Background 

 

The procedures of the particle size analysis of unconsolidated Quaternary sediments 

(although similar to soil) slightly differ from the standard topsoil procedures. Particle 

size analysis is performed in order to determine the distribution of individual particles 

of different sizes in the soil/sediment. Particle size distribution is an important 

parameter for investigating the lithology and properties of unconsolidated geological 

materials, especially for determining their physical condition and the conditions under 

they were formed (Gale and Hoare, 1991). The soil particle size is often expressed in 

equivalent diameters because particles are not perfectly round shape (Koorevaar et al., 

1994). Particle size is frequently expressed on logarithmic scale such as in the Udden-

Wentworth scheme (Udden, 1914; Wentworth, 1922). There are available different 

classification systems, such as BS system (British Standards; UK implementation of  

ISO standards), USDA (U.S. Dept. of Agriculture) or ISSS (International Soil Science 

Society) systems (Gee and Or, 2002) that classify the ranges of particle sizes. The 
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particle size distribution classification according to the British Standards is presented 

in Figure 6.3. 

 

 

Figure 6.3 Schematic presentation of particle size distribution classification according 

to BSISO11277:2009, BS5930  

[Adapted from BSI (1981) and (2009a)] 

 

Particle size analysis separates the soil distinct units according to size limits via 

breakdown or dispersion of soil aggregates using chemical, mechanical or ultrasonic 

methods (Gee and Or, 2002). Similarly to soil, the particle size analysis on sediments 

is usually performed using sets of sieves or wire-mesh screens for larger particles. The 

analysis of smaller particles is often done via a process of sedimentation such as the 

pipette method or via modern techniques such as laser diffraction (Gale and Hoare, 

1991). Methods for particle size analysis measurements are standardised and manual 

guides to these methods can be found in British Standards such as: BS ISO 

11277:2009 for wet and dry sieving and pipette method, or BS ISO 13320:2009 for 

laser diffraction instrument preparation and instrument setup (BSI, 2009a, b).  

 

The issue of sampling a sufficient amount of coarse materials and sediments for 

particle size analysis has been addressed by many authors. In the past, standards given 

by organizations such as BSI (British Standard Institution), ASTM (American Society 

for Testing and Materials) and ISO (International Organization for Standardization) 

provided recommended representative bulk sample size for estimation of particle size 

distribution based on the work of different authors (Gale and Hoare, 1991). According 

to BS ISO 11277:2009 (BSI, 2009a), the minimum mass of sample to be taken for 

sieving for the maximum size 63 mm of material forming > 10% of the soil (given as 

test sieve aperture) should be 50 kg. When estimating the appropriate sample size, one 

should take into account that the particle size distribution and individual size class 

variation are a function of sample size (de Vries, 1970; Church et al., 1987). The 
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smaller the particles are, the larger is their number per mass unit. Therefore the 

required sample size will be smaller if the particles are smaller (Gale and Hoare, 

1991). The guide for minimum bulk sample mass of coarse clastic sediments 

[developed by Gale and Hoare (1992 and 1994), based on the work of Church et al. 

(1987)] includes modern and ancient fluvial gravels and other grained and coarse 

materials and requires large minimum sample size for this type of materials: e.g. the 

minimum sample of c. > 100 kg for maximum particle size diameter of c. 30 mm (Gale 

and Hoare, 1992, 1994).  

 

6.3.2 Methodology used  

 

The sample collection and description of sediments for borehole logs was performed 

during drilling and installation of monitoring wells. It should be noted that despite the 

below listed disadvantages this method was the only available option for sediment 

sample collection under the circumstances. An excavation of pits under the treatment 

plots was not suitable because it would have introduced unacceptable disturbances for 

the nitrate leaching experiment. This sampling method had several disadvantages. First 

it did not provide the required minimum bulk sample mass for representative sample 

for full particle size analysis according to Gale and Hoare (1992). Sample size 

depended on the thickness of penetrated layer and amount of deposited material (the 

smallest samples had mass of c. 1 - 2 kg). The second disadvantage was potential 

contamination of deposited material from a specific depth with material from above 

layers. In addition, the continuous auger drilling method failed to sufficiently extract 

large gravel stones (i.e. cobbles and boulders) during the borehole drilling, because the 

continuous auger pushed them aside. The third disadvantage was only approximate 

estimation of the depth of material collected during drilling using the length of augers 

(1.2 m/auger). Nevertheless, it should be noted that special effort was put into 

minimising the material cross-contamination by collecting a large number of samples, 

keeping the surface for sediment disposal and the drilling auger clean, and carefully 

noting all stages of drilling procedure during the field work (see the borehole logs in 

Appendix 6.1).  

 

For the particle size analysis specific sediment samples were bulked together: i.e. the 

sediment samples that were deposited in sequence during the drilling procedure, and 
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that consisted of quite similar material (based on the descriptive estimation of sample 

texture), were assumed to be from the same sediment layer and they were bulked 

together. Special care was taken to bulk only the samples from the same layer of 

material. Therefore bulking was not done at the field, but in the laboratory, where the 

samples were described using the BS5930:1999 standard (BSI, 1999). The bulking of 

samples (which belonged to a single layer) was done separately for each 

piezometer/borehole (regardless if the visually same layer/material was found in 

another borehole). This resulted in c. 3 - 6 layers of different material per each 

piezometer. 16 piezometers were selected for the particle size analysis on their 

sediments. This included all 12 treatment piezometers and 4 selected surrounding 

piezometers, which resulted in the 68 different layers (i.e. c. 3 to 6 different bulked 

layer-samples per each of the 16 piezometers) that had to be analysed. Particle size 

analysis of sediments was performed on particles approximately smaller than cobbles 

(< 63 mm based on used sieves; see also Figure 6.3) and larger than silt (> 1.18 mm) 

using sets of sieves in the soil laboratory of Teagasc, Johnstown Castle Research 

Centre in Wexford (detailed information on sample selection/bulking preparation and 

on particle size analysis methodology is given Appendix 6.2). Sieves of mesh size 63 

mm, 31.5 mm, 16 mm, 8 mm, 3.35 mm, 2 mm and 1.18 mm were used. The samples 

were dry- and wet-sieved through a number of different sieves that separated different 

portions of gravel sand and fine sand (with last sieve aperture size of 1.18 mm). The 

remaining fine particles (finer than 1.8 mm) were analysed using the laser diffraction 

method on a Malvern Mastersizer 2000 laser diffractometer instrument at the 

Department of Geography, Trinity College Dublin (Appendix 6.2). The analysis on the 

instrument followed the procedures for laser diffraction analysis of various soil 

samples and samples from fluvial, volcanic, and soil systems, as outlined in Sperazza 

et al. (2004) and Eshel et al. (2004).  

 

Data from sieving and from laser diffraction particle size analysis methods were 

combined in order to produce a single particle distribution curve per each layer (of 

each piezometer; see Appendix 6.2). Data were plotted on a logarithmic scale. The 

merged particle distribution curves from sieving and laser diffraction were produced 

(see Section 6.3.3 and Appendix 6.2). Results in percentages (weight based) of the 

particles finer than specific sieve apertures were used for classification of sediments. 

This was done by classifying the sediments into gravel, sand, silt and clay categories 
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according to the standard classification outlined in Figure 6.3 (BSI, 1981, 2009a). The 

results were also plotted on a ternary diagram with three axes (representing percent of 

gravel, sand and silt/clay). A total of 68 identified different layers were plotted on the 

ternary diagram. The computation of the thickness weighted averages for each 

borehole (Ó Súilleabháin, 2000) was omitted because of the difficulties in exactly 

determining the thickness of the layers identified in the boreholes by continuous auger 

drilling method. Therefore, in this case, all of the 68 identified layers were plotted on a 

single ternary diagram (since no information was lost this way; Figure 6.5). The 

coefficient of uniformity (Cu) was computed from the particle distribution curves in 

order to determine the degree of sorting of the material:  

Cu =  d60/d10;   [6.1] 

where d60 (or d10) correspond to sieve opening size allowing 60% (or 10%) of the 

sample (weight based) to pass through (Fetter, 2001). Cu can vary depending on the 

variety of different particle sizes in the sediment sample, and sediments with Cu < 4 

(Fetter, 2001) or < 5 (Krešić, 2007) are considered as well sorted, whereas the Cu > 4 

(Fetter, 2001) or 5 (Krešić, 2007) corresponds to poorly sorted material. The summary 

statistics and Shapiro-Wilk normality test of the Cu and d10 values were done using R 

version 2.11.1 software (The R Foundation for Statistical Computing, 2010). 

 

6.3.3 Results 

 

An example of particle size distribution curve (generated from sieving and laser 

diffraction results) is provided in Figure 6.4 (other particle size distribution curves are 

provided in Appendix 6.2). The overall results from the particle size analysis are 

presented in a ternary diagram in Figure 6.5 (further information can be found in 

Appendix 6.2). Bulking of sediment samples from the 16 piezometers/boreholes resulted 

in total 68 individual layers (bulked samples) that were analysed and plotted on ternary 

diagram in Figure 6.5. In general all of the identified layers from the all 16 boreholes 

consisted mainly of: 

- gravel (up to c. 98%) and  

- sand (up to c. 75%), whereas  

- silt/clay never exceeded 50% in different layers (Figure 6.5).  
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Figure 6.4 Example of a particle size distribution curve (from piezometer P3, layer 5) 

  

Figure 6.5 Composition of unconsolidated sediments including different layers (ternary 

diagram): different sediment layers [L] from 16 different piezometer-boreholes [P] at 

Sawmills Field, Oak Park (included are all sediments from the total drilling depth) 
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In fact the majority of the layers had a silt content of < 20% (61 layers out of 68; see 

Figure 6.5). 3 layers (out of 68) were found to have a higher percentage of silt and clay 

(from c. 35% to 50%), but two of them did not belong to the piezometers under the 

green-cover treatments (P17, P18). An exception was P1/L5, which was sampled at the 

bottom of P1 borehole, and thus exceeding the depth of the installed piezometer (see 

borehole log in Apx.6.1.1). The maximum clay content of 7.8% was found only in a 

single layer (P1/L5); and only 2 more layers had the clay content > 5% (P17/L3, 

P18/L3). The presence of silt in the unconsolidated sediments of the installed 

piezometers under the green-cover treatments (i.e. boreholes P1 to P7 and P12, P13, 

P15, P16) was found to be < 20% up to the piezometer depth. 

 

Only 3 exceptional layers were shown to consist of well sorted material with a 

coefficient of uniformity Cu < 5; (see appendices Apx.6.2.1 to 6.2.16). 20 layers were 

found with very high Cu values in the range from 159 to 731 (which could potentially 

occur due to presence of larger gravels and/or sampling technique; see discussion in 

Section 6.3.4 and appendices Apx.6.2.1 to 6.2.16). According to the Shapiro-Wilk test, 

the Cu values followed the normal distribution only after the natural logarithm 

transformation (at p > 0.05 level), whereas d10 values did not (skewed distribution 

remained after the logarithmic transformation of data; see appendix Apx.6.2.19). 

Therefore the Cu median (51.2), Cu geometric mean (57.5) and the d10 median (0.032 

mm) may better represent the properties of the sampled layers than the mean values. 

The summary of the Cu and d10 results are presented in Table 6.2. 

 

Table 6.2 Cu and d10 of the unconsolidated sediment material from Sawmills Field in 

Oak Park, Co. Carlow 

 

Geometric values Median 
[Geometric mean*] 

St.dev.  
[Geometric st.dev*] 

Min Max 

 
Cu [d60/d10] 

 
51.2  [57.5] 

 
181.90  [4.17] 

 
3.8 

 
731.4 

 
d10 [mm] 

 
0.032 

 
1.2061  [6.0416] 

 
0.003 

 
7.612 

Note: N=68 layers from 16 piezometer-boreholes); St.dev...standard deviation; 
* Back-transformed natural logarithm values  
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6.3.4 Discussion 

 

The majority of the sediment layers presented in the ternary diagram (Figure 6.5) had a 

silt content of < 20%, with only few exceptions. This result indicates homogeneity of 

sediments under the three experimental treatment plots at Sawmills Field in this study 

in regard to their content of clayey/silty material (limited to the shallow depth of 

installed piezometers – c. 4 m deep; see Appendix 6.1). This result also confirmed that 

the unsuitable areas were successfully avoided from the experimental design of 

Sawmills Field experiment. This was achieved by careful planning of the location and 

orientation of treatment plots based on the results obtained from the preliminary 

hydrogeological investigations. As explained in Chapter 5, this groundwater 

experiment was specifically designed with the purpose to minimize the issues of the 

lateral groundwater flow and spatial variability of sediments by excluding the 

unsuitable areas from the experimental design as much as possible). Nevertheless, 

occasionally some less permeable clayey/silty layers (silt dominating) were found, but 

the placement of these layers (within the groundwater sampling depth) was in general 

not present under the three green cover plots (under the treatments). Thus, the presence 

of lower permeability layers (that could favour the denitrification due to the possibility 

of anoxic aquifer conditions; see Chapter 8) within the three plots is minimal 

(information is limited to the shallow depth of installed piezometers; Appendix 6.1), 

which is in agreement with the reported and discussed groundwater quality results in 

Chapter 8 (see Sections 8.3.4 and 8.4.2). 

 

Nevertheless, some silt (although not dominating) was present in almost all of the 

sampled layers (Figure 6.5). This result could be a consequence of distinct silt lenses 

being incorporated with sand and gravel samples resulting in a “silty sand and gravel”, 

and/or a consequence of cross-contamination of layers during the drilling. Bulking was 

done in the laboratory (and not during drilling), and very special care was taken to bulk 

together only the material deposited in the sequence that was belonging to the same 

sediment layer. Therefore, it is most likely that the presence of silt in sediment layers is 

not a consequence of bulking, but a consequence of the actual sampling technique i.e. due 

to collection of the material deposited at the soil surface during continuous auger drilling. 

This sampling technique did not allow enough high precision in defining very thin 

sediment layers/lenses, which were (if present) probably incorporated within thicker 
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sediment layers.  

 

The presence of silt can influence the permeability of sands and gravels, because fine 

particles will occupy the space around more coarse particles. The contradiction 

between the median d10 of 0.032 mm that corresponds to coarse silt, and high 

permeabilities reported later in this chapter (Sections 6.4 and 6.5) that indicate the 

dominance of gravel and sand material, strongly indicates that silt could have been 

present in the form of thin lenses. These thin silt lenses/layers could have been 

incorporated within thicker sand and gravel layers during the drilling procedure and 

collection of deposited material. So it is likely that the observed median d10 does not 

apply for most of the sand and gravel sediment layers but may be present only due to 

the localized thin silt lenses. This is probably also reflected in the coefficient of 

uniformity computed from the particle size distribution curves, which proved that the 

sampled subsoils are poorly sorted. 65 layers showed very poor uniformity, with Cu > 

5. Some very high Cu values were observed (in the range from 159 to 731), which 

could have occurred due to the presence of larger gravels, or alternatively due to the 

sampling technique.  

 

As discussed above, when interpreting the Cu results and particle size results from this 

study it should be kept in mind that possible incorporation of thin sediment 

layers/lenses and cross-contamination of layers during the drilling procedure may have 

caused the mixing of the sediment material containing different particle sizes (possibly 

resulting in exceptionally high Cu values). Nevertheless, the median Cu value of 51.2 

from the present study is somewhat higher whereas the median d10 of 0.032 mm is 

lower compared to Cu values obtained from another Irish sand and gravel aquifer – the 

Curragh aquifer in Co. Kildare (located between the rivers Liffey and Barrow), with 

Cu of 13.3 and d10 of 0.24 mm (Ó Súilleabháin, 2000). In fact Ó Súilleabháin (2000) 

investigated seven Irish sand and gravel aquifers and obtained high Cu (81.3) and low 

d10 (0.17 mm) values for sediments from Clara aquifer in Co. Offaly (which is an 

esker complex made of cross-bedded sands and gravels with occasional clay lenses). 

Although the sediments from this Clara aquifer were the poorest sorted they did not 

have the lowest permeability (Ó Súilleabháin, 2000). In the present study the Oak Park 

sediments (although poorly sorted) also showed somewhat high permeabilities, which 

are presented and discussed in detail in Sections 6.4 and 6.5. 

 
 
 
 
 
 
 
 
Parts of this chapter are not available for viewing in the electronic copy of the 
thesis. 



Evaluation of measures to reduce                .                       . 
Chapter 6                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

 150 

The permeability of sediments is often computed from particle size data using different 

methods; e.g. Hazen (1911). The effect of uniformity of sediments is important for 

computing permeabilities (or hydraulic conductivities) from particle size results and 

the majority of formulas used for computing are applicable to sands and coarse 

material. For example, the Hazen (1911) formula requires that the d10 (or the effective 

grain size) is between 0.1 mm and 3 mm (which corresponds to sand) (Fetter, 2001; 

Krešić, 2007). However, as discussed above, 69% of the sediment layers from this 

study had d10 < 0.1 mm corresponding to silt, resulting in the median d10 value of 

0.032 mm (see Table 6.2 and Appendix 6.2). Therefore, the Hazen (1911) method for 

computing permeability of sediments was not applicable for these sediments. Krešić 

(2007) explains two other methods for computation of permeability from particle size 

data: the Kozeny and the Breyer equations (both unsuitable for the sediments in this 

study). The Kozeny equation is suitable mainly for coarse sands; whereas the Breyer 

formula is applicable for Cu in range from 1 up to maximum 20. Therefore, the 

computation of permeabilities from the particle size analysis results was not 

performed. 

 

Here presented results from particle size analysis were based on the drilling depth (i.e. 

maximum depth of 6.6 m, although most of the boreholes were drilled from 5.4 to 5 m 

deep (see Appendix 6.1). However, the piezometers were often installed at a shallower 

depth than the actual drilling depth (i.e. at around 4 m deep; see borehole logs in 

Appendix 6.1) due to the collapsing of sediments during the installation process. Thus 

it should be kept in mind that the sampled groundwater from the installed piezometer 

corresponds to the sediment layers of shallower depth than the total drilling depth 

(precise information of total drilling depth and the piezometer installation depth is 

provided separately for each piezometer in Appendix 6.1)  
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6.4 Hydraulic conductivity (Ksat-slug) from aquifer slug tests  

 

6.4.1 Background  

 

An important aquifer parameter is the ability of sediments to transmit the water, which 

can be expressed as hydraulic conductivity (Fetter, 2001). The coefficient of 

permeability or hydraulic conductivity (K value) represents the rate at which water can 

move through the permeable material. K value is also a part of Darcy’s equation 

(Fetter, 2001), used for estimation of unsaturated and saturated zone travel times (see 

Chapter 5, Section 5.3.1). It is possible to estimate the K value of the saturated aquifer 

material using on-site aquifer slug tests (Ksat-slug). During the aquifer slug test the water 

level in the borehole is instantaneously dropped (rising head) or raised (falling head) 

(Fetter, 2001; Misstear et al., 2006). The measurements of the recovery of water level 

to its original state can be plotted vs. the time, and Ksat-slug values can be computed 

from the water level recovery curve using various methods: e.g. Bouwer-Rice equation 

(Bouwer and Rice, 1976; Bouwer, 1989), Hvorslev (1951) equation (Fetter, 2001; 

Misstear et al., 2006). 

 

6.4.2 Methodology used  

 

Slug tests were performed on all 20 installed monitoring piezometers at the Sawmills 

Field on two occasions. The first test was performed in August 2007, during which 

water was removed from the borehole (negative water level displacement; water level 

will rise, thus this is a rising head test). A specific volume of water was removed using 

a peristaltic pump attached to tubing that was inserted into the borehole. The reason for 

using the peristaltic pump was because no other equipment was available at the time of 

testing that could fit the narrow diameter of the piezometer pipes. Although this was 

not the best method for performing the slug test [e.g. using bailer would be better 

(Misstear et al., 2006)], it was still possible to induce quite rapid dislocation of water 

level in the boreholes and to obtain measurements of water level recovery over time. 

Repeated testing was done using the falling head slug tests (positive water-level 

displacement; water level will fall, thus these are falling head tests). The falling head 
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tests were performed on all 20 monitoring piezometers in February 2008, during which 

the water (1 litre) was rapidly inserted into the borehole.  

 

Displacement of water level and its recovery to original state over time was recorded 

with data-loggers (Van Essen Instruments, Schulmberger Company, Delft - The 

Netherlands) inserted into the piezometers. Used were data-loggers with storing 

memory, capable of recording the barometric pressure and temperature at 0.5 seconds 

logging interval and the logged data were used to compute the hydraulic conductivity 

(Ksat-slug) for each piezometer. 

 

Computations were done using Hvorslev (1951) method:  

Ksat-slug = [r
2
 ∙ ln(Le/R)] / [2Le∙t37];   [6.2] 

where Ksat-slug is hydraulic conductivity [m/day]; r is radius of well casing [m]; Le is the 

length of well screen [m]; R is radius of well screen including gravel pack [m]; t37 is 

the time in seconds [sec] necessary for the water level to rise/fall to 37% of its initial 

displacement and is obtained from the slug test measurements of water level recovery 

over the time (Fetter, 2001; Misstear et al., 2006).  

 

The Hvorslev method is used for determining the hydraulic conductivity of saturated 

aquifer material in which a perforated piezometer pipe is installed, and can be used for 

positive and negative water level displacement (Misstear et al., 2006). The Hvorslev 

method was used because it is suitable for piezometers that do not fully penetrate the 

aquifer, where piezometers are installed to a shallow depth to monitor the water level 

and sample the groundwater (Fetter, 2001). Calculations of hydraulic conductivity in 

this thesis used the following parameters: r = 0.0125 m; R = 0.04 m; Le (in general 2 

m); further details are provided in the borehole logs  in Appendix 6.1 and in Appendix 

6.6. The summary statistics and normality test on Ksat-slug values were done using R 

version 2.11.1 (The R Foundation for Statistical Computing, 2010).  
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6.4.3 Results 

 

The overall hydraulic conductivity of the Oak Park sediments (based on 20 falling 

head observations) was found to be in the range of 0.49 - 3.37 m/day (Table 6.3). 

Hydraulic conductivities from falling head slug tests of each piezometer are presented 

in Figure 6.7a and 6.7b. This result represents the hydraulic conductivity of the 

saturated material in the screen part of the borehole based on the vertical displacement 

of the water level. The falling head Ksat-slug values were normally distributed [Shapiro-

Wilk proved normality]. Measurements from the slug test were often a subject of noise 

and the results from rising head tests were excluded due to considerable noise observed 

in the water level recovery measurements (see discussion in Section 6.4.4). Two 

examples of water level recovery measurements (head ratio versus time) from the 

falling head slug test used for the computation of K values are provided in Figure 6.6 

(see also Appendix 6.6.2). 

 

Table 6.3 Hydraulic conductivity (Ksat-slug) from falling head tests performed on the 20 

monitoring boreholes (P1 – P20, Sawmills Field, Oak Park) 

 

Hydraulic conductivity    Ksat-slug [m/day]; N=20 

 

Mean  
 

1.52 

 

St.dev. 
 

0.740 

Variance % 54.83 % 

 

Min. – Max. 
 

0.49 – 3.37 

 

Median 
 

1.45 

Geometric mean* 1.34 

 
* Note: Geometric mean is the back-transformed mean of the natural logarithm transformed K 
values; according to some hydrogeologists geometric mean may sometimes be a more 
representative description of average hydraulic conductivity (Fetter, 2001). Summary statistics 
were done using R version 2.11.1 (The R Foundation for Statistical Computing, 2010 ) 
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Figure 6.6 Examples of head ratio in a borehole as a function of time from falling head 

slug tests 
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Figure 6.7 Hydraulic conductivities (Ksat-slug) from falling head slug tests for each 

piezometer: (a) spatial presentation of K values; (b) graphical presentation of K values; 

M...mustard; NR...natural regeneration; NC...no cover 

 

b 

a  
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6.4.4 Discussion  

 

It was initially thought that the hydraulic conductivities of the selected site could be of 

a higher order (c. > 10 m/day), as found in some of the examples discussed in the 

literature review of Chapter 5, Section 5.1.3. However the results from this study were 

actually more comparable to the hydraulic conductivity results from some of the earlier 

hydrogeological investigations in Oak Park, conducted in 2002 by Minerex 

Environmental Ltd., the hydrogeological consultants [which drilled the old boreholes 

or oBHs (Minerex, unpublished 2002)]. Minerex estimated the hydraulic conductivity 

on a series of these boreholes using slug tests (falling head/rising head) and the linear 

Bower-Rice method (Fetter, 2001). For comparison with this study, only the data from 

five boreholes closest to the experimental site and with comparable depth were chosen 

(oBH1, oBH3, oBH4,oBH5, oBH8; see Appendix 5.1). Their hydraulic conductivity 

values were in the range from 0.023 to 0.534 m/day (Minerex, unpublished 2002). 

 

It should be kept in mind that the results from slug tests are only influenced by a small 

area (i.e. small aquifer volume) around each piezometer, and thus the obtained results 

represent only “localized” K values. Some non-linearity or changes in gradient (slope) 

was occasionally observed in the head ratio curve (e.g. P1 in Figure 6.6). This could 

have been a consequence of different types of sediment material/lenses (with different 

permeabilities) located within the slotted area of the piezometer pipe. These could be 

the reasons for the observed range of K values from only 0.49 m/day to 3.37 m/day 

(Table 6.3). The results also indicate a possible relationship between the particle size 

results and the head ratio curve. For example the observed non-linearity of the head 

ratio curve of P1 coincides with the higher presence of silt/clay in the bottom layer of 

P1 (P1-L5; Figure 6.5). It should be kept in mind that the computation of K values was 

performed manually (in Excel) without advanced software for hydrogeological 

computing; thus some errors could have been generated choosing the main curve 

gradient. Further aquifer testing is recommended. 

 

It should be noted that the results of the hydraulic conductivity of sediments from each 

of the piezometer locations from this doctoral study are of a more indicative nature due 

to observed noise in the measurements. As mentioned in Section 6.4.3, all results from 

rising head slug tests had to be excluded due to considerable noise in water level 

 
 
 
 
 
 
 
 
Parts of this chapter are not available for viewing in the electronic copy of the 
thesis. 



Evaluation of measures to reduce                .                       . 
Chapter 6                                                                         nitrate loss to groundwater from tillage land   Alina Premrov  

 

 157 

recovery measurements, which could have been a result of the use of the peristaltic 

pump to lower the water level (i.e. pumping oscillations could have introduced 

disturbances in the system). Another reason for possible noise due to disturbance of the 

system in general (for both rising and falling head tests) could have been due to 

difficulties during the inserting of data-loggers/sensors into the piezometer pipes 

(because of their narrow diameter) at the joint of the non-slotted and slotted pipe where 

the filter-sock was attached. During the falling head tests some oscillations in the water 

level recovery measurements or other disturbances were also observed in 10 

piezometers out of 20 (see Appendices 6.6). Therefore it is more reliable to consider 

the hydraulic conductivity results from this study in the form of range rather than 

assigning separate values to piezometer locations. Nevertheless the obtained range for 

hydraulic conductivity of the saturated aquifer material of the selected study area (0.49 

to 3.37 m/day) still seems to be quite narrow. This result indicates that Ksat-slug values 

do not vary considerably spatially across the selected area of the field compared to 

much more variable K values reported in literature by Duffera et al. (2007). Duffera et 

al. (2007) observed very weak spatial dependence on much more variable hydraulic 

conductivity values than the values obtained from this study. Their hydraulic 

conductivity range was more broad, from 0.0048 – 5.50 m/day (CV of 102), which 

they measured on the soil and sediment cores that were field-sampled from different 

loamy sand soil from the south-eastern Coastal Plain, USA (Duffera et al., 2007).  

 

As such, Ksat-slug results from present study indicate that the saturated sediments under 

the selected study area are as uniform as practically possible – i.e.  unsuitable locations 

such as localised semi-confined areas were excluded (see explanation in Chapter 5, 

Section 5.1.2 and in Section 6.4.4 of this chapter). However, it should be noted that 

this particular homogeneity of sediments is assigned only to a very limited area of the 

Sawmills Field, which was very careful selected (using the information from the 

preliminary hydrogeological investigations) for the establishment of treatment plots. 

Therefore this situation should not be generalized for the rest of the Oak Park 

unconsolidated sand and gravel sediments. According to the drilling reports and 

borehole-logs from surrounding fields (Hooker, 2005; Minerex, unpublished 2002), 

some spatial heterogeneity of Ksat-slug values across the remaining area of the Oak Park 

sand and gravel aquifer is likely to be present. It should be noted that the hydraulic 

conductivity results presented here do not provide any information on the 
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permeabilities of sediments situated deeper than the depth of the installed piezometer 

screens in this doctoral study (i.e. c. < 4 m deep). 

 

In order to further explore this aquifer, additional in-situ investigations are 

recommended. Especially recommended would be additional pumping tests, because 

they could provide larger scale hydraulic conductivity estimation in vertical and lateral 

directions (Zemnasky and McElwee, 2005), rather than using only the intermediate in-

situ estimates from slug testing on each single borehole. For in-situ hydraulic 

conductivity estimation, multiple slug testing on each borehole (as a suite) is highly 

recommended in order to get the suppression of noise in the measurements (Zemnasky 

and McElwee, 2005).  

 

6.5 Bromide tracer test for estimation of travel times, 

hydraulic conductivity (Ksat-tracer) along down-gradient tracer 

route and aquifer transmissivity (T) 

 

6.5.1 Background 

 

Aquifer travel times are frequently investigated using tracer studies. The bromide 

tracer study presented here provides an estimation of travel time through the Oak Park 

sand and gravel aquifer. As mentioned earlier, crude estimates of travel times through 

the saturated zone to River Barrow were already made in Chapter 5 in which the 

possibilities for short travel times through the unsaturated and saturated zone were 

discussed. It was concluded that further on-site studies were necessary in order to 

obtain more precise estimates of travel times in the selected study area, and these are 

presented in this section of Chapter 6. In addition, the bromide tracer results from this 

study were also used for calculating the hydraulic conductivity of sand and gravel 

material along the traced down-gradient route - i.e. the lateral hydraulic conductivity 

(Ksat-tracer). Hydraulic conductivity was further used for computation of the 

transmissivity (T) of saturated aquifer materials.  
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Bromide (Br
-
) occurs naturally in environment. The Br

- 
concentrations in freshwater 

are generally quite small (e.g. < 0.2 mg/kg), whereas seawater will have higher 

concentrations (Flury and Papritz, 1993). Br
- 

if present
 
in groundwater can be of 

natural origin, but also as a result of agricultural practices (Flury and Papritz, 1993). 

Therefore, measurements of background Br
- 
groundwater concentrations are necessary 

prior to the application of tracer. Br
- 
 does not adsorb to sediments (Gilley et al., 1990), 

thus it is often considered as a good conservative tracer. However, it is known that 

bromide can be taken up by plants and crops: e.g. c. 32% Br
-
 plant uptake rates were 

observed for ryegrass (Schnabel et al., 1995), or up to c. 55% by alfalfa, barley and 

canola (Bowman et al., 1997). Bromide is known to have low toxicity for most aquatic 

and terrestrial organisms (unless it is applied in extremely high amounts) and its intake 

can occur naturally through consumption of some foods (e.g. celery, peanut straw), 

with an estimated human daily intake c. 8 mg Br
-
 per person (Flury and Wai, 2003). 

Therefore, Br
- 
is often considered as an environmentally safe tracer, but only under the 

condition that it is applied on the small scale (Flury and Papritz, 1993).  

 

The planning of the tracer test in this doctoral study was based on the information from 

previous tracer studies in the area performed by Hooker (2005) who initiated the  first 

tracer experiment in February 2004 in Oak Park, at the Road Field, c. 300 m east of the 

Sawmills Field (see Chapter 5, Section 5.1.3). Hooker (2005) applied the tracer in the 

early spring of 2004 just after the main recharge season, which resulted in quite late 

detection of tracer in the saturated zone, almost a year after its surface application, due 

to lack of effective rainfall necessary to transport Br
- 
to greater depths. Therefore, it 

was obvious that the choice of appropriate timing of Br
-
 application is crucial for the 

tracer studies in this area. 

 

6.5.2 Methodology used 

 

 Bromide test initiation 

The tracer experiment in this doctoral study started on 21
st
 November 2007 by 

applying KBr solution (60.0 g Br
-
/l), with an application rate of 300 kg Br

-
/ha and 0.5 

mm irrigation. Prior to commencing this tracer study, the groundwater sampled from 

the piezometers (P1 - P20) was checked for background Br
-
 concentrations (see 
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Appendix 6.7), which were found to be below the detection limit of the instrument (< 

0.02 mg/l). Special care was taken to estimate the best timing for the Br
-
 surface 

application. The Br
-
 was applied in late autumn just before the main autumn recharge 

commenced on the site, which allowed monitoring of vertical and lateral tracer 

transport during the over-winter recharge period extending into spring and summer of 

the following year. KBr solution was applied at the Sawmills Field on Plot 2 (no cover 

treatment) that was sprayed with herbicide glyphosate in late October 2007. This 

location was chosen on purpose in order to avoid potential Br
- 
uptake by plants (see 

Figure Apx.6.7.1). The area around piezometer P6 (10 m x 12 m area) and the six 

surrounding suction cups (3 m x 3 m area around each suction cup pair) was chosen. 

This area was estimated as one of most favourable locations in the field, allowing 

potential down-gradient detection of the tracer in the piezometers installed south-west 

of P6 (see Figure 6.8). A detailed explanation of bromide tracer surface application is 

provided in Appendix 6.7.  

 

 Field and laboratory methods 

After the application of Br
-
, the piezometers were sampled in general every 1 to 2 

weeks. This high sampling frequency was kept for almost 1.5 years. Only after the 

spring of 2009 (which corresponds to the completion of the groundwater monitoring 

for nitrate leaching losses in this doctoral study; see Chapter 8), the sampling 

frequency was reduced (c. 3 weeks basis or once monthly until 9
th

 September 2009). 

Sampling of piezometers was done with the same methodology as explained in 

Chapter 8 (Section 8.2.3), using a peristaltic pump after removing three volumes of 

water and filtering the samples on-site using 0.45µm filters (Filtropur S 0.45 filters, 

Sarstedt, Nümbercht, Germany) with a syringe. The Sawmills Field experiment 

remained at the field after autumn 2009 (most likely for potential long term nitrate 

leaching studies) and the tracer transport initiated in this doctoral study was expected 

to continue in the area. Thus, on-going tracer monitoring in this groundwater is 

strongly recommended.  

 

Special care was taken to avoid any potential tracer cross contamination of samples 

through the exposure of the equipment during sampling. Therefore each one of the 

selected piezometers had to have its own separate tubing attached to the peristaltic 

pump (P5, P6, and all down-gradient piezometers P7, P8, P17, P18). All equipment 
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that was in contact with the groundwater was thoroughly rinsed with the clean water 

each time prior to sampling the groundwater, and approximately 2 litres of clean water 

was pumped through the peristaltic pump and through the tubing prior to inserting it 

into the piezometer. Sampling of suction cups was done on a weekly basis, using the 

same methodology as described in Chapter 7 and its appendices (i.e. Road Field 

suction cups). Again, special care was taken that equipment would not be cross-

contaminated: separate sampling flasks were used for different suction cups and the 

equipment was thoroughly rinsed with de-ionised water each time prior to sampling. 

 

After the sampling, the water samples were stored on ice and transported to the water-

laboratory in Teagasc, Johnstown Castle Research Centre in Wexford for analysis on 

an Ion Chromatograph (Metrohm 790) with detection limit 0.02 mg Br
-
/l. Further 

details on laboratory analysis are provided in Appendix 6.7. 

 

 Computation of effective rainfall, hydraulic conductivity  

(Kslug-tracer) along down-gradient tracer route and aquifer transmissivity 

(T) 

Computation of effective rainfall was done using the SMD crop model and 

meteorological data from the Oak Park weather station (see Chapter 4). Ksat-tracer was 

calculated using Darcy’s law [see Chapter 5; Section 5.3.1; Equation 5.1] as follows: 

Ksat-tracer = Vx∙ne/(dh/dl);  [6.3] 

where Ksat-tracer = hydraulic conductivity [m/day]; Vx = seepage or average linear 

velocity (obtained from tracer test) [m/day]; ne = effective porosity; dh/dl = hydraulic 

gradient between two piezometers along the tracer route [dh difference in head; dl 

distance] (Fetter, 2001). 

 

Transmissivity is by definition a measure of the horizontal transmission of the amount 

of water through aquifer thickness, which is fully saturated and when the hydraulic 

gradient is 1 (Fetter, 2001). The aquifer transmissivity is formulated as following:  

  T = S∙K;                                  [6.4]  

where T is transmissivity [m
2
/day]; S is saturated thickness of aquifer [m]; and K is 

hydraulic conductivity [m/day] (Fetter, 2001). Symbol “b” is also often used in the 

literature for saturated thickness (e.g. in Misstear et al., 2006). 
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Figure 6.8 Schematic presentation of the surface Br
-
 application at Sawmills Field in 

November 2007 with the indicated down-gradient Br
-
 tracer transport routes 

[Further information is provided in Appendix 6.7]. 

 

6.5.3 Results  

 

 Vertical tracer transport through unsaturated zone to shallow 

groundwater  

Bromide was first detected in the soil solution sampled from suction cups at both 

depths, 0.9 m and 1.5 m, in December 2007, 22 days after application, following 55 

mm effective rainfall; see Table 6.4 and Figure 6.9). Concentrations of the first tracer 

detection in different suction cups ranged from 0.17 to 11.27 mg Br
-
/l. Br

-
 

concentration of 174.1 mg/l at 0.9 m depth was detected in one suction cup 63 days 

after application (corresponding to 155 mm effective rainfall since surface tracer 

application), however it was not certain if this was the peak concentration, because 

suction cups failed to regularly produce a soil solution sample. For the same reason it 

was not possible to determine the peak in suction cups at 1.5 m depth (Table 6.4 and 

Figure 6.9).  
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The first detection of vertical transport of tracer (1.02 mg Br
-
/l) to shallow 

groundwater (piezometer P6) occurred in late January 2008, 70 days after surface Br
-
 

application, corresponding to 155 mm of effective rainfall, followed by the first tracer 

concentration peak (43.34 mg Br
-
/l) in late April 2008, 160 days after surface Br

-
 

application, corresponding to 191 mm effective rainfall (Table 6.4, Figure 6.10). 

 

The second tracer concentration peak (40.36 mg Br
-
/l) in piezometer P6 occurred in 

late September 2008, 308 days after the surface Br
-
 application or 148 days after the 

first peak. This corresponds to 369 mm effective rainfall since the surface tracer 

application, or 205 mm effective rainfall from the occurrence of the first peak 

concentration (Table 6.4, Figure 6.10). 
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Table 6.4 Vertical Br
-
 tracer transport and travel times through the unsaturated zone to the shallow groundwater at Sawmills Field  

in Oak Park, Co. Carlow 

 

 Br- tracer 
detection 

Suction cups /  
Piezometer 

Depth 
[mbgl]b 

Travel time 
[days] 

Effective 
rainfall [mm] 

Tracer transport 

[m/mm eff.r.] c               [m/day] 
Concentration 

Br- [mg/l] 

First  SC shallow 0.9 22 55 0.02 0.04 0.17-11.27 

detection SC deep 1.5 22 55 0.03 0.07 1.10 

13/12/2007 SC P6- water level 1.80 70 155 0.01 0.03 1.02 

30/01/2008 P6 P6-borehole depth 4.55 

  

0.03 0.07 

 Peak 1 SC shallow* 0.9 63 155 [6∙10-3]a 0.01 174.10 

23/01/2008 SC SC deep* 1.5 \ \  \ \ 

29/04/2008 P6 P6- water level 2.35 160 191 0.01 0.01 43.34 

 
P6-borehole depth 4.55 

  

0.02 0.03 

 Peak 2 SC shallow 0.9 \ \  \ \ 

  SC deep 1.5 \ \  \ \ 

 24/09/2008 P6 P6- water level 2.28 308 396 [6∙10-3]d 7∙10-3 40.36 

 
P6-borehole depth 4.55 

  

[0.01]d 0.01 

 Δ Peaks e SC shallow 0.9 \ \  \ \ 

 1 & 2 in P6 SC deep 1.5 \ \  \ \ 

  P6-average water level c.2.31 148 205 0.01 0.01 43.34-40.36 

 
P6-borehole depth 4.55 

  

0.02 0.03 

 Note: a Suction cups failed to regularly produce the sample, thus the peak tracer concentration was not possible to be determined from suction cup sampling; b mbgl …metres below 
ground level; c eff.r. … effective rainfall; d if the second tracer peak is considered to occur after the remaining of the Br- tracer has been transported from the first peak occurrence, then e Δ 
Peaks... computed time, eff. rainfall and average water level during the period from the first peak occurrence to the second peak occurrence. 
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Figure 6.9 Vertical Br
-
 tracer transport through the Sawmills Field unconsolidated 

sediments to 0.9 m and 1.5 m depth and the accompanying cumulative effective 

rainfall [SC-suction cups; shallow-0.9 m depth; deep-1.5 m depth] 

 
 

 

Figure 6.10 Vertical Br
-
 tracer transport through the Sawmills Field unconsolidated 

sediments to the shallow groundwater at c. 2.4 m average water level depth and the 

accompanying effective rainfall 
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 Saturated zone down-gradient (lateral) transport of tracer towards the 

surface receptor 

Down-gradient tracer movement at concentration 0.08 mg Br
-
/l was first detected in 

one of the piezometers located c. 81m south-west of the place of tracer application (P8, 

Figure 6.8). This occurred in July 2008, 245 days (241mm effective rainfall) after the 

tracer surface application; and 175 days (86 mm effective rainfall) after Br
-
 occurrence 

in piezometer P6 at the tracer application site (Table 6.5 and Figure 6.11a). Results are 

reported as number of days and as amount of effective rainfall, although the effective 

rainfall may be of more significance for the vertical tracer transport. 

 

The first tracer concentration peak (0.78 mg Br
-
/l) was detected in P8 in mid February 

2009, 450 days after surface the Br
-
 application (corresponding to 582 mm effective 

rainfall), or 290 days after Br
-
 concentration first peak in P6 (corresponding to 391 mm 

effective rainfall; Table 6.5, Figure 6.11a). The second tracer concentration peak (2.18 

mg Br
-
/l) was detected in P8 in late August 2009, 646 days after surface Br

-
 application 

(corresponding to 771 mm effective rainfall), or 338 days after Br
-
 concentration 

second peak in P6 (corresponding to 463 mm effective rainfall; Table 6.5, Figure 

6.11a). 

 

The Br
-
 was detected in two other down-gradient piezometers, P7 and P18 (Figure 

6.8). The first of these detections was in P18 in mid April 2009 (0.22 mg Br
-
/l), 511 

days after surface Br
-
 application (corresponding to 620 mm effective rainfall), or 441 

days after first Br
-
 detection in P6 (corresponding to 465 mm effective rainfall; Table 

6.5, Figure 6.11c). The second was the Br
-
 detection in P7 in mid June 2009 (0.06 mg 

Br
-
/l), 575 days after surface Br

-
 application (corresponding to 664 mm effective 

rainfall), or 505 days after first Br
-
 detection in P6 (corresponding to 509 mm effective 

rainfall; Table 6.5, Figure 6.11b).  

 

Given the hydraulic gradient between the two piezometers P6 and P8  of 0.0023 and 

assuming an effective porosity (ne) of 0.20 to 0.35, based on reported values for other 

fluvioglacial sand and gravel aquifers (Fetter, 2001), the hydraulic conductivity in 

lateral direction (Ksat-tracer) of this aquifer along the fastest traced route was calculated 

from Darcy's Law as 24.8 - 43.5 m/day (peak) to 40.3 -70.5 m/day (first detection) 

(Table 6.5).  

 
 
 
 
 
 
 
 
Parts of this chapter are not available for viewing in the electronic copy of the 
thesis. 



 

 167 

Table 6.5 Down-gradient Br
-
 tracer transport/travel times through the saturated zone and corresponding lateral hydraulic conductivity (Ksat-tracer) of 

Sawmills Field unconsolidated sediments in Oak Park, Co. Carlow  

 Br- tracer 
detection 

Down-
gradient 
piezoma. 

Borehole 
depth/ 
water level 
[mbgl] 

Br- 
concen-
tration 
[mg/l] 

 
 
 
dl  
[m] Average 

dh/dlb 

Eff. r.e Br- 
from surface/ 
sat.zoned 
[mm] 

Sat. zoned 
travel time 
=Szt [days] 

 
 
Vx =  
dl/Szt 
[m/day] 

Hydraulic  
conductivity 
Ksat-tracer [m/day] c 

 
Average 
Vx to R. 
Barrow 
[m/day]  
K *(dh/dl)/ne 

Total travel time to  
River Barrow 
[years] i 

First  P8  4.59 / 2.74  0.08 81  0.0023  241/86 175 0.46   40.3 – 70.5 2.66 186 days – 1.2j years 

detection P18  4.42 / 1.49  0.22 127  0.0022  620/465 441 0.29   26.0 – 45.5 1.93   0.7 – 1.7 years 

  P7  4.61 / 2.26  0.06 45  0.0014  664/509 505 0.09   12.4 – 21.7 1.24   0.7 – 3.4 years 

Peak 1 P8  4.59 / 1.67  0.78 81  0.0022  582/391f 290f 0.28   24.8 – 43.5f 1.64   1.0 – 2.0f, k years 

 
P18  \  \ 127  \  \   \    \    \ 

  P7  \  \ 45  \  \   \    \    \ 

Peak 2 P8  4.59 / 2.70  2.18 81  0.0024  771/463g 338g 
 

0.24   20.0–35.0g 
 

1.32   1.7 – 3.0g, l years 

 
P18  \  \ 127  \  \   \    \    \ 

  P7  \  \ 45  \  \   \    \    \ 

Δ Peaks  P8  4.59 / 2.19  0.78 - 2.18 81  0.0023  \ 196h \   \ \   \ 

1 & 2  P18  \  \ 127  \  \  \    \ \   \ 

  P7  \  \ 45  \  \  \    \ \   \ 

River Barrow river \ \ 500 0.0122 \ \  

 

  
Note: a fastest observed Br- transport route is the P6 to P8 direction, see Figure Apx.6.7.1; b average dh/dl calculated using average water level measurements during the months when Br- was 
transported and using the distance between P6 and the down-gradient piezometer; c Ksat-tracer is calculated according to Darcy’s law using the (ne) effective porosity range of 0.20 to 0.35 [source 
Fetter et al. (2001)] and saturated zone linear velocity Vx between P6 and down-gradient piezometer [i.e. Vx = distance dl divided by number of days Br- has travelled]; d saturated zone; e 
effective rainfall;  f from peak 1 in P6 to peak 1 in P8; g from peak 2 in P6 to peak 2 in P8; h  time & eff. rainfall from peak 1 in P8 to peak 2 in P8, distance P6 to P8; i estimated theoretical 
distance to river of 500m;  j 70 days (first detection P6) + computed travel time using Ksat-tracer, ne, and dh/dl to River Barrow; k 160 days  (first peak detection P6) + computed travel time using 
Ksat-tracer, ne, and dh/dl to River Barrow; l 396 days  (second peak detection P6) + computed travel time using Ksat-tracer, ne, and dh/dl to River Barrow. 
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Figure 6.11 Down-gradient Br
-
 tracer transport through the Sawmills Field saturated 

unconsolidated sediments and the accompanying cumulative effective rainfall  

 

Both P7 and P18 (in addition to P8) are more or less located along the main estimated 

groundwater flow direction as indicated on Figure 6.8 (main groundwater flow 

direction is north-east to south west, which was initially estimated from the 

groundwater contour maps in Chapter 5). 

Note: Figure 6.11 has 
different Y (Br-) scales 
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 Aquifer transmissivity (T) 

The aquifer transmissivity T was computed by multiplying the hydraulic conductivity 

in lateral direction Ksat-tracer (i.e. c. 24.8 to 70.5 m/day, obtained from the Br
-
 tracer tests 

in this study) with the estimated saturated zone thickness of aquifer. The saturated 

zone thickness of aquifer S was estimated to be c. 10 - 15 m based on the estimations 

of the depth to bedrock (GSI, 1994, unpublished, cited in EPA public file 2006; EPA 

Ireland, 2006). This resulted in the estimation of the aquifer transmissivity T in the 

range from 248 to 1057.5 m
2
/day. 

 

6.5.4 Discussion 

 

 Vertical tracer transport through unsaturated zone to shallow 

groundwater  

The two Br
-
 concentration peaks detected in piezometer P6 show that only a certain 

amount of tracer could be transported to a depth of c. 2.4 m below ground level [mbgl], 

(which was an average groundwater level during the period of tracer transport) per 

given amount of effective rainfall. Each of the distinct two peaks observed in Figure 

6.10 occurs after certain amount of effective rainfall: peak 1 after 191 mm (after the 

surface tracer application); and peak 2 after 117 mm (after the occurrence of peak 1). 

The daily effective rainfall clearly shows a period without effective rainfall between 

two peaks during April to c. June 2008 (with a slight delay/time lag possibly due to 

solute travel time to the saturated zone). This indicates that a gap between two peaks 

occurred due to lack of effective rainfall necessary for vertical transport of tracer to 

greater depths (dry period), and that the second peak corresponds to the tracer transport 

during the next wet period (Figure 6.10). The computed travel velocity of the tracer, if 

expressed in metres (depth) per mm of effective rainfall for the unsaturated zone was c. 

0.01 m/mm of effective rainfall for the first Br
-
 peak in P6 (Table 6.4). These results 

show that much lower amounts of effective rainfall are necessary to transport the 

bromide from the surface to different depths (e.g. c. 155 mm effective rainfall for the 

Br
-
 first occurrence in the saturated zone and c. 191 mm for the Br

-
 first peak) than 

previously obtained (c. 300 mm effective rainfall) from investigations performed in 

2004 by Hooker (2005). This result may be a consequence of appropriate timing of 

tracer surface application chosen in this (present) experiment: i.e. Br
-
 was applied just 
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before the main autumn recharge, resulting in the more rapid transport of tracer to the 

unsaturated zone and to shallow groundwater. 

 

 Saturated zone down-gradient (lateral) transport of tracer towards the 

surface receptor 

The results showed a relatively fast tracer transport down-gradient towards the river: 

estimated in the range of c. less than 0.5 years to c. 2 years (based on tracer movement 

to P8 and P18) and to a little over 3 years (based tracer movement to P7), for the 

saturated zone alone (i.e. excluding the unsaturated zone travel time and depending on 

the down-gradient tracer route and tracer peak number). The fastest down-gradient 

transport of Br
-
 tracer was in the direction from P6 to P8 (Figure 6.8). This tracer 

transport route direction (P6 to P8) seemed to be quite close to the theoretically 

approximated main groundwater flow direction based on the groundwater contour 

maps (presented Chapter 5, Figure 5.2). The down-gradient transport of tracer, once it 

reaches shallow groundwater and following this route, is very rapid (81 m in 175 days, 

i.e. linear velocity of c. 0.46 m per day; Table 6.5). These results show that the 

lenses/layers of less permeable material (e.g. clay/silt lenses) in the shallow aquifer at 

this site are not continuous and that they do not represent a barrier for transport of 

water soluble pollutants.  

 

It is thought that Irish fluvioglacial sands and gravels, including the shallow sand and 

gravel aquifer in this study, are likely to be at the lower end of the above cited 

effective porosity range (i.e. range of 24.8 to 40.3 m/day using ne of 0.20; see Section 

6.5.3, Table 6.5). This estimation is based on the recent study of the Curragh gravel 

aquifer in County Kildare, Ireland, by Misstear et al. (2008) in which they estimate the 

aquifer specific yield of c. 0.19 (i.e. specific yield is a function of ne); and an estimate 

by Allen et al. (2006) of 0.25 for the ne of a fluvioglacial sand and gravel aquifer in the 

Cork syncline, SW Ireland. Nevertheless, the calculated Ksat-tracer values in Table 6.5 

[using full ne range of 0.20 to 0.35] somewhat compare with a range of 5 to 100 m/day 

reported by Kruseman and de Ridder (1992) for sand and gravel aquifers. They also 

somewhat compare with the values of 0.1 - 1 m/day and 200 m/day for Irish clayey 

gravels and for Irish fluvioglacial sand and gravel aquifers, respectively, reported by 

Misstear et al. (2008). An effective porosity (ne) range of 0.20 to 0.35 was used for 

calculation of Ksat-tracer values. The relatively high ne value of 0.35 (corresponding to 
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very coarse gravel based on Fetter, 2001) was used due to suspected presence of areas 

underlain with very coarse gravel sediments. This assumption was justified by the fact 

that during the borehole drilling, collapsing of boreholes was experienced on such 

areas: e.g. collapsing was experienced in the area surrounding P19 and P20 (see also 

borehole logs in Appendices to Chapters 5 and 6). There is an existing chance that very 

coarse gravel and large stones were not deposited efficiently at the soil surface due to 

the drilling technique that was used in this study (see Chapter 5). Further, this effective 

porosity range was chosen to be suitable despite the previously obtained particle size 

analysis results (which indicated the presence of silt in sediment samples based on a 

median d10 value of 0.032 mm; Section 6.3.3). This choice of effective porosity was 

due to the fact that the actual field-observed tracer transport through the sediments was 

quite fast and that the median d10 value may have been a consequence of possible 

over-estimation of the proportion of silt particles in the sediments due incorporation of 

thin layers within the drilling procedure (see discussion in Section 6.3.4). In fact, the 

fast tracer transport supports the assumption that this apparent general presence of silt 

most probably belongs to very localised and thin silt layers. As mentioned earlier, the 

drilling technique used in this study could not provide sufficiently precise sampling, 

and consequently the material from potentially very thin silt lenses would have been 

incorporated within the sample material of thicker sediment layers (i.e. sands and 

gravels; see Section 6.3.4).  

 

The potential total travel time from the experimental site to the nearest surface water 

receptor (the River Barrow c. 500 m away) was calculated by summing the time 

necessary for tracer transport from the surface to saturated zone (P6; Table 6.4) and the 

time for down-gradient tracer transport through the fastest saturated zone route (P6 - 

P8 direction of flow). The saturated down-gradient travel time to the river was 

calculated using the computed Ksat-tracer (Table 6.5), effective porosity (ne) of 0.20 to 

0.35, and the estimated hydraulic gradient between the site and the river of 0.0122 

(dh/dl to River Barrow was calculated in Chapter 5, Section 5.3.1). This gave a total 

travel time from the surface Br
-
 application to the river in the range from 186 days to 3 

years (Table 6.5). This estimation of travel time shows that the soil surface activities at 

this site can potentially affect the nearby nutrient sensitive (Chapter 2, Section 2.6) 

surface water receptor (River Barrow) in relatively short times. This assumes similar 

hydrogeological properties of the area between the study site and the receptor. 
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However, regarding the nitrate travel time estimation, it is important to note that the 

above calculated travel times do not take into account any delays and transformations 

(such as denitrification) that may occur in the river floodplain sediments and in the 

hyporheic zone, i.e. in the sediments in contact with the river water (Boulton et al., 

1998). 

 

 Aquifer transmissivity (T) 

The estimated Oak park aquifer transmissivity in the present study (from 248 to 1057.5 

m
2
/day) is in agreement with earlier reported estimations of the Barrow Valley aquifer 

transmissivity range (200 to 2000 m
2
/day) reported in Daly (1981). 

 

6.6 Conclusions 

 

6.6.1 Summary of aquifer main characteristics  

 

Hydrogeological investigations in the present study proved the existence of shallow 

sand and gravel aquifer with localized silt/clay lenses. Particle size analysis showed 

that the majority of the identified sediment layers consisted of up to c. 98% gravel and 

up to c. 75% sand. The overall hydraulic conductivity of saturated sediments (Ksat-slug) 

measured using falling head slug tests was in the range of 0.49 - 3.37 m/day, 

comparable with the results from earlier drillings in Oak Park conducted in 2002. Flow 

direction from north-east to south-west towards River Barrow was confirmed by tracer 

experiment. The calculated hydraulic conductivity in a lateral direction (Ksat-tracer) of 

this aquifer (using Darcy’s equation) along the fastest traced route was estimated in the 

range 24.8 - 70.5 m/day. 

 

6.6.2 Main conclusions on the aquifer travel times 

 

 Travel times of the site strongly depend on the hydrogeological properties of 

the aquifer concerned. This study shows that a free draining and vulnerable site 

with high leaching risk, underlain by a sand and gravel aquifer, can have rapid 
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groundwater quality response times. The bromide tracer results indicate that 

soil surface activities at this site can have an impact on shallow groundwater 

quality within a period of less than one year (i.e. a single season). 

 Vertical travel times on this very free draining site are strongly related to the 

amount of effective rainfall necessary to transport the solute (i.e. bromide tracer 

or other water soluble pollutants such as nitrate) from the soil surface through 

the unsaturated zone and to the saturated zone, and therefore they are a function 

of climatic conditions. 

 The results also show very rapid down-gradient travel times within shallow 

groundwater, after the tracer has reached the saturated zone. This indicates that 

the less permeable layers (e.g. silt/clay lenses) at this site are not continuous. 

 The computed hydraulic conductivity of shallow sediments in the saturated 

zone (Ksat-slug from slug tests) is different from the one in a lateral direction 

(Ksat-tracer obtained from Br
-
 tracer test): Ksat-slug = 0.03 – 3.37 m/day; Ksat-tracer = 

24.8 – 70.5 m/day. When comparing the K results from slug tests with tracer 

tests it is important to note that slug tests are influenced by a small area (i.e. 

small volume of aquifer) around the piezometer, which could potentially cause 

the difference between the Ksat-slug and Ksat-tracer results. Nevertheless, this result 

(of Ksat-slug being different from Ksat-tracer) also supports the assumption that less 

permeable layers (e.g. silt/clay lenses) at this site are not continuous, and thus 

they do not represent a barrier for groundwater down-gradient flow. If so, this 

can result in very fast transport to the surface water, which could provide less 

time for nitrate mitigation processes to take place within the saturated zone 

(e.g. denitrification), and could increase the risk for surface water receptor 

pollution.  

 Ksat-tracer being at a higher range than Ksat-slug further indicates that the depth of 

sampled groundwater (within the saturated zone) may be an important factor 

for the monitoring of the groundwater quality within this study or 

hydrogeologically similar sites. For example, this could be important if most of 

the high nitrate concentrations are remaining within the shallow groundwater 

zone or are being transported fast towards the surface water receptor. Therefore 

further investigations on nitrate concentrations from different saturated zone 

depths are recommended. 
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 The bromide tracer results indicate that the soil surface activities at this site can 

potentially affect the nearby nutrient sensitive surface water receptor (River 

Barrow) within a short period of time, of the order of < 1 to 3 years (without 

taking into account any nitrate transport delays and transformations that may 

occur in the hyporheic zone).  

 These results are expected to be important for evaluating the influence of 

nitrate from current and past agricultural practices on shallow groundwater and 

the nearby river in this area. 
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CHAPTER 7: REDUCING NITRATE LEACHING 

FROM TILLAGE LAND TO THE UNSATURATED 

ZONE - THE ROAD FIELD EXPERIMENT  

 

7.1 Introduction and background including literature 

review on selected topics 

7.1.1 Introduction to the chapter 

 

This chapter presents a study of over-winter green cover and different tillage practices 

as measures for reducing nitrate leaching from tillage land to the unsaturated zone. 

Nitrate leached below the rooting depth in the unsaturated zone represents the potential 

amount of nitrate that can reach shallow groundwater. This study represents a separate 

small-scale experiment on nitrate leaching to the unsaturated zone, which allowed a 

randomised plot experimental design with a larger number of land use permutations. 

As such, this unsaturated zone study represents an introduction to the large-scale 

groundwater study presented in Chapter 8. Most of the introductory literature review 

provided here is relevant for both chapters (Chapter 7 and Chapter 8).  

 

7.1.2 Minimising nitrate leaching to the unsaturated zone  

Because nitrate is soluble in water (see Chapter 2, Section 2.2) an inappropriate timing 

of nitrate availability in the soil, during events of high rainfall and periods when crops 

cannot consume it, can be especially problematic. In this context, field management 

practices can have an important role in minimizing nitrate leaching risks originating 

from the agricultural diffuse pollution sources. After crops stop growing, the amount 

of nitrate that is left in soil should be as low as possible, in order to avoid potential 

leaching risks to greater depths, especially after the harvest (Addiscott, 1996; Ongley, 

1996; Goulding, 2000). In the “Code of best agricultural practices” Ignazi (1995), 

among others, recommends the appropriate timing of fertiliser application, an optimum 

fertilisation rate to meet the crop needs, management of the fields in a way that they 
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are not left bare during rainy periods, and planting catch-crops [i.e. cover crops that 

catch nutrients (Bowman et al., 2000)] in agreement with local climatic conditions. 

Goss et al. (1993) and Powlson (1993) stressed the importance of mineralisation of N 

from the residues of the previous crop for nitrate leaching; whereas studies reviewed 

by Addiscott (1996) indicate that applied fertiliser N is often not the major source of 

nitrate leaching losses, but that most of the nitrate can come from organic matter. In 

arable crop production systems, the nitrate leaching may not only be a direct 

consequence of over-fertilisation, but it may also be a consequence of nitrogen 

mineralisation and re-mineralisation processes in the soil (Di and Cameron, 2002; 

Köhler et al., 2006). In general it is assumed that N mineralisation is low under low 

soil temperatures - i.e. if soil temperature is under 5°C (Thorup-Kristensen et al., 

2003). Nitrate leaching as a consequence of mineralisation may be important in Ireland 

due to mild winters that could potentially favour the mineralisation processes. 

Therefore the appropriate management of the field fertiliser application alone may not 

be enough and additional measures may be necessary. In theory over-winter cover 

crops should take up post-harvest residual N in the soil during the winter, while 

reduced tillage cultivation could have lower mineralisation rates if compared with 

conventional ploughing. Thus these two management practices could be potentially 

beneficial for managing nitrate leaching from tillage land and have been investigated 

in the present study under Irish climatic conditions on a free draining soil.  

 

7.1.3 Over-winter green cover 

7.1.3.1 Cover crops and natural regeneration  

Over-winter green cover in this study refers to green growth during the winter period 

in general, including both planted cover crops and the natural vegetative growth (here 

referred to as “natural regeneration”). Cover crops are crops which grow during the 

periods of time when the soil would otherwise be left fallow (Dabney et al., 2001). The 

natural regeneration corresponds to the natural growth of weeds and cereal volunteers 

during the over-winter period. The main benefit of cover crops is their ability to take 

up residual N from the soil prior to leaching, but some cover crops, such as legume 

covers, are also used for fixing atmospheric N. In addition to this, cover crops have 

also many other beneficial characteristics (e.g. the prevention of soil erosion; 

improvement of soil fertility and increase of organic matter content, pest and weed 
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control, holding the soil moisture) (Bowman et al., 2000; Dabney et al., 2001). The use 

of cover crops can also have some negative side effects -e.g.: reductions in the soil 

moisture that can influence the subsequent crop growth, additional costs for planting 

cover crops and chopping, potential increase in the pest populations and risk of 

diseases (Dabney et al., 2001). However, the increase in the biodiversity introduced by 

planting cover crops can also have positive effects if cover crops are managed 

properly. For example, the cotton and peanut growing farmers in Georgia, USA used 

the cover crops to increase the biological activity of soils under long term tillage, to 

increase the pest control by breaking up the disease cycles and allow for more 

biodiversity at the field, resulting in significant reductions in insecticide and pesticide 

applications (Phatak, 2000). 

 

7.1.3.2 Minimising nitrate leaching losses with cover crops  

Many published studies have proven that cover-crops can be used as an effective 

measure for reducing nitrate leaching from arable land prior to and during the high 

leaching risk periods. In fact, the application of cover-crops has been intensively 

studied in past, with numerous examples involving: - different environmental 

conditions (soil types, climate), and - different types of cover crops (e.g. winter rye or 

ryegrass, forage rape, oats, lupins, winter wheat, mustard, yellow mustard; see Table 

7.1).  

 

Different types of cover crops have been recorded to reduce nitrate leaching losses 

under different climatic conditions (see examples in Table 7.1; studies are selected 

from a variety of countries). Different species of ryegrass (Lolium multiflorum, Lolium 

perenne) are frequently used as a cover crop (Table 7.1). The reported reductions, 

although not always statistically significant, vary widely ranging e.g. from 2 kg N/ha 

(rye) (Shepherd et al., 1993) to 37 kg N/ha (rye) and 60 kg N/ha (oat) (Logsdon et al., 

2002), for the above examples. The amount and timing of cover crop plant N uptake 

will strongly depend on the crop species, as well as on other environmental conditions, 

such as soil N availability, climatic conditions, date of planting etc. (Dabney et al., 

2001). 
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Several other authors who reviewed the literature have also reported examples of 

successful reduction of nitrate leaching via cover crop growth mainly by avoiding bare 

fallow periods during the winter (e.g. reviews by Meisinger et al. (1991) and (2006), 

and a meta-analysis by Tonitto et al. (2006)). Tonitto et al. (2006) mention the 

predomination of short term studies (2-3 years long), while long-term studies are less 

frequent in the literature. A study by Lord et al. (1999) based on a 5 year scheme to 

test measures for reducing nitrate losses from agricultural land (including ten 

groundwater nitrate sensitive catchments - i.e. The Pilot Nitrate Sensitive Areas 

Scheme in England from 1990 on) also showed, among others, that over-winter growth 

of cover crops could reduce nitrate leaching by c. 50% compared to winter cereals. 

Contradictory examples of studies where cover crops failed to sufficiently uptake the 

N prior to leaching have also been reported. For example, in a 3-year study on a loamy 

sand soil in US (Delmarva Peninsula, mid-Atlantic state) Ritter et al. (1998) observed 

no significant difference in soil and groundwater nitrate concentrations between no 

cover and the rye winter cover crop. The authors explained that it would be necessary 

to have a more appropriate cover crop planting date (i.e. 1
st
 October) in order to get 

significant N uptake during the autumn, and an adequate amount of rainfall for 

optimum cover crop growth during the autumn on sandy soils in their experiment 

(Ritter et al., 1998).  

 

Strock et al. (2004) observed that climatic conditions, such as temperature and amount 

of effective rainfall (especially if extreme), can also influence the cover crop (winter 

rye) performance in reducing nitrate losses during the over-winter periods (in south-

western Minnesota, USA with interior continental climate and cold winters). 

Consequently, a cover crop may not always have successful growth  -i.e. successful 

reduction of nitrate losses by winter rye was expected only in single year of every four 

years period (Strock et al., 2004). 
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Table 7.1 Examples of studies on use of over-winter green cover growth for reducing 

nitrate losses to the unsaturated zone  

 
Study by 

 
Location & soil 
type 

 
Study type &  
over-winter green-cover 

Nitrate losses 
reduced 

Shepherd et al. 
(1993) 

UK; limestone and 
chalk arable soils 

Review of some UK studies; early establishment 
of over-winter green cover: rye cover crops 

yesa 

Jordan et al. 
(1994)c 

US, Georgia  Conventional and no-till corn field production; 
rye cover 

25-100% c 

Shepherd and 
Lord (1996) 

UK; sandy soil 5-winter field study; winter rye or forage rape, 
particularly effective if established early 

yes 

Francis et al. 
(1998) 

New Zealand; silt 
loam soil 

2-year field study; ryegrass, oats, lupins, 
mustard and winter wheat on some grazed and 
un-grazed unfertilised grass, winter barley and 
natural regeneration growth plots 

occasionallyb  yes 
(un-grazed oats, 
ryegrass, year 2)  

Shepherd and 
Webb (1999) 

UK; loamy sand soil 4-year lysimeter study; winter barley, stubble 
turnips 

yesa  
(on short term 
basis) 

Thomsen and 
Christensen 
(1999) 

Denmark; sandy 
loam soil 

10-year study; spring barley system with 
outdoor lysimeters;  ryegrass 

yesa  
(could halve total 
N loss) 

Bergström and 
Jokela (2001) 

Sweden; well 
drained sandy loam 
soil 

2-year field lysimeter; spring barley study; 
ryegrass cover crop inter-seeded in barley 

occasionally b yes  
 

Logsdon et al. 
(2002) 

US, Iowa; silt loam 
soils  

3-year study; large soil monoliths (in the 
controlled climate chambers with fall cover crop 
inter-planted into soy-bean during mid August); 
oat and rye fall cover crops 

yesa  
(although not for 
drainage 
reductionb) 

a statistically significant reduction; b reduced losses not always significant; c cited in review by (Bowman et al., 2000) 

 

7.1.3.3 Mustard cover crop  

Some studies that used a mustard cover crop (Sinapsis alba) have been reported in the 

literature, proving that mustard has a good potential to reduce nitrate leaching losses: 

e.g. from 60 kg N/ha [in a trial on silt loam comparing different cover crops performed 

by Christian et al. (1992)], to over 77 kg N/ha [in an experiment on spring barley 

production system located on free draining soil in Ireland performed by Hooker et al. 

(2008); see Section 7.1.5]. Macdonald et al. (2005) used a variety of cover crop species 

including mustard and found that cover crops were in general most effective on free 

draining soil and could decrease nitrate leaching in a wide range (up to c. 91% 

reduction in nitrate loads under early sown cover crops). They found overall no 

significant differences between cover crop species, but they were most effective in a 

wet winter and on sandy loam soil (Macdonald et al., 2005). 



Evaluation of measures to reduce                .                       . 
Chapter 7                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

 180 

7.1.3.4 Natural regeneration  

Because avoiding bare fallow periods during the winter is crucial in order to minimise 

nitrate losses, there is a strong indication that natural regeneration could also be used 

as an effective measure for reducing nitrate leaching during winter drainage periods. 

Few studies evaluate the possibilities for efficient use of natural regeneration (as an 

alternative to planted cover crops) to reduce nitrate leaching. The good efficiency of 

natural regeneration to uptake soil N was indicated previously by Webster and 

Goulding (1995) who found that volunteer weeds were as good as a ryegrass crop in 

conserving nitrogen during a set-aside year. Baggs et al. (2000) performed a field trial 

study involving cover crops and green manure crops. In their study they used natural 

regeneration and bare ground, and for cover crops they used various species (grazing 

rye, forage rape, winter peas, Italian ryegrass, winter wheat, white mustard, fodder 

radish). According to their results not only could cover crops take up nitrogen over 

winter, but also natural regeneration could be similarly effective: cover crops 

significantly reduced available soil nitrate (in general up to 60%), but this was not the 

case for green manure crops. This significant reduction using cover crops occurred, 

however, only in December of the first year and in March and April of second year of 

their experiment (Baggs et al., 2000). Another interesting example is a study by 

Macdonald et al. (2005) where weeds with cereal volunteers were capable of reducing 

the cumulative nitrate loss leached during the second year of their study (up to 74.3% 

reduction compared to bare fallow), although reductions were not always statistically 

significant.  

 

A study by Lord et al. (1999) on ten groundwater nitrate sensitive catchments in 

England reported that over-winter weeds and re-growth of volunteers have been found 

to be a useful form of green cover, but that the additional seeding (e.g. with barley, 

stubble turnips, forage rape or mustard) is often required in order to  achieve uniform 

covering of the land by plant growth. Despite reductions in nitrate leaching by natural 

regeneration being reported in the literature, they have been investigated to a much 

lesser extent than the leaching reductions by planted cover crops. 
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7.1.3.5 Issues involving use of over-winter green cover  

 N release from the incorporated green cover in spring 

An issue that needs to be considered when using over-winter green cover is N release 

into the soil due to mineralisation from the incorporated green cover in spring (if it is 

not harvested), and the issue of timing when this nitrogen is available for and 

consumed by the subsequent crop. Cover crops will take up the soil N, which will be 

“stored” and released to the subsequent crop following the mineralisation of cover-

crop residues.  For example, Collins et al. (2007) investigated N cycling from a 

mustard cover crop to a potato crop on sandy soil in eastern Washington (using 
15

N). 

Their study showed that the cycling of mustard-N to the subsequent potato crop was c. 

29% (Collins et al., 2007). However, the process of mineralisation is complex and 

dynamic, and the proportion of N release is often influenced by C/N ratio (critical C/N 

of < 25 – 30) (Haynes, 1986; cited by Silgram and Shepherd, 1999); although it can be 

also influenced by some structural carbohydrates and the amount of lignin in plants 

(Wagger et al, 1998). Mineralisation will also depend on other factors such as N 

content in the plant residues, placement of the residues and their contact with soil, 

different tillage practices, chopping and incorporation of plant material, and 

environmental conditions (temperature, aeration of soil, soil moisture etc.) (Silgram 

and Shepherd, 1999). Thus it can be expected that the timing of cover-crop destruction 

in early spring/spring can also play a potential role in the C/N ratio depending on the 

plant growth stage at the time of destruction. Availability of N following cover crops 

to succeeding crop will also depend on the cover crop species. For example Weinert et 

al. (2002) found different C/N ratios (7.8 to 16.3) of cover crops (in potato rotations in 

central Washington); whereas the C/N ratio of spring incorporated mustard was 14.4. 

The authors also reported that cover crops with low C/N ratio (on the soil with a coarse 

texture and mild climatic conditions) seem to undergo rapid mineralisation after their 

early spring incorporation, releasing inorganic N within 6 weeks. Aronsson (2000) 

stresses that the synchronisation between the cover-crop N mineralisation rate and 

subsequent crop N demand is an important issue to be considered. However, this may 

not be an issue for spring cereal production, as illustrated by the following examples. 

Macdonald et al. (1997) found that reducing the amount of spring fertiliser to wheat 

(due to incorporation of cover crop residues into the soil) is unlikely to result in a 

significant decrease in autumn nitrate leaching. Another study on spring barley crop 

production (comparing N uptake of 6 cover crops and natural regeneration on 9 sites in 
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UK) also provided no evidence for cover crop N supply to spring barley (Richards et 

al., 1996).  

 

 Green cover reducing the drainage from the soil 

Over-winter green cover growth could potentially also take up the water from the soil 

and reduce the volume of drainage from the soil (or groundwater recharge), which can 

again have an effect on the amount and on concentration of nitrate leached. 

Contradictory results can be found in the literature. For example McLenaghen et al. 

(1996) found c. 28 mm less drainage under cover crops on well drained silt loam. 

Shepherd and Webb (1999) found that no more than approximately 2% over-winter 

drainage reduction can be achieved by cover crops compared to no cover, in a study on 

a sandy soil (Nitrate Vulnerable Zone) under UK climatic conditions; whereas in a 

study on agricultural fields in Iowa, USA, Kaspar et al. (2007) found the rye winter 

cover did not reduce the cumulative drainage.  

 

7.1.4 Soil cultivation practices 

 

Different tillage practices have been developed throughout the history of land 

cultivation: intensive and less-intensive (non-intensive, conservation) tillage practices. 

Less intensive tillage practices are e.g.: no tillage, mulch tillage, ridge tillage, reduced 

tillage, zone and strip tillage etc. (Koeller, 2003). Definitions of tillage practices vary 

considerably throughout the literature (Opara-Nadi, 1993). In very broad terms 

intensive tillage mainly refers to conventional (traditional and mechanical) tillage 

practices with different degrees of soil disturbance, whereas the less-intensive 

cultivation disturbs the soil less; farmers may also use so-called direct drilling that 

enables the seeds to be directly drilled into the soil (Opara-Nadi, 1993; FAO, 2000; 

Pekrun et al., 2003). Different methods can be used in specific tillage practices, 

therefore the exact description of the tillage practices and accompanying methods that 

were used in this doctoral study is provided in Section 7.3.2. The lower cost and more 

sustainable less-intensive tillage practices were quite popular in UK in the 1970s (> 

30% cereal crops), but less popular in Ireland. Their popularity in UK considerably 

dropped in the 1990s (Fortune et al., 2003). The development of non-selective 

herbicides made it possible to investigate the soil nutrient cycles on uncultivated soil 
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(or no tillage) and to compare different soil tillage practices with no tillage (Pekrun et 

al., 2003). 

 

Both reduced tillage and conventional ploughing have their advantages and 

disadvantages. Reduced tillage is less disruptive for the soil, and can reduce soil 

erosion and surface runoff, and increase soil moisture content; but it can also result in 

more difficult weed and pest control (Ratsep et al., 1994; Pekrun et al., 2003). In 

addition to being less disturbing for the soil, reduced tillage aerates the soil less 

(compared to e.g. conventional plough), which can contribute to lower mineralisation 

rates (Pekrun et al., 2003). Traditional ploughing can result in long-term destruction of 

soil structure and it can contribute to soil erosion, as well as to potential increase in 

breakdown of soil organic material, and corresponding elevated CO2 losses (Fortune et 

al., 2003); but it can also provide a good seedbed and good protection against weeds 

(Ratsep et al., 1994). 

 

In general soil cultivation practices and their timing are known to affect the soil 

nutrient dynamics, and influence mineralisation rates; and they can also have an effect 

on nitrate leaching from arable land. It is generally known that autumn ploughing can 

increase nitrate leaching if compared to spring ploughing (Ratsep et al., 1994). 

Differences in the amount of mineralised N depending on tillage practices are reported 

in many studies. Amott and Clement (1966) observed some differences in N 

mineralisation in ploughed and undisturbed soil. Powlson (1980) also observed slightly 

faster N mineralisation in cultivated silt loam soil than in uncultivated soil. All 

examples in the literature review given by Pekrun et al. (2003) also showed higher 

organic matter content of top-soil under no tillage compared to conventional tillage. 

Studies indicate a decrease in mineralisation rate in directly drilled soils compared 

with the soils that were conventionally ploughed. For example, in a clay soil, at 30 cm 

depth during the winter and spring period, Dowdell and Cannell (1975) found 2 to 5 

times greater soil nitrate concentrations after ploughing compared to direct drilling. 

Despite expected lower mineralisation rates under less intensive tillage (see above), the 

literature shows some contradictory results on reducing N losses from arable land via 

reduced cultivation, performed under different climatic conditions and on different soil 

types, e.g.: Power and Peterson, (1998) observed that nitrate beneath the rooting zone 

under no tillage exceeded the loss of total soil N during cultivation; Riley (1998) 
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observed on average of 8% lower levels of soil mineral N under reduced tillage prior to 

fertilisation compared to conventional tillage (which was compensated later in the 

season); Tan et al. (2002) observed greater nitrate loss under no tillage than under 

conventional tillage. 

 

7.1.5 Irish past studies and current research needs 

 

A good potential of green cover to reduce nitrate leaching risks during the winter 

season has been recognized in Europe (see discussion on Irish regulations for the 

implementation of the EU Nitrates Directive in Chapter 2, Section 2.5.3). However, 

there is still a significant need for further research on quantifying and minimising 

nitrate leaching from arable land in Ireland. Only a few related studies can be found in 

Ireland, such as the single field-based research performed by Hooker et al. (2008) in 

south-east Ireland, some lysimeter studies (Ryan et al., 2001), and some studies using 

stable isotope analysis to determine different nitrogen sources (Minet, 2007). The 

results from Hooker et al. (2008) highlighted the importance of Irish climatic 

conditions (drainage and temperature) to nitrate leaching from arable land during the 

winter period, suggesting good potential of cover crop use in Ireland due to longer 

growing season. Hooker et al. (2008) demonstrated a significant reduction in nitrate 

concentrations in late winter - early spring after planting of an over-winter mustard 

cover. However their findings were based only on 2 years’ data (2002 to 2004), and in 

order to make reliable conclusions additional studies were still necessary. In addition, 

the use of natural regeneration (as a measure to reduce nitrate leaching from tillage 

land) has not been investigated under Irish climatic conditions (until the current study).  

 

Sowing cover crops in autumn involves additional costs for farmers (this involves 

purchasing the seeds and additional costs of field-management). Costs of mustard 

seeds can be estimated to approximately €39 - 52/ha in Ireland (R. Hackett, Teagasc, 

personal communication 2010). The autumn field operation costs can be estimated to 

approximately below €90/ha for mustard sown with a drill and for rolling after sowing 

(R. Hackett, Teagasc, personal communication 2010). This gives estimated total costs 

of c. €129 - 142/ha for sowing the mustard cover crop in autumn without taking into 

account additional costs in the following spring (i.e. mustard crop destruction before 

sowing spring cereals). Thus, there is a strong need to determine whether natural 
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regeneration can effectively reduce nitrate leaching risks in order to reduce potential 

costs for farmers associated with sowing application of cover-crops.  

 

Although not legally applicable to unsaturated zone nitrate concentrations, both the EU 

nitrate drinking water limit (50 mg NO3
-
/l; 11.3 mg N/l) (EC, 1998; Keegan, 2003), as 

well as the EU water guideline (25 mg NO3
-
/l; 5.65 mg N/l) (EC, 1980; EPA Ireland, 

1993; Keegan, 2003), are often used as relevant unsaturated zone thresholds. The 

recent groundwater quality threshold value is 37.5 NO3
-
/l, corresponding to 75% of the 

Groundwater Quality Standard that was provided in July 2009 by the Irish Department 

of Environment, Heritage and Local Government (DEHLG) (Teagasc, 2009). Because 

the unsaturated zone represents the primary pathway to the saturated zone, reducing 

nitrate concentrations in the unsaturated zone to below the EU limit is very desirable, 

since this can reduce the risk of exceeding the EU nitrate limit in the groundwater. 

Further scientific basis is necessary for better understanding of the fate of nitrate 

transport, retention and potential attenuation in Irish high leaching risks scenarios. Due 

to their soil, geological and hydrogeological properties, the vulnerable areas can be 

more exposed to agricultural diffuse pollution risks than other areas in general (see 

Chapter 2). As noted in Chapters 1 and 3 this study has been chosen on purpose at a 

location which is known to have free-draining soil with low water-holding capacity, 

and quite shallow groundwater, in order to investigate the measures for reducing the 

nitrate leaching from the “worst case scenario”. 

 

7.2 Study aims and hypotheses 

7.2.1 Main aims and objectives 

 

The main aim of this unsaturated zone study was to evaluate the efficacy of over-

winter green cover and tillage practices as potential mitigation measures for reducing 

nitrate leaching from tillage land through the unsaturated zone, under Irish climatic 

conditions. A field experiment was set up on a vulnerable free draining soil with low 

water holding capacity. This study examines measures for reducing nitrate leaching to 

the unsaturated zone beneath the rooting zone at 0.9 m depth (see explanation provided 
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Appendix 7.2, Apx.7.2.2), over three drainage years 2006/2007 - 2008/2009. This 

study examined the following measures to reduce nitrate leaching (see Figure 7.4): 

- three over-winter green cover treatments:  

-  mustard cover crop (M);  

-  natural regeneration (NR); and  

- no cover (NC), [land was sprayed with herbicide, preventing any  

vegetative growth; see Section 7.3.2]; 

- under two soil cultivation practices: 

- conventional plough (CP) and  

- reduced tillage (RT)].  

This study investigated the effect of management practices on:  

- nitrate concentrations leached to 0.9 m depth interpreted as across three years 

[which corresponds to the geometric mean of nitrate concentrations of all three 

sampling seasons; see Section 7.3.3.2]; and  

- nitrate cumulative losses or loads leached to 0.9 m depth representing yearly 

over-winter losses [see Section 7.3.3.1]. 

 

The nitrate concentrations were examined as a general result across three years (see 

Section 7.3.3.2) because the yearly effects of green cover and tillage practices on 

reducing the nitrate leaching to groundwater could not be evaluated only on the basis 

of groundwater nitrate concentration results. The reason for this is that the actual load 

of nitrate to groundwater via leaching depends also on the climatic conditions – i.e. 

effective rainfall. Therefore in order to account for the yearly differences in nitrate 

reductions by green cover and tillage management practices, the mean seasonal nitrate 

loads had to be examined as well (see Section 7.3.3.2).  

 

7.2.2 Hypotheses  

 

The literature review given in the introduction part (Section 7.1) of this chapter shows 

there are some still remaining uncertainties open to further investigations in relation to 

cover crops and tillage practices used as measures for reducing over-winter nitrate in 

general. First, contradictory reports on nitrate leaching losses from arable land under 

different management practices (i.e. cover crops and tillage) can be found throughout 
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the literature. Second, the mentioned contradictory reports are often related to 

environmental conditions (climate) and timing that can influence both: green cover 

growth and tillage practices.  

 

The following main hypotheses that were stated and investigated in the context of this 

study were based on the above remaining uncertainties: 

● Management practices (over-winter green cover and tillage) have no 

significant effect on nitrate leaching losses to the unsaturated zone 

● There is no significant yearly effect (i.e. effect of “year”, related to 

environmental and climatic conditions) on nitrate leaching losses to the 

unsaturated zone. 
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● Management practices (over-winter green cover and tillage) have a 

significant effect on nitrate leaching losses to the unsaturated zone. 

● There is a significant yearly effect (i.e. effect of “year”, related to 

environmental and climatic conditions) on nitrate leaching losses to the 

unsaturated zone. 
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The specific hypotheses that were investigated in this experiment are presented 

schematically in Figures 7.1, 7.2 and 7.3. The testing of the hypotheses is provided as 

part of the discussion in Section 7.5 of this chapter. 
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HYPOTHESES ON NITRATE CONCENTRATIONS LEACHED 
Effect of green cover and tillage practices on nitrate concentrations  

across three years* 
 
GREEN COVER 

  
TILLAGE  

   

H0-1: Over-winter green cover 
treatments have no significant effect 
on mean nitrate concentrations across 
three years* 

 H0-2: Tillage practices have no 
significant effect on mean 
nitrate concentrations across 
three years* 
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IF REJECTED  
 
 

 

H1: Over-winter green cover 
treatments have significant effect on 
mean nitrate concentrations across 
three years* 

 H2: Tillage practices have 
significant effect on mean nitrate 
concentrations across three 
years* 
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IF ACCEPTED  
 
 

 

H3: Mustard cover significantly 
decreases mean nitrate 
concentrations across three years* if 
compared to: 
1- natural regeneration  
2- no cover                  under: 
      a- reduced tillage; 
      b- conventional plough 

  H5: Reduced tillage significantly 
decreases mean nitrate 
concentrations compared to 
conventional plough 
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AND 

IF REJECTED 
 

 

 

H4: Natural regeneration significantly 
decreases mean nitrate 
concentrations across three years* if 
compared to no cover under: 
a- reduced tillage 
b- conventional plough 

  H6: Conventional plough 
significantly decreases mean 
nitrate concentrations compared 
to reduced tillage 

 

      

*Note: “Nitrate concentrations across three years“ are explained in Section 7.3.3.2. The reason why the nitrate 
mean (geometric mean) concentration of three years has been used in the hypotheses is explained in Section 
7.2.1. 

 

Figure 7.1 Schematic presentation of stated hypotheses on the effects of green cover 

and tillage practices on nitrate concentrations across three years  
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HYPOTHESES ON LEACHED NITRATE LOADS 
TREATMENT EFFECTS: 

Effect of green cover and tillage practices on yearly over-winter cumulative 
nitrate losses (loads leached*) 

 
GREEN COVER 
 

  
TILLAGE 
  

   

H0-3: Over-winter green cover 
treatments have no significant effect 
on yearly over-winter cumulative 
nitrate losses (loads leached) 

 H0-4: Tillage practices have no 
significant effect on yearly 
over-winter nitrate losses 
(loads leached) 

  

N
u

ll 

h
yp

o
th

es
es

 

IF REJECTED  
 
 

 

H7: Over-winter green cover 
treatments have significant effect on 
yearly over-winter cumulative nitrate 
losses (loads leached) 

 H8: Tillage practices have 
significant effect on yearly over-
winter cumulative nitrate losses 
(loads leached) 

  

A
lt
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n

at
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e 

h
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o
th

es
es

 

IF ACCEPTED  
 
 

 

H9: Mustard cover significantly 
decreases yearly over-winter 
cumulative nitrate losses (loads 
leached) if compared to: 
1- natural regeneration;  
2- no cover                 during:  
      a- year 1 
      b- year 2 
      c- year 3 

  H11: Reduced tillage 
significantly decreases yearly 
over-winter cumulative nitrate 
losses (loads leached) 
compared to conventional 
plough 

  

A
d

d
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io
n
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o
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AND 

IF REJECTED 
 

 

 

H10: Natural regeneration significantly 
decreases yearly over-winter 
cumulative nitrate losses (loads 
leached) if compared to no cover 
during 
      a- year 1  
      b- year 2 
      c- year 3 

  H12: Conventional plough 
significantly decreases yearly 
over-winter cumulative nitrate 
losses (loads leached) 
compared to reduced tillage 

 

      

*Note: “Nitrate loads leached“ are explained in Section 7.3.3.1. 

 

Figure 7.2 Schematic presentation of stated hypotheses on the effects of green cover 

and tillage practices on nitrate loads leached  
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HYPOTHESES ON LEACHED NITRATE LOADS 
YEARLY EFFECTS:  

Effect of “year” on over-winter cumulative nitrate losses (loads leached*) under 
different management practices 
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ll 
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H0-5: “Year” has no general significant on over-winter cumulative nitrate 
losses (loads leached) 

 

  

                                            IF REJECTED 
 
 

 
H13: “Year” has a significant general effect on over-winter cumulative nitrate 
losses (loads leached) 

  

A
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n
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e 

h
yp
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is

 

IF ACCEPTED 
 
 

 

YEARLY EFFECTS 
UNDER DIFFERENT 
TREATMENTS 

EFFECTS BETWEEN YEARS 
 

   

H14: “Year” has a significant 
effect on over-winter 
cumulative nitrate losses 
(loads leached) under: 
   a- green cover treatments 
   b- tillage practices 

 H15: “Year vs. year” effect is 
significant if comparing the years: 
   a- year 1 vs. year 2 
   b- year 1 vs. year 3 
   c- year 2 vs. year 3               under: 
         1- reduced tillage 
         2- conventional plough 

  

A
d
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*Note: “Nitrate loads leached“ are explained in Section 7.3.3.1.  

 

Figure 7.3 Schematic presentation of stated hypotheses on effects of “year” (related to 

varying meteorological conditions) on nitrate loads leached  

 

7.3 Materials and methods 

7.3.1 Experimental setup 

 

The Road Field experiment was established in 2002 in Oak Park, Carlow in south-east 

Ireland. The experiment is located on quite shallow (c 20 - 45 cm depth) well drained 

gravelly soil with 67% content of sand (Brennan et al., 2010). Further details on the 

site characteristics (i.e. characteristics of the areas chosen for different studies in this 

doctoral research) are provided in Chapter 3. The first aim of the initially established 

experiment was to quantify nitrate leaching associated with a mustard cover crop and 
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no cover under conventional plough versus reduced tillage soil cultivation (Hooker et 

al., 2008). This experiment was conducted on a field under long-term continuous 

spring barley production [c. 20-year-old production, with further details described in 

Hooker (2005) and Hooker et al. (2008)]. In early 2006, additional natural regeneration 

treatments were instrumented with ceramic suction cups for the needs of this study. 

 

The experiment was designed as a randomized 2 x 3 factorial trial consisting of four 

replicate plots (each 12 m x 30 m) for each treatment, and 4 suction cups per plot. The 

experiment resulted in a total of 6 treatment combinations (i.e. 3 green cover 

treatments under conventional plough and 3 green cover treatments under reduced 

tillage; Figure 7.4): 

1. M (mustard)  

2. NR (natural regeneration)  

3. NC (no cover) 

4. M (mustard) 

5. NR (natural regeneration) 

6. NC (no cover). 

A general description of Road Field agronomic management practices is given in 

Table 7.2. A separate detailed yearly description of field management (including 

historical management data since 2003) can be found in Appendix 7.1. 

 

7.3.2 Field methods 

 Nitrogen fertilisation 

Nitrogen applied as inorganic fertiliser (CAN or calcium ammonium nitrate) was 

performed in two splits per year: first application during the period from mid April to 

early May and second application during mid to late May. CAN annual fertiliser 

application during the years 2006 to 2008 was 135 kg N/ha per year. This application 

rate of 135 kg N/ha per year was also the annual maximum allowed fertilisation rate of 

nitrogen on tillage crops (for spring barley) during the years 2006 to 2009 (Stationery 

Office Dublin, 2006b, 2009). During 2004 and 2005 annual CAN application exceeded 

this rate: it was 160.92 kg N/ha per year in 2004 and 143.38 kg N/ha per year in 2005. 

Detail information on the Road Field experiment management and fertilisation during 

the period from 2003 to 2008 is provided in Appendix 7.1. The general field practices 

are reported in Table 7.2, whereas further detail explanation on green cover treatment 

Conventional plough (CP) 

Reduced tillage (RT) 
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management and two different cultivation methods is provided in later parts of this 

Section 7.3.2. 

 

 Over-winter green cover: Mustard and natural regeneration 

In this study mustard cover (Sinapsis alba cv. Albatross) was chosen as the planted 

over-winter green cover treatment sown in late August after the harvest of spring 

barley (Hordeum vulgare L.) crop (see Table 7.2 and Appendix 7.1). The reason for 

using mustard cover crop in this study was the fact that during the history of other 

experiments performed within the Oak Park Research Centre in Carlow, mustard cover 

was shown to be one of the most promising cover crops with high potential to reduce 

nitrate leaching due to its fast growth, and ability to accumulate considerable amounts 

of N (R. Hackett, Oak Park, Carlow, personal communication 2006). Furthermore, 

O’Keeffe et al. (2005b) compared the use of ten different cover crops (including 

mustard) in spring barley system in Oak Park, Co. Carlow, Ireland. Their study proved 

that mustard had the highest level of above-ground plant-biomass, as well as a high N 

uptake, concluding that the mustard cover crop may be a suitable overwinter crop 

under Irish conditions (O’Keeffe et al., 2005b). Barry and Merfield (2008) also state 

that mustard is often considered as a fast growing cover crop species. An Irish 

greenhouse experiment proved that mustard accumulated the highest dry mass if 

compared to some other cover crops commonly used in Ireland (i.e. rye, clover, 

mustard and wheat) (Marsh and Osborne, 2010). The mustard cover crop has also 

provided promising results in the earlier study by Hooker (2005) performed at the 

same experimental location (see Section 7.3.1). Natural regeneration has been chosen 

for this study because the Irish regulations for the implementation of the EU Nitrates 

Directive require the maintenance of an over-winter green cover, which can be in the 

form of natural regeneration. This maintenance of green cover was required on tillage 

land during the over-winter period until 15
th

 January (Stationery Office Dublin, 2006b, 

2009), unless the crop is sown within 2 weeks of its removal; or according to most 

recent regulations (Stationery Office Dublin, 2010b) until 1
st
 December (further details 

are given in Chapter 2, Section 2.5.3). Another reason for choosing natural 

regeneration in this study is the fact that it has not been investigated previously in a 

similar context of research in Ireland and because it has a good potential to be a more 

economically usable management practice (as discussed in Section 7.1.5).  
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 Tillage practices: Conventional plough and reduced tillage  

Conventional tillage used in this study refers to the traditional intensive cultivation, 

which is known to be generally the most common cultivation practice for spring barley 

systems in Ireland. For spring cereals, the conventional tillage in this study was March 

plough-based (ploughing with a mouldboard plough) to a depth of c. 20 cm. In the case 

of green cover presence, the over-winter green cover plants were sprayed with 

glyphosate herbicide and chopped prior to spring-time conventional ploughing. The 

spring barley crop was sown after ploughing in March. There was no cultivation after 

the harvest of spring barley in autumn (Table 7.2). Reduced tillage or non-inversion 

tillage is less intensive, and in this study it involved soil cultivation with a tined 

cultivator to a depth of 10 cm after harvest of spring barley in August/September 

followed by rolling. In the case of green cover presence, the following practices were 

performed in spring (February/early March): green cover plants were first sprayed with 

glyphosate herbicide, then chopped, and after this spring barley seeds were directly 

drilled into the soil (Table 7.2). 

 

 Experiment instrumentation, measurements, sampling, and laboratory 

analysis  

The literature review of selected field methods for measuring nitrate leaching losses in 

the unsaturated zone for this study is given in Appendix 7.2, Apx.7.2.2, because it is 

linked to the technical description of field instrumentation. The experimental site was 

equipped with suction cups for sampling the soil solution. Ceramic suction cups 

(SDEC, Reignac sur Indre, France) were installed vertically 0.9 metres depth using a 

Giddings drill by technical staff from Teagasc, Oak Park and Johnstown Castle 

research centres. Initial installations from 2002 (Hooker, 2005) and the recent ones 

from 2006 resulted in a total of 96 suction cups installed. Suction cups in this thesis 

(this chapter and Chapter 8) were installed vertically. Nevertheless, it should be noted 

that different types of suction cup installations, such as angle of installation are often 

reported in the literature (Weihermüller et al., 2007). It should be noted that in this 

study the only possible suction installation practice was the vertical installation due to 

very gravelly and sandy soil and subsoils, which made the angle suction cup 

installation impossible because the soil/sediments were very prone to collapse. A 

detailed description of suction-cup installations and sampling is given in Appendix 7.2, 

Apx.7.2.2, including the description of methodology used to avoid the potential 
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occurrence of preferential flow due to vertical installation of suction cups. In this study 

it was considered that the nitrate sampled in soil solution via suction cups at depths of 

0.9 m and greater represents the nitrate that is potentially draining beneath the rooting-

zone since in general most of the plant roots from natural regeneration and mustard 

green cover did not exceed 0.5 m depth (see examples of photographs of green cover 

plants given in Appendix 8.7). Soil solution was sampled fortnightly by applying 50 

kPa suction to the cups for one week. 

 

Sampling of suction cups was performed by technical staff from Teagasc, Oak Park 

research centre during three over-winter seasons (i.e. 2006/2007, 2007/2008 and 

2008/2009). Typically the sampling period during each over-winter season 

commenced in October/November and ended in February/March of the following year. 

Sampling of suction cups during the summer months was not possible, because suction 

cups had to be secured from potential damage during sowing, growth and harvest of 

the spring crop. For this reason suction cup-tubes (see description in Appendix 7.2, 

Apx.7.2.2) were removed from undisturbed and sealed suction cups that were buried 

each year with an accompanying magnet in spring. 

 

The location of buried suction cups in the field was determined using GPS positioning 

and a magnet detector. This was done after the harvest in autumn and only the upper 

part of the tubing of each suction cup was dug out (suction cups were sealed and left 

undisturbed in the soil). This was done in order to attach the tubing back to the 

sampling cups and make them ready for the sampling season. However, leaching if 

occurring during the summer (i.e. in case of any summer periods of effective rainfall) 

may still be important because it determines how much N was left in the soil in autumn 

(see Figure 7.5, summer 2007 and 2008). In this experiment the immediate effect of 

green cover treatments was expected to be evident already within the same sampling 

season because of quite short travel times to the unsaturated zone at 0.9 m depth (c. 22 

days based on tracer test measurements at an adjacent field – the Sawmills Field; see 

Chapter 6, Section 6.5.3). 
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 Figure 7.4 Schematic presentation of Road Field experimental setup with location (not to scale)  
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Table 7.2 Road Field seasonal management – general field practices  

 Reduced tillage Conventional plough  
Timing  M

a
 NR

a
 NC

a
 M

+a
 NR

a
 NC

a
 Type of application 

end Aug. tilling/rolling tilling/rolling tilling/rolling     max 10 cm deep 

end Aug. to early 
Sept. 

mustard 
sowing, 
rolling   

mustard 
sowing, 
rolling  

 

13kg seed /ha 

late Sept. to early or 
mid Oct.    herbicide

c
    herbicide

c
  

early to late Feb.  herbicide
d
 herbicide

d
 herbicide

d
 herbicide

d
 herbicide

d
 herbicide

d
  

mid Feb to late Mar. 
mustard 
chopping   

mustard 
chopping  

 
 

late Mar. to early 
Apr. ploughing ploughing ploughing     up to c. 20 cm deep 

early Apr. 
tilling & 
sowing barley 

tilling & 
sowing barley 

tilling & 
sowing barley sowing barley sowing barley sowing barley up to 160 kg seed /ha 

mid to late Apr. fertiliser fertiliser fertiliser fertiliser fertiliser fertiliser 

CAN  
from 62.91 to 100.98 kg N/ha

b
 

late Apr. to early 
May fertiliser fertiliser fertiliser fertiliser fertiliser fertiliser 

early to late May  
insecticide/ 
herbicide

d
 

insecticide/ 
herbicide

d
 

insecticide/ 
herbicide

d
 

insecticide/ 
herbicide

d
 

insecticide/ 
herbicide

d
 

insecticide/ 
herbicide

d
  

mid to late May  fertiliser fertiliser fertiliser fertiliser fertiliser fertiliser CAN 
from 59.94 to 81.40 kg N/ha

b
 

from early May to 
early Aug. 

herbicide
d
 / 

insecticide/ 
fungicide 

herbicide
d
 / 

insecticide/ 
fungicide 

herbicide
d
 / 

insecticide/ 
fungicide 

herbicide
d
 / 

insecticide/ 
fungicide 

herbicide
d
 / 

insecticide/ 
fungicide 

herbicide
d
 / 

insecticide/ 
fungicide 

 

early to late Aug harvest harvest harvest harvest, harvest harvest  

ANNUAL FERTILISER APPLICATION (from 2003/2004 to 2007/2008; details in Appendix 7.1, Table Apx.7.1.1)   from 135.00 to 160.92 kg N/ha
b
 

a    M….Mustard; NR….Natural regeneration; NC…..No cover; b  inorganic fertiliser application CAN (calcium ammonium nitrate) – includes period from 2003/2004 to 2007/2008; 
 c   represents herbicide (glyphosate) application to prevent the over-winter green cover growth; b   represents herbicide application to treat weed growth in the crop  
 Data source: Teagasc, Oak Park Research Centre, Co. Carlow, Ireland (Dr. Richard Hackett and Mr. John J. Hogan) 
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The raw data from the earlier samplings (2003-2006) have been obtained from 

Teagasc, Oak Park and Johnstown Castle research centres (of which the raw data from 

2003-2004 were already collected by Hooker (2005)). These raw data have been 

collected and preliminary results have been reported in this thesis in Appendix 7.4. 

[Note: The long term study results from 2002/2004 to 2008/2009 sampling season are 

reported only in the Appendix 7.4 because they may be a subject of a joint publication 

after the completion of possible additional long term investigations in the future and 

because the Road Field experiment monitoring was still on-going at the time of the 

completion of field investigations in this thesis, in 2009]. 

 

After collecting the samples from suction cups, they were transported (stored in cold-

boxes at c. 4°C) to the water-laboratory in Johnstown Castle, Wexford where they 

were colorimetrically analysed for TOxN (total oxidised N) NO2
-
-N, NH4

+
-N, and Cl

-
 

using a Thermo Konelab 20 auto-analyser. NO3
-
-N was calculated by subtracting NO2

-

-N from TOxN. The main relevant detection limits of the Konelab auto-analyser and 

laboratory methods are given in Appendix 7.2, Apx.7.2.1). The quantity of water 

transporting nitrate is estimated as effective drainage (or effective rainfall), and its 

estimation was necessary for calculating cumulative leached nitrate. Effective 

drainage/rainfall was estimated by computing it with the SMD-crop model using daily 

measured input parameters from the Oak Park on-site weather station (see Chapter 4). 

 

7.3.3 Data presentation and statistical methods 

7.3.3.1 Computation of nitrate loads leached  

The cumulative NO3
-
-N loads [kg N/ha] were calculated using the trapezoidal rule 

(Lord and Shepherd, 1993) by multiplying the mean concentration between two 

subsequent samplings with the amount of effective drainage/rainfall (hereafter referred 

to as effective rainfall) between these two dates and converting units to kg N/ha. 

Further detail on the methodology used for computing cumulative nitrate loads and 

cumulative effective rainfall is given in Appendix 7.2.3. In general the total load per 

season was calculated by computing the loads starting from the date of the beginning 

of the sampling of suction cups for the total sampling period. Every effort has been 

taken to estimate the realistic drainage periods at the chosen experimental area, using 

the model that was developed to predict the effective rainfall (see Chapter 4), and the 
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cumulative effective rainfall (seasonal load) was computed using daily effective 

rainfall values predicted with the model for the given site. For the purpose of plotting 

nitrate concentrations vs. cumulative effective rainfall on same x-scales in Figure 7.7, 

the effective rainfall of each sampling season was computed from the same starting 

date of 1
st
 October each year. This date was chosen because in general spring barley 

was harvested by the end of August each year, and seeding of cover crops followed 

soon after (see Table 7.2). Although in reality the effective rainfall may not be zero 

prior to the 1
st
 October each year, this date was chosen as a starting date for presenting 

the general accumulation of effective rainfall during the duration of over-winter green 

cover experiments (i.e. duration of the over-winter green cover growth in this 

particular study). In addition to the above reasons, the period starting from 1
st
 October 

is frequently traditionally interpreted as the general start of the winter drainage period 

under Irish conditions. For example the start of the effective rainfall from October 

onwards can be found in a study on preferential flow in Ireland by Ryan (1998). In 

addition, the policy regulations also prohibit the application of fertilisers to land during 

the over-winter period due to higher leaching potential [usually starting from mid 

September, or mid October, or early November depending on the fertiliser type 

(Stationery Office Dublin, 2009)]. 

 

 

 
 

Figure 7.5 Effective rainfall during 2006/07-2008/09 with indicated events of crop 

growth and sampling events: horizontal arrows represent soil solution sampling 

periods, vertical arrows represent timing of ploughing/sowing events in general (for 

more precise information see Table 7.2, for full details see Appendix 7.1)  
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7.3.3.2 Statistical methods  

 Statistical analysis and database preparation  

Statistical analysis of data required sophisticated SAS programming and experience in 

environmental statistics. Therefore, this statistical analysis required professional 

support, which was provided by an experienced statistician Dr. Laura Kirwan, 

specialised in the analysis of results from environmental and ecological studies and in 

SAS programming language. Dr. Laura Kirwan performed the programming work in 

late 2009 and early 2010 using SAS Version 9.1 (a version with included Glimmix 

function) using computer facilities at the Johnstown Castle Research Centre. The 

concentration data were gap-filled using the multiple imputation method (MI). This 

was necessary in order to overcome the problem of the varying presence of soil 

solution in suction cups (i.e. varying n: sometimes the suction cup would have no 

sample, and this is known to be a generally common disadvantage of use of suction 

cups, with the result that on some sampling dates there is a certain number of missing 

samples/values, which makes statistical analysis difficult). MI overcame this problem. 

This imputation method provides a useful strategy for analyzing data sets with missing 

values. Instead of filling in a single value for each missing value, Rubin's multiple 

imputation strategy (Rubin, 1976; Rubin and Schenker, 1987; Rubin, 1996) replaces 

each missing value with a set of plausible values that represent the uncertainty about 

the correct value to impute. Single-imputation inference (e.g. replacing by the average 

of the nearest values) tends to overstate precision because it omits the between-

imputation component of variability. Therefore, the MI procedure was used to gap-fill 

the data using the predictive mean matching regression method for continuous 

variables. This imputes a value randomly from a set of observed values whose 

predicted values are closest to the predicted value from the simulated regression 

model. The predictive mean matching method ensures that imputed values are 

plausible. 

 

 Statistical analysis of mean nitrate concentrations leached - general 

results across three years  

Nitrate concentration [mg N/l] was analysed (log-transformed to ensure normality of 

residuals) using a Generalised Linear Mixed Model (Glimmix Procedure, SAS Version 

9.1; Littell et al., 1996). The cultivation method and cover crop factorial treatments and 
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their interactions were assessed as fixed effects in the model. Year was included as a 

random effect, and results are interpreted as "in general across years". A first-order 

autoregressive structure was fitted to account for non-independence of repeated 

measures on cups (autoregressive structure was found to be the best fit to the data). 

Treatment differences were assessed using Type III F-tests.  

 

 Statistical analysis of mean nitrate loads - analysis of results accounting 

for yearly differences  

Nitrate loads [kg N/ha] were calculated using the method by Lord and Shepherd (1993) 

(i.e. the trapezoidal rule as explained in Section 7.3.3.1 and in Appendix 7.2., 

Apx.7.2.3) using the starting date of sampling as the beginning of drainage, because 

the main goal was to compare the effect of different treatments on nitrate leaching 

within the single winter season while the cover treatments were in place. In order to 

calculate nitrate loads by the trapezoidal rule, the concentration data were gap-filled 

using multiple imputation (MI; explained earlier). Each imputed dataset was then 

analyzed used the Glimmix Procedure, including year, tillage treatment and cover crop 

treatment and their interactions as factors. The MIANALYZE procedure was used to 

combine the results of the analyses of imputations and generates valid statistical 

inferences. Statistical analysis (in terms of cumulative nitrate leached) was done on full 

datasets with repeated measures 3-factor ANOVA with fixed effects. The test for the 

effects of soil cultivation and green cover on cumulative N leached was done using 

ANOVA after log-transforming the data for normality, and using least square means. 

Normality test was also done on residuals (testing paired differences- residuals and 

predicted values). Year-to-year random variation was estimated using an unstructured 

variance-covariance matrix. A heterogeneous variance was fitted for the Type III test 

of fixed effect analysis of variance (see Appendix 7.3). 

 

7.4 Results 

7.4.1 Patterns of nitrate soil solution concentrations  

 

Within the reduced tillage system mean nitrate concentrations under different green 

cover treatments (i.e. mean of soil solution concentrations from sampled suction cups 
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per single treatment for each sampling occasion) were: from 13.4 to 38.7 mg N/l under 

no cover, from 4.7 to 36.5 mg N/l under natural regeneration, and from 0.4 to 52.7 mg 

N/l under the mustard cover crop (Figures 7.6a and 7.7a). Within the conventional 

plough system mean nitrate concentrations under different green cover treatments (i.e. 

mean of soil solution concentrations from sampled suction cups per single treatment 

for each sampling occasion) were: from 11.7 to 40.8 mg N/l under no cover, from 11.4 

to 46.8 mg N/l under natural regeneration, and from 1.0 to 57.9 mg N/l under mustard 

(Figures 7.6b and 7.7b). 

 

A general trend of high nitrate soil solution concentrations can be observed at the start 

of the sampling season of year 1 (2006/2007) during late October and early November, 

for all treatments (> 40 mg N/l; Figures 7.6 and 7.7). By the end of year 1 sampling 

season nitrate concentrations decreased as follows:  

- at c. 200 - 250 mm cumulative effective rainfall, (Figure 7.7) soil solution 

nitrate concentration under the mustard treatment (both tillage practices) and 

under natural regeneration treatment with reduced tillage both dropped to < 6 

mg N/l; whereas  

- nitrate concentrations under no cover and natural regeneration treatments with 

conventional plough were more than twice this concentration (Figure 7.6). 

A decrease in nitrate concentrations to a similar level (i.e. < 6 mg N/l) under the 

mustard cover crop in years 2 and 3 occurred faster, before the cumulative effective 

rainfall had reached c. 100 - 150 mm.  

 

A generally decreasing trend in nitrate concentrations under mustard was observed 

during years 2 and 3 as well (Figure 7.6). During years 2 and 3 nitrate concentrations 

decreased as follows:  

- at the end of the year 2 (2007/2008) sampling season nitrate concentrations in 

the reduced tillage system decreased to < 2 mg N/l under the mustard cover and 

to < 10 mg N/l under natural regeneration; 

- towards the end of year 3 (2008/2009) sampling season nitrate concentrations 

decreased to < 6 mg N/l under all mustard treatments, and to < 16 mg N/l under 

natural regeneration with reduced tillage. 

Year 1 had the wettest sampling season of the 3 year seasons (i.e. 341 mm 

cumulative effective rainfall during 2006/2007 over-winter sampling period; 
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Figure 7.6). Years 2 and 3 had quite wet summers (Figures 7.5 and 7.7): 

cumulative effective rainfall from 1
st
 June to 30

st
 September was: 43 mm in 

summer 2006, 130 mm in summer 2007, and 205 mm in summer 2008 (Figure 

7.7).  

 

7.4.2 Soil solution nitrate concentrations across three years  

 

The results presented in this section reported as the mean nitrate concentrations 

correspond to the back-transformed log-mean or geometric mean (GM) of nitrate 

concentrations of all three sampling seasons in total, referred to as “across three years”.  

7.4.2.1 Mean nitrate concentrations across three years under 

different treatment  

Mean nitrate concentrations across three years under different treatments were: 20.8 

mg N/l (conventional plough) and 24.0 mg N/l (reduced tillage) under no cover; 13.9 

mg N/l (reduced tillage) and 18.4 mg N/l (conventional plough) under natural 

regeneration; and 3.3 mg N/l (reduced tillage) and 5.4 mg N/l (conventional plough) 

under the mustard cover (see Table 7.3). 

 

Table 7.3 Mean (GM) soil solution nitrate concentrations for different green covers 

under different tillage practices across the three years experimental period 
 

Cover
a
 Tillage

b
  Log-mean 

c
 St. err.

d
  

Back transformed log-
mean (GM

e
) [mg N/l] 

 

M RT 1.2003 0.382 3.3  
NR RT 2.6311 0.382 13.9  

NC RT 3.1784 0.382 24.0  

M CP 1.6793 0.383 5.4  

NR CP 2.9107 0.383 18.4  

NC CP 3.0331 0.385 20.8  
 

a M… Mustard;  NR… Natural regeneration; NC...No cover 
b RT… Reduced tillage; CP… Conventional plough 
c Log-mean corresponds to the mean of log-transformed values (i.e. natural logarithm) 
d Standard error of log transformed means (has no units) 
e  Geometric mean (GM) corresponds to back  transformed log-mean (has units) 
f Significant reductions are given in bold (see Table 7.5 ) 
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Figure 7.6 Nitrate NO3
-
-N concentration (mg N/l) in soil solution of different green cover treatments, and corresponding daily effective rainfall over 

the period of three drainage seasons (2006 - 2009): (a) - reduced tillage, (b) -conventional plough; error bars represent standard error   
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Note: Sampling in Year 2 started on 30/11/2007 due to very dry autumn: zero effective rainfall during September and October until, 18th November. 
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Figure 7.7 Nitrate NO3
-
-N concentration (mg N/l) in soil solution of different green cover treatments vs. cumulative effective rainfall (2006 - 2009): (a) 

- reduced tillage, (b) - conventional plough; error bars represent standard error; zero effective rainfall on x- scale corresponds to 1
st
 of October chosen 

as the starting date of effective rainfall accumulation for each sampling season; see Section 7.3.3.1. 
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7.4.2.2 Treatment effects  

 Green cover  

A statistically significant effect of green cover on mean nitrate concentrations was 

observed across three years (“Cover” p < 0.0001, Table 7.4). The mustard cover crop 

significantly decreased mean nitrate concentrations across three years compared to 

natural regeneration and no cover (“M vs. NR” and “M vs. NC”, p < 0.0001, Table 7.5; 

Figures 7.6 and 7.7). Nitrate concentrations across three years were reduced by more 

than 70% using the mustard crop (compared to no cover) under both tillage practices 

(reduction based on GM; Table 7.3). Despite the somewhat lower nitrate 

concentrations observed under natural regeneration compared to no cover (Figure 7.6a 

and b), the mean nitrate concentration across three years under natural regeneration 

was significantly lower from no cover only in case of reduced tillage (“NR vs. NC”, p 

= 0.0103, Table 7.5). More than 40% drop in nitrate concentrations across three years 

was observed under natural regeneration reduced tillage treatments, compared to no 

cover (reduction based on GM; Table 7.3). 

 

 Tillage practices  

There was no overall significant effect of tillage practices on the mean nitrate 

concentrations across three years (“Tillage” p = 0.1013; Table 7.4). Tillage did not 

have an overall significant effect on mean nitrate concentrations under different green 

cover treatments (“Tillage by Cover”, p = 0.1152, Table 7.4).  

 

Table 7.4 Results of Generalised Linear Mixed Model ANOVA-Type III tests of fixed 

effects: effects of green cover and tillage methods over the period of three years  
 

Type III tests of fixed effects 
 

Effect dfn* dfd** F-value p-value*** 

Tillage 1a 2357 2.69     0.1013 

Cover 2b 2357 66.68 < 0.0001 

Tillage by Cover 2c 2357 2.16     0.1152 
 

*      Numerator degrees of freedom  
a Tillage dfn = no. of groups - 1 = 2 - 1 = 1 

 b Cover dfn = no. of groups - 1 = 3 - 1 = 2 
 c Tillage x Cover dfn = (2 - 1) x (3 - 1) = 2 
**     Denominator degrees of freedom: dfd = [total no. of observations] – [no. of groups] 
***   Significant p-values < 0.05 are given in bold 
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Table 7.5 Comparison of the effect of green cover for different tillage practices across 

three years using Generalised Linear Mixed Model 
 

Cover
a
 Tillage

b
 

GM 
reduction  
by %

c
 

Diff.
d
 of 

log mean 

Exponent. 
Diff. 

e
 

[mg N/l] 
St. err. 
[Diff.] 

t2357 
f
  

value
 
 p –value

g
 

M vs. NR RT 76.3% -1.4308 0.2391 0.213 -6.72 < 0.0001 

NR vs. NC RT 42.1%  -0.5474 0.5785 0.2132 -2.57    0.0103 

M vs. NC RT 86.3% -1.9781 0.1383 0.2128 -9.3 < 0.0001 

M vs. NR CP 70.6% -1.2314 0.2919 0.2172 -5.67 < 0.0001 

NR vs. NC CP 11.5% -0.1224 0.8848 0.22 -0.56    0.5778 

M vs. NC CP 74.0% -1.3539 0.2582 0.2201 -6.15 < 0.0001 
 

a M… Mustard;  NR… Natural regeneration; NC...No cover 
b RT… Reduced tillage; CP… Conventional plough 
c Reduction based on the geometric mean (back- transformed log means) expressed as “reduction by %”; 

for GM values see Table 7.3  
d Difference between means (i.e. log of mean) 
e Exponential difference -i.e. diff. of back-transformed log (diff. between concentration means) 
f t2357 –value  corresponds to the t-value with df (degrees of freedom) = 2357 
g Significant p-values < 0.05 are given in bold 

 

7.4.3 Nitrate losses (loads leached)  

7.4.3.1 Yearly mean over-winter nitrate loads under different 

treatments  

The results presented here, reported as nitrate losses, correspond to yearly mean over-

winter cumulative nitrate loads leached (referring to the cumulative nitrate losses 

during the over-winter sampling season of each year) under: 

- different over-winter green cover treatments (mean of both tillage practices); 

- different tillage practices (mean of three over-winter green cover treatments).  

Overall yearly over-winter cumulative nitrate loads leached ranged from 7.49 to 83.41 

kg N/ha. Yearly over-winter nitrate losses under different over-winter green cover 

treatments were as follows: 33.14 to 83.41 kg N/ha for no cover, 29.97 to 76.97 kg 

N/ha for natural regeneration and 7.49 to 43.44 kg N/ha for the mustard treatment (see 

Figure 7.8). Yearly over-winter nitrate losses under different tillage practices were: 

24.74 to 58.46 kg N/ha for the reduced tillage treatment and 23.80 to 77.41 kg N/ha for 

the conventional plough (see Figure 7.9). 
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Figure 7.8 Yearly over-winter cumulative nitrate loss [kg N/ha] under different green 

cover treatments (mean of both tillage methods; MI gap-filled data; error bars 

represent standard error with mean values above each bar) 

 

 
 

Figure 7.9 Yearly over-winter cumulative nitrate loss [kg N/ha] under different tillage 

practices (mean of three green cover treatments; MI gap-filled data; error bars 

represent standard error with mean values above each bar) 

 

7.4.3.2 Treatment and ”year” effects on mean nitrate loads leached  

 Green cover  

A statistically significant effect of green cover on yearly over-winter cumulative nitrate 

losses was observed (“Cover” p = 0.001, Table 7.6). The mustard cover crop 

significantly decreased nitrate losses compared to natural regeneration and no cover, 

during all three years of the experiment (“M vs. NR” and “M vs. NC”, years 1, 2 and 3, 

p < 0.05, Table 7.7; Figure 7.8). Despite somewhat lower yearly over-winter nitrate 
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loads leached observed under the natural regeneration treatments, compared to no 

cover (Figure 7.8), the over-winter nitrate loss under natural regeneration was 

significantly lower than under no cover only in year 2 (referring to cover by year 

interaction; Table 7.7). 

 

 Tillage practices  

There was no overall significant effect of tillage practices on yearly over-winter 

cumulative nitrate losses (“Tillage” p = 0.249; Table 7.6). There was no significant 

difference in yearly over-winter cumulative nitrate losses under reduced tillage and 

conventional plough during all three years of the experiment (“RT vs. CP”, years 1, 2 

and 3, p > 0.05; Table 7.8). 

 

Table 7.6 Results of repeated measures ANOVA-Type III tests of fixed effects: effects 

of green cover, tillage methods and year  
 

Type III tests of fixed effects   

Effect dfn
a
 dfd

g
 F-value p-value

h
 

Cover 2b 20 11.48    0.001 

Tillage 1c 20 1.41    0.249 

Year 2d 20 43.35 < 0.0001 

Cover by Year 4e 20 4.08    0.014 

Tillage by Year 2f 20 6.13    0.008 
a      Numerator degrees of freedom  

b Cover dfn = no. of groups - 1 = 3 - 1 = 2 
 c Tillage dfn = no. of groups - 1 = 2 - 1 = 1 
 d Year dfn = no. of groups – 1 = 3 – 1 = 2 

e Cover x Year dfn = (3-1) x (3-1) = 4 
f Tillage x Year dfn = (2 - 1) x (3 - 1) = 2 

g     Denominator degrees of freedom: dfd = total no. of observations - no. of groups 
h   Significant p-values < 0.05 are given in bold 
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Table 7.7 Comparison of the effects of green cover for each year using Generalised 

Linear Mixed Model 
 

Year
a
 Cover

b
 

Reduction  
by % (in loads)

c
 

Diff. 
d
  

[kg N/ha] 
St. err. 
[Diff.] 

t20-
value

e
 p-value

f
 

1 M vs. NR 43.6% -33.52 14.112 -2.38    0.028 

 M vs. NC 47.9% -39.96 14.112 -2.83    0.010 

 NR vs. NC 7.7% -6.44 14.112 -0.46    0.653 

2 M vs. NR 76.0% -23.77 4.558 -5.22 < 0.0001 

 M vs. NC 82.8% -36.11 4.558 -7.92 < 0.0001 

 NR vs. NC 28.3% -12.34 4.558 -2.71    0.014 

3 M vs. NR 50.4% -15.11 4.530 -3.33    0.003 

 M vs. NC 55.1% -18.27 4.530 -4.03    0.001 

 NR vs. NC 9.6% -3.17 4.392 -0.72    0.479 
 

a  Year 1...2006/2007; Year 2...2007/2008; Year 3...2008/2009 
b  M…Mustard; NR…Natural regeneration; NC…No cover 
c Reduction based on the yearly over-winter mean N loads leached (mean of both tillage practices) 

expressed as “reduction by %”; see Figure 7.8 
d  Diff. represents difference in mean cumulative nitrate leached kg N/ha 
e t20-value corresponds to t-value with df (degrees of freedom) = 20 
f Significant p-values < 0.05 are given in bold 

 

 

 

 “Year” 

The overall effect of the “year” (refers to yearly effects) on cumulative nitrate losses 

was found to be significant (“Year” p < 0.0001, Table 7.6). “Year” had significant 

interaction with both, green cover treatments and tillage practices (i.e. “Cover by 

Year” p = 0.014; “Tillage by Year” p = 0.008; Table 7.6, Figure 7.9). The highest 

yearly over-winter cumulative nitrate losses under all different green cover treatments 

and tillage practices occurred in the first year of the experiment  - i.e. year 1 

(2006/2007); (see Figures 7.6 and 7.7). Cumulative nitrate loss of year 1 was 

significantly higher compared to years 2 and 3, for both tillage practices (“RT” and 

“CP”, year 1 vs. 2, p < 0.0001; Table 7.8). The difference between cumulative nitrate 

losses of years 2 and 3 was significant only for conventional tillage treatment, with 

year 2 being significantly higher than year 3 (“CP” year 2 vs. 3, p = 0.042; Table 7.8). 

Reduced tillage and conventional plough did not significantly differ during all three 

years of experiment (“RT vs. CP”; p > 0.05; Table 7.8). 
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Table 7.8 Comparison of the effects of tillage practices and years using Generalised 

Linear Mixed Model 
 

Tillage
a
  Year

b
 Diff.

c
 St. err. [Diff.] t –value

d
  p-value

e
 

RT 1 vs. 2 33.72 7.018 4.81 <.0001 

RT 1 vs. 3 30.27 6.384 4.74 <.0001 

RT 2 vs. 3 -3.45 2.936 -1.17 0.254 

CP 1 vs. 2 47.25 7.018 6.73 <.0001 

CP 1 vs. 3 53.62 6.384 8.4 <.0001 

CP 2 vs. 3 6.37 2.936 2.17 0.042 

RT vs. CP 1 -18.95 11.522 -1.64 0.116 

RT vs. CP 2 -5.42 3.722 -1.46 0.161 

RT vs. CP 3 4.39 3.648 1.2 0.243 
 

a RT… Reduced tillage; CP… Conventional plough 
b Year 1...2006/2007; Year 2...2007/2008; Year 3...2008/2009 
c  Diff. represents difference in mean cumulative nitrate leached kg N/ha 
d df (degrees of freedom) 20 
e Significant p-values < 0.05 are given in bold 

 

 

7.5 Discussion 

7.5.1 The effects of green cover treatments on nitrate leaching 

7.5.1.1 Effect on the nitrate concentrations  

Statistical testing has confirmed that over-winter green cover treatments have a 

significant effect on mean nitrate concentrations across three years (p < 0.0001; Table 

7.4). The results from this study lie within a very broad range of nitrate leaching 

reductions achieved by a variety of different cover crops that can be found in the 

literature. Some selected examples from areas with comparable climate are given in 

Table 7.9. As mentioned in Section 7.1.3, such a broad range of reductions in nitrate 

leaching is expected, because a decrease in nitrate leaching loss will vary depending on 

many factors, e.g.: different cover crop species, time of cover crop sowing, seed 

quality, rate of early establishment and growth (effected by N soil availability), soil 

type, amount and distribution of rainfall etc. Especially important are various 

environmental conditions that can have a strong influence on cover crop establishment 

and growth. For example, a study by Vos and van der Putten (1997) indicated that the 

amount of radiation intercepted by plants primarily determined the rate of 14 day-

interval dry matter accumulation of cover crops (on winter rye, forage rape or oil 
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radish). The potential climatic influences on cover crop growth are further discussed in 

the section on the effects of the “year” on nitrate leaching (see Section 7.5.3). 

 

The statistical testing of results has fully accepted the hypothesis that the mustard 

cover under both tillage practices significantly decreases mean nitrate concentrations 

across three years (compared to the no cover and natural regeneration treatments; p < 

0.0001; Table 7.5). In fact, the mustard cover crop achieved quite a high efficiency of 

reducing nitrate concentrations across three years (by more than 70% compared to no 

cover, based on the geometric mean Tables 7.3 and 7.9). Early sowing/establishment 

of green cover in autumn is acknowledged to be crucial in reducing nitrate leaching 

losses from arable soil, in areas with mild winters (Shepherd et al., 1993; Francis, 

1995; Richards et al., 1996). An early cover crop establishment is especially important 

in maritime climates with a risk of nitrate deep transport in advance of cover-crop root 

growth (Feaga et al., 2010b). In this study the mustard cover crop was sown early (end 

of August to early September), which could have promoted its efficiency to reduce soil 

solution nitrate concentrations. The findings on the mustard cover crop obtained from 

this three-year experiment are also in agreement with the earlier two-year experiment 

performed by Hooker et al. (2008) (Table 7.9).  

 

The hypothesis that natural regeneration significantly decreases mean nitrate 

concentrations across three years compared to no cover was only partially accepted: 

this hypothesis was accepted only in the case of reduced tillage (p = 0.0103; Table 

7.5). This result suggests that early plant establishment (potentially stimulated by 

reduced tilling) may be an important factor for the natural regeneration treatment as 

well, which is further discussed in the section on the effects of tillage practices on 

nitrate leaching under different green cover treatments (see Section 7.5.2.1). 

 

7.5.1.2 Effect on the nitrate loads leached  

The statistical analysis of results has accepted a hypothesis that the over-winter green 

cover has a significant effect on yearly over-winter cumulative nitrate losses (p = 

0.001; Table 7.6). Although contradictory results can be found in the literature, the 

majority of examples worldwide provide the evidence in support of these findings (see 

the introduction section, Table 7.1). In particular, the mustard cover crop proved to 
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significantly reduce yearly over-winter nitrate loads leached if compared to the other 

two treatments. Natural regeneration, however, achieved a significant reduction only 

during a single over-winter season (year 2; Table 7.7), which is further discussed in the 

section on the yearly effects on nitrate leaching related to climatic conditions (Section 

7.5.3). 

 

Overall yearly over-winter cumulative nitrate losses leached to 0.9 m depth under 

over-winter green covers ranged widely (Figure 7.8), from only 7.5 (mustard) up to 

c.77 kg N/ha (natural regeneration). Nitrate losses under mustard were c. 2 to 10 times 

lower than under natural regeneration. This result proves that planting the over-winter 

mustard cover crop is a more reliable method for reducing nitrate cumulative losses 

than natural regeneration. Generally, the results on nitrate loads reductions from this 

study again lie within a very broad range of N loads reductions achieved by a variety 

of different cover crops that can be found in the literature. For example, in this study 

mustard reduced N loads up to c. 40 kg N/ha in year 1. Similarly, two studies in 

Ireland and UK also observed mustard crop considerably reducing N loads leached 

(Table 7.9): up to 42.6 and 77.6 kg N/ha reduction for conventional plough and 

reduced tillage, respectively (Hooker et al., 2008), and up to 29.5 kg N/ha uptake 

(Harrison et al., 1996). 

 

Although the nitrate load reductions vary over a large range (Figure 7.8) the mustard 

cover was shown to have a significant effect on leaching in all three years. This 

particular result from mustard cover is in agreement with mustard results from the 

groundwater experiment (Chapter 8) and some earlier results reported by Hooker et al. 

(2005), all obtained from Oak Park studies of nitrate losses from tillage land on free 

draining soil, as well as with some of the internationally reported results (Table 7.9). 

Therefore this result strongly indicates a good applicability of mustard over-winter 

cover to successfully reduce nitrate leaching losses from tillage land on a vulnerable 

soil where the climatic conditions are similar to the Irish climate. However, the results 

from the natural regeneration treatment do not suggest the same general applicability 

of this over-winter cover (as mentioned earlier, further studies on natural regeneration 

in combination with reduced tillage are recommended).  
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Table 7.9 Examples of different cover crops and natural regeneration growth reducing nitrate concentrations/loads to the unsaturated zone: the results 

from this (Irish) study in context of the results from other selected studies with somewhat comparable climate  

Study by* Site/study characteristics Green cover Average reduced** nitrate concentrations/loads
a 
by 

   Reduced N concentration  Reduced N loads or N-uptake  

This study 
- Road F. 
experiment 

3-year field study; SE Ireland; 900 mmp; sandy and gravelly soil; 
spring barley production; CCb and NRc; different tillage practices: 
CPd & RTe; 0.9 m depth; SCr 

CCb, n: Mustard 
 
NRc, n   

15.4d - 20.7e mg N/l; [>70%] 
 
10.9 mg N/l – NRc RTe, m  
[>40% NRc RTe] m  

18.27 (yr.3) -39.97 (yr.1) kg N/ha l 
 
12.34 kg N/hal (yr. 2m) 

Hooker et 
al. (2008) 

2-year field study; SE Ireland; sandy and gravelly soil; spring 
barley production;, CCb; different tillage practices: CPd & RTe; 0.9 
m depth; SCr 

CCb:  Mustard 
 

22.6d - 46.7 e mg N/l  
[up to 70%] 

14.8 - 42.6 kg N/ha d  
and  
39.1 - 77.6 kg N/ha e 

Feaga et al. 
(2010b) 

Long term (11-year) field study; Oregon US (maritime climate); 
1036 mmp; fine silty, mixed glaciolacustrine soils; spring 
vegetable production; variety of CCb; different N fertilisation 
rates; 1.2 m depth; PCAPSr  

CCb, n: Rye, triticale, common 
vetch/triticale 

2.9f - 4.8g mg N/l h 
[28% - 41 %h] 

10 - 46 kg N/ha h 

Macdonald 
et al. (2005) 

3-year field study; SE UK; sandy loam and chalky loam soils; 
spring barley production; variety of early sown CCb and NRc ; 0.9 
m depth; SCr 

CCb, o: Forage rape, rye, white 
mustard, rye/white mustard mixture, 
phacelia, ryegrass , weeds plus 
cereal volunt., conv. winter barley  
NRc 

up to c. 21.0 mg N/l h 
[95%] h 
(max. forage rape) 
 
11 mg N/l h ; [50%] h 

up to 35 kg N h,k 
[up to 91%] 
(max. forage rape)  
 
up to 26 kg N/hah; [74.3%]h 

Shepherd 
(1999). 

7-year field study; UK Midlands; 625 mmp; sandy soil; spring 
cereal production; CCb (two complete four-course rotations of 
potatoes, cereal, sugar-beet, cereal); 1.0 m depth; SCr 

CCb, n: Potatoes, sugar-beet 11 - 24 mg N/l 25 kg N/ha 

Shepherd 
and Webb 
(1999) 

4-year lysimeter study; central UK; 625 mmp; loamy sandy soil; 
spring sown cereals & sugar-beet production; variety of 
treatments also including CCb and NRc; 1.2 m depth; Lr  

CCb, n:  Winter barley, stubble turnips 
 
NRc, n 

c. 8.1 mg N/l h 
 
c. 5.0 mg N/l h 

c. 15 kg N/ha h 
 
c. 9 kg N/ha h 

Harrison et 
al. (1996) 

3-year field study; 7 experimental sites at different locations in 
UK; variety of soil typesi; spring crop production; variety of CCb; 
NUr 

CCb: Winter rye and barley, white 
mustard, phacelia, forage rape, 
stubble turnips  

/ up to 29.5 kg N/ha uptake 
(max. mustard) 
[12 - 45%]j 

a reduced losses compared to fallow/no cover/bare soil; b CC- cover crop; c NR-natural regeneration/weeds/weeds + cereal volunteers; d conventional plough (CP); e reduced tillage (RT); f no fertiliser; 
 g full fertiliser input; h calculated from reported average concentrations/loads; i soil types (peaty, clay, calcerous loam and clay loam, loamy sand, alluvial silty clay loam); j uptake of different CC 
depends on environmental conditions during the plant establishment and growth- i.e. moisture, day.degrees (temperature > 0°C); k mainly ryegrass, rye, forage rape and winter barley; l average CPd & 
RTe; see also Table 7.7;  m statistically significant only in this case; n all quoted results are statistically significant; o overall results not statistically significant, but reductions observed; r plant N-uptake;* a 
study by Hansen and Djurhuus, (1996) was made under the coastal climate and it is not included in this table; ** reduced by:  mg N/l; or kg N/ha or by %. 

2
1
3
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7.5.1.3 General effects on mean soil solution nitrate concentrations 

in relation to legal requirements  

As seen from Table 7.3, mean soil solution nitrate concentrations (i.e. geometric mean 

or GM) under the mustard cover (under reduced tillage and conventional plough) were 

approximately < 1/2 of the 11.3 mg N/l EU DW limit, and < 5.65 mg N/l EU drinking 

water guideline (EC, 1980; EPA Ireland, 1993). Mean nitrate concentrations (GM) 

under the natural regeneration and no cover treatments all exceeded the EU DW limit 

(Table 7.3). Cover crop ability to decrease nitrate concentrations in soil solution was 

documented in some other studies reported throughout the literature as discussed in 

Sections 7.1.3 and 7.5.1.1. Similar reductions below the EU DW limit by introducing 

the over-winter cover crops have been reported. An example is a study which was also 

performed on spring barley cultivation and on a coarse sand soil (although under the 

coastal temperate climate) by Hansen and Djurhuus, (1996). Authors have found that 

the growth of a cover crop was a more efficient measure for reducing nitrate leaching 

risks than long-term reduced application of fertilisers, with ryegrass efficiently 

reducing nitrate leaching below the EU guideline (EC, 1980) of 5.6 mg N/l (Hansen 

and Djurhuus, 1996). Another example is a lysimeter study (also performed on the 

spring cropping system, on sandy soil located in Central England) by Shepherd and 

Webb (1999). Authors have found that the cover crops have reduced nitrate 

concentrations resulting in a mean nitrate concentration of 10.6 mg N/l (below EU DW 

limit); whereas natural regeneration treatment had a mean of 13.7 mg N/l (exceeding 

this limit) (Shepherd and Webb, 1999). 

 

7.5.1.4 Other potential effects of over-winter green cover growth 

In addition to above discussed effects of green cover treatments, the green cover 

growth can also result in the soil water uptake, which can again have an impact on 

nitrate leaching as a consequence of the plants influencing the soil moisture and 

effective drainage/rainfall. This potential effect of over-winter green cover on the 

drainage was introduced in Section 7.1.3. This study does not focus on the issue of 

cover crops reducing the over-winter drainage volumes, and drainage volumes were 

not measured under different green cover treatments. In this study the same effective 

rainfall (computed using the SMD crop model) was used for different over-winter 
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green covers. As explained in Chapter 4, the SMD crop model (developed for 

predicting the effective drainage/rainfall in this study) recognises the difference 

between spring cereal crop growth and over-winter green cover growth. However, this 

model had to be simplified (for practical reasons), assuming that the effect of different 

over-winter green cover treatments is minor, mainly because the study site had free 

draining soil with high leaching potential and low water-holding capacity (see Chapter 

4). In addition, the Irish climate is generally known to be wet (Keane et al., 1992); (see 

Chapter 4). Consequently, generally high drainage volumes occurring during over-

winter rain events [annual mean effective rainfall 389 mm/year during 2006 to 2008] 

were expected to overcome the potential effect of green cover on soil moisture 

conditions during over-winter periods. Nevertheless, to verify these assumptions 

additional studies on the cover crop ability to reduce the over-winter drainage volumes 

under varying climatic conditions in Ireland would be recommended. 

 

Another potential effect of different over winter green covers is their impact on nitrate 

leaching due to different plant root growth rates, including different rooting depth and 

rooting intensity. For example, Thorup-Kristensen (1993) found very different root 

growth patterns among different cover crops, and the cover crops that could establish 

deep rooting fast, have also most reduced the sub-soil mineral N content. Whether 

mustard had faster root growth in this experiment was not investigated. Both the early 

mustard seeding at density of at 13 kg seed/ha and the higher mustard N uptake 

measured on adjacent large scale experiment (see Chapter 8) indicate the importance 

of further investigations in relation to above and below ground over-winter plant 

biomass growth and root density for mustard and natural regeneration. 

 

Although this study did not specifically investigate mineralisation rates, it should be 

kept in mind that the over-winter green cover was not harvested in the spring (mustard 

was chopped at the field; further details are provided in Table 7.2), and thus it can be 

expected that some proportion of N taken up by the plants will be released to the 

spring barley crop (see Section 7.1.3.5). Further research is recommended to determine 

the proportion of this released N depending on climatic and other environmental 

conditions. 
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7.5.2 The effects of tillage practices on nitrate leaching 

7.5.2.1 Effect on the nitrate concentrations  

The statistical analysis of results has rejected a hypothesis that tillage practices have a 

significant effect on over-winter mean nitrate concentrations across three years (p = 

0.1013; Table 7.4). As noted in Section 7.1.4, contradictory evidence can be found in 

the literature. For example Dowdell and Cannell (1975) found (during winter and 

spring periods) up to 5 times greater nitrate concentrations in the soil after ploughing 

compared to direct drilling. These differences ceased by early May, indicating that the 

lower soil N mineralisation in directly drilled soil can be the major cause of different 

nitrate concentrations under different cultivation treatments (Dowdell and Cannell, 

1975). Riley (1998) found only minor differences in crop N contents between different 

tillage systems (based on spring cereal crop monitoring, whereas over-winter leaching 

may have been still affected by tillage practices). Goss et al. (1993) found little effect 

of tillage treatment if observing the autumn and winter periods (when comparing tilled 

plots with directly drilled); but over the whole year period more N was mineralised in 

tilled plots. In temperate climates with higher soil moisture content during spring, 

reduced cultivation generally slows down the mineralisation process (Pekrun et al., 

2003). Therefore it can be expected that reduced tillage could influence the amount of 

mineralisation under Irish climate. 

 

Although the overall effect of tillage practices across three over-winter sampling 

seasons was not significant in this study, it should not be neglected that the natural 

regeneration treatment significantly reduced nitrate concentrations only under reduced 

tillage (see Section 7.5.1.1). The combined effect of both the assumed reduced tillage 

stimulation of seed germination, promoting plant establishment and growth, and the 

potential slower overall mineralisation rates under reduced tillage, could have 

contributed to this result. Natural regeneration is often susceptible to uneven over-

winter growth: for example Lord et al. (1999) reported that some additional application 

of seeds was usually necessary in their study to achieve the uniformity of cover by 

volunteers and weeds. Thus it is not surprising that over-winter cover crops (e.g. 

mustard) should provide more complete land cover, regardless of the tillage practice, 

considering that they are applied with a specific seed rate, and are more evenly 

distributed to cover the soil. Nevertheless, natural regeneration includes also growth of 
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weeds and cereal volunteers, which could be potentially stimulated by reduced tillage 

practice.  

 

In the treatment reduced tillage, post-harvest non-intensive tilling at the end of August 

(during which the soil surface was “scratched” from 5 to 10 cm deep) could have 

potentially stimulated the seed germination and speeded-up the development of young 

plants before the start of the main drainage period. In general, reduced tillage could 

have promoted the early establishment and growth of green cover (including natural 

regeneration). This is important, especially because over-winter N plant uptake appears 

to be more a function of the success of early establishment of plants rather than the 

function of the amount of nitrate that is remaining in the soil at the time of sowing and 

plant establishment (Richards et al., 1996). 

 

Nevertheless, whether reduced tillage could have promoted seed germination and 

consequently the natural regeneration establishment and growth is uncertain. For 

example, a study by O’Keffee et al. (2005) performed in Oak Park on a spring barley 

production system showed no significant difference in the plant biomass production of 

over-winter natural regeneration treatments under reduced tillage and under no 

cultivation. Whether the mineralisation rates under two different tillage practices could 

have caused different results in reducing nitrate leaching losses under natural 

regeneration is also uncertain. For example, Riley (1998) observed no effect of the two 

tillage practices on the net nitrogen mineralisation during the incubation study. 

Obviously, further studies on the effect of different tillage practices on the speed of 

seed germination and early plant establishment and root development are 

recommended. 

 

7.5.2.2 Effect on the nitrate loads leached 

The statistical analysis of results has rejected a hypothesis that tillage practices have a 

significant effect on yearly over-winter cumulative nitrate losses (p = 0.249; Table 

7.6). As explained in the introduction section (Section 7.1.4) contradictory examples 

can be found in the literature. A study by Tan et al. (2002) received contrary results if 

expressing them as concentrations or loads of nitrate leached under different tillage 

practices (conventional plough and no till). They explained this result to be a 
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consequence of the greater tile drainage volume under no till (due to preferential flow) 

and the dilution, resulting in lower concentrations but greater loads under no till (Tan 

et al., 2002). As mentioned earlier in Section 7.5.1.4, in this study drainage volume 

was not measured separately for different tillage practices and the same effective 

rainfall was taken for both tillage practices (this simplification was assumed in the 

SMD crop model in Chapter 4). 

 

7.5.2.3 Other potential effects of tillage practices 

In addition, different tillage practices can have some other effects such as an impact on 

the preferential flow. The occurrence of preferential flow is less frequent on tillage 

land with coarse structured soil. Preferential flow is a form of faster macropore flow 

through the soil profile due to root- and worm- channels (Webster et al., 1993), 

generally well recognised phenomenon for grassland soils, with deeper infiltration 

occurring especially in soils with fine-textured lower horizons (Kramers et al., 2009). 

Theoretically less intensive soil cultivation (i.e. reduced tillage or no till) could 

experience some preferential flow (as soil is not deep tilled). In fact, higher cumulative 

nitrate loss under no tillage was observed in a study on conventional plough and no 

tillage systems by Tan et al. (2002), which was already mentioned in the earlier 

section. The authors explained this to be a possible consequence of the increase in 

hydraulic conductivity and higher numbers of earthworms under no tillage (Tan et al., 

2002). Nevertheless, tillage practices had no overall statistically significant effect in 

this study (see Sections 7.5.2.1 and 7.5.2.2), therefore the occurrence of preferential 

flow is also less relevant for this study.  

 

7.5.3 The effect of the “year” on nitrate leaching 

7.5.3.1 Interactions between the “year” and different over-winter 

treatments  

As a general observation, “year” was found to have a significant effect on the results, 

which raises a question if the three-year study was long enough. The field observations 

in this doctoral work (Chapter 6, Chapter 8) were deliberately extended from two into 

the three years, with the purpose of obtaining enough data to overcome the 
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meteorologically induced variations in the observed results. This three year study was 

long enough to obtain the results of significantly lower nitrate leaching losses under 

the mustard cover (compared to no cover) for all three years (see Figure 7.8), despite 

the fact that the observed “year” effect was significant. In addition, this result is also in 

agreement with another two-year long study by Hooker (2005). Nevertheless, future 

long-term investigations are highly recommended in order to further investigate the 

nature of the effect of the “year” on the efficiency of introduced management 

practices. 

 

The effect of the “year” in this study refers to the yearly effects – i.e. the effects of 

each of the three sampling seasons on nitrate leaching results during the period from 

2006/2007 to 2008/2009. In this study the overall effect of the “year” was significant 

on both: green cover and tillage practices (p < 0.05; Table 7.6). In relation to “year” 

and green cover interactions, this result means that green cover is more effective in 

reducing N loads in specific years. Similarly, Feaga et al. (2010b) and Shepherd (1999) 

have also found a significant interaction between the years and cover crops in their 

studies. Further discussion on the “year” and green cover interactions is provided in 

Sections 7.5.3.2 and 7.5.3.3. In relation to “year” and tillage practices interactions, 

year 1 (with a dry summer and wet winter) had significantly higher cumulative nitrate 

loss than years 2 and 3, for both tillage practices (p < 0.0001; Table 7.8). The amount 

and distribution of effective rainfall is an essential factor in transporting the nitrate 

through the soil profile and beneath the rooting zone. Willumsen and Thorup-

Kristensen, (2001) observed (during a 2-year cover crop study) a very small difference 

in the soil N before spring under the cover crop (compared to no cover) if the year was 

wet, whereas in the case of the dry year the over-winter nitrate loss was low and 

consequently the differences in the soil N remained until spring. Goulding et al. (2000) 

found that there is an occurrence of  higher nitrate leaching losses in the case when 

rain has followed a dry summer and autumn, which supports the results from this 

study. Years 2 and 3 did not differ under reduced tillage, however under conventional 

plough the difference was significant: cumulative nitrate loss of year 2 was 

significantly higher than year 3 (Table 7.8). However, if this result was a consequence 

of the wetter summer in year 3 than year 2 (Figure 7.7), it still does not explain why 

this difference occurred only under conventional plough.  
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Nevertheless, the driving forces behind the “year” effect are most probably climatic 

conditions - i.e. the amount and distribution of effective rainfall (see Figures 7.5, 7.6 

and 7.7) and the over-winter temperatures. The relationship between leaching and 

climate is important and needs to be considered when developing management 

strategies for reducing nitrate leaching (Feaga et al., 2010b). According to Webster et 

al (2003) rainfall and its distribution can have strong influence on the losses, drainage 

and concentrations of nitrate leached. As mentioned earlier Feaga et al. (2010b) also 

stress that especially rainfall timing and its yearly quantity, can contribute to the 

variations in nitrate concentrations and loads.  

 

In addition to effective rainfall, the over-winter temperatures can influence the growth 

and rooting depth of green cover of different plant species as well as the soil 

mineralisation rates. The temperature influence on the cover crop rooting depth is 

important [e.g. the temperature sum necessary for the 1 m rooting depth growth of 

Italian ryegrass was 1375 day °C in a Danish study by Thorup-Kristensen (2001)]. In 

the present study, the day °C (corresponding to the sum of daily measured 

temperatures in °C during the 7-month period between the start of September and the 

end of March the following year) was the highest during 2006/2007 and 2007/2008 7-

month periods (1807 and 1744 day °C, respectively), and the lowest during the 

2008/2009 7-month period (1478 day °C). Based on these results the lowest over-

winter green cover establishment and growth could be expected for the 2008/2009 

season, which is in agreement with the over-winter plant biomass results presented in 

Chapter 8 (Table 8.4). Further discussion in regard to temperature and elevated nitrate 

concentrations observed at the start of sampling period of year 1 is provided in 

Sections 7.5.3.2 and 7.5.3.3. The seed application rate, which can also have an impact 

on the efficiency of the over-winter crop to uptake soil N prior to leaching, was kept 

constant in this study: during 2006/2007 to 2008/2009 mustard seed (Rivona) was 

applied during August/September each year with 13 kg/ha seed rate (see Table Apx. 

7.1.1). Future studies on rooting depth growth and rooting intensity of different over-

winter green covers under Irish climatic conditions are recommended. Although the 

net N mineralisation processes are frequently assumed to strongly decrease at low 

over-winter temperatures a low temperature incubation study (3 to 15°C) by Andersen 

and Jensen (2001) involving Italian ryegrass indicated the importance of investigating 

the temperature impact on the mineralisation & immobilisation turnover (MIT) 
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processes. Further discussion in relation to mineralisation is provided in Sections 

7.5.3.2 and 7.5.3.3. 

 

As noted in Section 7.1.3 earlier in this study it can be expected that most of the N 

originating from over-winter green cover residues will be used up by spring cereals. 

For example measured average N content of spring barley harvested in a parallel 

experiment was 182 kg N/ha in 2007 and 208 kg N/ha in 2008 (see Appendices to 

Chapter 8; Table Apx.8.3.2.1). This result indicates that spring cereal crop N demand 

possibly exceeds the available N originating from mineralised over-winter green cover 

plant residues. In fact the additional inorganic fertiliser application was necessary for 

optimum spring cereal crop growth in this experiment (R. Hackett, Teagasc, personal 

communication 2009). In order to clarify this issue additional investigations of the 

availability of over-winter green cover residual N to the spring cereal crops under Irish 

climate (as a function of the MIT processes, cover crop residual N stabilisation and 

residual N incorporation into the soil, depending on varying climatic conditions) are 

necessary. Initial discussion on the release of N taken up by the over-winter green 

cover to the subsequent main crop of spring barley is provided in Section 7.1.3.5. 

 

7.5.3.2 Effect on the nitrate concentrations  

As mentioned earlier, the elevated nitrate concentrations in the soil solution observed 

during the initial phase of sampling in year 1 were most likely a consequence of the 

climatic conditions - i.e. effective rainfall (see Section 7.5.3.1). Mineralisation 

promoted after spring cultivation (Silgram and Shepherd, 1999) could contribute to 

higher nitrate leaching in the winter after autumn harvest (Macdonald et al., 2005). 

However this cannot explain the year 1 initially elevated nitrate concentrations because 

they were observed also under reduced tillage (which has no spring cultivation). 

Nevertheless, soil temperature will also influence the rates of soil microbial 

mineralisation processes, which usually double for every 10 °C change (Silgram and 

Shepherd, 1999). In this study year 1 had the warmest and wettest over-winter season 

conditions (see Sections 7.4.1, 7.5.3.1 and Figure 7.6), which could have promoted 

mineralisation processes, and consequently contributed to initially elevated nitrate 

concentrations observed only in year 1 (Figure 7.6). 
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Alternatively these high initial nitrate concentrations during year 1 could be the 

consequence of both the fertiliser derived nitrogen from previous spring and the 

climatic conditions (see also the long term study results in Appendix 7.4, Figures 

Apx.7.4.1., Apx.7.4.2, Apx.7.4.3). The details on the yearly fertilisation and other 

management practices of the Road Field experiment are provided in Appendix 7.1. The 

reported data show that during the two years prior to commencing this three year study 

(years 2003/2004 and 2004/2005) the annual inorganic field fertilisation exceeded the 

fertilisation rate of subsequent years (i.e. it was > 135 kg N/ha). Consequently the high 

nitrate concentrations were observed in 2005/2006 (year 1 of this experiment); [but 

also previously in 2003/2004 -see long term study results in Appendix 7.4, Figure 

Apx.7.4.2- which could have potentially contributed to initially elevated nitrate 

concentrations in year 1, especially if the nitrate was not all leached prior to year 1]. 

The annual cumulative effective rainfall of these two years/seasons was the lowest of 

the period from 2003 to 2009 [i.e. the annual cumulative effective rainfall was < 250 

mm for both years 2003/2004 and 2005/2006; see Apx.7.4.1; and the cumulative 

rainfall during the suction cup sampling seasons was < 130 mm for both seasons 

2003/2004 and 2005/2006; see Apx.7.4.2) 

 

In addition to the above reasons it is also important to consider the appropriate planting 

date of cover crops in relation to climatic conditions (effective rainfall), which are 

known to be very important factors influencing the growth of cover crops and their N 

uptake (Ritter et al., 1998). In this study years 2 and 3 had wet summers whereas year 

1 had a less wet summer: i.e. year 2 had more than 3 times, and year 3 more than 4 

times the amount of year 1 summer effective rainfall (Figures 7.5 and 7.7). A 

considerable amount of nitrate could have leached already prior to the start of over-

winter green-cover growth, resulting in lower nitrate concentrations at the start of over-

winter soil solution sampling during years 2 and 3 (see Figures 7.6 and 7.7). In 

agreement with this result is also the observed drop in nitrate concentrations in year 1, 

which occurred under the mustard treatments (i.e. to < 6 mg N/l after the cumulative 

effective rainfall has reached c. 200 - 250 mm if accumulated from 1
st
 October on). 

This delayed drop in year 1 cold be a consequence of the higher initial nitrate 

concentrations because most of the nitrate did not leach that summer (due to less 

effective rainfall), but has remained in the soil until sampling. Less over-winter 

cumulative effective rainfall was necessary to achieve similar drop in years 2 and 3 (c. 



Evaluation of measures to reduce                .                       . 
Chapter 7                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

223 

100 mm, if accumulated from 1
st
 October on) because leaching must have occurred 

already during summer and early autumn (c.130 and 205 mm effective rainfall if 

accumulated from June to end of August in 2007 and 2008). [Further discussion on 

this issue in relation to study by Feaga et al. (2010b) is provided in below Section 

7.5.3.3]. 

 

7.5.3.3 Effect on the nitrate loads leached 

The year 2 reductions in nitrate loads under mustard treatment were particularly 

significant (p < 0.00001; Table 7.7). In addition the mustard cover crop proved to 

significantly reduce yearly over-winter nitrate loads leached during all three years of 

experiment (compared to other two treatments, Table 7.7). As mentioned in Section 

7.5.1.2 the natural regeneration achieved a significant reduction in nitrate loads only 

during a single over-winter season of year 2 (p < 0.05, Table 7.7). This result may be a 

consequence of the less wet over-winter period of this particular year (year 2) and less 

leaching if compared to year 1 (see Figure 7.6 and Section 7.5.3.2).  

 

The main drivers of the high nitrogen loads in Ireland are the high drainage volumes 

(i.e. high effective rainfall). According to Feaga et al. (2010b) the timing and quantity 

of rainfall over the year and especially in autumn (October to December) strongly 

influences the variations in the nitrate concentration fluctuations as well as nitrate mass 

losses. In particular, the authors found that the high leaching losses were related to the 

previous drier winter and the early post-harvest rainfall arrival (Feaga et al., 2010b). In 

this thesis the influences of previous year climatic conditions on nitrate losses during 

following year could not be determined based on the three year seasons observations. 

This research question is planned to undergo further investigations in the future using 

the long term nitrate leaching study results reported in Appendix 7.4.  

 

In addition the effect of year nitrate loads leached could also be a consequence of the 

over-winter temperatures, because the over-winter mineralisation rates are expected to 

be higher if winters are mild (i.e. the low temperatures are expected to reduce the 

microbial activity). In agreement with this, the year 1 sampling season had the highest 

mean daily temperature of the three seasons (i.e. 7.5°C/day; min. -5.9; max. 17.9 

°C/day for the period from 1
st
 October to 31

st
 March). Year 1 also had the overall 
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highest cumulative nitrate losses (58.46 kg NO3
-
-N/ha under reduced tillage, and 77.41 

kg NO3
-
-N/ha under conventional plough; see Figure 7.8). Furthermore the over-winter 

temperatures could have also influenced the early establishment and growth of green 

cover and its capability to take up the soil N. The highest amount of nitrate load 

reductions of the three year experiment under mustard cover were also observed in 

year 1 (although year 2 had even more significant reductions; Table 7.7), which could 

have been a result of better early green cover establishment due to milder winters 

during years 1 and 2 (but this was not measured at the field). The year 3 sampling 

season had the lowest mean daily temperature of 6.1°C/day (min. -5.0; max. 16.8 

°C/day for the period from 1
st
 October to 31

st
 March); and observed lowest nitrate load 

reductions under mustard cover (compared to no cover and natural regeneration). In 

addition, the wet summer during year 3 could have potentially caused these low nitrate 

load reductions. As noted in earlier Section 7.5.3.1, the soil N could have potentially 

leached already during the wet summer in year 3. In this case less soil N would be 

available for an early establishment and growth of over-winter green cover in autumn.  

 

The reduction in nitrate loads (Table 7.7) achieved by natural regeneration in year 1 

was not as obvious as in year 2. This could be a consequence of high initial nitrate 

concentrations of year 1 and the plant growth rates of various plant species under 

natural regeneration growth. As discussed in Section 7.5.1.4 the different plant root 

growth rates, including different rooting depth and rooting intensity also influence the 

plant’s ability to reduce the nitrate leaching (Thorup-Kristensen, 1993). Similar to 

mustard, during year 3 the over-winter natural regeneration growth was also estimated 

as the lowest of the three years due to occasional frost that damaged the over-winter 

green cover growth (personal observation) or a wet summer, which could potentially 

explain a non-significant result for year 3. 

 

7.6 Conclusions 

 

 Mustard cover was observed to be an effective measure for significantly 

reducing nitrate leaching. 

In this three year unsaturated zone study, the over-winter green mustard cover growth 

was observed to be an effective measure for significantly reducing nitrate leaching to 
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0.9 m depth from tillage land located on free-draining soil with high leaching potential 

under Irish climate An early autumn seeding of mustard crop was proven to be a 

reliable method to significantly reduce both the soil solution nitrate concentrations by 

> 70% (based on the geometric means; Tables 7.3 and 7.5; reducing the mean nitrate 

concentrations below the EU DW limit) and the over-winter nitrate loads by 48% (year 

1) to 83% (year 2), under both tillage practices (reduced tillage and conventional 

plough). 

 

 Natural regeneration under reduced tillage was found to significantly reduce 

the soil solution nitrate concentrations, but was still less effective than mustard. 

Natural regeneration under reduced tillage practice also significantly reduced soil 

solution nitrate concentrations, across the three over-winter seasons by 42% (based on 

geometric means; Table 7.3). Natural regeneration, under reduced tillage cultivation, 

was observed to be approximately one half as effective as the seeded mustard cover 

crop in reducing the nitrate concentrations. Soil solution mean nitrate concentration 

across three over-winter seasons (13.9 mg N/l) under natural regeneration with reduced 

tillage exceeded the EU DW nitrate limit by only c. one fifth. Considering that natural 

regeneration can be implemented at no seeding costs for farmers, it would be 

beneficial if its effectiveness could be improved.  

 

 Tillage practices had no significant effect on over-winter mean nitrate 

concentrations/loads. 

Tillage practices (i.e. reduced tillage and conventional plough) had no significant 

effect on over-winter mean nitrate concentrations across three years, nor on the yearly 

mean nitrate loads leached. Nevertheless, as explained above, the natural regeneration 

significantly reduced nitrate concentrations only under the reduced tillage practice. 

This result indicates that reduced tillage could have stimulated early establishment of 

natural regeneration (probably due to aeration of the soil in autumn and stimulating 

seed germination), but further research is necessary to verify this assumption. In 

particular, further studies would be recommended to evaluate the potential of reduced 

tillage cultivation practice to improve the efficiency of natural regeneration in reducing 

nitrate leaching, in connection with early autumn green-cover plant development 

stages, under different climatic scenarios and with varying natural soil seed biomass.  
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 The overall effect of the “year” on green cover treatments and on tillage 

practices was significant probably due to climatic conditions. 

In this study the natural regeneration treatments significantly reduced over-winter 

nitrate loads only during the single over-winter season (i.e. year 2), most probably due 

to interactions between the treatments and “year” which could have been induced by 

climatic variations [where “year” refers to the yearly effects – i.e. the effects of each of 

the three sampling seasons from 2006/2007 to 2008/2009]. In this context, mustard 

cover crop was found to be a more reliable method for reducing nitrate loads leached 

than the natural regeneration. The observed interactions between over-winter 

treatments and “year” indicate a strong influence of climatic conditions on the 

reductions in nitrate leaching losses in this experiment. Effective rainfall events prior 

to the beginning of over-winter treatments (i.e. summer and early autumn), and the 

amount of effective rainfall during the over-winter period seem to be the driving forces 

behind the “year” effects. 

 

 Interactions were observed between the “year” and green cover and differences 

between certain years within a single tillage practice. 

Strong interactions were found between the “year” and green cover treatments and 

between the “year” and tillage practices. Green cover treatments were significantly 

more effective in reducing nitrate loads during particular years. A significant 

difference between certain years within a single tillage practice treatment system was 

observed as well, although both tillage practices (conventional plough and reduced 

tillage) had no overall significant effect on overall over-winter nitrate leaching results.  

 

 Results indicated the high importance of the early establishment of green cover 

for reductions in nitrate leaching. 

Due to generally wet conditions during the over-winter green cover growth and fast 

transport of water from surface to greater depths, the early establishment of green 

cover is particularly important for reducing nitrate leaching losses on sites with low 

water holding capacity (such as the site in this experiment). Thus further studies on the 

implementation of the management practices that could potentially stimulate the early 

establishment of green cover (e.g. reduced tillage), making it more efficient in taking 

up the soil N under varying climatic conditions, could be beneficial. Further long-term 
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investigations of the use of different over-winter treatments to minimise nitrate 

leaching losses in connection with climatic influences are also recommended. 
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CHAPTER 8: REDUCING NITRATE 

CONCENTRATIONS IN THE SHALLOW 

GROUNDWATER UNDER TILLAGE LAND - THE 

SAWMILLS FIELD EXPERIMENT  

 

8.1 Introduction to the chapter and groundwater study 

This chapter presents a study of over-winter green cover as a measure for reducing 

nitrate leaching from tillage land to the saturated zone or shallow groundwater. It 

represents the next level of nitrate leaching investigations extended from the 

unsaturated zone small-scale experiment (Road Field experiment presented in Chapter 

7) to the large-scale groundwater experiment (Sawmills Field experiment, this 

chapter). This chapter consists of two parts: 

- Section 8.2, which is focused on reducing the nitrate concentration in shallow 

groundwater primarily using over winter green cover growth; and 

- Section 8.3, which is focused on dissolved organic carbon concentrations and 

physical-chemical parameters in the shallow groundwater in relation to the 

denitrification. 

An overall discussion of the shallow groundwater results follows in Section 8.4. 

Parts of discussions in Chapter 7 also refer to this chapter, for example the importance 

of cover crop management (e.g. time of sowing), and the issue of cover crops taking up 

the soil N, and releasing it to subsequent crop (Section 7.1.3.5). 

 

As discussed in Chapter 2, agriculture is known to be one of the dominating sources of 

groundwater contamination by nitrate. The influences of agricultural practices on 

groundwater quality in Ireland have been noted in the past, with several reports dating 

from 1980’s on. For example, Aldwell et al. (1983) found considerable impact of 

agriculture on groundwater quality in Ireland (related to, among others, groundwater 

recharge timing and fertiliser application timing). Research into reducing nitrate 

leaching through the unsaturated zone (via cover crops) dominates throughout the 

international literature to date, with numerous examples available (Chapter 7).  
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Documented increased nitrate concentrations in water supply wells in some parts of 

Ireland have been previously discussed in the literature reviews of Chapters 2 and 7. 

Examples worth mentioning again are Thorn (1986) [investigations of recharge water 

including Oak Park sites]; Coxon and Thorn (1989) and Thorn and Coxon (1992) 

[studies of various sand and gravel and karst limestone aquifers in Ireland including 

Barrow Valley]; whereas Daly and Daly (1984) also reported some local groundwater 

contamination in the Barrow Valley. More recently, elevated nitrate concentrations in 

several wells from Barrow Valley were found to approach or exceed the DW limit by 

Minet (2007). Ryan et al. (2001) stressed the importance of further investigations of 

strategies to minimise nitrate leaching risks to the groundwater in Ireland (e.g. using 

cover crops), with the special emphasis on groundwaters that are highly vulnerable to 

nitrate leaching, such as the tillage areas with light textured and shallow soils in Co. 

Carlow. 

 

This chapter presents the investigation of mitigation measures used to reduce nitrate 

concentrations in shallow groundwater. Section 8.2 of this chapter is focused on 

investigating nitrate concentrations in the shallow groundwater under over-winter 

green cover - i.e. whether the green cover treatments can reduce groundwater nitrate 

concentrations, primarily via plant N uptake. However, as cover crops (and green 

cover in general) can also affect the biological, chemical and physical processes in the 

soil and subsoils (Dabney et al., 2001), the groundwater dissolved organic carbon 

(DOC) and groundwater physical-chemical parameters (e.g. pH, temperature, 

dissolved oxygen etc.) were also monitored. DOC is known to be one of the limiting 

factors for groundwater microbial denitrification (Buss et al., 2005), which is, in 

addition to plant N uptake, another recognised natural groundwater nitrate attenuation 

process. For example, a review by Spalding and Exner (1993) reported some studies 

located in the Coastal Plain, USA, in which a sufficient amount of DOC was 

percolating to the shallow groundwater, suggesting possible nitrate loss via 

denitrification (microbial reduction of nitrate; see Chapter 2, Table 2.1). It was 

assumed that dissolved organic matter in the shallow groundwater acted as electron 

donors for denitrification (Spalding and Exner, 1993). Section 8.3 of this chapter 

presents the supplementary results of DOC concentrations in shallow groundwater 

under over-winter green cover treatments in relation to the potential role of DOC in 

groundwater denitrification.  



Evaluation of measures to reduce                .                       . 
Chapter 8                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

230 

8.2 Over-winter green cover as a measure for reducing 

groundwater nitrate concentrations  

 

8.2.1            Selected literature review on the role of over winter green 

cover for reducing groundwater nitrate concentrations 

 

Previous Irish studies and current research needs involving the use of over-winter 

green cover, focused on the unsaturated zone, have been already reported in Chapter 7. 

This is the first Irish study based on the direct monitoring of shallow groundwater 

quality under over-winter green cover treatments -natural regeneration and mustard 

cover crop. Nevertheless, groundwater studies from other countries on reducing nitrate 

losses using cover crops, which include direct monitoring of groundwater nitrate 

concentrations, have been reported. These studies are less numerous than the studies 

based on unsaturated zone monitoring.  

 

Beneficial properties of cover crops for improving the groundwater quality were 

reported by several authors. Table 8.1 provides a brief overview of some selected 

examples of studies that include the direct monitoring of shallow groundwater quality 

(e.g. by regular groundwater sampling), but also some relevant unsaturated zone 

studies (mainly if these studies included monitoring of the subsoil depths close to or 

below the groundwater level). Similar to examples reported in Chapter 7, winter rye 

(Secale cereal) and ryegrass (Lolium perenne, Lolium multiflorum) are frequently used 

over-winter cover crops (Table 8.1). A good ability of these cover crops to reduce 

groundwater nitrate concentrations was reported by e.g. Meisinger et al. (1991), 

McLenaghen et al. (1996), Staver and Brinsfield (1998). Torstensson and Aronsson 

(2000) also observed annual N leaching reductions by 29% to 80% (Table 8.1). Feaga 

et al. (2010b) used a variety of cover cops (rye, triticale, rye/wheat hybrid, common 

vetch/triticale mix) and achieved general N reductions under cover crop treatments by 

up to 29% (fertilised) and 41% (non fertilised).  

 

In addition to rye and ryegrass, mustard (Sinapsis alba) has been also recognised to 

have a good potential in reducing nitrate leaching to groundwater in some studies. 
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Studies on mustard cover crop are mainly based on unsaturated zone monitoring. A 

lysimeter study by McLenaghen et al. (1996) [using a variety of cover crops: rye, 

mustard, ryegrass, winter field beans, bitter blue lupins], observed reductions by c. 

44% under mustard cover compared to fallow (which included the growth of 

volunteers; Table 8.1). Examples of the use of mustard cover crop and examples of 

studies using over-winter natural vegetative growth (or natural regeneration, including 

natural growth of weeds and cereal volunteers) for reducing nitrate leaching losses to 

the unsaturated zone are reported in Chapter 7 (Table 7.9). 

 

However, cover crops are not always necessarily successful in uptaking significant 

amounts of N prior to leaching. An earlier mentioned study (see Chapter 7) by Ritter et 

al. (1998) is an example of cover crops failing to reduce nitrate concentrations in the 

groundwater: the authors observed no significant difference in soil and groundwater 

nitrate concentrations between no cover and the rye winter cover crop (Table 8.1). The 

authors stressed the importance of an appropriate planting date for cover crops to 

maximize their nitrogen uptake rates in the autumn (Ritter et al., 1998).  

 

Reducing nitrate leaching in the rooting zone may not always mean that the 

groundwater nitrate concentrations are also consequently reduced. For example, Staver 

et al. (1991) found substantial reductions of the soil nitrate pool, in the soil profile, via 

rye cover crop growth; but an increase in nitrate concentrations in the groundwater 

(Table 8.1). The authors explain this result to be a possible consequence of the lag time 

between leaching rate changes and groundwater nitrate concentration changes (Staver 

et al., 1991). In addition, the  groundwater nitrate distribution and nitrate dynamics are 

known to be controlled by several factors, such as the source of the contamination, 

unsaturated zone properties and thickness, aquifer properties, various environmental 

and climatic conditions, groundwater flow and solute dispersion etc. (Spalding and 

Exner, 1993). Obviously the site-specific hydrogeological properties of unconsolidated 

sediments will influence the solute travel times through the unsaturated zone to 

shallow groundwater (see Chapters 5 and 6). Therefore, in order to evaluate the 

potential effect of over-winter green cover treatments on the quality of shallow 

groundwater, it is essential to frequently monitor the actual saturated zone.  
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Table 8.1 Examples of studies on use of over-winter green cover growth for reducing 

nitrate losses to shallow groundwater  

 
Study by 

 
Location & soil 
type 

 
Study type &  
over-winter green-cover 

Nitrate 
concentrations/losses 
to groundwater 
reduced 

Meisinger et al. 
(1991)c 

Maryland Atlantic 
Coastal Plain, Mid-
Atlantic states, 
USA; silt loam soil 

Groundwater; 1-year corn production; 
cover crop treatments: rye cover crop and 
no cover 

 
yes c, e  

Staver  et al. 
(1991) 

Mid-Atlantic Coastal 
Plain, USA, Mid-
Atlantic states, 
USA; sitly and 
moderately well-
drained soil; shallow 
unconfined aquifer  

Leaching and groundwater study; single 
year recharge monitoring in an extended 5-
year study; groundwater between 0.9 and 
3.9 m deep; corn production; winter rye  
cover crop 

 
yes c -for soil profile; 
 
no c -for groundwater 
concentrations 
(increased) 

Staver and 
Brinsfield (1998) 

Coastal Plain of 
Chesapeake Bay, 
Maryland, Mid-
Atlantic states, 
USA; sandy soils; 
shallow 
groundwater 

Leaching study (root zone leachate); 
continuous corn production; cover crop 
treatments: winter rye 7years; winter fallow 
3 years 

yes c,f 

Ritter et al. (1998) Delaware in USA, 
Mid-Atlantic states, 
USA; shallow 
groundwater 

Leaching and groundwater study; irrigated 
corn production; 3-year study; wells 3.0 
and 4.5 mbgld; water table from 1.5 to 3.5 
mbgl; winter rye cover crop; conventional 
tillage and no-tillage 

 
no a2, g - for both, soil 
and groundwater 
nitrate concentrations 

Torstensson and 
Aronsson (2000)c 

South-west 
Sweden, sandy soil 
and loamy sand 
subsoil, soil 
covering glacifluvial 
clay 

Leaching study using drains at 0.9 m; 5-
year study on cropping systems; 
groundwater level at 0.7 to 1.5 mbgl; cover 
crop treatments: perennial ryegrass, Italian 
ryegrass, winter rye, no cover 

 
yes c*,g  

Feaga et al. 
(2010b) 

Oregon, USA 
(maritime climate); 
fine silty, mixed 
glaciolacustrine 
soils;  

Leaching study using passive 
capillary samplers at 1.2 m depth for 
sampling in the unsaturated and saturated 
conditions; long term (11-year) field study; 
spring vegetable production; variety of 
cover cops: winter rye, triticale, rye/wheat 
hybrid, common vetch/triticale mix 

 
yesa1, h 
 

McLenaghen et al. 
(1996) 

Lincoln, Canterbury, 
New Zealand; 
moderately and well 
drained soil 
overlying sand and 
gravel  

Leaching study following the autumn 
ploughing (undisturbed soil monolith 
lysimeters at 2.5m deep); c. 80 days 
monitoring; cover crops: rye; mustard; 
ryegrass; winter field beans; bitter blue 
lupins 

yesa1, i  (rye and 
ryegrass) 
 

 

a1 statistically significant reduction; a2 statistically non-significant; b reduced losses not always significant; c no 
information on significance of the reported results; d mbgl ... metres below ground level; e ...reduction based on 
groundwater concentrations measured during winter and spring; f ...average annual reduction under treatments with 
cover crops compared to fallow; g ...average reduction based on annual loads; h ...average reduction based on 
annual  concentrations and loads compared to fallow; i ...reduced N losses using cover crops if  compared to fallow, 
which included volunteer species 
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8.2.2 Study justification, aims, objectives and stated hypotheses  

 

The literature review given in the introduction part (Section 8.2.1) of this chapter and 

in Chapter 7 shows that there are still some remaining uncertainties that are open to 

further investigations in relation to cover crops used as measures for reducing nitrate 

concentrations in shallow groundwater.  

- First, contradictory reports on nitrate reductions from arable land under cover 

crops can be found throughout the literature.  

- Second, the use of rye and ryegrass cover crops and the unsaturated zone 

monitoring dominate the literature to date; whereas studies on the use of over-

winter mustard cover crop and natural regeneration growth with direct 

monitoring of shallow groundwater are infrequent within the literature.  

- Third, no such studies involving an experiment specifically designed for the 

direct monitoring of nitrate concentrations in the shallow groundwater, and 

involving mustard and natural regeneration over-winter green cover treatments, 

located on a free-draining tillage land, have previously been carried out in 

Ireland.  

Therefore, the main aim of this study was to evaluate the implementation of over-

winter green covers (mustard and natural regeneration) as measures for reducing 

nitrate leaching from tillage land in Ireland [from the soil with high leaching risk - a 

“worst case” scenario; see Chapter 7], to the shallow groundwater; and consequently, 

as measures to potentially reduce groundwater nitrate concentrations. This saturated 

zone study aimed to evaluate whether nitrate concentrations in shallow groundwater 

can be reduced using over-winter green cover treatments over three drainage years, 

under Irish climatic conditions. As explained in Chapter 5, a field experiment 

(Sawmills Field experiment) was set up on a vulnerable free draining soil with low 

water holding capacity in south-eastern Ireland. This study examined measures for 

reducing nitrate leaching to shallow groundwater (top few metres of the saturated 

zone), over three drainage years 2006/2007 - 2008/2009.  
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This study examined the following measures to reduce nitrate leaching: 

- three over-winter green cover treatments:  

-  mustard cover crop (M);  

-  natural regeneration (NR); and  

- no cover (NC), [land was sprayed in autumn with herbicide, 

preventing any vegetative growth; see Chapter 5]; 

All three over-winter green cover treatments had a single cultivation practice – 

conventional ploughing (CP). 

 

The overall general hypothesis that was investigated in the context of this study is as 

follows: 

 

● No significant differences in groundwater nitrate concentrations can be 

observed under different management practices (over-winter green cover 

treatments). 
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● Significant differences in groundwater nitrate concentrations can be 

observed under different management practices (over-winter green cover 

treatments). 
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The following specific objectives and associated detailed hypotheses were investigated 

in this study: 

 

- Objective 1 - Investigation of effects of over-winter green covers on the groundwater 

nitrate concentrations if compared to no cover: 

Hypothesis I - If compared to no cover, significantly lower nitrate concentrations can 

be observed in shallow groundwater under over-winter green cover treatments: 

a   mustard;  

b   natural regeneration. 

 

- Objective 2 - Investigation of the difference between effects of different over-winter 

green covers on nitrate leaching to shallow groundwater: 
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Hypothesis II - Significant difference can be observed between nitrate concentrations 

in shallow groundwater under the mustard cover compared with the natural 

regeneration cover. 

 

- Objective 3 - Investigation of nitrate concentrations in the groundwater under green-

cover treatments in relation to the Drinking Water (DW) limit provided by Nitrates 

Directive and EU Water Framework Directive: 

Hypothesis III – Nitrate concentrations in shallow groundwater can be reduced to or 

below the DW limit by the implementation of over-winter green cover growth:  

a mustard;  

b natural regeneration. 

 

 

8.2.3 Materials and methods  

8.2.3.1 Site characteristics, experimental setup and field 

management 

The detailed description of site characteristics and the experimental setup of Sawmills 

Field are provided in Chapters 5 and 6 and the accompanying appendices. As 

explained in Chapter 5, the Sawmills Field experiment represents a large-scale 

experiment under spring cereal production (mainly spring barley - i.e. 2007-2009; see 

Table 8.2) The Sawmills Field land has been under continuous tillage for over 15 

years. The experiment consists of the following three main treatment plots (c. 1.5 ha in 

size, see Chapter 5, Figure 5.3) with the over-winter green cover treatments, 

established in 2006 and monitored over three years (2006/2007 to 2008/2009):  

- NR - natural regeneration (i.e. regeneration of natural vegetative growth),  

- M - mustard cover crop and  

- NC - no-cover (i.e. treatment sprayed each year with herbicide in autumn after 

the harvest of spring cereals).  

 

Preliminary hydrogeological investigations and groundwater monitoring network 

design are described in detail in Chapter 5 and Premrov et al. (2008a). As explained in 

Section 5.3.3, the location and orientation of treatment plots and their instrumentation 

was done based on the hydrogeological properties of the site, in order to avoid any 

unsuitable areas and overlapping of the treatments (due to groundwater flow). This 
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resulted in selection of an area that was as hydrogeologically uniform as possible. The 

main treatments/installations were orientated parallel to the dominant groundwater 

flow direction to minimise the overlapping effect and the potential effect of 

surrounding fields due to dominant groundwater flow.  

 

Information on the Sawmills Field management during the period from 2004 to 2009 is 

provided in Table 8.2; whereas full detailed field management data from 2000 to 2009 

are provided in Appendix 8.1. During 2004 to 2009, the annual fertiliser N application 

at the Sawmills Field ranged from 115 kg N/ha (in 2006) to over 280 kg N/ha (in 

2005). During 2007 to 2009 the annual N fertiliser application rate was 135 kg N/ha, 

corresponding to the maximum permitted annual fertilisation rate of N on tillage crop, 

according to the “Good agricultural practice for protection of waters, Regulations” 

(Stationery Office Dublin, 2006a, 2009). In 2004 and 2005 the annual N fertilisation 

rate exceeded this limit. KCl was also applied at the Sawmills Field with an annual 

application rate from 34.5 to 142.9 kg Cl
-
/ha 2004 to 2009. [Note: The reported kg Cl

-

/ha rate includes Cl
- 

from both applied KCl fertiliser and from applied slurry, and it 

was recalculated from KCl application rates provided in kg K/ha using molar mass, as 

well as from slurry application of kg K/1000 l slurry in 2005; see notes to Table 8.2]. 

Similar to N, the maximum KCl application rates again occurred during 2004 and 2005 

(see Table 8.2). The mustard cover crop seed rate was kept constant throughout the 

duration of experiment at 10 kg seed/ha (see Table 8.2). 
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Table 8.2 Sawmills Field management (2004 to 2009) 

 

Time of application Type of  Application Annual application 

2004 

 
Winter oats 

 Late March, Mid April 
September  

N applicationb  
Cattle slurryc 22000 l/ha 

212.0 kg N/ha 
171.1 kg Cl/hae (KCl + slurry) 

Early February KCld 94.0 kg K/ha (from KCl only) 

2005 

 
Winter barley 

 Early July, Early 
November 

September 
N applicationb 

Cattle slurryc 22000 l/ha 
287.0 kg N/ha 
142.9 kg Cl/hae (KCl + slurry) 

Late February KCld 63.0 kg K/ha (from KCl only) 

2006 

Early March Spring wheat  140 kg seed/ha 

Mid April Early May N applicationb  115.0kg N/ha 

Mid April KCld 34.5 kg Cl/ha 

Mid September Mustard (broadcasted, shallow tine cultivated, rolled) 
38.0 kg K/ha 
10 kg seed/ha 

Early November Herbicide applied to no vegetation cover treatment  3 litres/ha  

2007 

Mid February Herbicide applied to no vegetation cover treatment 3 l/ha  

Late March Spring barley  145 kg seed/ha 

Late April, Early May N applicationb  135.0 kg N/ha 

Mid May KCld 68.0 kg Cl/ha 

Mid September Mustard (broadcasted, shallow tine cultivated, rolled)  
75.0 kg K/ha 
10 kg seed/ha 

Late October Herbicide applied to no vegetation cover treatment  2 litres/ha 

2008 

Mid March Mustard chopped 
 Late March Spring barley  150 kg seed/ha 

Mid April, Early May N applicationb  135.0 kg N/ha 

Late April KCld 90.7 kg Cl/ha 

Late September Mustard (broadcasted, shallow tine cultivated, rolled) 
100kg K/ha 
10 kg seed/ha 

Late October Herbicide applied to no vegetation cover treatment  2 litres/ha 

2009 

Mid March Spring barley 166 kg seed/ha 

Mid April, Early May N applicationb  135.0 kg N/ha 

/a KCld No dataa 

Early September Mustard (broadcasted, shallow tine cultivated, rolled) 
 Mid October Herbicide applied to no vegetation cover treatment 2 litres/ha 

a... missing data; b...Inorganic fertiliser , mainly “Super Nett” (27%N + 3.7%S));  c... 1m3 (or 1000 litres or 1tonne) of 
cattle slurry contains 5kg N and 0.8 kg P (Stationery Office Dublin, 2009), and 4.3kg K (DAFF and DoE, 1996). K 
has been used as an estimate for Cl – i.e. K is present in form of salts (mainly originating from urine (Burton and 
Turner, 2003)). Here estimated content of Cl is based on KCl (4.3 kg K/1000 l slurry = 3.9 kg Cl/1000 l slurry). It 
should be kept in mind that the Cl content of slurry can be different than the value estimated here (other salts cal 
also contain Cl- and may be present in the slurry);  d ...KCl application rate was provided in kg K/ha and it was 
recalculated to kg Cl-/ha rates using molar masses of K (0.0391 kg/mol) and Cl- (0.0355 kg/mol) where  1 kgK/ha = 
0.0355/0.0391 kg Cl-/ha; e ...annual Cl- application rate including both, KCl and slurry. 



Evaluation of measures to reduce                .                       . 
Chapter 8                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

238 

8.2.3.2 Experiment instrumentation, measurements, sampling, and 

laboratory analysis 

A detailed description of the Sawmills Field instrumentation is provided in Chapter 5 

and the accompanying appendices. In brief, 20 monitoring piezometers (12 

piezometers under different treatments and 8 surrounding piezometers, with one 

piezometer P9 excluded; see Chapter 5, Figure 5.3) were installed to a depth of c. 4 m 

below ground level at the Sawmills Field in 2006. [Note: P9 was excluded from the 

results due to uncertain history of the land at this particular location - personal 

communication Teagasc, Oak Park, 2007]. In addition, ceramic suction cups were also 

installed in three pairs surrounding each of twelve piezometers in the treatment plots: 

one deep suction cup at 1.5 metres and one shallow at 0.9 metres depth (see Chapter 5, 

Section 5.3.3). As explained in Chapter 5 the suction cups were installed as a 

precaution if piezometers would not yield results within the 3-year period of this field 

investigation. Groundwater monitoring yielded results on nitrate concentration 

reductions under green cover treatments during the 3-year monitoring period; 

therefore, the soil solution supplementary results from the Sawmills Field suction cups 

are reported only in Appendix 8.2. Suction cups were monitored only during the first 

two over-winter seasons of the Sawmills Field experiment. It should be noted that the 

unsaturated zone results from Sawmills Field experiment are reported only in the 

Appendices to Chapter 8 because the suction cup installation at Sawmills Field 

accompanied each treatment piezometer and therefore it was not statistically 

randomised. For this reason in this doctoral research the unsaturated zone results were 

used only from the statistically designed Road Field experiment provided in Chapter 6. 

Although the suction cup results from Sawmills Field were not statistically analysed 

(for the reasons explained above), they generally support the findings from this chapter 

and Chapter 7: initial nitrate soil solution concentrations from 0.9 m and 1.5 m depth 

were generally high at the start of experiment (>80 mg NO3
-
-N/l), and they dropped 

over the time (<20 mg NO3
-
-N /l at the end of 2007/2008 season). The results also 

indicate that soil solution nitrate concentrations under the mustard treatment were the 

lowest (see Figure Apx.8.2.1). 

 

The groundwater level in each piezometer was measured and recorded prior to each 

sampling (methodology is described in Chapter 5, Section 5.2). Groundwater was 

sampled at 14 day intervals (and occasionally on a more frequent basis) after removing 
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3 well volumes using a Solinst peristaltic pump. Groundwater samples were filtered 

on-site using 0.45 µm filters (Filtropur S 0.45 filters, Sarstedt, Nümbercht, Germany) 

and syringe. All water samples were transported in cold boxes and stored at c. 4º C 

until laboratory analysis, which was generally performed within 24 to 48 hours of 

sampling. Suction cups were sampled according to the method described in Chapter 7, 

Section 7.3.2. Laboratory analysis was performed in the water-laboratory in Johnstown 

Castle, Wexford using a Thermo Konelab 20 discrete auto-analyser (Thermo 

Scientific, Finland) for colorimetric analysis of TOxN (total oxidised N), NO2
-
-N, 

NH4
+
-N, Cl

-
 and P. NO3

-
-N was calculated by subtracting NO2

-
-N from TOxN. The 

main detection limits of the Konelab auto-analyser are given in Appendix 7.2.1). 

 

Random sampling of plants (over-winter green cover and spring barley) was done each 

year using 0.5 x 0.5 m frames for measurements of plant biomass and plant N uptake. 

Over-winter green cover was sampled prior to spring ploughing (in late January 2007, 

late February 2008 and mid February 2009). 10 random samples per treatment plot 

were taken from the mustard and natural regeneration treatments each c. 1.5 ha in size 

[Note: 11 additional samples were also sampled from the surrounding area - see 

Chapter 5, Figure 5.3 an area of c. > 2 ha, with natural regeneration growth, but not an 

actual treatment plot]. 2009 had poor over-winter plant growth and consequently some 

samples had to be bulked together prior to processing the samples for the plant N 

analysis. Spring barley plant biomass sampling was also performed prior to the autumn 

harvest in years 2007 (June) and 2008 (August) with results provided in Appendix 8.3, 

Apx.8.3.2. The collected plant samples were washed and dried (until constant dry 

weight) at 85° to 95° C. After drying and weighing, the samples were prepared for the 

laboratory analysis on plant N content. Plant Kjeldahl digestion was done with the 

support of Teagasc technical staff using sulphuric acid and hydrogen peroxide 

according to the standard procedures of plant and soil laboratories of Johnstown Castle 

Research Centre in Wexford (see Appendix 8.3, Apx.8.3.1). Laboratory analysis of the 

Kjeldahl digestate for obtaining the N% and P% of dry matter, was done on a Burkard 

Series 2000 continuous segmented flow analyser (Uxbridge, U.K.). 

 

The effective drainage (or effective rainfall), which mainly represents groundwater 

recharge (Chapter 4, Section 4.6.6), was estimated by computing it with the SMD-crop 
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model (Premrov et al., 2010) using daily measured input parameters from the Oak Park 

on-site weather station (see Chapter 4, Section 4.5.4 and Chapter 7, Figure 7.5). 

 

8.2.3.3 Statistical analysis 

The statistical analysis was done using SAS Version 9.1 with Glimmix function and 

the computer facilities provided at the Teagasc, Johnstown Castle Research Centre in 

Wexford. This statistical analysis required professional support, which was provided 

by an experienced statistician Dr. Laura Kirwan, specialised in the analysis of results 

from environmental and ecological studies and in SAS programming language. Dr. 

Laura Kirwan performed programming work in SAS. The statistical analysis focuses 

on testing the hypotheses stated in Section 8.2.2. This analysis was done on all 

groundwater results including the results reported in Section 8.3 – i.e. including 

groundwater solute concentrations, physical-chemical parameters and water level over 

3-year time period. The correlations between the groundwater solute concentrations, 

groundwater levels (which depend on recharge) and major physical-chemical 

groundwater parameters were also evaluated (see discussion in Section 8.4).  

 

Statistical analysis on groundwater results was performed in SAS by first averaging the 

concentrations/parameters over time for each treatment (4 piezometers per treatment 

for three treatments: M, NC, and NR see Appendix 8.4) and checking the normality 

using the Anderson-Darling test. The normality was showed to be present for 

groundwater results, and therefore log transformation of data was not necessary. This 

was followed by ANOVA to obtain residuals. The effects of green cover treatments on 

groundwater solute concentrations and the groundwater physical-chemical properties 

were assessed by fitting generalised linear mixed models (GLMM) to the average 

responses over the monitoring time. A GLMM is an extension to a generalized linear 

model in which the model contains random effects in addition to the usual fixed 

effects. A random effect was included to account for the non-independence of wells 

due to their spatial layout (i.e. because it was not possible to design the randomised 

groundwater experiment; see Chapter 5). The model included a variance component 

for this random effect, to model the spatial correlation. Prior to analysis, a 

straightforward regression (without spatial variance-covariance) was first performed 

on data to check whether transformation was required. The spatial variability was 
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included in the model (see Appendix 8.4). A variogram was produced by plotting the 

covariance (measure of the lack of correlation between the points based on 

piezometers’ coordinates). The variogram indicated that the closer the points, the 

higher the correlation. The covariance structure for the random effect was selected by 

comparing goodness-of-fit among models with Gaussian, power, anisotropic power, 

exponential and spherical structures using Akaike’s Information Criterion (AIC). The 

Gaussian spatial structure was selected using the AIC as the most appropriate structure 

for groundwater data and it was included in the model (see Appendix 8.4).  

 

Welch two-sample T-test statistical analysis of plant dry biomass and plant N uptake 

data was performed independently and separately from above statistical analyses using 

R version 2.11.1 (The R Foundation for Statistical Computing, 2010). 

 

8.2.4 Results 

8.2.4.1 Groundwater solute concentrations under the green cover 

treatments and accompanying groundwater seasonal trends 

 

 Mean groundwater NO3
-
-N concentrations 

Mean nitrate (NO3
-
-N) concentrations over the period of three years detected in the 

shallow groundwater under the different treatments were 18.0 mg N/l under the 

mustard cover crop, 22.4 mg N/l under natural regeneration, and 23.9 mg N/l under the 

no cover treatment (Table 8.3). Significantly lower mean groundwater NO3
-
-N 

concentrations if compared to no cover were observed under the mustard treatment (p 

= 0.018; Table 8.3). The statistical analysis showed “borderline significantly lower” 

groundwater NO3
-
-N concentrations under the mustard treatment compared to natural 

regeneration (p = 0.065; Table 8.3); whereas groundwater nitrate concentrations were 

not significantly lower under natural regeneration than under no cover (p = 0.51; Table 

8.3). 
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Table 8.3 Treatment means of groundwater solute concentrations presented along with 

standard errors of differences among them, and comparisons of treatment means 

conducted using t-tests derived from the GLMM applied to each response (averaged 

over time)  

 Covera Mean 
Comparing 
covers 

St. err. 
[difference] 

Test of 
difference 
t15  b p-value* 

NO3--N M 18.0 M vs. NR  -1.99 0.065 

 NR 22.4 M vs. NC  -2.67 0.018 

 NC 23.9 NR vs. NC 2.23 -0.68 0.510 

NH4+--N M [0.040] c M vs. NR  [1.57] c [0.138] c 

 NR [0.033] c M vs. NC]  [-0.66] c [0.519] c 
 NC [0.043] c NR vs. NC  [0.00420] c [-2.23] c [0.042] c 

Cl M 26.2 M vs. NR  -0.28 0.785 

 NR 27.1 M vs. NC  -1.36 0.193 

 NC 30.8 NR vs. NC 3.36 -1.09 0.294 

P M [0.0043] c M vs. NR  [-0.14] c [0.893] c 

 NR [0.0044] c M vs. NC  [-0.49] c [0.631] c 

 NC [0.0046] c NR vs. NC [0.000555] c [-0.35] c [0.729] c 
a  M…Mustard; NR…Natural regeneration; NC…No cover; b t15…df (degrees of freedom) = 15;  
c  results below the method detection limit (MDL) are given in brackets [ ] and in italic, MDL (NH4+--N) = 0.09 mg N/l, 
MDL(P) = 0.005mg P/l.  
* significant p-values are given in bold (p < 0.05) 

 

The NO3
-
-N groundwater concentrations were plotted separately for each treatment 

over time (piezometers averaged per each treatment: mean of four piezometers per 

treatment) in Figure 8.1a. Elevated NO3
-
-N concentrations can be observed in Figure 

8.1a at the start of this experiment in 2006. At the start of this experiment in 

2006/2007, the observed mean treatment concentrations (mean of four piezometers per 

treatment) ranged from 17.4 to 50.9 mg N/l, with the latter exceeding the DW limit by 

more than four times (Figure 8.1a). These concentrations then gradually decreased 

during the following two sampling seasons: ranging from 8.7 to 25.1 mg N/l for 

2007/2008 and from 6.8 to 19.4 mg N/l for 2008/2009 (Figure 8.1a). 

 

The mean NO3
-
-N groundwater concentrations over the 3-year period (Table 8.3) 

exceeded the drinking water (DW) limit of 11.3 mg/l NO3
-
-N under all three green-

cover treatments. However, Figure 8.1a shows a consistent drop of NO3
-
-N 

concentrations in the groundwater over time under all three treatments. The NO3
-
-N 

concentrations under the mustard cover dropped below the DW limit during the second 

over-winter season (in 2008; Figure 8.1a). 
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The complementary results from the sampled suction cups from the Sawmills Field (of 

two over-winter seasons 2006/2007 and 2007/2008) are provided in Appendix 8.2. 

Similarly to groundwater nitrate concentrations the results in Figure Apx.8.2.1 also 

show initially elevated nitrate soil solution concentrations during the first drainage 

season (2006/2007) and lower concentrations during the second drainage season 

(2007/2008). 

 

 Mean groundwater Cl
- 
concentrations  

Mean chloride (Cl
-
) concentrations over the period of three years (Table 8.3) detected 

in the shallow groundwater under different treatments were 26.2 mg Cl/l under the 

mustard cover crop, 27.1 mg Cl
-
/l under the natural regeneration, and 30.8 mg Cl

-
/l 

under the no cover treatment. There was no statistically significant difference among 

green cover treatments (Table 8.3).  

 

The Cl
- 

groundwater concentrations were plotted separately for each treatment over 

time (piezometers averaged per each treatment: mean of four piezometers per 

treatment) in Figure 8.1b. High Cl
- 

concentrations were observed at the start of the 

experiment during the 2006/2007 sampling season for all three treatments (Figure 

8.1b). In 2006/2007 the observed treatment groundwater concentrations (mean of four 

piezometers per treatment) ranged from 17.1 to 72.1 mg Cl
-
/l (Figure 8.1b). Similar to 

NO3
-
-N, these groundwater Cl

- 
concentrations also gradually decreased during the next 

sampling season 2007/2008 (ranging from 14.2 to 30.5 mg Cl
-
/l), with a slight increase 

during the 2008/2009 season compared to 2007/2008 (ranging from 21.0 to 39.5 mg 

Cl
-
/l; Figure 8.1b).  

 

Plotting groundwater nitrate concentrations vs. chloride concentrations under the three 

different green cover treatments indicated linear relationships [R
2
 = 0.58 for mustard, 

R
2 

= 0.70 for natural regeneration and R
2 

= 0.66 for no cover; see Figure 8.2]. Figure 

8.2 also indicates lowest NO3
-
-N/Cl

-
 ratio for mustard cover (as expected, having the 

lowest groundwater NO3
-
-N concentrations of the three treatments). 
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Figure 8.1 Observed groundwater nitrate (a) and chloride (b) concentrations over the 

time under the three green cover treatments (mean of four piezometers per treatment) 

in relation to (c) effective rainfall and  groundwater level  (WL);  error bars represent 

standard error 
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Figure 8.2 Observed groundwater nitrate concentrations vs. chloride concentrations 

under three different green cover treatments  

 

 

 Mean groundwater NH4
+
-N and P concentrations 

Mean ammonium nitrogen (NH4
+
-N) concentrations over the period of three years 

detected in the shallow groundwater under all treatments (Table 8.3) were below the 

method detection limit of 0.09 mg N/l (Appendix 7.2). The mean groundwater 

phosphorus concentrations (P), measured as dissolved reactive phosphorus (DRP) 

under all treatments (Table 8.3) were below the method detection limit of 0.005 mg/l 

(see Appendix 7.2).  

 

 Groundwater seasonal trends: water level in relation to effective rainfall
 
 

Measured average groundwater levels from 20 piezometers ranged from c. 55.18 to 

57.05 maOD (1.32 to 3.27 mbgl or metres below ground level) during the three year 

monitoring period, with a mean value of 55.02 maOD or 2.38 mbgl; see Figure 8.1c 

[Note: R2 is the square of the Pearson product moment correlation coefficient 
through the given data points] 
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and Figure 4.9 in Chapter 4). Figure 8.1c shows that measured high groundwater levels 

are related to the periods with high effective rainfall intensity (mm/day) and frequency 

(days with effective rainfall), with only a slight time lag (estimated at c. 65 days; see 

Chapter 4, Figure 4.9). 

 

8.2.4.2 Over-winter green cover biomass and plant N uptake 

The mustard cover achieved higher biomass than natural regeneration during the over-

winter period of the second year of the experiment (year 2007/2008; Table 8.4). 

Mustard achieved higher plant N uptake than natural regeneration during all three 

years of the experiment (Table 8.4). Plant P uptake data are provided in Appendix 8.3. 

 

Table 8.4 Dry matter (DM) plant biomass and plant N uptake by over-winter green 

cover 

 

Over-winter  
green cover 
(N=10/treatment) 

DM biomass (st.dev) 
 

Plant N (st. dev.) 
[N% of DM] 

2007 
Mustard (M) 
 

119.6 g/m2 (31.96) 
 

3.1 g/m2 (0.481) or 31kg/ha 
[2.64 N%] 

Natural regeneration 
(NR) 
 

122.3 g/m2 (57.21) 
 

2.4 g/m2 (0.674) or 24kg/ha 
[2.10 N%] 

 
T-testd (M vs.NR) b  p = 0.806 p < 0.05* 

 
2008 

Mustard (M) 
 

337.1 g/m2 (76.80) 
 

8.1 g/m2 (1.684) or 81kg/ha 
[2.43 N%] 

Natural regeneration 
(NR) 
 

165.9 g/m2 (66.86) 
 

3.9 g/m2 (1.952) or 39kg/ha 
[2.40 N%] 

 
T-testd (M vs.NR) b  p < 0.001* p < 0.001* 

2009 
Mustard (M) 
 

15.8 g/m2 (7.86) 
 

0.6 g/m2 (0.246) or 6kg/ha 
[4.29 N%] 

Natural regeneration 
(NR) 
 

8.7 g/m2 (11.04) 
 

0.3 g/m2 (0.356) or 3 kg/ha 

[2.53 N%] 
 
T-testd (M vs.NR) b p = 0.120 p < 0.05* 
 
Note: *... statistically significant at 0.05 level; a ...M data were not normally distributed, after natural logarithm 
transformation Shapiro-Wilk normality test p > 0.005; b ...M and NR data normally distributed; b ...M data 
normally distributed but the Shapiro-Wilk normality test of NR data had p > 0.005; natural logarithm 
transformation of NR data still provided the same normality at 0.005 level; d ...Welch two-sample T-test (analysis 
performed in R version 2.11.1 (The R Foundation for Statistical Computing, 2010) 
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8.3. Groundwater DOC and accompanying physical-

chemical properties under different over-winter green covers 

 

8.3.1 Selected literature review on the groundwater DOC  

 Introduction to groundwater DOC in relation to over-winter green cover 

on tillage land 

Dissolved organic carbon (DOC) in groundwater can have an important role in the 

biogeochemistry of aquifers and it also accounts for an important part of the global soil 

carbon pool, and therefore it should not be neglected. As highlighted in a recent review 

(Chantigny, 2003), often only incomplete and sometimes contradictory information 

can be found regarding the effect of land use and management practices on the 

dissolved organic matter (DOM) in soils. Despite the existing publications on plant 

organic matter export from arable land and grassland, according to Chantigny (2003) 

there is still a need for further field investigations. The composition of DOM found in 

the soil is generally a reflection of the composition of total soil organic matter (SOM) 

(Zsolnay, 1996). Thus land management practices influencing the SOM amount, 

composition and dynamics should also influence the dissolved components of organic 

matter (e.g. DOC), which can be potentially leached to greater soil depths and to 

shallow groundwater. Cover crops have been generally proven to effectively add to the 

soil organic carbon content such as in studies performed by Kuo et al. (1997) and 

Steenwerth and Belina (2008). Sainju et al. (2006) indicate the possible importance of 

cover crops to increase carbon storage via increased residue return to the soil. Vinther 

et al. (2006) studied the unsaturated zone DOC on a spring cereal system (with grass-

clovers ploughed prior to sowing of spring cereals and followed by either cover crops 

or bare soil) located on loam and coarse sandy soil in Jutland, Denmark. Their study 

showed that higher amounts of DOC were lost to the unsaturated zone via leaching 

under the perennial ryegrass cover crop compared to bare soil (Vinther et al., 2006) 

 

Although this study is not particularly focusing on the mechanisms of DOC export to 

greater depths (but mainly on the actual presence of DOC in the groundwater), it can 

be noted that living plant roots are generally known to have a capability to release 

different substances containing a wide range of organic compounds [which is referred 
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to as rhizodeposition (Wichern et al., 2008)]. For example Jobbagy and Jackson (2000) 

concluded through the analysis of a large global database that vertical carbon 

placement in the soil was affected by the root distribution. Based on this it can be 

assumed that over-winter green cover on tillage land could have an effect in exporting 

DOC vertically to greater depths. Although many studies on dissolved organic matter 

have been conducted on the forest soils, a limited number of such studies have been 

done on agricultural systems (Vinther et al., 2006). 

 

In terms of soil carbon dynamics, agricultural systems were found to be different than 

forests, mainly as a consequence of tillage, management practices and different 

biomass contribution in agro-ecosystems making them more dynamic (Chantigny, 

2003; Wiesenberg, 2004). Carbon turnover-times especially can be different for 

agricultural soils compared to other systems. For example, plant-derived lipids 

(generally thought to be stable and intermediate-stable soil carbon compounds) were 

found to be less stable in agricultural soils (Wiesenberg, 2004). A study on 

transformation of organic matter in agricultural soils by Rethemeyer et al. (2005) 

showed a contribution of young organic carbon derived from the vegetation (from 

maize, wheat and grassland trials), with a decrease of 
14

C with soil depth, and an 

increase of resistant organic components and their residence time with soil depth. The 

authors also suggest that soil cultivation enhanced a younger humic fraction below the 

ploughing depth. Obviously management plays an important role on DOM origin, 

dynamics and storage in agricultural soils. Management is not only important in arable 

systems but also in pastures. An example of a management effect on DOM in Irish 

pasture soils is the lysimeter study by Byrne et al. (2010), where the addition of 

fertiliser increased export of DOM (from well- drained and poorly-drained soils), as 

well as the contribution of lignin; while the addition of urine was shown to decrease 

the recalcitrance of lignin compounds. 

 

 Groundwater DOC in relation to groundwater biogeochemistry and 

denitrification 

Dissolved organic carbon (DOC) in groundwater can have an important role in the 

biogeochemistry of aquifers and it also accounts for an important part of the global soil 

carbon stocks (Rumpel et al., 2010). DOC has an effect on microbial processes such as 

denitrification. Despite its generally low concentrations, groundwater organic carbon 

content can be important for the biogeochemistry of aquifer systems. Norby and 
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Cotrufo (1998) further stress the necessity of developing new techniques for detecting 

small increases in soil carbon storage.  

 

DOC availability can represent one of the major limiting factors for groundwater 

microbial denitrification (Buss et al., 2005), and the DOC quality (or type of organic 

compounds involved) may affect microbial seasonal variations in the deep vadose zone 

(Cannavo et al., 2004b). In contrast, Siemens et al. (2003) argue that dissolved organic 

matter leached from the soil is unlikely to contribute significantly to natural nitrate 

groundwater attenuation due to, among other reasons, low bioavailability of leached 

dissolved organic matter. The effect of organic matter complexation with soil minerals 

on its microbial bioavailability, stabilization and turn-over rates is another issue 

studied throughout the literature (for example Lützow et al., 2006; Bachmann et al., 

2008; Marschner et al., 2008). Obviously, the potential for groundwater denitrification 

in relation to groundwater DOC quantity and quality is a subject meriting further 

research. In addition to their contributing to the soil organic carbon pool, plants and 

plant roots can have a further role in the biogeochemistry of soil and groundwater, 

such as chelating metals via soluble organic acids originating from litter and SOM. 

McColl and Pohlman (1986) found a direct relationship between organics released 

from litter (in the presence of soil) and dissolved Al and Fe from the soil. In addition, 

Rasse et al. (2005) stress the importance of other factors that need to be further 

considered, such as generally long soil residence time of root derived carbon; as well 

as root activities.  

 

8.3.2 Study aims 

 

As discussed in the literature review in Section 8.3.1, the organic carbon quantity and 

its bioavailability is one of the key limiting factors controlling subsurface 

denitrification, so theoretically increased labile carbon in the soil could contribute to 

enhanced groundwater denitrification. Therefore, the potential role of over-winter 

green cover in exporting dissolved organic carbon (DOC) to greater depths, especially 

to the shallow groundwater, in agricultural tillage systems, is an important 

environmental issue. 
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This study aims to investigate the quantities of DOC in the shallow groundwater under 

different over-winter green cover treatments at the study site and the groundwater 

DOC seasonal dynamics in relation to groundwater biogeochemistry. In addition, an 

attempt was made to evaluate the properties of the groundwater dissolved organic 

matter DOC - i.e. the so called humification index (HIX) of organic matter, where 

lower HIX corresponds to smaller and higher HIX to larger organic molecules (see 

Section 8.3.3.2). 

 

8.3.3 Materials and methods 

 

8.3.3.1 Field methods, laboratory and statistical analysis 

The site characteristics and the experimental setup and instrumentation are explained 

in Section 8.2.3 and in Chapter 5. Sampling of groundwater for DOC analysis and 

accompanying nutrients and solutes was performed approximately once monthly. 

Similar to the methodology described in Section 8.2.3 of this chapter, the groundwater 

was sampled after removing 3 well volumes using a Solinst peristaltic pump. Samples 

were filtered on-site using 0.45µm filters (Filtropur S 0.45 filters, Sarstedt, Nümbercht, 

Germany) with a syringe, and were transported in cold boxes and stored at c. 4º C until 

laboratory analysis, which was generally performed within 24 to 48 hours of sampling. 

Samples taken between December 2006 and April 2008 were preserved by freezing on 

return to the lab until analysis that was conducted in 2008. Physical-chemical 

parameters of groundwater (pH, temperature, redox potential, electrical conductivity 

and dissolved oxygen) were measured on a monthly basis, on-site, from May 2008 

onwards, using an In Situ Troll 9500 probe and flow-through cell attached to the 

peristaltic pump on low purging speed.  

 

Groundwater DOC concentration was determined on samples on a Shimadzu TOC-V 

instrument (Shimadzu, Japan). Frozen samples from before April 2008 were defrosted 

prior to analysis. The DOC analysis result is referred to as “non-purgeable organic 

carbon” or NPOC, which is determined by first eliminating the inorganic carbon from 

samples via acidification and bubbling through by sparging gas. The remaining carbon 

is measured in order to determine the total organic carbon, which represents the DOC 

because the samples were filtered on-site (therefore the result are referred to here as 
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DOC) (Shimadzu Corporation, 2003; Brennan, 2008). DOC analysis performed on 

frozen samples was statistically verified on a full sample batch vs. analysis on fresh 

samples and the difference was found to be not significant (t-test, p > 0.05). The 

detection of low DOC concentrations using NPOC method proved to be possible and 

the method detection limit was 0.05 mg/l (see Appendix. 8.5). 

 

In addition to the regular c. monthly groundwater DOC analysis explained above, a 

complementary analysis of nutrients and other (metallic and non metallic) dissolved 

compounds in groundwater was also performed, but only on a sample batch from a 

single sampling date of 9
th

 September 2009, on fresh samples filtered on-site. The 

analyses included DOC and total nitrogen (TN) concentrations on a TOC-V 

instrument; and total oxidised nitrogen (TOxN), NO2
-
, NH4

+
, P, Cl

-
, and SO4

2-
 

concentrations on a Thermo Konelab discrete analyser (Thermo Scientific, Finland). 

For dissolved metals and other major groundwater constituents (Ca, K, Mg, Na, Cd, 

Cr, Cu, Fe, Mn, Ni, Pb, Zn) samples were both filtered and acidified on site (with 0.1 

ml concentrated HNO3 acid in 50 ml of sample) (Franson, 2005) and were analysed on 

a Varian ICP-OES instrument (Varian, Mulgrave, Australia). Further supplementary 

information on laboratory analyses and the method detection limits are given in 

Appendix 8.5 and in Appendices to Chapter 7). 

 

The methods of statistical analysis used for analysing the results presented in Section 

8.3 of this chapter have been described in Section 8.2.3.3.  

 

8.3.3.2 Analysing the properties of groundwater DOC 

To evaluate the properties of dissolved organic matter in shallow groundwater, the 

humification index (HIX) was determined; according to Cannavo et al. (2004b) lower 

HIX corresponds to smaller and higher HIX to larger organic molecules. A detailed 

description of the HIX determination for this study is provided since the methodology 

of HIX derivation from fluorescence spectra can slightly differ in various literature. 

Determination of HIX was adapted from the methodology described in Zsolnay (2003) 

and Cannavo et al. (2004b). The filtered groundwater samples (from single sampling 

on 9
th

 September 2009) were analysed on a Varian Cary Eclipse Fluorescence 

Spectrophotometer (Varian, Inc., USA) after Raman water calibration to obtain the following:  
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- excitation emission matrix (EEM) profile [from a range of excitation 

wavelengths from 200 to 500 nm (λexcitat) at 5 nm intervals; emission was 

recorded in range from 280 to 650 nm (λemiss) at 2 nm intervals]; 

- emission spectra of single excitation wavelength.  

 

Based on the properties of the obtained EEM, the humification index (HIX) was 

computed using: 

 First, the general pattern of overall EEM, which was evaluated for occurrence 

of humic substances: 

- Two generally occurring peaks typical for water extractable organic matter  

(Zsolnay, 2003; Cannavo et al., 2004a) that correspond to humic substances 

were found (Figure 8.3), peak A (λexcitat at c. 245 nm, λemiss in range between 

400 and 450 nm) and peak B (λexcitat at c. 330 nm, λemiss in range between 

380 and 440 nm.  

 Second, the single excitation wavelength, which was determined, based on the 

overall EEM pattern, for computation of HIX: 

- Based on peak A obtained from EEM, the λexcitat = 245 nm was chosen for 

computation of HIX. Computation of HIX was performed for each sample 

according to methods described in Zsolnay (2003) and Cannavo et al. 

(2004a). HIX was calculated (using emission spectra from a single 

wavelength excitation at λexcitat = 245 nm) from the H/L ratio, which is in 

this case defined as the ratio between the area of the lower usable quarter 

(L; λemiss = 352 nm to 382 nm) and the area of the higher usable quarter of 

emission spectra peak (H; λemiss = 450 nm to 480 nm) (Figure 8.4). The 

areas H and L correspond to the pools of high (H) and low (L) organic 

molecule sizes according to Cannavo et al. (2004a), and were calculated 

using the trapezoidal rule of Zsolnay (2003). 
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Figure 8.3 EEM profile example obtained from the Fluorescence Spectrophotometrical 

analysis performed on groundwater with labelled peaks A and B [contours represent 

fluorescence intensity expressed in arbitrary units (a.u.)]  

 

 

 

Figure 8.4 Emission spectra example of a groundwater sample [Excitation 245 nm, part 

of peak A] with labelled L and H emission spectra areas used for computing the HIX 

 

8.3.4 Results 

 

8.3.4.1 Quantity and properties of groundwater DOC  

Overall DOC concentrations in all 19 piezometers (20 piezometers with excluded P9) 

were generally low, < 3 mg/l (maximum 2.71 mg DOC /l), with an overall average of 

1.43 mg/l. The fluorescence spectrophotometrical analysis of groundwater dissolved 
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organic matter showed an EEM profile pattern typical for water extractable organic 

matter, resulting in generally low overall mean HIX values (< 2). 

 

8.3.4.2 Groundwater DOC and physical-chemical properties in 

relation to green cover and seasonal effects  

 Groundwater DOC 

The mean DOC concentration under mustard cover was 1.78 mg/l, whereas the mean 

concentrations under no-cover and natural regeneration were 1.38 and 1.35 mg/l, 

respectively (Table 8.5). The mean groundwater DOC concentration under mustard 

cover was significantly higher than under both natural regeneration and no cover 

(Table 8.5, p < 0.05), whereas natural regeneration did not significantly differ from no 

cover (p = 0.83). Higher DOC concentrations were observed under mustard-cover 

during the over-winter growth period compared to the other two treatments (Figure 

8.5a). The effects of the treatments become more pronounced and obvious after the 

winter cover growth period – i.e. between January and April 2008 the mean 

groundwater DOC concentrations under mustard was 2.06 mg/l compared to 1.23 mg/l 

for both the no cover and natural-regeneration (Figure 8.5a). This pattern was observed 

again between January and March 2009, with mean groundwater DOC concentrations 

of 1.76 mg/l for mustard, 1.28 mg/l for no-cover, and 1.29 mg/l for natural-

regeneration (Figure 8.5a). These over-winter growth periods overlapped with the 

winter groundwater recharge periods (Figure 8.5b), when DOC concentrations also 

showed higher values under the mustard treatment:  

- during the 2007/2008 winter recharge the mean DOC concentration under 

mustard was 1.84 mg/l compared to 1.18 and 1.17 mg/l under natural 

regeneration and no-cover, respectively; 

- during the 2008/2009 winter recharge the mean DOC concentration under 

mustard was 1.93 mg/l compared to 1.34 and 1.38 mg/l under natural 

regeneration and no-cover, respectively. 

No clear trend was observed in the HIX values of dissolved organic matter, i.e. HIX in 

groundwater in relation to different green cover treatments (Table 8.6).  
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Table 8.5 Treatment means of groundwater DOC concentrations and physical-

chemical parameters presented along with standard errors of differences among them, 

and comparisons of treatment means conducted using t-tests derived from the GLMM 

applied to each response (averaged over time) 

 

 
Cover 
 

Mean 
 

 Comparing 
covers 

St.err. 
[difference] 

Test of 
diff.- t15 

p-
Value 

DOC M 1.78  M vs. NR  2.4 0.030 

 NR 1.38  M vs. NC  2.62 0.019 

 NC 1.35  NR vs. NC 0.163 0.22 0.832 

Temperature M 10.17  M vs. NR  0.12 0.904 

 NR 10.14  M vs. NC  0.93 0.365 

 NC 9.94  NR vs. NC 0.250 0.81 0.429 

pH M 7.69  M vs. NR  -2.53 0.023 

 NR 7.92  M vs. NC  -4.18 0.001 

 NC 8.07  NR vs. NC 0.091 -1.65 0.121 

Electrical 
Conductivity M 480.7  M vs. NR  1.95 0.070 

 NR 459.1  M vs. NC  1.75 0.100 

 NC 461.3  NR vs. NC 11.09 -0.2 0.846 

DO M 10.05  M vs. NR  0.37 0.717 

 NR 9.90  M vs. NC  0.04 0.967 
 NC 10.03  NR vs. NC 0.388 -0.33 0.748 

Redox M 208.2  M vs. NR  2.58 0.021 
 NR 200.5  M vs. NC  4.61 0.0003 
 NC 194.6  NR vs. NC 2.95 2.03 0.061 

Note: Significant p values (p < 0.05) are provided in bold. t15 = t-value (degrees of freedom df=15) 
Comparisons of treatment means are conducted using t-tests derived from the generalised linear mixed models 
applied to each response (averaged over time), with treatment included as a fixed effect and a Gaussian random 
effects structure to allow for non-independence of wells due to spatial correlation.  
 

 

Table 8.6 Mean groundwater DOC, HIX and main dissolved chemical species in 

groundwater (mg/l) from single sampling occasion of 9
th

 September 2009 for each 

treatment (mean value of four piezometers per treatment) 

 
 Mustard Natural Regeneration No Cover 

[mg/l]   Mean   St.err   Mean   St.err  Mean   St.err 

DOC 1.67 0.08 1.18 0.05 1.22 0.10 

HIXa 1.92 0.06 1.90 0.05 1.90 0.02 

NO3--N  13.28 2.70 15.36 1.05 15.91 1.43 

Cl-  28.64 1.38 29.64 1.38 27.96 1.75 

SO42-  20.71 1.65 21.19 0.92 21.84 0.91 

NH4+-N  0.08 0.01 0.05 0.00 0.05 0.01 

Ca  111.10 8.21 96.41 1.70 95.91 0.91 

Mg  10.50 0.86 10.95 0.54 11.05 0.23 

K  6.17 2.07 5.01 0.98 5.36 1.07 

Na  8.28 0.95 7.57 0.41 8.00 0.27 
a HIX has no units 
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Figure 8.5 DOC concentrations in groundwater per treatment in connection to green 

cover growth and recharge (December 2006 - March 2009): (a) - seasonal variability 

depending on green cover growth; (b) - seasonal variability depending on groundwater 

recharge; [WL represents groundwater level measured in metres above Ordnance 

Datum (maOD); top errors indicate field management practices and crop growth, 

errors below indicate drop followed by the growth of DOC-curve due to possible 

recharge effect]  
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Figure 8.6 Physical-chemical parameters of groundwater per treatment during May 

2008 to March 2009 (mean of 4 piezometers per treatment) 

 

 Groundwater physical chemical properties  

The physical-chemical parameters of groundwater during May 2008 to March 2009 

(Figure 8.6) show seasonal variability (i.e. summer vs. winter) with temperatures 

ranging from 7º to 16.6ºC, generally high DO levels (6.4 to 11.6 mg/l), positive redox 

potential (146.3 to 265.3 mV), pH close to neutral and above (7.2 to 8.8) and electrical 

conductivity between c. 399 to 582 μS/cm. Green cover treatments had significant 
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effects on both pH and redox potential (p < 0.05), whereas there was no significant 

effect on temperature, electrical conductivity and DO (Table 8.5). The mustard 

treatment had significantly lower groundwater pH and redox potential compared to 

both natural regeneration and no cover.  

 

8.3.4.3 Complementary results on groundwater DOC in relation to 

HIX and other dissolved constituents  

On the single sampling occasion on 9
th

 September 2009 when complementary 

chemical analyses were performed, mean groundwater DOC concentrations under all 

three treatments were quite low (< 1.7 mg/l, Table 8.6), and the mean groundwater 

HIX was found to be c. 1.9 for the three treatments (Table 8.6). On this sampling 

occasion, mean groundwater NO3
-
-N concentrations under the different green cover 

treatments ranged from 13.28 to 15.21 mg/l, with the lowest mean value under the 

mustard treatment (Table 8.6). Most of the TN was present in the form of NO3
-
-N. The 

mean groundwater Cl
-
 concentrations for the three treatments ranged from 29.64 to 

27.96 mg/l, and mean SO4
2- 

concentrations ranged from 21.84 to 20.71 mg/l. The range 

of mean Ca concentrations for the three treatments was from 95.91 to 111.10 mg/l, 

with mean Mg ranging from 10.5 to 11.0 mg/l. Mean K concentrations ranged from 5.0 

to 6.2 mg/l, and mean Na concentrations ranged from 7.57 to 8.28 mg/l (Table 8.6). 

 

The dissolved groundwater metal concentrations from the single sampling occasion in 

September 2009 were generally observed close to the instrument detection limits or 

they were not detectable, see Appendix 8.5). However, most of the metal detections 

were observed in groundwater under the mustard treatment, whereas under the natural 

regeneration and no cover treatments the concentrations were generally below the 

instrument detection limits (see Appendix 8.6).  
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8.4.  Discussion 
 

8.4.1     Groundwater solute concentrations under green cover 

treatments and accompanying seasonal trends  

8.4.1.1 Groundwater NO3
-
-N and solute concentrations under 

over-winter green cover treatments 

 Mean groundwater NO3
-
-N concentrations  

On the basis of the statistical analysis of the results, the hypothesis (Hypothesis Ia) of 

significantly lower mean groundwater NO3
-
-N concentrations under the mustard 

treatment compared to no cover, was accepted (p < 0.05; Table 8.3). However this was 

not the case for the natural regeneration treatment compared to no cover (Hypothesis 

Ib; p = 0.51; Table 8.3). The hypothesis of a significant difference between 

groundwater nitrate concentrations under the mustard compared to natural regeneration 

cover (Hypothesis II) was also rejected (with “borderline significance”, p = 0.065; 

Table 8.3).  

 

Similar to the findings in Chapter 7 (nitrate leaching study in the unsaturated zone), the 

results from this groundwater study lie within a very broad range of nitrate leaching 

reductions achieved by a variety of different cover crops that can be found in the 

literature. Some selected examples are given in Table 8.7. Observed reductions in 

groundwater nitrate concentrations (based on the 3- year mean values) in this study 

were by 25% under mustard cover and by 6% under natural regeneration (compared to 

no cover). This result (in reductions of groundwater N concentrations under mustard 

cover) is comparable to the reductions achieved in the groundwater using a rye cover 

crop (by c. 29%) by Meisinger et al. (1991) during a 1-year study on the corn 

production system located on the Coastal Plain, Maryland, USA (Table 8.7). Feaga et 

al. (2010b) observed somewhat higher annual reductions in N concentrations (by c. 29 

to 41% depending on fertiliser type) using a variety of cover crops (rye, triticale, 

rye/wheat hybrid, common vetch/triticale; Table 8.7). Results from the present 

saturated zone study (Sawmills Field) are also in agreement with the present 

unsaturated zone study (Road Field experiment, Chapter 7), where the mean 

unsaturated zone nitrate concentrations (at 0.9 m) were reduced by more than 70% 
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using the mustard crop (see Section 7.4.2). McLenaghen et al. (1996) and Staver and 

Brinsfield (1998) also achieved reductions in nitrate concentrations using cover crops 

(Table 8.7). McLenaghen et al. (1996) observed reductions in the 2.5 m deep 

unsaturated zone nitrate concentrations by 44% using mustard (during the short-term 

80-day long study). Staver and Brinsfield (1998) also observed reductions in both 

unsaturated zone and shallow groundwater nitrate concentrations using rye cover crop 

(by 80% in unsaturated zone and by c. 50 - 75% in groundwater) during the 7-year 

long study on continuous corn production (Table 8.7). It should be noted that a direct 

comparison of nitrate reductions in the groundwater from this study with the ones 

found in the literature was difficult due to various reasons: e.g. studies from the 

literature are often performed over different periods of time, they can lack information 

on mean values or how they were obtained (e.g. whether it is an annual mean based on 

the recharge year or the calendar year etc.), or they can report N reductions based on 

observed ranges and not means, etc. The reported reductions in nitrate concentrations 

under cover crops vary throughout the literature, which may be due to various 

processes that can influence these concentrations. 

 

In order to understand the effect of over winter green cover growth on the reductions in 

N concentrations it is important to differentiate between the N leaching process and the 

N leaching loss: N leaching involves the movement of nitrate to greater soil depths via 

water percolation, whereas N losses due to leaching correspond to the N that is lost 

beneath the plant rooting zone, to the depths where roots cannot access it (Thorup-

Kristensen et al., 2003). Thorup-Kristensen et al. (2003) further recognised the three 

main mechanisms of cover crops that can reduce the N leaching losses: plant N uptake, 

N upwards transport via roots, and the plant water uptake (resulting in a reduction of 

percolating water that is transporting nitrate through the soil profile). Nevertheless the 

last mechanism (i.e. the effect on percolation or plant water uptake due to cover crop 

over-winter growth) is generally low (by c. 7%) in high precipitation regimes  

(Thorup-Kristensen et al., 2003), and as such less important under Irish climatic 

conditions. However this process may be important in more dry climates: e.g. Wyland 

et al. (1996) observed significantly more leaching from bare soil than from cover crop 

treatments, and considerable reduction in nitrate leaching from the cover crop 

treatments. In addition to the above discussed three main mechanisms, there is also 
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another recognised natural nitrate attenuation process - denitrification, which is 

discussed further in Section 8.4.2. 

 

Obviously the effects of cover crops on N leaching are not always direct (Thorup-

Kristensen et al., 2003). As discussed in Chapter 7, the magnitude of the decrease in 

nitrate leaching losses will vary depending on many factors, e.g.: different cover crop 

species, time of cover crop sowing, seed quality, rate of early establishment and 

growth (affected by N soil availability), soil type, amount and distribution of rainfall 

etc.. Thorup-Kristensen et al. (2009) concluded that, especially, an autumn soil N 

uptake by cover crops and their ability to capture N through the winter period is a 

crucial factor in reducing the over-winter nitrate leaching losses. In addition to 

influencing the soil N via leaching and the cover crop growth, the environmental 

conditions also have an effect on groundwater recharge and solute transport and 

dilution in the shallow groundwater (see Chapter 4, Section 4.5.4 and Chapter 6; 

Section 6.5), which also need to be considered. Further discussion on these topics is 

provided in Section 8.4.1.2. 

 

 Other solute mean concentrations in groundwater  

The mean groundwater Cl
- 

concentrations under all treatments were below the DW 

limit of 250 mg/l Cl
- 
(EC, 1998; EPA Ireland, 2009), and close to the interim guideline 

value for groundwater in Ireland of 30 mg/l Cl
- 
 (EPA Ireland, 1993), as well as to the 

Irish general upper natural background limit of 24 mg/l (i.e. 90
th

 percentile) for inland 

areas (SERBD Project Team, 2007). Also in this study some Cl
- 
was originating from 

an annual application of KCl fertiliser at the field (Table 8.2). No statistically 

significant difference was observed in groundwater Cl
- 
concentrations under different 

green cover treatments (Table 8.3). This result was expected for Cl
-
, since it is 

generally considered to be a conservative tracer. The results presented in Figure 8.2 

also indicate a linear relationship between groundwater NO3
-
-N concentrations and Cl

-
 

concentrations, with the lowest NO3
-
-N/Cl

-
 ratio for mustard (which is probably a 

consequence of the significant reduction in the groundwater NO3
-
-N concentrations 

under mustard; see Table 8.3 and Figure 8.2). Compared to NO3
-
 the Cl

-
 is a similarly 

mobile ion that is readily transported in solution through the unsaturated and saturated 

zones, but Cl
- 

undergoes less assimilation than NO3
-
. Nevertheless, plants can also 

uptake some Cl
-
 mainly via roots (White and Broadley, 2001). As there was no 



Evaluation of measures to reduce                .                       . 
Chapter 8                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

262 

statistically observed difference among green cover treatments compared to no cover it 

can be assumed that Cl
-
 plant uptake was not significant.  

 

Although there was no significant difference among green cover treatments the overall 

seasonal/temporal patterns of Cl
-
 concentrations in groundwater over time were very 

similar to the ones observed in the groundwater NO3
-
-N (Figure 8.1a, 8.1b). In this 

experiment the Cl
-
 groundwater concentrations seem to follow the same pattern of drop 

over time, as observed in NO3
-
-N concentrations (Figure 8.1a and 8.1.b). The 

seasonal/temporal patterns are further discussed in Section 8.4.1.2).  

 

The mean groundwater ammonium nitrogen (NH4
+
-N) concentrations under all three 

treatments were below the method detection limit of 0.09 mg N/l (Appendix 7.2), and 

as such they did not exceed the DW limit of 0.50 mg/l NH3 (EC, 1998), nor the interim 

guideline value for groundwater in Ireland of 0.15 mg/l NH3 (EPA Ireland, 1993) 

(corresponding to 0.12 mg/l NH4
+
-N).  

 

No significant differences in the mean groundwater P
 
concentrations were observed 

under all treatments. Groundwater P concentrations were mainly below the instrument 

detection limit of 0.005 mg/l (Appendix 7.2), which indicates that the selected 

experimental area has very little or almost no occurrence of preferential flow (that 

could potentially introduce P into the groundwater), most probably due to tilled soil in 

which the establishment of earthworm-tunnels is less likely compared to grasslands 

(see Chapter 7). 
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Table 8.7 Examples of different cover crops and natural regeneration growth reducing nitrate concentrations to the groundwater: the results from this 

(Irish) study in context of the results from other selected studies  

Study by* Site/study characteristics Green cover N concentrations  Reduced N concentrations  

This study 
- Sawmills F. 
experiment 

3-year field study; SE Ireland; 900 mml; sandy and 
gravelly soil; spring barley production; CCb and 
NRc; conventional plough; shallow sand and gravel 
aquifer (fluvioglacial deposits); groundwater 
monitoring with WL c. 2.38 mbgl 

 
CCb, j: Mustard 
NRc, j   

NCd 

3-year means 
18.0 mg N/l 
22.4 mg N/l 
23.9 mg N/l  
Maximum observed value (at the start 
of experiment): 52.1 mg N/l 

Saturated zone (3-year means)- reduced by: 
5.9 mg N/l  or 25% for mustard 
1.5 mg N/l or 6%  for natural regeneration 
 

Feaga et al. 
(2010b) 

Long term (11-year) field study; Oregon USA 
(maritime climate); 1036 mml; fine silty, mixed 
glaciolacustrine soils; spring vegetable production; 
variety of CCb; different N fertilisation rates; passive 
capillary samplers at 1.2 m depth –unsaturated & 
saturated zone; annual results 

CCb, j: Rye, 
triticale, rye/wheat 
hybrid, common 
vetch/triticale 
NCd  

4.1 mg N/l (no fertiliser)m for CC 

6.4 to 11.9 mg N/l (depending on 
fertiliser type)m for CC 

 

7.0 mg N/l (no fertiliser)m for NC 
9.9 to 16.7 mg N/l (depending on 
fertiliser type)m for NC 

Unsaturated & saturated zone - reduced annually by: 
2.9 mg N/l (no fertiliser)a, m, g ; or 41%a, m, g  
3.5 to 4.8 mg N/l (depending on fertiliser type)a, m, g ; or 35-
29%a, m, g  
 

McLenaghen et 
al. (1996) 

Short study -sampling during the c.80 days; 680 
mml; Canterbury, New Zealand; moderately & well 
drained soil over sand and gravels; soil drainage 
from c. July to end of August); Leaching study after 
autumn ploughing of a grass -2-year-old pasture; 
undisturbed soil monolith lysimeters at 2.5m deep 

CCb, j:Rye; 
mustard; 
ryegrass; winter 
field beans; bitter 
blue lupins  
FLe 

< 10 mg N/l for rye & ryegrassh 
 
 
 
< 20 mg N/l for mustardh 
up to 45 mg N/l for FLh, e 

Unsaturated zone - reduced during c. 80 days by:  
up to > 30 mg N/l  or c.66%h for rye & ryegrassa;  
[based on N loads reduced by 92% (rye) & 90% 
(ryegrass)] 
up to >20 mg N/l or c.44% h for mustarda 

 

Meisinger et al. 
(1991) 

1-year study, Maryland Atlantic Coastal Plain in 
Maryland, USA; silt loam soil; Corn production, 
concentrations measured only during winter and 
spring; groundwater monitoring  

CCb, k : Rye  
NCd  

12 mg N/l for ryei 
17 mg N/l for NCi 
 

Groundwater - reduced during 1 recharge year by: 5 mg 
N/l or 29%a  

Staver and 
Brinsfield 
(1998) 

Long term study: winter rye 7years; winter fallow 3 
years; Coastal Plain of Chesapeake Bay, Maryland, 
Mid-Atlantic states, USA; sandy soils; shallow 
groundwater; continuous corn production; leaching 
study: unsaturated root zone and groundwater 

CCb, k:  Rye 
 
NCd 

Unsaturated zone: reduced to 1 mg N/L; reduced annual nitrate leaching losses by approximately 
80% compared to NC 
Groundwater: decreased from 10-20 mg N/l to up to < 5 mg N/l over the 7 year period 
(corresponding to c. 50-75% g  which was achieved after 7 years of cover crop use) 

a compared to fallow/no cover/bare soil, see comments under d and e; b CC- cover crop; c NR-natural regeneration/weeds/weeds + cereal volunteers; d NC no cover (fallow/bare soil); e FL-fallow + cereal 
volunteers; g calculated from reported results; h based on the measurements over the time sampling during the c. 80 days after lysimeter installation;  i averages based on measurements during winter 
and spring; j statistically significant; k no information on statistical significance, but reductions observed; l mm annual rainfall; m based on 11-year flow weighted average nitrate concentrations (for fallow 
and cover crops )2

6
3
 

C
hapter 8 
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8.4.1.2 Groundwater seasonal trends 

The results indicated the acceptance of the hypothesis that NO3
-
-N concentrations in 

the shallow groundwater can be reduced to or below the DW limit over the monitoring 

period of time (Hypothesis III a) by the implementation of mustard cover crop (which 

occurred from spring 2008 on, Figure 8.1a); whereas this hypothesis (Hypothesis III b) 

was rejected for the natural regeneration (Figure 8.1a). 

 

In general, higher mean NO3
-
-N concentrations were observed at the start of the 

sampling seasons, which coincided with the start of effective rainfall seasons and 

recharge in this study: this is usually in October/November each year, [with some 

exceptions, such as 2008, which had an exceptionally wet summer; see Chapter 4, 

Figure 4.8]. At this time the spring crop has been harvested and the green cover 

treatments are at their starting phase. According to Feaga et al. (2010a) the reduced 

efficiency of cover crops could be a consequence of nitrate leaching to greater depths 

(less accessible to the cover crop roots) during large rainfall events, if they occur prior 

to proper establishment of the cover crop rooting system. In addition, the elevated 

groundwater NO3
-
-N concentrations can be observed during groundwater recharge, 

which is during the periods when the water level in the piezometers is increasing 

(Figure 8.1a and 8.1c).  

 

In addition to the above seasonal trends in nitrate concentrations, an overall general 

pattern of gradual decrease in the groundwater NO3
-
-N concentrations was observed 

for the whole monitoring period. In particular, exceptionally high overall nitrate 

concentrations were observed at the beginning of groundwater monitoring in 2006 

(Figure 8.1a). A similar pattern was observed for Cl
-
concentrations. As mentioned 

earlier, Cl
-
 is often considered as a natural conservative tracer, and it is frequently used 

for estimating groundwater recharge and dilution via mass balance. Because both NO3
-

-N and Cl
-
 undergo similar trends over the time, this observed temporal pattern in 

solute concentrations could have occurred as a consequence of the effects of climatic 

conditions and groundwater recharge. Another reason for the observed temporal 

pattern may have been the higher annual rate of N fertilisation prior to the start of this 

experiment in years 2004 and 2005 (i.e. exceeding the recommended 135 kg N/ha: 

212.0 kg N/ha in 2004 and 287.0 kg N/ha in 2005; Table 8.2). During both years 2004 
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and 2005 the annual application of KCl fertiliser was also exceptionally high (171.1 kg 

Cl/ha in 2004 and 142.9 kg Cl/ha in 2005; Table 8.2).  

 

The observed similar trends of gradual decrease in groundwater NO3
-
-N and Cl

-

concentrations suggests a strong need for further studies in the area of nitrate leaching 

to groundwater in connection to climatic conditions, and groundwater recharge. 

Shepherd (1999) observed that cover crops are less effective in preventing nitrate 

leaching during the years with an early autumn effective rainfall/drainage compared to 

years with delayed autumn drainage. For example, based on soil nitrate and bromide 

tracer concentrations, Feaga et al. (2010b) observed that the fluctuations in soil nitrate 

concentrations depend on the timing and amount of yearly rainfall, especially during 

October to December, with high leaching losses related to the previous dry winter and 

early rainfall in the following autumn. In agreement with this, in this study the winter 

in 2005/2006 was drier than in 2006/2007, and the 2006/2007 year also experienced an 

early arrival of rainfall in autumn; see Chapter 4, Figure 4.8). The year-to-year 

variations of nitrate leaching losses were also explored in Chapter 7 (Section 7.5.3).  

 

In order to evaluate the climatic impact on groundwater NO3
-
-N additional long term 

studies are recommended [e.g. possible long term groundwater investigations of the 

Sawmills Field experiment]. In order to evaluate the effect of climatic conditions on 

nitrate concentrations in the groundwater other factors influencing the nitrate 

groundwater temporal trends should be controlled (e.g. keeping the annual fertilisation 

rate constant).  

 

8.4.1.3 Plant N uptake in relation to groundwater NO3
-
-N 

concentrations 

Despite the fact that the plant dry biomass (DM) did not always significantly differ 

between mustard and natural regeneration, the over-winter plant N uptake was found to 

be significantly different in this study (Table 8.4). The plant N uptake results are in 

agreement with the significantly lower overall groundwater nitrate mean 

concentrations under mustard cover; the mustard N uptake significantly exceeded the 

natural regeneration N uptake in years 2006/2007 to 2008/2009 (Table 8.4). The 

achieved N uptake, expressed in kg N/ha in this study (per growing season) was from 6 
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to 81 for mustard and from 3 to 39 for natural regeneration (Table 8.4). These results 

are comparable to some other results on cover crop N uptake from the soil e.g.: a study 

by Allison et al. (1998), who observed an average cover crop N uptake of 35 kg N/ha 

(for a variety of cover crops; with mustard cover achieving up to 35 kg N/ha uptake 

180 days after sowing); whereas Thorup-Kristensen et al. (2009) observed up to 126 

kg N/ha uptake by winter wheat.  

 

The results of the mustard treatment dry matter (DM) biomass and plant N uptake if 

expressed in g/m
2
 [i.e. up to 337.1 g DM/m

2
 and 8.1 g N/m

2
 in 2008; Table 8.4] are 

also comparable with the results from O’Keeffe et al. (2005a) who observed 294.6 g 

DM/m
2
 and > 5 g N/m

2
 for mustard treatment in a study on cover crops in Teagasc 

Oak Park on a sandy loam soil in 2004. Dry biomass production and N uptake 

achieved by the natural regeneration treatment from this study [up to 165.9 g DM/m
2
 

and 3.9 g N/m
2
 in 2008; Table 8.4] was also found to be comparable to rye and 

ryegrass results by O’Keeffe et al. (2005a), [203.0 g DM/m
2
 and > 3 g N/m

2 
under 

phacelia treatment and 205.9 DM/m
2
 and > 3 g N/m

2
under ryegrass treatment 

(O’Keeffe et al., 2005a)]. As mentioned in Chapter 7 and Section 8.2.1 of this chapter, 

rye and ryegrass are very frequently used cover crops. O’Keeffe et al. (2005a) also 

compared several other winter cover crops in their biomass productivity and plant N 

uptake and found that total N uptake under mustard treatment did not statistically differ 

from the rye/pea mixture, peas and phacelia (Phacelia), whereas significantly lower N 

uptake was observed for rye and ryegrass. 

 

As such, the results from this (present) study confirmed that the mustard cover crop is 

one of the most suitable choices of over-winter green cover regarding its potential to 

efficiently uptake soil N; whereas natural regeneration was found to be close to some 

other popular cover crops in its efficiency in scavenging the soil N – i.e. rye and 

ryegrass. Further long-term studies are still necessary to verify these findings, such as 

in regard to cover crop and natural regeneration tolerance to environmental and 

climatic conditions (e.g. frost).  

 

Cover crops can have an ability to scavenge the nitrate leached from the previous 

(spring) crop, depending on the cover crop ability of early establishment, and their 

sufficient root and biomass growth (Shrestha et al., 2010). Because cover crops in 
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general are grown during the over-winter period, which is cold and with less daylight 

hours compared to the remaining period of the year, it is crucial that cover crop growth 

is commenced as early as possible in order to initiate the plant N uptake as soon as 

possible after the harvest of spring crops (Thorup-Kristensen et al., 2003). In 

agreement with this is a very poor plant N uptake observed during the winter 

2008/2009 (only up to 0.6 g N/m
2
 by mustard cover crop; Table 8.4) most likely due to 

quite poor plant biomass production during winter that was probably caused by heavy 

rainfall in summer. The amount of effective rainfall during 1
st
 June to 30

st
 September 

2008 was 205 mm; see Chapter 7, Section 7.4.2, Figure 7.7. As discussed earlier, this 

could have resulted in less available soil N for green cover growth because soil N 

would be already leached to greater depths during the summer. Other climatic 

conditions such as temperature can have an effect on the growth and establishment of 

green cover during the over-winter period. For example Schroder et al. (1996) 

concluded from a long-term 6-year study that plant N uptake (for rye and grass cover 

crops) was more a function of the winter temperatures than the available mineral 

nitrogen in the soil. Consequently the reason for the exceptionally poor green cover 

growth of mustard and natural regeneration in 2009 (Table 8.4), could have been the 

occurrence of snow during the winter 2008/2009 (minimum temperature -1.6°C; 

Chapter 4, Table 4.3; Figure 4.8), with frost known to be able to cause plant biomass 

losses (Vos and van der Putten, 1997).  

 

Enhancing the efficiency of green cover to uptake the soil N during the over-winter 

period is desirable. As mentioned in Chapter 7, further studies on how to stimulate 

over-winter green cover growth, especially natural regeneration, are recommended. 

Reduced soil tillage, explored in Chapter 7, could be one potential management 

strategy to stimulate seed germination and early growth of cover crops with restriction 

to Irish climatic conditions. The reason for this restriction is that reduced tillage could 

also potentially reduce cover crop effects if the soil is too dry for germination (Thorup-

Kristensen et al., 2003). Andersen and Olsen, (1993) observed an increase in the DM 

cover crop biomass production of c. 135% and plant N uptake of 170% after an 

application of autumn post-harvest N fertiliser (50 kg) to the ryegrass cover crop. 

However, with this strategy there may be even a greater danger of nitrate leaching 

(especially in case of the early occurrence of heavy rainfall), for example if the rainfall 

occurs before the green cover can take up the applied N. 
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As mentioned earlier, an early autumn sowing date of cover crops is obviously an 

important factor for plant N uptake. Plant N accumulation by cover crops is generally 

reduced by c. 0.2 g/m
2
per day delay of sowing during late August to end of September 

(Vos and van der Putten, 1997). In this study the mustard cover crop was sown in mid 

September each year, which is considered an early sowing date. In addition to sowing 

date, leaching during the summer months and extreme temperatures (discussed above), 

other climatic conditions can also influence the over-winter green cover growth. For 

example Vos and van der Putten, (1997) found the dry matter biomass accumulation is 

also a function of intercepted global radiation. 

 

A generally shallow rooting depth of both over-winter cover and the spring barley crop 

was observed in this study: i.e. the soil profiles [presented in Appendices to Chapter 6, 

Appendix 6.4] and samples of over-winter green cover plants [presented in Appendix 

8.7] showed that the presence of roots mainly in the A1 and A2 horizons, generally did 

not exceed 0.4 m depth. In this study the rooting depth of over-winter green cover and 

root density was not investigated further. Nevertheless both these factors can have an 

important effect on plant N uptake. Sainju et al. (1998) observed significant 

correlations between the number of roots per cm
2
 of soil profile and: - plant N uptake, - 

plant DM biomass (both positive correlation), and -soil nitrate concentrations (negative 

correlation). Thorup-Kristensen et al. (2003) comment that plant species is an 

important factor for the rooting depth, and report of large rooting depth differences 

among different crop species. Vos et al. (1998) observed a linear relationship between 

the dry weight of the cover crop shoots and the total root cover crop length expressed 

as natural logarithm (measured in the top 40 cm) regardless of the  type of cover crop 

species or their sowing date. The rooting depth of the cover crop rooting systems can 

have a strong effect on the subsoil nitrate depletion (Thorup-Kristensen, 2001). For 

example, Zhou et al. (2008) observed up to 2.0 m depth plant soil N uptake by deep 

rooting winter wheat. Obviously, future studies on the distribution and rooting depth of 

mustard and natural regeneration green cover plants is recommended in order to refine 

the findings of plant N uptake from this study. 
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8.4.2 Groundwater DOC concentrations and physical chemical 

properties under green cover treatments  

 

8.4.2.1 Groundwater DOC  

According to the review by Kalbitz et al. (2000) many field studies on DOC 

concentrations and fluxes in different soil horizons have shown a drop in DOC 

concentrations with increasing soil depth (e.g. especially low concentrations reported 

for the C horizon). Therefore low DOC levels should be expected in shallow 

groundwater also, unless there is a source of organic carbon in the aquifer material. 

The observed overall mean groundwater DOC concentrations in this study were low (< 

3 mg/l). This result was in agreement with the expected low organic carbon content of 

glacial and fluvioglacial stratified sediments and shown to be typical for similar types 

of sand and gravel aquifers such as reported indicative DOC values for selected UK 

lithologies (i.e. < 2 mg DOC /l for Carboniferous limestone, and for sands and gravels; 

2.6 mg DOC /l for Magnesian limestone) (Steventon-Barnes 2002 cited by; Buss et al., 

2005). Low groundwater DOC concentrations beneath this long term spring cereal 

cultivation site were also expected because lower soil organic carbon content is known 

to be generally typical for long term arable cropping systems. Several studies have 

shown that the water soluble/extractable organic content of soils under arable cropping 

is generally lower than that of grassland or forest soils (Gregorich et al., 1995; 

Gregorich et al., 2000; Chantigny, 2003; VandenBygaart et al., 2003). The longer the 

duration (i.e. number of years) of arable cropping, the higher is the decrease in the soil 

water extractable and labile organic carbon content (Saviozzi et al., 1994; Haynes, 

2000).  

 

The low DOC concentrations found in this study can also be explained by the fact that 

that dissolved organic matter (DOM, which also includes DOC) can be strongly 

adsorbed to mineral surfaces (Kalbitz et al., 2000). The fractionation of DOM can 

result from the adsorption process: i.e. the hydrophobic DOM compounds are removed 

selectively from the soil, whereas hydrophilic ones are released (Jardine et al., 1989; 

Kaiser and Zech, 1998). However, the differentiation of DOM into hydrophobic and 

hydrophilic compounds was not performed within this study. Nevertheless, HIX values 

found in the groundwater in this study were low, which is in agreement with the fact 
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that high molecular weight components have a higher adsorption tendency than low 

molecular weight components (Gu et al., 1995). The EEM analysis of dissolved 

organic matter resulted in overall HIX values < 2 (i.e. ranging from 1.8 to 2.0), as 

expected for shallow groundwater, corresponding to small organic molecules. The HIX 

levels obtained in this study are generally comparable to the low HIX values found by 

Cannavo et al, (2004b): HIX of c. 2 at 1- 2 m unsaturated zone depth, sampled from a 

site under tillage cultivation located in France, with a fluvic hypercalcaric cambisol 

and high vulnerability to groundwater pollution by agricultural practices. Cannavo et 

al. (2004a) recommend further studies to evaluate how DOC properties (i.e. low HIX 

or low molecular weight) correlate to its microbial bioavailability. The inability to 

measure the quality of DOC and microbial activity simultaneously is problematic, as is 

the fact that some organic molecules are not included in fluorescing compounds 

(Cannavo et al., 2004a). Nevertheless, according to Cannavo et al. (2004a) and 

Cannavo et al. (2004b) HIX can be still linked to microbial activity - i.e. low molecular 

weight compounds (low HIX) probably consist of more recalcitrant aromatic residues 

resulting from the decomsposition of larger compounds.  

 

8.4.2.2 Potential effect of green cover and season on groundwater 

DOC  

Although the observed increase in groundwater DOC under the mustard cover 

compared to the other two treatments was generally quite low in absolute terms (c. by 

0.4 mg DOC/l), the mustard treatment still showed significantly higher groundwater 

DOC concentrations (p < 0.05, Table 8.5). The results from this study are comparable 

to the findings by Vinther et al. (2006) who also observed higher amounts of DOC loss 

to the unsaturated zone via leaching under a perennial ryegrass cover crop compared to 

bare soil. Nevertheless, Vinther et al. (2006) observed much higher DOC 

concentrations in the coarse sandy soil under the cover crops (up to 62.9 mg C/l). 

However their DOC concentrations were measured at a shallower depth of the  

unsaturated zone (between 0.7 and 1 m deep in coarse soil; 0.3 and 0.9 m deep in 

sandy loam soil, compared with the measurements at c. 2.4 m below ground level in 

the saturated zone in the present study). Furthermore they found that DOC 

concentrations decreased with soil depth in sandy loam soil to 7 - 21 mg C/l at 0.9 m 

depth (Vinther et al., 2006), which is still up to c. 10 times higher than observed in this 
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study. However, the low DOC concentrations and subsequently low differences among 

the treatments that were observed in the present study were expected for the greater 

soil depths (i.e. saturated zone or shallow groundwater in this case).   

 

In this study particularly obvious differences between the treatments were observed 

during or shortly after the mustard cover crop growing period. Moreover, groundwater 

under the mustard treatment also had a significantly lower pH and a higher redox 

potential compared to natural regeneration or no cover (see discussion in Section 

8.4.2.3). Living plant roots are generally known to have a capability to release different 

substances containing a wide range of organic compounds, which is referred to as 

rhizodeposition (Wichern et al. 2008 and within cited references). However, studies of 

deep subsoil and groundwater carbon content are generally known to be challenging 

due to specific conditions of these environments influencing biogeochemical cycles 

and because of heterogeneous spatial and temporal distribution of carbon inputs via 

rhizodeposition, DOC presence and bioturbation (Rumpel et al. 2010). The potential 

importance of root derived carbon input to the soil has been proven in some studies 

including studies under crops - e.g. greater contribution to the soil carbon by carbon 

derived from root biomass than from shoots (Milchunas et al. 1985; Balesdent and 

Balabane 1996; Allmaras et al. 2004). In addition, the comprehensive literature 

analysis by Jackson et al. (1996) showed that the root distribution and depth of root 

profiles depends on the type of terrestrial biomes and plant functional types (i.e. 

grasslands, shrublands, and tree-dominated systems/forests); whereas Jobbagy and 

Jackson (2000) concluded through the analysis of a large global database that vertical 

carbon placement in the soil was affected by the root distribution. Based on this it can 

be assumed that over-winter green cover on tillage land could have an effect in 

vertically exporting DOC to greater depths. The observed differences in groundwater 

properties under the mustard treatment in this study strongly indicate the influence of 

mustard plants on DOC concentrations and the biogeochemistry of the shallow 

groundwater. 

 

However in order to evaluate the extent of the effects of mustard plants on DOC 

concentrations compared to other factors, which could also influence the observed 

groundwater properties, further studies are necessary. This would involve, for 

example, additional investigations of seasonal variation in the soil solution DOC 
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concentrations (unsaturated zone), measurements of soil organic matter content (e.g. 

loss on ignition), separate measurements of above and below ground dry plant matter 

biomass, on-site measurements of plant water uptake (e.g. soil tension) under the 

different cover treatments. Caution is recommended when sampling soil solution for 

analysis of DOC concentrations. As discussed in Chapter 7 and Appendix 7.2, 

Apx.7.2.2, caution is recommended when selecting the type of suction cups (i.e. 

material from which they are produced, such as ceramics or glass) so that it does not 

influence the quality of soil solution sampled for determining the concentration of 

specific components (Weihermüller et al., 2007). Furthermore, Buckingham et al. 

(2008) observed (at several sites) significantly higher DOC concentrations measured in 

soil solution sampled with tension-free collectors compared to collectors with applied 

tension, which questions the suitability of suction cups for DOC sampling. In this 

study the interest in the groundwater DOC concentrations was mainly related to the 

evaluation of the possibilities for groundwater denitrification for nitrate removal in this 

particular aquifer. This was shown to be very low as discussed in Section 8.4.2.3, and 

therefore the above listed extensive investigations related to soil DOC were not 

performed.  

 

As explained earlier in Section 1.3 the monitoring of groundwater DOC was initiated 

after the Sawmills Field experiment was already established, with the aim to measure 

DOC in different piezometers with different sediment layers (i.e. potential presence of 

clay lenses) for the needs of a separate Teagasc research project on groundwater 

denitrification. This idea was further independently developed in this doctoral study, in 

particular the research questions on the potential effect of different over-winter green 

cover treatments on groundwater DOC. However, the site was already instrumented with 

ceramic suction cups in 2006. For the reasons above suction cups were not used for 

collection of samples for DOC analysis, and the monitoring was limited only to the 

saturated zone.  

 

According to McDowell and Likens (1988) and Zsolnay (1996), humified organic 

matter is the major contributor to the DOC pool, whereas Edwards and Harris (1977) 

and Vogt et al. (1983) explain that plant root turnover and exudation can contribute to 

significant carbon flux in the rhizosphere. Furthermore, the available organic material 

can also result in enhanced microbial activity (Cheng et al., 1996; Johansson, 1992). 

http://gateway.ut.ovid.com.offcampus.lib.washington.edu/gw1/ovidweb.cgi#301#301
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All of this (i.e. green-cover originating plant litter, plant root exudation and increased 

microbial activity) can contribute to enhancing the below-ground carbon pool, which is 

in agreement with mustard cover contributing to groundwater DOC compared to the no 

cover treatment. Natural regeneration did not significantly contribute to groundwater 

DOC compared to no cover. However, the over-winter mustard dry biomass was 

significantly higher than natural regeneration only in 2008 (Table 8.4), whereas this 

was not the case in 2007 and 2009. Further studies are required in order to clarify why 

the DOC groundwater concentrations were significantly higher only under the mustard 

treatment in this study. Especially recommended are further investigations of 

belowground biomass and root distribution and root depth of these two green covers. 

 

Seasonal changes in groundwater DOC concentrations seem to be related to both 

groundwater recharge patterns and the increased availability of DOC from winter 

green cover. Higher DOC concentrations were observed under mustard cover during 

over-winter growth in spring 2008 and 2009 (Figure 8.5a) and, in addition, DOC 

concentrations were higher under mustard cover during winter recharge periods 

(Figure 8.5b). Since the increase in groundwater DOC concentrations reflects the 

period of cover crop growth (before mustard has been ploughed usually in March), the 

observed increase under mustard cover during this period could potentially be a 

consequence of root derived DOC. This observation is in agreement with estimated 

travel times obtained from the Br
-
 tracer experiments at this site [i.e. c. 70 to 160 days 

for vertical transport, Chapter 6, Section 6.5.3], which is also strongly dependent on 

the amount of effective rainfall and hence recharge.  

 

The groundwater HIX analysis showed that most of the organic compounds in the 

groundwater correspond to small organic molecules and therefore probably to more 

recalcitrant organic compounds (Cannavo et al., 2004a). Whether these organic 

compounds are derived from plant roots or not remains unclear, since despite slightly 

higher mean HIX values under mustard cover, no clear trend was observed in the HIX 

values of dissolved organic matter in groundwater in relation to natural regeneration or 

no cover. Cannavo et al. (2004a) highlight organic matter as a potential limiting factor 

for aerobic respiratory activity at greater soil depths, which seems to be confirmed by 

the low HIX values. Further, Cannavo et al. (2004b) have also observed strong 

seasonal variation in microbial activities and highlighted DOC quality as an important 
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factor influencing these variations. Their findings are in agreement with the results on 

DOC and HIX values found in the shallow groundwater presented in this study. These 

results also indicate the importance of further studies using EEM analysis and other 

methods to assess the quality of dissolved organic matter in shallow groundwater, and 

how quality influences microbial processes such as denitrification. 

 

8.4.2.3 Potential effects of green cover and season on groundwater 

physical-chemical properties  

The measured physical-chemical parameters of shallow groundwater showed seasonal 

variability. Higher values of groundwater temperature were observed during 

summer/early autumn and lower values during the winter/early spring period. The 

observed dissolved oxygen (DO) levels ranged around 10 mg/l, were typical for 

shallow air-saturated groundwater (at c. 12ºC) (Buss et al., 2005), and are compatible 

with the fact that the recharge (percolated) water can contribute oxygen to the 

groundwater in the range from 6 to 12 mg/l (Krešić, 2007). The observed redox 

potential was also found to be in the positive range (Figure 8.6) (c. 146 to 265 mV), 

which was, however, slightly lower than expected. For oxidized water with DO >1 

mg/l, the redox potential should generally be in the range from 300 to 450 mV (Krešić, 

2007). Redox potential does not depend only on DO as it is influenced also by other 

dissolved chemical species in the groundwater (Appelo and Postma, 2005; Krešić, 

2007), and other parameters and processes within the system. Thus it is not possible to 

draw a direct parallel between DO and redox potential in this case. Groundwater pH 

values were in general above 7 and it seems the observed seasonal variation in 

groundwater pH (Figure 8.6) correspond to the changes in temperature. This may be an 

effect of the “CO2 - carbonate system”; i.e. lower CO2 solubility at higher temperature 

(Ford and Williams, 1994; Appelo and Postma, 2005; Krešić, 2007). 

 

There was no significant relationship between green cover and groundwater 

temperature, electrical conductivity or DO (Table 8.5). Figure 8.6 indicates some 

relationship between over-winter green cover and electrical conductivity during the 

winter/spring 2009, although this was not statistically significant. The observed high 

groundwater DO indicates that denitrification is unlikely to occur at this site, because 

the relevant microbial species would generally require oxygen concentrations as low as 
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0.7 to 0.01 mg/l (8ºC), which is frequently defined as the threshold concentration 

between oxidizing and reducing conditions of a system (Krešić, 2007). High 

groundwater DO concentrations and the low DOC levels suggest that carbon could 

already be used prior to denitrification due to the oxidation of DOC [10.3 mg O2/l uses 

up c. 3.8 mg C/l) (Buss et al., 2005)]. Although high DO concentrations may be typical 

for the shallow saturated zone of this type of highly permeable fluvioglacial deposit, 

other aquifers/sediments can contain lower DO levels. In such situations the release of 

DOC from green cover could be a beneficial factor enhancing groundwater 

denitrification. Fenton et al. (2008) suggest the development of low cost remediation 

systems for enhancing groundwater denitrification through the elevation of 

groundwater DOC availability, and the current study has demonstrated some potential 

to elevate the DOC quantity in tillage systems by introducing over-winter green cover. 

Despite the fact that the observed increases in groundwater DOC concentrations were 

too low for denitrification to take place in this particular aquifer, additional studies on 

different types of cover crops would also be recommended to further explore the 

potential of cover crops for enhancing the DOC levels in the shallow groundwater in 

different aquifer systems.  

 

There was a statistically significant relationship between green-cover treatment and 

groundwater pH and redox potential (p < 0.05; Table 8.5; Figure 8.6), with the highest 

pH values under the no cover treatment, second highest under natural regeneration and 

lowest under mustard cover (Figure 8.6). The slightly lower groundwater pH found 

could be due to the higher DOC concentrations also observed under mustard treatment 

(i.e. possibly due to the presence of organic and inorganic acids). Although green 

cover had a significant effect on pH and redox potential, it did not have one on the DO 

(as discussed earlier). Nevertheless, as mentioned earlier, redox potential is also a 

function of other solutes in the groundwater, and not only of DO. Further, this result of 

green cover not having a significant effect on groundwater DO could be also 

potentially explained with plant-root respiration having a lesser impact than the 

susceptibility of shallow groundwater to air-saturation with oxygen levels being 

mainly contributed by recharge (percolated) water (Krešić, 2007), as discussed further 

in Section 8.4.3. 
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8.4.2.4 Possible relationships of groundwater DOC to HIX and 

other dissolved constituents and metals (“complementary 

results”) 

The data from the single sampling occasion of 9
th

 September 2009 (“complementary 

results”, Section 8.3.4.3) showed the lowest mean NO3
-
-N under the mustard 

treatment, which is in agreement with the results from Section 8.2 of this Chapter. The 

DM biomass results (Table 8.4) indicate that the reduced NO3
-
-N concentrations 

observed are a result of the higher plant N uptake by the mustard cover crop, which 

was the purpose of planting the cover crop. As mentioned earlier, DOC undergoes 

adsorption to mineral surfaces, which can further explain observed low DOC 

concentrations in this groundwater. DOC will in general undergo adsorption to iron 

and aluminium oxides and hydroxides and clay particles. Since SO4
2-

 and Fe were 

found to be present in this shallow groundwater it may be worth mentioning that 

anions such as SO4
2-

 can also compete with DOC for adsorption (Kalbitz et al., 2000).  

 

The data on dissolved metals in the shallow groundwater are limited to a single 

sampling event. Nevertheless, these preliminary data show that detectable 

concentrations of metals were found mainly under the mustard cover (Appendix 8.6). 

This may be related to the statistically higher DOC concentration observed under the 

mustard treatment, with DOC mainly in the form of lower molecular weight 

compounds (low HIX), which could possibly form organo-metallic complexes in 

groundwater that could pass the 0.45µm filter. The process of organo-mineral 

formation seems to control the storage and stabilization of organic compounds (Flessa 

et al., 2008). In addition to this, it is known that metal mobility can be also be 

restricted by carbonates in calcareous soils (Papadopoulos and Rowell, 1988; Carrillo 

González et al., 2006) or enhanced at low pH (David et al., 1989; Jardine et al., 1989; 

Vance and David, 1989; Guggenberger et al., 1994). However, in this study, despite 

the fact that statistically lower pH was observed under the mustard cover, the overall 

observed pH range was still close to or slightly above neutral, and therefore the 

occurrence of metals under mustard cover is less likely to be due to a pH effect. 

Obviously both inorganic and organic complexation is important. According to 

Domenico and Schwartz (1990) metal complexation can occur in the pH range 6.6 to 

8.3, where carbonate complexes are important. Further metal complexation can also 
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occur with natural organic compounds acting as complexing ligands (Domenico and 

Schwartz, 1990), that can chelate to metals (Manahan, 2000) -i.e. chelation via humic 

and fulvic acids (Fetter, 1993). Regarding the DOC effect on metal mobility in this 

study the overall low observed concentrations of groundwater DOC should be 

considered. Nevertheless, Killey et al. (1984) observed contaminant 
60

Co migration 

mobility in groundwater despite low organic matter contents (< 2 ppm). This suggests 

that DOC may be still an important factor influencing the mobility of metals in 

groundwater in this study, despite its low concentrations. Further research is necessary 

to confirm these findings. 

 

8.4.3 Correlation between groundwater NO3
-
-N concentrations 

and other groundwater results 

 

The findings on overall groundwater NO3
-
-N, Cl

-
 , DOC, DO concentrations, 

groundwater physical-chemical properties and the groundwater level (including 

measurements from treatment and surrounding piezometers) were expected to be inter-

correlated. Some observed significant correlations between the groundwater 

concentrations/properties that are particularly worth discussing are provided in the 

correlation coefficient matrix; Table 8.8. The correlation between groundwater NO3
-
-N 

and Cl
-
 concentrations was already discussed in Section 8.4.1.2 (see also Figure 8.1) 

and was further proven to be positive and significant (Table 8.8). This suggests that 

there could be a relationship between leaching (percolating water) and groundwater 

NO3
-
-N and Cl

-
 concentrations. Whereas groundwater Cl

-
 concentrations were 

positively and significantly correlated to groundwater level (WL), this was not 

observed for NO3
-
-N. Since WL was proven to be a function of groundwater recharge 

(or effective rainfall; see Chapter 4, Section 4.5.4), the absence of a significant 

correlation between WL and NO3
-
-N strongly indicates that the effect of the over-

winter green cover treatments on NO3
-
-N possibly overrode the effect of groundwater 

recharge, whereas this was not the case for Cl
-
. This relationship also suggests that the 

main effect of over-winter green cover treatments on NO3
-
-N concentrations in the 

groundwater on this site most likely occurred due to plant N uptake and not due to 

plant water uptake (i.e. not due to the plants’ influence on the groundwater recharge 

quantity).  
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The groundwater DOC concentrations also proved be significantly correlated 

(negatively) with NO3
-
-N (possibly as a consequence of the over-winter green cover 

growth) but not with the WL. Again these correlations suggest that the effect of over-

winter green cover on the DOC concentrations could have been potentially stronger 

than the effect of groundwater recharge. Although DOC is expected to be consumed by 

the elevated DO conditions (see Section 8.4.2 and Figure 8.6), a significant correlation, 

which was observed between DO and DOC was positive (Table 8.8). It can be 

speculated whether this observed positive correlation between DO and DOC could be a 

consequence of the recharge transport mechanism for both of these dissolved 

compounds. As expected for a shallow groundwater susceptible to air-saturation (Buss 

et al., 2005) with oxygen levels being mainly contributed by recharge (percolated) 

water (Krešić, 2007) (see discussion in Section 8.4.2.3) a significant positive 

correlation was also observed between DO and WL. The positive correlation between 

DO and redox potential, and the negative DO correlation with the rest of groundwater 

physical-chemical properties (such as temperature) was expected for this shallow 

aquifer system susceptible to seasonal climatic changes (see discussion in Section 

8.4.2.3 and Figure 8.6); and is in agreement with the fact that redox potential is mainly 

influenced by DO levels (Appelo and Postma, 2005; Krešić, 2007), whereas lower gas 

solubility at higher temperatures explains negative correlation between DO and 

temperature. As discussed in Section 8.4.2.3, groundwater pH seasonal variations 

correspond to the changes in temperature (Figure 8.6), which explains their observed 

positive significant correlation - i.e. due to lower CO2 solubility at higher temperatures 

(Ford and Williams, 1994; Appelo and Postma, 2005; Krešić, 2007).  

 

Table 8.8 Correlation coefficient matrix of monitored selected groundwater main 

solute concentrations and measured physical-chemical properties 

 

 
 [Note: Bolded values are significant at p < 0.05. Correlations (Pearson) were computed and scaled into 

corresponding correlation matrix using SAS programming; a …. Electrical Conductivity] 
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8.5 Conclusions 

 

8.5.1 Over-winter green cover as a measure for reducing 

groundwater nitrate concentrations  

 

 In this three year study on tillage land located on free-draining soil with high 

leaching potential a significant reduction in shallow groundwater nitrate 

concentrations (by c. 25%  based on 3-year means) was observed under the 

over-winter green mustard cover growth compared to no cover.  

 The observed reduction in NO3
-
-N concentrations in the shallow groundwater 

under natural regeneration compared to no cover (by c. 6% based on 3-year 

means) was not statistically significant. 

 The decrease in groundwater NO3
-
-N concentrations under mustard cover 

resulted in concentrations falling below the EU DW limit of 11.3 mg N/l 

already during the second over-winter season; whereas under the natural 

regeneration treatment the concentrations did not drop below this limit in this 

study. 

 In regard to plant N-uptake in this study the mustard cover crop showed a good 

ability to uptake soil N efficiently under Irish climatic conditions (up to 81 kg 

N/ha); whereas natural regeneration growth (up to 40 kg N/ha) was shown to 

be close to some other popular cover crops (such as rye and ryegrass). 

 Both NO3
-
-N and Cl

-
 concentrations in groundwater showed a gradual decrease 

over the 3-year time scale, probably due to climatic influences and/or higher 

fertilisation rates prior to the start of this experiment. Additional long term 

studies in this area in relation to groundwater nitrate seasonal variations 

depending on climatic influences and keeping the fertilisation rates constant are 

necessary to further explore this phenomenon of the gradual decrease over time 

of NO3
-
-N and Cl

-
 concentrations in shallow groundwater. 

 In this study P and NH4
+
-N did not appear to be important solutes in shallow 

groundwater. 
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8.5.2 Groundwater DOC and accompanying physical-chemical 

properties under different over-winter green covers  

 

 DOC was present in low concentrations (< 3mg/l) in the shallow groundwater 

and consisted of organic compounds present in a relatively stable form (i.e. 

HIX < 2), corresponding to compounds with lower molecular weight and most 

likely consisting of more recalcitrant aromatic residues.  

 Significantly higher groundwater DOC concentrations were observed under the 

mustard over-winter cover crop (compared to natural vegetation regeneration 

and no over-winter cover treatments) on tillage fields used for spring barley 

production. 

 Despite the groundwater DOC increases under the mustard cover being 

statistically significant, these increases were very small and they are unlikely to 

have a substantial effect on nitrate elimination via denitrification in this aquifer. 

The accompanying high groundwater DO concentrations made the occurrence 

of denitrification in this aquifer even less likely. 

 Both over-winter green cover growth and groundwater recharge influenced the 

seasonality of groundwater DOC and groundwater physical-chemical properties 

such as temperature, pH, DO, redox potential.  

 Whereas low DOC and high DO concentrations may be typical for these 

fluvioglacial deposits, this may not be the case for different types of aquifers 

containing less permeable sediments. Therefore additional studies are 

recommended in order to further explore the potential for groundwater 

denitrification on sites with different sediment properties.  

 Additional studies are recommended on the manipulation of different land 

covers to enhance DOC export and influence microbial processes in the 

subsurface, as a practical mitigation measure to control microbially degradable 

contaminants such as nitrate. 
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8.5.3 Linking groundwater NO3
-
-N concentrations and other 

groundwater results  

 The results from this study strongly indicate that the effect of the over-winter 

green cover treatments on NO3
-
-N and DOC overrode the effect of groundwater 

recharge (based on correlations between groundwater NO3
-
-N, Cl

-
, DOC and 

WL). As such this study proves that a mustard cover crop can be used as an 

efficient measure to significantly reduce NO3
-
-N concentrations in shallow 

groundwater from free draining tillage land under the Irish climate. Mustard 

was also observed to statistically significantly increase DOC concentrations in 

shallow groundwater, but (as explained in Section 8.5.2) this increase was 

shown to be too small in absolute terms to be of importance in denitrification at 

this study site. 
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CHAPTER 9: CONCLUSIONS 
 

9.1 Introduction to the chapter 

 

This chapter provides a short summary of the main findings from the whole thesis and 

recommendations in relation to management strategies and additional research. The 

earlier chapters in this thesis were written as individual studies, which included 

findings and their discussion; therefore the repetition of these was inevitable in the 

present chapter. This concluding chapter integrates these main findings into a brief and 

coherent summary based on the overall study aims and objectives stated in the 

introductory chapter (Chapter 1). 

 

9.2 Short summary of the main study findings 

 

9.2.1 Introduction to the main findings  

 

The primary aim of this study was to examine the effects of different measures (over-

winter green cover and tillage practices) on reducing nitrate losses from tillage land to 

the unsaturated zone (Chapter 7) and to investigate the reduction in nitrate 

concentrations in the saturated zone (shallow groundwater; Chapter 8) under different 

over-winter green covers. This study was performed on a vulnerable site used for 

spring cereal production (i.e. mainly spring barley) with free draining soil and high 

leaching potential situated in Oak Park, Co. Carlow in south-eastern Ireland. A 

fluvioglacial sand and gravel aquifer, part of Barrow Valley Quaternary sand and 

gravel sediments, was investigated. In terms of groundwater vulnerability and soil 

type, more than one half of the River Barrow catchment area was found to have very 

similar characteristics to the ones of the Oak Park study area (Chapter 3). Several 

additional study objectives had to be completed in order to have enough scientific 

background to enable full examination of the effect of different measures on nitrate 

losses to shallow groundwater in this doctoral research. This included the development 

of an agro-meteorological model for predicting effective rainfall (Chapter 4); 
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characterisation of the shallow Oak Park aquifer system and estimation of aquifer 

properties (Chapters 5 and 6), which included the exploration of the connectivity 

between the unsaturated and saturated zones and estimation of travel times through the 

hydrologic system.  

 

9.2.2 SMD crop model for predicting effective drainage/rainfall 

 

An agro-meteorological model was developed and verified as a part of this doctoral 

research, named as the soil moisture deficit (SMD) crop model. The new SMD crop 

model was developed for estimating the amount of effective drainage/rainfall for the 

chosen experimental area. Prediction of effective drainage/rainfall was particularly 

important for estimating groundwater recharge and cumulative nitrate loads leached, 

which were used in the studies on nitrate leaching losses to the unsaturated and 

saturated zones. The model was first calibrated and next tested against soil tension 

measurements from the two experimental sites in Oak Park (which were also used in 

the nitrate leaching studies). The predicted leaching and non-leaching events 

(compared to measured values) showed accuracy of 70%, sensitivity of 71% and 

specificity of 69%. The overall mean annual effective drainage/rainfall (2002 to 2008) 

was 335 mm/year. The number of days, during which the effective drainage/rainfall 

was > 0 mm, ranged from 69 in 2004 to 116 in 2002. The modelled effective 

drainage/rainfall showed that groundwater recharge mainly occurs during 

October/November to March/May, with some occasional recharge in summer and early 

autumn. 

 

9.2.3 Main characteristics of the Oak Park shallow sand 

and gravel aquifer and estimated travel times  

Preliminary hydrogeological investigations of the Oak Park study area enabled the 

design and establishment of as hydrogeologically uniform a groundwater experiment 

as practically possible. The main hydrogeological investigations under the study area 

proved the existence of shallow sand and gravel aquifer with localized silty lenses. 

Particle size analysis confirmed the sand and gravel composition of these sediments:  

i.e. all of the identified 68 layers from the 16 boreholes consisted mainly of gravel (up 
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to a maximum of 98%) and sand (up to a maximum of 75%); whereas the majority of 

these layers had a silt content < 20% (61 layers out of 68). The seasonally varying 

groundwater flow with the dominating main groundwater flow direction from north-

east to south-west towards River Barrow was estimated by groundwater level mapping. 

This dominating main groundwater flow direction was confirmed by a tracer 

experiment.  

 

The hydraulic conductivity of the saturated sediments measured using slug tests (0.49 - 

3.37 m/day) was comparable with the results from earlier drillings in Oak Park 

conducted in 2002. The calculated hydraulic conductivity from the bromide tracer test 

in the down-gradient direction was much higher (24.8 -70.5 m/day; estimated using 

Darcy’s equation along the fastest traced route). This and the observed rapid down-

gradient zone velocities within shallow groundwater to River Barrow after the tracer 

has reached the saturated zone (e.g. 2.66 m/day for the first tracer detection following 

the fastest saturated zone route), indicated that the less permeable lenses at this site are 

not continuous. The bromide tracer results indicated that soil surface activities at this 

site can have:  

a) an impact on shallow groundwater quality within a period of less than one 

year (i.e. a single season); but the travel times through this hydrologic system are 

subject to climatic conditions (i.e. amount of effective rainfall).  

b) a potential impact on the nearby nutrient sensitive surface water receptor 

(River Barrow) within a short period of time, of the order of < 1 to 3 years (without 

taking into account any nitrate transport delays and transformations that may occur in 

the hyporheic zone). 

Estimated aquifer transmissivity was in the range from c. 248 to 1058 m
2
/day. 

These results are expected to be important for evaluating the influence of nitrate from 

current and past agricultural practices on shallow groundwater and the nearby river in 

this area. 

 

 

 

 



Evaluation of measures to reduce                .                       . 
Chapter 9                                                                        nitrate loss to groundwater from tillage land   Alina Premrov  

 

285 

9.2.4 Measures to reduce nitrate leaching to the 

unsaturated zone  

 

A separate small-scale experiment was conducted (the Road Field experiment located 

in Oak Park, Co. Carlow) in order to investigate nitrate leaching from free-draining 

soil under spring barley production to the unsaturated zone sampled by suction cups at 

0.9 m depth. This experiment had a randomised plot experimental design with a larger 

number of land use permutations than the saturated zone experiment (see Section 

9.2.5). This experiment was run for the period of 3-years during the over-winter 

leaching seasons. Mean nitrate concentrations across three years (i.e. geometric mean 

of three over-winter seasons) under different treatments were:  

 Mustard cover crop: 3.3 mg N/l (reduced tillage) and 5.4 mg N/l (conventional 

plough)  

 Natural vegetative regeneration (natural regeneration) 13.9 mg N/l (reduced 

tillage) and 18.4 mg N/l (conventional plough)  

 No over-winter green cover (no cover): 24.0 mg N/l (reduced tillage) and 20.8 

mg N/l (conventional plough).  

 

The study proved that over-winter vegetation cover can be an effective measure for 

reducing nitrate leaching under Irish climatic conditions (statistical significance p < 

0.05). In particular, the mustard cover crop was found to be an effective measure for 

reducing over-winter nitrate losses. An early autumn seeding of mustard crop was 

proven to be a reliable method to significantly reduce both the unsaturated zone nitrate 

concentrations (by > 70%) and the over-winter nitrate loads by 48% (year 1) to 83 % 

(year 2). This was observed for both tillage practices (reduced tillage and conventional 

plough), reducing the mean nitrate concentrations below the EU Drinking Water (DW) 

limit of 11.3 mg N/l. Natural regeneration was found to be a less effective measure for 

reducing over-winter nitrate losses than mustard. Nevertheless, natural regeneration 

under reduced tillage significantly reduced the unsaturated zone nitrate concentrations 

and was observed to be approximately one half as effective as mustard. Thus, the 

results suggest that early plant establishment potentially stimulated by reduced tilling 

may be an important factor in achieving a good efficiency of natural regeneration 

treatment to reduce nitrate leaching losses. The unsaturated zone mean nitrate 

concentration across three over-winter seasons under natural regeneration with reduced 
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tillage exceeded the EU DW nitrate limit by only c. one fifth. Tillage practices (i.e. 

reduced tillage and conventional plough) had no overall significant effect on over-

winter mean nitrate concentrations across three years, nor on the yearly mean nitrate 

loads leached in this study. 

 

This unsaturated zone study further demonstrated an overall significant yearly effect 

(named as “year”) on green cover treatments and tillage practices (probably due to 

climatic conditions). Strong interactions were found between the “year” and green 

cover treatments and between the “year” and tillage practices. The observed 

interactions between the over-winter treatments and “year” indicate a strong influence 

of climatic conditions on the reductions in nitrate leaching losses in this experiment 

(with summer and early autumn effective rainfall events and the amount of effective 

rainfall during the over-winter period most probably being the driving forces behind 

these interactions). Although both tillage practices had no overall significant effect on 

mean over-winter nitrate concentrations/loads, a significant difference was observed 

between certain years within a single tillage practice treatment. Green cover treatments 

were significantly more effective in reducing nitrate loads during particular years [in 

particular, the natural regeneration treatment was found to significantly reduce the 

over-winter nitrate loads only during year 2, which could have been induced by 

climatic variations]. In this context, the mustard cover crop was found to be a more 

reliable method for reducing nitrate loads leached than the natural regeneration.  

 

9.2.5 Measures to reduce nitrate concentrations in the 

saturated zone (shallow groundwater)  

 

A three year study was performed on a large-scale groundwater experiment (the 

Sawmills Field experiment in Oak Park, Co. Carlow, specially designed for 

groundwater monitoring based on the preliminary hydrogeological site investigations). 

This experiment was designed to investigate nitrate concentrations in shallow 

groundwater (in the range from 1.3 to 3.3 m below ground level) under spring barley 

cultivation with three different over-winter green cover treatments and under Irish 

climatic conditions. The specific design of this experiment enabled comparison of 

saturated zone responses under these three treatments. The experiment was equipped 
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with a network of 20 monitoring piezometers installed to 4 - 5 m below ground level, 

of which 12 were installed within the three over-winter treatments (4 piezometers per 

treatment plot). This study also investigated the quantities of groundwater dissolved 

organic carbon (DOC) and groundwater biogeochemistry in relation to potential 

groundwater denitrification.  

 

Mean nitrate concentrations over the period of three years detected in the shallow 

groundwater under the different treatments were 18.0 mg N/l under the mustard cover 

crop, 22.4 mg N/l under natural regeneration, and 23.9 mg N/l under the no cover 

treatment. The study showed that under the over-winter green cover (i.e. mustard) 

treatment the groundwater nitrate concentrations can be effectively reduced (statistical 

significance p < 0.05). A significant reduction in shallow groundwater 3-year mean 

nitrate concentrations (by c. 25%) was observed under the over-winter green mustard 

cover growth compared to no cover. However, the reduction under the natural 

regeneration treatment (by c. 6%) was not statistically significant compared to no 

cover.  

 

The decrease in groundwater nitrate concentrations under mustard cover resulted in 

concentrations falling below the EU DW limit observed from the second over-winter 

season on. However, under the natural regeneration treatment the groundwater nitrate 

concentrations did not drop below this limit during the 3-year period. NO3
-
-N and Cl

-
 

concentrations in groundwater showed a gradual decrease over the 3-year time scale, 

probably due to climatic influences and/or higher fertilisation rates prior to the start of 

this experiment. In relation to climatic influences, Feaga et al. (2010b) observed that 

the fluctuations in soil nitrate concentrations depend from the timing and amount of 

yearly rainfall, especially during October to December, with high leaching losses 

related to the previous dry winter and early rainfall in the following autumn. Further, 

Shepherd (1999) observed that cover crops are less effective in preventing nitrate 

leaching during the years with an early autumn effective rainfall/drainage compared to 

years with delayed autumn drainage. Long term observations would be beneficial to 

clarify the observed gradual decrease of nitrate concentrations in the groundwater over 

time in relation to climatic influences in this (present) study. 
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In this study the mustard cover crop proved to have a good ability to uptake the soil N 

(up to 81 kg N/ha); whereas N uptake by natural regeneration growth (up to 40 kg 

N/ha) was shown to be close to some other popular cover crops (rye and ryegrass). P 

and NH4
+
-N did not appear to be important solutes in shallow groundwater in this area. 

 

Low DOC concentrations (< 3 mg/l) were observed in the shallow groundwater, and 

they consisted of organic compounds present in relatively stable form (i.e. HIX < 2, 

corresponding to compounds with lower molecular weight). Statistically significantly 

higher groundwater DOC concentrations were observed under the mustard over-winter 

cover crop (compared to natural vegetation regeneration and no over-winter cover 

treatments), but these increases were small. Thus, they were unlikely to have a 

substantial effect on nitrate elimination via denitrification in this aquifer. The 

accompanying high groundwater dissolved oxygen (DO) concentrations (in the range 

from 6.4 to 11.6 mg/l) made the occurrence of denitrification in this aquifer even less 

likely. The temperatures in this shallow groundwater ranged from 7º to 16.6ºC, redox 

potential was positive (146.3 to 265.3 mV), pH was close to neutral and above (7.2 to 

8.8) and electrical conductivity was between c. 399 to 582 μS/cm. Both over-winter 

green cover growth and groundwater recharge influenced the seasonality of 

groundwater DOC and groundwater physical-chemical properties such as temperature, 

pH, DO, redox potential.  

 

Based on correlations between groundwater NO3
-
-N, Cl

-
, DOC and groundwater level 

(WL), the results from this study indicate that the effect of the over-winter green cover 

treatments on nitrate and DOC possibly overrode the effect of groundwater recharge. 

As such this saturated zone study shows that a mustard cover crop can be used as an 

efficient measure to significantly reduce NO3
-
-N concentrations in shallow 

groundwater from free draining tillage land under the Irish climate.  

 

9.2.6 Linking the findings from unsaturated and saturated zones  

 

The shallow groundwater experiment (saturated zone) was designed based on the 

hydrogeological properties of the study site, whereas the unsaturated zone experiment 

was designed as a randomized block experiment. The saturated zone investigations 
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showed significantly reduced mean nitrate concentrations in the shallow groundwater 

under the mustard treatment compared to no cover. The randomized experiment also 

proved that the mustard treatment significantly reduced over-winter nitrate losses 

compared to no cover at 0.9 m depth at this site.  

 

This was not the case for the natural regeneration treatment - no significant reduction 

in nitrate concentration in the saturated zone was observed under the natural 

regeneration treatment. In regard to the natural regeneration, the results from both 

experiments (the unsaturated and saturated zone) under conventional plough were in 

agreement with each-other (i.e. both experiments demonstrated no significant 

reduction in nitrate concentrations in soil solution/shallow groundwater under the 

natural regeneration with conventional plough compared to no cover). Nevertheless, 

the small plot (unsaturated zone) experiment suggests that natural regeneration under 

reduced tillage might potentially reduce groundwater nitrate concentrations, as this 

treatment was observed to significantly reduce unsaturated zone nitrate concentrations.  

 

Results also show that the effect of the mustard cover on the shallow groundwater 

occurred within a single recharge season. This result is supported by short solute travel 

times through the unsaturated zone to shallow groundwater observed from the bromide 

tracer experiment: i.e. 22 days for the first unsaturated zone tracer detection, 70 days 

for the first saturated zone tracer detection and 160 days for the saturated zone peak 

tracer detection; a subject of climatic conditions. The results from the groundwater 

experiment also indicated that the effect of the over-winter green cover treatments on 

nitrate concentrations in groundwater overrode the effect of groundwater recharge (see 

Section 9.2.5). As such, both studies (the unsaturated and saturated zone) support each 

others’ findings that mustard cover crop can be used as an efficient measure to 

significantly reduce NO3
-
-N concentrations in the shallow groundwater from free 

draining tillage land under the Irish climate.  
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9.2.7 Transferability of the research results to other soil, 

agricultural and climatic conditions 

As mentioned earlier, the study was performed on tillage land under spring cereal 

production on a free draining soil with high leaching potential, underlain by 

Quaternary sands and gravel deposits, and under Irish climatic conditions (with mild 

and wet winters). As such, the applicability of the study results to other areas is limited 

to tillage land use, temperate climate conditions with mild and wet winters, free 

draining soils, with hydrogeological conditions typical for intergranular aquifers.  

 

Although the representativeness of the chosen study site was found to be from c. only 

1/9 of the River Barrow catchment area (in terms of tillage land), to c. 1/6 (in terms of 

groundwater vulnerability), and to over 1/ 2 (in terms of selected soils), it should be 

noted that this site was deliberately chosen as a “worst case scenario”. Assuming 

theoretically that nitrate leaching losses under different (less leaching) conditions 

should be as low or lower than observed losses in this study, the choice of “worst case 

scenario” was done on purpose, in order to get good general transferability of the 

results to some other areas underlain by fluvioglacial sands and gravels with 

high/extreme groundwater vulnerability.  

 

On soils with less leaching potential (e.g. medium and poorly drained) the over-winter 

green cover should have more chances for plant N-uptake, because the solute transport 

through the unsaturated zone should be less rapid, allowing plants more time to act. 

This study investigated two different agricultural practices (reduced tillage and 

conventional plough). The effect of different tillage practices on nitrate leaching losses 

was not significant in this study. The mustard cover crop significantly reduced nitrate 

leaching losses under both tillage practices. Thus, it is likely that mustard cover crop 

could reduce nitrate losses under some other different agricultural practices, provided 

that the cover is applied early enough in the autumn, and that it is not removed too 

soon during the over-winter period. Nevertheless, the results indicate that further 

investigations on the effect of different agricultural practices on maximising the 

efficiency of over-winter green cover to uptake N prior to leaching are highly 

recommended, especially for natural regeneration.  
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When considering different Irish climatic conditions, it should be noted that some parts 

of Ireland receive higher amounts of precipitation than the Oak Park study site in this 

thesis (e.g. >1500 mm rainfall in the south-west of the country). On one hand these 

“wet areas” could be more exposed to nitrate leaching risk in terms of nitrate loads due 

to possible higher intensity and longer duration of rainfall. On the other hand, these 

areas could be also less exposed to the groundwater pollution by elevated nitrate 

concentrations because high amounts of rainfall can cause dilution, potentially 

resulting in nitrate concentration drop, bringing it close to or below the DW limit.  

 

For example the recent national water quality report (2007-2009) states that 2008 and 

2009 were very wet years in Ireland (McGarrigle et al., 2010). These wet conditions in 

general could have, on one hand, caused an increase of an impact on pollution of 

shallow groundwater (in terms of mean ammonium concentrations), due to fast 

transport of pollutants, especially in areas with extreme groundwater vulnerability. On 

the other hand the report notes a general reduction in nitrate and phosphate 

concentrations, which could have been a consequence of several factors, including 

dilution factor due to wetter climatic conditions and increased aquifer recharge 

(McGarrigle et al., 2010). The nitrate concentrations have remained highest in the 

south and south-east of Ireland, most likely due to intensive agricultural practices in 

these parts of the country (McGarrigle et al., 2010). 

 

Nevertheless, despite this potential for dilution, the application of over-winter green 

cover (if properly managed) should generally still be considered as a good practice 

(compared to bare soil), especially because this way the N is not lost from the system 

as much: i.e. the over-winter green cover takes up and stores N, which is released later, 

after the next crop has already been planted. In addition, the application of over-winter 

green cover has also some other benefits, such as reducing a risk for runoff and erosion 

in areas with high amount of precipitation, which could be more exposed to these risks 

due to possible higher intensity of rainfall. 
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9.3 Recommendations in relation to management strategies 

and future research  

 

9.3.1 Recommendations in relation to management strategies  

 

Results from this study demonstrated that the mustard cover crop can be recommended 

as an efficient measure to significantly reduce nitrate leaching to unsaturated and 

saturated zones from spring barley production system under the Irish climate, 

regardless of the tillage practice used. The natural regeneration proved to be less 

effective than mustard. Nevertheless, the natural regeneration under reduced tillage can 

also be recommended as a measure to reduce nitrate leaching to unsaturated zone, 

especially when sowing a cover crop may not be an option for farmers due to 

additional cover crop seeding costs and management costs. This study found that 

natural regeneration under reduced tillage significantly reduced unsaturated zone 

nitrate concentrations at 0.9 m depth (most probably due to stimulated early 

establishment of natural regeneration), which is a promising result for using this 

management strategy as an alternative measure to the mustard cover crop. Early 

sowing/establishment of green cover in autumn is acknowledged to be crucial in 

reducing nitrate leaching losses from arable soil, in areas with mild winters (Shepherd 

et al., 1993; Francis, 1995; Richards et al., 1996). The results from this study indicated 

the high importance of the early establishment of green cover for reductions in nitrate 

leaching. The early establishment of green cover is particularly important and highly 

recommended for reducing nitrate leaching losses on sites with low water holding 

capacity (such as the site in this experiment).  

 

9.3.2 Recommendations for future research  

 

Further studies on the implementation of the management practices that could 

potentially stimulate the early establishment of green cover (making it more efficient 

in taking up the soil N under varying climatic conditions) are recommended. The 

results from this study showed no significant reduction in mean nitrate concentrations 
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in the shallow groundwater under the natural regeneration treatment under 

conventional plough. Considering that natural regeneration can be implemented at no 

seeding costs for farmers, it would be beneficial if its effectiveness could be improved.  

 

The study on the unsaturated zone nitrate leaching (Section 9.2.4) showed higher 

efficiency of natural regeneration in reducing nitrate leaching by implementation of 

reduced tillage practice. Reduced tillage in the present study could have stimulated an 

early establishment of natural regeneration (probably due to aeration of the soil in 

autumn and stimulating seed germination), but further research is necessary to verify 

this assumption. Additional studies are recommended to evaluate the potential to 

enhance the efficiency of natural regeneration (to reduce the nitrate concentrations in 

the shallow groundwater) using the reduced tillage cultivation practice, and to directly 

look at the shallow groundwater response to this measure. In particular, further studies 

would be recommended to evaluate the potential of reduced tillage cultivation practice 

to improve the efficiency of natural regeneration in connection with early autumn 

green-cover plant development stages, under different climatic scenarios and with 

varying natural soil seed biomass. In addition to effective rainfall, the over winter 

temperatures can influence the growth and rooting depth of different green cover plant 

species as well as the soil mineralisation rates. Thus, future studies on the rooting 

depth growth and rooting intensity of different over-winter green covers under Irish 

climatic conditions are also recommended.  

 

There is a strong need for further long-term studies in the area of nitrate leaching and 

nitrate concentrations in shallow groundwater in connection to climatic conditions, 

groundwater recharge and seasonal dynamics. In order to evaluate the effect of 

climatic conditions on nitrate concentrations in the groundwater other factors 

influencing the nitrate groundwater temporal trends should be controlled (e.g. keeping 

the annual fertilisation rate constant).  

 

Furthermore, in this study it was expected that most of the N originating from over-

winter green cover residues will be used up by spring cereals, however further studies 

are necessary to verify this assumption. Additional investigations of the availability of 

over-winter green cover residual N to the spring cereal crops under the Irish climate 

(as a function of the mineralisation and immobilisation turnover processes, cover crop 
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residual N stabilisation and residual N incorporation into the soil, depending on 

varying climatic conditions) are recommended. 

 

The present study also did not focus on the issue of cover crops reducing the over-

winter groundwater recharge volumes. Nevertheless, the generally wet Irish climate, 

and consequently generally high recharge volumes occurring during over-winter 

raining events were expected to overcome the potential effect of green cover on soil 

moisture conditions during over-winter periods on this free draining soil. To verify 

these assumptions additional studies on the cover crop ability to reduce the over-winter 

drainage volumes under varying climatic conditions in Ireland would be 

recommended.  

 

In relation to the potential for groundwater denitrification in this study, the observed 

low DOC and high DO concentrations make its occurrence highly unlikely. However, 

although these aquifer conditions, unfavourable for denitrification, may be typical for 

these fluvioglacial deposits, this may not be the case for different types of aquifers 

containing less permeable sediments. Therefore additional studies are recommended in 

order to further explore the potential for groundwater denitrification on sites with 

different sediment properties. In particular additional studies are recommended on 

manipulating different land covers to enhance DOC export and influence microbial 

processes in the subsurface, as a practical mitigation measure to control microbially 

degradable contaminants such as nitrate.  
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APPENDIX TO CHAPTER 1 
Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 1. 

 

Appendix 1.1 River Basin Districts in Ireland  

 

 
 

Figure Apx.1.1.1 Irish River Basin Districts (RBDs) with 3 international RBDs 

[Adapted from McNally (2009) and WFD Ireland (2005a)] 
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APPENDIX TO CHAPTER 2 
Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 2. 

 

Appendix 2.1 Calendar of the implementation of the EU Nitrates 

Directive  

 

 

 

 

Figure Apx.2.1.1 Schematic presentation of scheduled tasks and requirements of the 

EU Nitrates Directive 

[Adapted from EC (2010) and EC (1991)] 
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APPENDICES TO CHAPTER 3 
Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 3. 

 

Appendix 3.1 Management of selected Oak Park fields (2004-

2008) 

The detailed management information of selected Oak Park fields is given in the form 

of tables (Tables Apx.3.1.1 to Apx.3.1.8) for the period from 2004 to 2008 (data 

provided by Teagasc, Oak Park Research Centre). Information is provided on selected 

fields close to the two experimental sites (i.e. close to Sawmills Field and Road field 

experiments). Road Field detailed management data are provided in Chapter 7 and 

Appendices to Chapter 7. Sawmills Field detailed management data are provided in 

Chapter 8 and Appendices to Chapter 8.  

Tables Apx.3.1.1 to Apx.3.1.8 are provided in an electronic form on digital compact data disk, 

which is attached at the end of this thesis. 

 

Appendix 3.2 Additional information on Irish climate 

Appendix 3.2 is provided in an electronic form on digital compact data disk, which is attached 

at the end of this thesis. 

Appendix 3.3 Additional information on the selected study area: 

bedrock and bedrock & gravel aquifers  

Appendix 3.3 is provided in an electronic form on digital compact data disk, which is attached 

at the end of this thesis. 

 

 

 
 
 
 
 
 
 
 
Appendices are not available for viewing in this electronic copy of the thesis. 



Evaluation of measures to reduce               .                       . 
Appendices                                                                      nitrate loss to groundwater from tillage land   Alina Premrov  

 

 323 

 

APPENDICES TO CHAPTER 4 

Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 4. 

 

Appendix 4.1 Comment on SMD crop conceptual model 

development and additional information on relative humidity 

computation from input parameters 

 

Additional explanation on SMD crop conceptual model and relative humidity computation is 

provided in an electronic form on digital compact data disk attached at the end of this thesis.  

 

 

Appendix 4.2 Additional information on SMD crop model 

computing components 

 ETo or potential evapotranspiration 

Potential- or reference- evapotranspiration for grass ETo is calculated the same way as 

described in Schulte et al (2005) model using Penman-Monteith equation (Allen et al., 

1998). ETo is used in the SMD crop model for the calculation of potential- 

evapotranspiration during over-winter natural regeneration growth (after the harvest of 

crops in autumn and before sawing new crops in the spring following year). Penman-

Monteith equation (Allen et al., 1998) which is used for calculating the ETo in both 

models, the Schulte et al. (2005) SMD hybrid grassland model and in the new SMD 

crop model, is following:  

 

ETo = [0.408∙∆∙(Rn – G) + γ∙[900/(T+273)]∙u2∙(es – ea)]/[∆+ γ∙ (1+0.34∙u2)  

        [Apx.4.1] 

 (Allen et al., 1998; Schulte et al., 2005) 

 

ETo represents a potential- or reference-crop evapotranspiration; Eta is actual 

evapotranspiration; SMDc is a critical soil moisture deficit and SMDmax is a maximum 

soil moisture deficit; (0) represents field capacity, when SMD = 0; ∆ is a slope of 
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vapour pressure curve [kPa ºC
-1

]; Rn is net radiation at crop surface [MJ m
-2

 d
-1

]; G is a 

ground heat flux density [MJ m
-2

 d
-1

]; γ is psychrometric constant [kPa ºC
-1

]; u2 is 

wind speed at 2 metres height [m/s]; T is temperature of the air at 2 metres height [ºC]; 

es is saturation vapour pressure [kPa] and ea is actual vapour pressure [kPa]. Further 

information in relation to relative humidity and vapour pressure is provided in 

Appendix 4.2 (on CD). 

 

The described parameters are determined in the current crop model from the 

meteorological data collected at the Oak Park weather station and from other site 

specific information, such as daily precipitation [mm/day], global radiation [MJ m
-2

 d
-

1
], maximum and minimum temperature [ºC], wind speed at 10 metres [m/s], 

negligible ground-heat flux, albedo of grass crop 0.23 (Schulte et al., 2005), latitude 

[radians] and altitude [m]. 

 

 Radiation 

Radiation is determined the same way as in SMD-hybrid-grassland model by Schulte 

et al (2005). It is determined as net radiation according to Allen et al. (1998) and 

Schulte et al. (2005) for the days with no available data on global radiation: 

Rn = Rns- Rnl    [Apx.4.2]  

where Rns is a net solar radiation (MJ m
-2

 d
-1

). 

Rns  = (1-α)∙Rs     [Apx.4.3]. 

Alpha (α) is albedo or canopy reflection coefficient (0.23 for hypothetical grass 

reference crop [dimensionless]) and Rs is solar radiation [MJ m
-2

 d
-1

], where Rs can be 

calculated as following  

Rs = Ra∙(a + b∙n/N)  [Apx.4.4]. 

In the above calculations the Ra represents extraterrestrial radiation [MJm
-2

d
-1

], which 

is a function of latitude, date and time of day, and is determined by the angle between 

direction of sun's rays and the surface atmosphere normal (Allen et al., 1998); a & b 

are Angstrom values that depend on atmospheric conditions and solar declination, and 

are here chosen as a=0.18 and b=0.55 as in Schulte et al (2005); n/N is a relative 

sunshine duration where n is daily duration of bright sunshine [h/day] and N is day-

length [h/day] (Allen et al., 1998; Schulte et al., 2005). 
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Appendix 4.3 Soil tension measurements over the time from tensiometers installed at different depths (Sawmills 

Field) 

 

 
 

 

 

 

Figure Apx.4.3.1 Oak Park (Sawmills Field) soil tension measurements converted from measured negative pressure [hPa] to head [m]  

Note: Tensiometers at different depths can provide information on the direction of water movement: when the soil tension increases in downwards direction (when soil tension lines occur in 
order of tensiometer depths in above figure) it can be assumed that water will move downwards from the surface (leaching) (Hooker, 2005). Black arrows indicate leaching periods involving 
all four depths. Red circles in above figure indicate zero flux plane corresponding to no upward/downward water flux between certain depths. 

3
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Appendix 4.4 Effective rainfall in relation to the mean 

groundwater level of the shallow sand and gravel aquifer in Oak 

Park  

 

 
 

Figure Apx.4.4.1 Oak Park (Sawmills Field) groundwater level and the effective 

drainage/rainfall accumulated between the monitoring dates: (a) original 

measurements; (b) effective rainfall shifted forwards for 5 monitoring dates 

 

Appendix 4.5 Output of the analysis of effective rainfall in 

relation to the mean groundwater level using R -2.11.1  

Appendix 4.5 is provided in an electronic form on digital compact data disk, which is attached 

at the end of this thesis. 

 

 

 

a 
Time lag between Eff. 
rainfall and WL  

Eff. rainfall results shifted 
for 5 monitoring dates 
corresponding to 65 days 
(time lag between Eff. 
rainfall and WL)  

b 
SHIFTED  
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APPENDICES TO CHAPTER 5 
 

Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 5 

 

Appendix 5.1 Additional information on installation of test 

boreholes during April to June 2006, sediment description and 

borehole logs 

 Test borehole installation 

The location of Sawmills Field experimental area with boreholes is provided in the 

Chapter 5. Figure 5.1 provides information on the location of the following boreholes 

used for preliminary hydrogeological investigations: 

- test boreholes (tBH), which were installed from April to June 2006 under 

personal supervision (using the drilling machine provided by Teagasc 

Johnstown Castle Research Centre); and  

- old boreholes (oBH), installed in July 2002 by drilling company Minerex; 

(Minerex, unpublished 2002)). 

All test boreholes in this thesis were drilled at the Sawmills Field, Railway Field and 

Big Bull Park, located within the Teagasc Oak Park Research Centre in Co. Carlow, 

Ireland. Drilling method was continuous auger (rotating) using Giddings Hydraulic 

Soil Sampling, Coring and Drilling Machine [#25-SCT Model HDGSRPST]. 

Installation of monitoring piezometers (monitoring wells) followed the standard 

procedures described in the USGS guidelines (Lapham et al., 1997). Test boreholes 

were temporarily installed with narrow piezometer plan HDPE pipes [Van Walt Ltd., 

UK; 25 mm inner diameter], and the screen was secured with a filter-sock (Van Walt 

Ltd., UK). Teagasc provided the necessary man-power for physically very demanding 

works such as operation of the drilling machine due to its physically demanding nature 

(see Appendix to Chapter 6). 

 

 Additional notes on “BS5930” sediment descriptions  

Additional notes on “BS5930” sediment descriptions are provided in electronic version on 

digital compact data disk, which is attached at the end of this thesis. 
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 Additional notes on sediment particle size analysis 

Additional notes on particle size analysis are provided in electronic version on digital 

compact data disk, which is attached at the end of this thesis. 

 

 

 TEST BOREHOLE LOGS 

 

Test borehole logs are provided in electronic version of appendices on digital compact data 

disk, which is attached at the end of this thesis. 

 

Symbols used in the borehole logs: 

- Non-perforated piezometer pipes  

- Perforated piezometer pipes  

  (with applied filter-sock for protection of perforated pipe) 

x (Northing),  y (Easting) ... Irish grid coordinates (OSI) 

GL.................................... ground level [maOD] 
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Apx.5.1.1 Borehole log tBH1 -EXAMPLE 

Date drilled: 21.04.2006; Drilling supervision, logging and sampling by: Alina Premrov; x 272648.0; y 

179105.3; GL 58.5 maOD 

 
DRILLING 
DEPTH [m] 

 
STRATA 
[maOD] 

Graphical 
presenta-
tion 

 
VISUAL DESCRIPTION [BS5930:199] 
(see text in grey colour) 

 
INSTALLATIONSI 

   ESTIMATED CLASSIFICATION BASED 
ON THE PARTICLE SIZE ANALYSIS 
(see text in bold and black colour) 

Casing above 
ground k : 
0.71 m 

0 Ground level: 
58.5 [maOD] 
Topsoil 
Approx. 0.4 m 

 Gravelly, clayey very slightly silty SANDa 
 

Ground level: 
58.5 [maOD] 
 

 
 
 

1 auger 
 

1.20m 

 

58.1 [maOD] 
 
 

Gravelly 
SAND 

  

Gravelly SANDb 
 

Hitting rock/stones 

(refers to) Sand / Gravel 

 

 

2 augers 
 
 

2.5 m 

 
 
 
 
 
 

 Gravelly SANDc 

 
 

GRAVEL / SANDd   

(refers to) Sand / Gravel 

 
Starting  
perforatedi: 
55.1 [maOD] 

 
 
3 augers 

Gravelly 
“SILT/CLAY” 

 Gravelly, sandy “SILT CLAY”e  

3 m “SILT/CLAY”  Changing to sandy “SILT/CLAY”f   

 
 
4 m 

 
 
 

 Less sandy “SILT/CLAY”g 

(refers to) Sand / Silt 
Probably hitting some rock/stones- 

 
Piezometer  
depth:   

 
5 m 

 
 

 (refers to) Sand / Silt 
“SILT/CLAY”h. 

6.39 m or 
52.1 [maOD] 

6 m & 7 m 
(metal bar)j 

 
Drilling depth: 
51.5 [maOD] 

  
“SILT/CLAY”h 

refers to) Sand / Silt 

 
Bottom: 
52.1 [maOD] 

 

 

 

Above is provided an example of test borehole log of tBH1.  

All of the test borehole logs (tBH1 – tBH9) and all of the notes to borehole logging are provided 

in electronic version on digital compact data disk attached at the end of this thesis. 
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Figure Apx.5.1.1 Preliminary cross-section strata model diagrams from Sawmills Field based on visual description of sediments [after performing  

the particle-size analysis the above classification of strata has slightly changed - i.e. ‘clay’ refers mainly to gravelly sand/silt; see Chapter 6] 

Example of ‘semi-confined’ 
situation; water level here does 
not represent the water table 
(avoided from experimental design 
and from water table maps) 

 3
3
0
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Appendix 5.2 Preliminary groundwater contour maps based on 

historical data from old boreholes installed in 2002 

 

Appendix 5.2 is provided in an electronic form on digital compact data disk attached at the end 

of this thesis. 

 

 

APPENDICES TO CHAPTER 6 

Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 6. 

 

 

Appendix 6.1 Additional information on the installation and 

borehole logs of the boreholes forming the Sawmills Field 

groundwater monitoring network  

 

The location of Sawmills Field experimental area with monitoring boreholes is 

provided in Chapter 5, Figure 5.1. Drilling of these boreholes was performed the same 

way as explained in Appendix 5.1. Installation of monitoring piezometers followed the 

standard procedures described in the USGS guidelines (Lapham et al., 1997). The 

boreholes were permanently installed with piezometer plan pipes HDPE [Van Walt 

Ltd., UK; 25 mm inner diameter], and the screen was secured with the filter-sock (Van 

Walt Ltd., UK). 

 

The annular vacant area space around each piezometer pipe was filled with pea-size 

gravel, which extended above the slotted pipe (see borehole logs). Bentonite seal 

(pallets) were applied close to the top of drilled borehole, and finally the original 

subsoil sand soil material was back-filled up to the top of each borehole.  

 

As explained in Appendix 5.1 (Chapter 5), the sediment descriptive classification was 

again made on samples collected during the drilling of boreholes. The detail visual 
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description of samples [based on the BS5930:1999 (BSI, 1999) guidelines] is provided 

in the ‘Notes’ to borehole logs. Samples were stored for later particle size analysis. 

 

Schematic presentation of the piezometer installation and the symbols used in the 

borehole logs are explained below: 

 

Schematic presentation of the piezometer installation: 

 

 

 

Symbols used in the borehole logs: 

 

- Non-perforated piezometer pipes  

- Perforated piezometer pipes  

(with applied filter-sock for protection of perforated pipe) 

- Bentonite 
 

- Gravel 

 

 

Piezometer coordinates (OSI grid) and ground levels of the locations of all boreholes 

in this thesis are given in Appendices to Chapter 8, Appendix 8.10. 

All of the borehole logs (P1 – P20) and all of the notes to borehole logging are provided in 

electronic version on digital compact data disk attached at the end of this thesis. 
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Figure Apx.6.1.1 Schematic presentation of Sawmills Field experimental setup and installations completed in September/October  2006   [left: the  

new groundwater monitoring network consisting of 20 piezometers P1 to P20 installed during in 2006; grey dots represent pairs of suction cups;  

right: Schematic presentation of suction cup and tensiometer installation surrounding the piezometer P6]  3
3
3
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 GROUNDWATER MONITORING NETWORK BOREHOLE LOGS 

(not to scale; depth of each layer is labelled)-EXAMPLE 

Apx.6.1.1 Borehole log P1 

Date drilled: 05.09.2006; Drilling supervision, logging and sampling by: Alina Premrov 

 
DRILLING 
DEPTH [m] 

 
STRATA 
[maOD] 

Graphical 
presenta-
tion 

 
VISUAL DESCRIPTION [BS5930:199] 
(see text in grey colour) 

 
INSTALLATIONS 

 
 

  CLASSIFICATION  BASED ON THE 
PARTICLE SIZE ANALYSIS 
(see text in bold and black colour) 

Casing above  
ground*: 0.785 m 

0 
 
 
 

Ground level: 
59.0 maOD 
Topsoil 
Approx. 0.4 m 

 Sample 1 -very gravelly SAND Ground level: 
59.0 maOD 
 

1.20 m 
 
1 auger 

58.6 maOD 
 
SAND/ 
GRAVEL 
 

 Sample 2 -SAND/GRAVEL 
Sample 3 -SAND/GRAVEL 
 

Sandy GRAVEL   
 

 

 
 
 
 
 
 
 
 
2.40 m 
2 augers 

 
 
 
GRAVEL 
 
 

  
 
 
 
Samples 4 to 9 -very sandy GRAVEL 

GRAVEL  

Bentonite from  
1.2 mbgl or  
57.8 maOD to  
1.60 mbgl or 
 57.4 maOD 
 
Gravel  
from 1.60 mbgl 
to bottom  
 

 
 
 
 
3.60 m 
 
3 augers 

 
 
 
Gravelly 
SAND 
 
 

  
Sample 10 -very gravelly SAND 
Sample 11 -gravelly SAND 

Sand / GRAVEL   
 

 
 
Starting  
perforated**: 
3.24 m below  
ground level  
or 55.8 maOD 
 

   Sample 12 -SAND/GRAVEL  

 
 
 
4.80 m 
4 augers 
 

 
GRAVEL 
 
 

  
 
Sample 13 -sandy GRAVEL 

 

 
 
 
5.80 m 

SAND/ 
GRAVEL 
 
 

 Sample 14 -SAND/GRAVEL probably 
slightly “silty/clayey” 

Sandy GRAVEL   

 

5 augers Sandy 
“SILT/CLAY” 
Drilling depth: 
53.2 maOD 

 Sample 15 -sandy “SILT/CLAY” 
with few small stones 

Sample 16 - “SILT/CLAY” 
with few small stonesk 

Sand / SILT   

Bottom: 
5.24 m below ground 
level or  
53.8 maOD 
(collapsed) 

* casing at the time of installation, note that the length of casing above ground level has occasionally changed 
during the 3-year experiment (i.e. broken piezometer pipes, maintenance, changing damaged pipes);  
** 4 non-perforated and 2 perforated piezometer pipes 

L1  

L2 

L3 

L4 

L5 
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Appendix 6.2 Additional information on the particle size of 

shallow unconsolidated sediments under the Sawmills Field 

(“percent finer” and the particle size distribution curves)  

 

Additional information on the: 

- selection of piezometers,  

- bulking of samples,  

- sieving methodology,  

- laser diffraction methodology,  

- classification of sediments based on results from particle size analysis, and  

- coefficient of uniformity  

is provided in electronic version on digital compact data disk attached at the end of this thesis. 

 

Particle size analysis and particle size distribution curves of 68 indentified layers of sediments 

from 16 boreholes (Apx.6.2.1 to 6.2.16) are provided in electronic version on digital compact 

data disk attached at the end of this thesis. 
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PARTICLE SIZE ANALYSIS AND PARTICLE SIZE DISTRIBUTION CURVES -EXAMPLE 

Apx.6.2.1 Piezometer P1 

 

  

 

 

 

 

SIEVING 

LASER DIFFRACTION 

SIEVING 

LASER DIFFRACTION 

 3
3
6
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Apx.6.2.1 Piezometer P1 – continued 

 

 

3
3
7
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Apx.6.2.1 Piezometer P1 – continued 

 

 

 

                                                                                                                           Uniformity coefficients of P1 layers: 

                                                                                                                                                                               
Very high Cu values indicate possible cross-contamination of sediment 
layers with each other and with the topsoil. The sediments were sampled 
at the surface of borehole where the material was continuously deposited 
during the drilling procedure with continuous auger (with spiral blade), 
which could cause sample contamination. 

 3
3
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Apx.6.2.2 Piezometer P2 

Apx.6.2.3 Piezometer P3 

Apx.6.2.4 Piezometer P4 

Apx.6.2.5 Piezometer P5 

Apx.6.2.6 Piezometer P6 

Apx.6.2.7 Piezometer P7 

Apx.6.2.8 Piezometer P8  

Apx.6.2.9 Piezometer P10 

Apx.6.2.10 Piezometer P12 

Apx.6.2.11 Piezometer P13 

Apx.6.2.12 Piezometer P15 

Apx.6.2.13 Piezometer P16 

Apx.6.2.14 Piezometer P17 

Apx.6.2.15 Piezometer P18 

Apx.6.2.16 Piezometer P19 

 

Apx.6.2.1 to 6.2.16 are provided in electronic version on digital compact data disk attached at 

the end of this thesis. 
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Apx.6.2.17 Example of particle size analysis using wet and dry sieving (for analysing the particles of up to 1.18 mm in size)  

(An example of layer L1 of piezometer P1) 
 

 

 
 

 3
4
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Apx.6.2.18 Example of particle size analysis using laser diffraction method on 

Malvern Mastersizer 2000 instrument (for analysing the fine particles below 

1.18 mm in size)  

 

Example of Mastersizer 2000 output for sample P1/L1 (layer L1 of piezometer P1): 

 

 
 
 
 
 
 
 
 
Appendices are not available for viewing in this electronic copy of the thesis. 



Evaluation of measures to reduce                .                       . 
Appendices                                                                      nitrate loss to groundwater from tillage land   Alina Premrov  

 

 342 

Example of Mastersizer 2000 output for sample P1/L1 (layer L1 of piezometer P1) - continued: 

 

Apx.6.2.19 Report on the summary statistics and normality testing of Cu and 

d10 values  

 

Apx. 6.2.19 is provided in electronic version on digital compact data disk attached at the end of 

this thesis. 
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Appendix 6.3 Final groundwater contour maps (including old- & 

test- boreholes and the new groundwater monitoring network) 

 

The Figures Apx.6.3.1 to 6.3.3 present examples of the final groundwater contour table 

maps. Presented are only a few examples of contour maps. The maps were created 

after the establishment of experimental design and installation of the monitoring 

groundwater network at Sawmills Field. Maps are created including the old boreholes, 

test- boreholes and 20 newly installed treatment piezometers. The boreholes tBH1, 

oBH4A and tBH8 (see Appendices to Chapter 5) were excluded from the groundwater 

water table/level contour maps because of the presence of silt (silt/clay) related local 

aquifer confinement (possible “semi-confined” situations). Maps were created using 

GW-Contour 1.0 visualisation and interpolation software, [Waterloo Hydrogeologic, 

Canada] with 0.5 contouring interval. 

 

The groundwater-contouring software occasionally generated errors. Maps were 

manually corrected in Chapter 5 and Chapter 6. Water level maps in the appendices 

were manually corrected only for major errors: figures Apx.6.3.1 to 6.3.3 still include 

some minor software-generated errors, such as contouring interval, occasional lack of 

smoothness of contours and occasional creation of spherically shaped contours. These 

few minor errors did not influence the resulting estimation of the main groundwater 

flow direction (see also maps in Chapter 5 and Chapter 6). 
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Figure Apx.6.3.1 Example of a final groundwater contour map from Sawmills Field 

and surrounding area in Oak Park Co. Carlow including boreholes from the new 

monitoring network (installed in 2006)  

X 

Y Date: 12/02/2007 
Groundwater level [maOD] 

Note: Date of groundwater level measurements is provided on the map. X and Y axes represent 
the coordinate system - Irish grid. Dots represent location of boreholes. Groundwater contours are 
presented in metres above Ordinance Datum (maOD). Dotted lines represent uncertain contours. 
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Figure Apx.6.3.2 Example of a final groundwater contour map from Sawmills Field 

and surrounding area in Oak Park Co. Carlow including boreholes from the new 

monitoring network (installed in 2006)  

Date: 14/03/2007 
Groundwater level [maOD] 

X 

Y 

Note: Date of groundwater level measurements is provided on the map. X and Y axes represent 
the coordinate system - Irish grid. Dots represent location of boreholes. Groundwater contours are 
presented in meters above Ordinance Datum (maOD). Dotted lines represent uncertain contours. 
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Figure Apx.6.3.3 Example of a final groundwater contour map from Sawmills Field 

and surrounding area in Oak Park Co. Carlow including boreholes from the new 

monitoring network (installed in 2006)  

 

Date: 23/03/2007 
Groundwater level [maOD] 

X 

Y 

Note: Date of groundwater level measurements is provided on the map. X and Y axes represent the 
coordinate system - Irish grid. Dots represent location of boreholes. Groundwater contours are 
presented in meters above Ordinance Datum (maOD). Dotted lines represent uncertain contours. 
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Appendix 6.4 Soil profiles from Sawmills Field  

 

Description of methodology is provided in electronic version on digital compact data disk 

attached at the end of this thesis. 

 

Figure Apx.6.4.1 (Location of soil profiles) is provided in electronic version on digital compact 

data disk attached at the end of this thesis. 

 

Figures Apx.6.4.2 to 6.4.4 (Soil profile #1, #2 and #3 at Sawmills Field, Oak Park, Co. Carlow) 

are provided in electronic version on digital compact data disk attached at the end of this 

thesis. 
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Table Apx.6.4.1 Description of soil profiles from Sawmills Field 

 
Horizon Depth [m] Colour Texture Roots Stones Drainage  

Soil profile #1   [Water level at 1.5 m depth]  

A1 0-20 dark brown sandy loam roots few to many small stones well drained 
A2 20-42 dark brown sandy loam few roots many small stones well drained 
B1 42-60 grey gravelly sand almost no roots many small to medium stones excessively drained  
B2 60-92 dark grey very gravelly sand no roots many small to medium stones  excessively drained  
C 92-150+ yellow grey-brown pure sand no roots no stones excessively drained  

Soil profile #2   [Water level <1.5 m depth]  

A1 0-20 dark brown sandy loam to loam roots few small stones well drained 
A2 20-35 dark brown sandy loam to loam few  roots few small stones well drained 
B 35-60 yellowish brown gravelly silt few  roots small stones-very few, 

some medium stones (occasionally) 
moderately drained  

C1 35(60)-100 grey gravelly sand/silt no roots some small stones & medium stones  well drained 
C2 100-150+ grey gravelly sand/silt no roots some small stones & some medium stones  well drained 
P 60-150+ grey-white weathered soil no roots   

Soil profile #3   [Water level <1.2 m depth]  

A 0-22 dark brown sandy loam  roots some small to medium stones (limestone) well drained 
B1 22-35 light brown gravely sand/silt no roots few small stones (gravelly) well drained 
B2 35-50 light brown gravely sand/silt no roots few small stones to medium stones well drained 
C1* 50-80 grey brown gravelly, silty sand no roots few small stones to medium stones well drained 
C2* 80-120+ grey silty sand no roots many small stones to medium stones well drained 
P 50-120+ grey-white weathered soil no roots   

Note: *Mottles present: When exposed to the air, colours are transformed to a mottled pattern of reddish, yellow or orange patches (e.g. oxidized Mn, Fe).  

 3
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Appendix 6.5 Description of the estimation of sediment bulk 

density with excavation method  

Appendix 6.5 is provided in electronic version on digital compact data disk attached at the end 

of this thesis. 

 

Appendix 6.6 Output of the aquifer slug test measurements for 

the estimation of hydraulic conductivity (K) 

Apx.6.6.1 Example of water level recovery measurements (head ratio versus 

time) from the falling head slug test and the computation of K values  

 

 

 

Figure Apx.6.6.1.1 Example of head ratio in a borehole as a function of time: Falling 

head (P18)  

Description of computation methodology is provided in electronic version on digital compact 

data disk attached at the end of this thesis. 

 

Apx.6.6.2 Examples of water level recovery measurements from falling head 

slug test  

Apx.6.6.2 is provided in electronic version on digital compact data disk attached at the end of 

this thesis. 

Water level recovery to its original state (the static water level); dashed line is 

used for calculation of K value according to Hvorslev method 

t37 
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Apx.6.6.3 Example of an excluded rising head measurement (with a very strong 

noise in the water level recovery measurements)  

 

Due to overall strong and considerable noise in measurements (especially during the 

initial part of the water level recovery curves) the computation of K values from rising 

head tests was not reliable. Consequently all rising head tests were excluded (an 

example is provided below). 

 

 
 

Figure Apx.6.6.3.1 Example of an excluded measurement of head ratio (water level 

recovery) in a borehole as a function of time: rising head  

 

Apx.6.6.4 Report on K values computed from the slug test results with the 

accompanying summary statistics and normality testing performed in R version 

2.11.1 

Apx.6.6.4 is provided in electronic version on digital compact data disk attached at the end of 

this thesis. 
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Appendix 6.7 Additional information on Sawmills Field bromide 

tracer experiment initiated in November 2007  

 

The application of bromide was performed on 21
st
 November 2007. The bromide was 

applied in the form of KBr dissolved in distilled water. Prepared was the KBr solution 

with a concentration of 60 g Br
-
/l. Bromide was applied with a rate of 0.5 mm using a 

watering can equipped with a T-bar nozzle. This resulted in an application rate 

approximately equivalent to 300.00 kg Br/ha and 0.5 mm irrigation. This concentration 

of Br
-
 was decided based on previous studies performed in February 2004 in Oak Park, 

Road Field (c. 500 m away from Sawmills Field) using Br
-
 tracer (Hooker, 2005).  

 

The application of the KBr solution in Nov. 2007 was performed at Sawmills Field on 

Plot 2 that was sprayed with herbicide glyphosate on 26
th

 Oct. 2007 in order to avoid 

the effect of bromide uptake by plants. Chosen was piezometer P6 and the six 

surrounding suction cups. This area was chosen for tracer surface application because 

of its most favourable location regarding the surrounding piezometers that may allow 

the possibility of down-gradient detection of tracer in the groundwater (see Figure 

Apx.6.7.1).  

 

Bromide tracer was applied on 3 m x 3 m around pairs of suction cups, while one 3 m 

x 3 m area around the pair of suction cups that are closest to piezometer P6 

overlapping with the piezometer area (see figure below). The 11 cm diameter area 

around each suction cup was excluded from tracer application (suction cups were 

covered with a round dish). The bromide was applied on a 10 m x 12 m area around 

the piezometer P6 (Figure Apx.6.7.1) excluding the immediate area around installed 

tensiometers (2 m x 7 m) and around the borehole (2 m x 2 m). The 10 m x 12 m area 

was divided into 2 m x 2 m square mash and the corresponding volume of bromide 

solution was applied to each square. In cases where the exclusion of the area around 

tensiometers resulted in unusual shapes, these were then measured at the field and the 

volume of bromide solution for the surface application was determined after 

calculating the surface area using the trapezoid formula.  
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Figure Apx.6.7.1 shows the down-gradient transport of Br
-
 tracer routes to piezometers 

P7, P8 and P18. The background Br concentration in groundwater was also analysed 

on samples taken from all 20 installed monitoring piezometers on 14
th

 November 2007 

and was zero (i.e. below detection limit of 0.02 mg/l). The samples from Plot 2 

(piezometers and suction cups) were taken on 21
st
 November 2007, just before the 

application of Br
-
. The analysis showed again zero background Br

-
 concentration (i.e. 

below the instrument detection) in soil solution and groundwater.  

 

The analysis of bromide concentrations in sampled groundwater and soil water from 

suction cups was performed on an Ion Chromatograph located in the Teagasc 

Johnstown Castle water laboratory in Wexford. The detection limit of the method was 

0.02 mg/l and it was in line with the limit listed in standard methods. The analysis was 

done on an Ion Chromatography system (Metrohm 790) with a conductivity detector 

and an analytical column (ICSep AN2, transgenomic) (Metrohm, 2000). Analysis was 

done according to the USEPA method 300 (Pfaff et al., 1994; Pfaff et al., 1997), with 

continuous suppression of the eluent conductivity with 0.1 M H2SO4, in order to 

enhance the analyte response (Askew and Smith, 2005b). The composition of eluent 

was 1 mM NaHCO3 / 3.5 mM Na2CO3 with a flow rate of 1 ml/minute. The external 

bromide standards were prepared using a certified bromide stock standard (Brennan, 

2009 -unpublished laboratory report).  
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Figure Apx.6.7.1 Location of the surface application of KBr tracer solution around 

piezometer P6 and suction cups, and location of down-gradient piezometers at the 

Sawmills Field, Oak Park: (a)  KBr application; (b)   location of P6 in relation to other 

piezometers (Distances: P6-P8: 81 m; P6-P7: 45 m; P6-P18: 127 m)  

a 

b 
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APPENDICES TO CHAPTER 7 
Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 7. 

 

Appendix 7.1 Detail information on the Road Field experiment 

management from 2003/2004 to 2008/2009  

Table Apx.7.1.1 which includes the full Road Field experiment management data (2003 – 

2009) is provided in electronic version on digital compact data disk attached at the end of this 

thesis. 

 

Appendix 7.2 Complementary information to “Materials and 

methods”  

 

Apx.7.2.1 Thermo Konelab analysis of non metallic ions/nutrients 

Non-metallic ions in water samples were analysed using the Aquakem 600A (Thermo 

Konelab) analyser in the Johnstown Castle Research Centre water-laboratory 

(incorporating a pick and place robotic loader that can automatically load up to 400 

samples). All calibration curves were created by online serial dilution from certified 

stock standard solutions and the method detection limits (MDL) were calculated 

according to standard methods (Aquakem 600A (Konelab 60), 2006 ; Brennan, 2008 - 

unpublished laboratory report). Detection limits are given in the Table Apx.7.2.1, and 

methods of analysis in the Table Apx.7.2.2. 
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Table Apx. 7.2.1.1 Thermo Konelab (Aquakem 600A) auto-analyser method detection 

limits (MDL) 

Non-metallic ion/nutrients Range MDL 

Cl- 

 
100mgCl/l, extended by auto-
dilution 0.9mgCl l 

Phosphorus 
 
 
 

0.3mg/l (low range); 5.0mg/l 
(high range); extended by auto-
dilution 

0.005mg/l 
 
 
 

TOxN 
 
 
 

10mgN/l(low range); 
50.0mgN/l (high range); 
extended by auto-dilution 

0.25mgN/l 
 
 
 

NO2-N 
 

2.0mg N /l, extended by auto-
dilution 

0.006mgN/l 
 

NH4+N 
 
 
 

5mgN/l (low range); 50.0mgN/l 
(high range); extended by auto-
dilution 

0.09mgN/l 
 
 
 

SO42- Up to 100.0mg/l 0.05mg/l 
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Table Apx. 7.2.1.2 Thermo Konelab (Aquakem 600A) auto-analysis laboratory -methods  

Non-metallic ions/nutrients 
 

Method 
 

Cl- 
 

 

 

 

1. Chloride reaction with mercury (II) thiocyanate forming a soluble non-ionic compound.  
2. The released thiocyanate ions react further with iron (III) nitrate (acid solution) forming a red/brown iron (III) thiocyanate 
complex. 
3. Intensity of the stable colour is measured spectrophotometrically at 480nm - chloride concentration is determined via 
calibration curve. 

Phosphorus 
Mineral phosphorus, in the form of orthophosphate, is the 
measured fraction, and can be referred to as: 
- MRP (molybdate reactive phosphorus),  
- DRP on filtered sample (dissolved reactive phosphorus), 
- TRP on unfiltered sample (total reactive phosphorus). 

1. The orthophosphate ion reacts with ammonium molybdate and antimony potassium tartrate (catalyst; acidic conditions) 
forming a 12-molybdophosphoric acid complex. 
2. The complex is reduced with ascorbic acid forming a blue heteropoly compound. 3. Absorbance is measured 
spectrophotometrically at 880nm - related to the phosphate concentration is determined via calibration curve. 
 

 
TOxN 
(total oxidised nitrogen, which includes nitrate and nitrite 
nitrogen)) 
 
 
 
 

1. Nitrate is reduced to nitrite (by hydrazine; alkaline conditions).  
2. Total nitrite ions reacted with sulphanilamide & N-1- naphthylethylenediamine dihydrochloride; acidic conditions. 
3. Formation of a pink azo-dye 
4. Absorbance is measured spectrophotometrically at 540nm - TOxN concentration determined via calibration curve. 
 

(Aquakem 600A (Konelab 60), 2006 ; Brennan, 2008 - unpublished laboratory report and within cited references). 
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Table Apx. 7.2.1.2: continuing  

 
Non-metallic ions/nutrients 
 

Method 
 

NO2-N 
 
 

1. Diazotization of sulphanilamide by nitrite (at 1.9 pH -Phosphoric acid). 
2. Formation of azo dye with N-1- naphthylethylenediamine. 
4. Absorbance is measured spectrophotometrically at 520nm - nitrite concentration determined via calibration curve. 

NH4+N 
 
 
 
 
 

1. Ammonia reaction with hypochlorite ions (generated by the alkaline hydrolysis of sodium dichloroisocyanurate forming 
monochloramine).  
2. Further reaction with salicylate ions (at c. pH 12.6 - presence of sodium nitroprusside) resulting in formation of blue 
compound. 
3. Absorbance measured spectrophotometrically at 660nm - ammonia concentration is determined via calibration curve. 
 

SO42- 

 

Sulphate ion is precipitated in a strongly acid medium with barium chloride. 
The resulting turbidity is measured photometrically at 405nm and compared 
with appropriate calibration standard solutions. 

 

(Kopp and McKee, 1983; Askew and Smith, 2005a; Aquakem 600A (Konelab 60), 2006 ; Brennan, 2008 - unpublished laboratory report and within 

cited references). 
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Apx.7.2.2 Detail information on ceramic cups installation and sampling 

 

 Background Information 

Background information on Apx.7.2.2 is provided in an electronic form on digital compact data 

disk, which is attached at the end of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Apx.7.2.2.1 Schematic presentation of suction cup installation with sampling 

technique using a vacuum hand pump 

 

Appendix 7.2.3 Computation of nitrate loads leached  

The cumulative NO3
-
N loads [kgN/ha] were calculated using the trapezoidal rule (Lord 

and Shepherd, 1993) by multiplying the mean concentration between two subsequent 

sampling dates dn-1 and dn (‘Mean Cdn-1 ~ dn’ in mg/L) with the amount of effective rainfall 

between these two dates (‘Eff. rainfalldn-1~ dn’ in mm rainfall) and converting units to kg/ha 

(factor 1/100); see equation below: 

 N-loaddn-1~ dn = (Mean Cdn-1~dn ∙ Eff. rainfalldn-1~  dn )/100   [Apx 7.1] 

In general the total load per each season was calculated by computing the loads starting 

from the date of the beginning of the sampling of suction cups for the total sampling 

period as follows:  

  N-load season (from d1 to di) = Σi N-load d1~ di                              [Apx 7.2] 
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Every effort has been taken to estimate the realistic drainage periods at the chosen 

experimental area, by developing the model to predict the effective rainfall (or effective 

drainage; see Chapter 4). The cumulative effective rainfall seasonal load (Eff. rainfallseason) 

was computed using daily effective rainfall values modelled via SMD crop model as:  

   

 Eff.fainfall season (from d1 to di) = Σi Eff.rainfall d1~ di                 [Apx 7.3] 

 

Appendix 7.3 Full output of statistical analysis 

Appendix 7.3 is provided in an electronic form on digital compact data disk, which is attached at 

the end of this thesis. 

 

 

 

Appendix 7.4 Preliminary results from the long term Road Field 

experiment (2003/2004 - 2008/2009) 

 

This appendix includes results from all available soil solution data from the Road field 

experiment, that have been merged together and resulted in a large database of 6-year long 

monitoring (2003/2004 - 2008/2009). As explained in Chapter 7, the Road Field 

experiment had been established already prior to commencing this doctoral study, in 2002. 

Further details are given in Hooker (2005). For the purpose of this doctoral research, one 

more green cover treatment – i.e. the natural regeneration treatment, was instrumented 

with suction cups in 2006. Further details on final experimental setup and instrumentation 

are given in Chapter 7. 

The data that have been merged together and resulted in total database of 6 year seasons 

(2003/2004 - 2008/2009) are following: 

- 3 years of  raw data (2003/2004 to 2005/2006) from Teagasc, Oak Park and 

Johnstown Castle research centres, including data that were collected by Hooker 

(2005); 
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- the rest of 3 years data (2006/2007 – 2008/2009) that were obtained from this 

study (from the extended Road Field experiment established for the purpose of this 

doctoral work ; see Chapter 7). 

The merged data resulting in preliminary results have been reported in this appendix for 

the purpose of further long-term field investigations on measures for reducing nitrate 

leaching from tillage land within Teagasc, Johnstown Castle, which are possibly planned 

in future. For the first three seasons of long term experiment (from 2003/2004 to 

2005/2006), only the data on TOxN concentration of sampled soil solution were available. 

Therefore the overall preliminary results of long term experiment are expressed in TOxN 

instead of NO3
-
N. Nevertheless, the last three seasons (2006/2007 to 2008/2009) had 

available data on both TOxN and NO3
-
N, and these have showed that the dominating 

specie of TOxN is NO3
-
N. 
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Table Apx.7.4.1 Treatment mean TOxN per sampling seasons and the amount of reduced N leached using mustard treatment if compared to 

no cover, under reduced tillage and conventional plough (2003/2004-2008/2009)  

 Reduced Tillage Conventional plough 

Soil solution TOxN 
M NC      * 

 
Diff.  

Diff.  
% M NC      * 

Diff. Diff.  
% 

 2003/2004        

Mean** [mg N/l]; (St.err.) 20.6 (3.3) 69.2 (3.4) 48.6  70.3 % 28.3 (3.3) 52.2 (2.0) 23.9 45.8 % 
Total cumulative per sampling 
season [kg N/ha]*** (St.err.) 

8.43 
(2.67) 

49.31 
(5.29) 

40.9  82.9 % 17.83 
(4.07) 

33.83 
(3.63) 

16.0 
 

47.3 % 
 

 2004/2005        

Mean** [mg N/l]; (St.err.) 8.7 (0.8) 20.5 (0.6) 11.8 57.4 % 16.8 (2.0) 27.1 (1.7) 10.2 37.8 % 
Total cumulative per sampling 
season [kg N/ha]*** (St.err.) 

21.23 
(2.86) 

46.86 
(3.81) 

25.6 
 

54.7 % 
 

43.76 
(12.36) 

61.25 
(12.17) 

17.5 
 

28.6 % 
 

 2005/2006        

Mean** [mg N/l]; (St.err.) 23.0 (2.2) 59.0 (2.7) 36.0 61.0 % 27.3 (2.4) 61.3 (3.6) 34.0 55.5 
Total cumulative per sampling 
season [kg N/ha]*** (St.err.) 

45.00 
(4.57) 

67.61 
(6.02) 

22.6 
 

33.4 % 
 

51.23 
(4.78) 

91.31 
(16.08) 

40.1 
 

43.9 % 
 

 2006/2007        

Mean** [mg N/L]; (St.err.) 12.2 (1.4) 25.1 (1.1) 12.9 51.3 % 16.4 (1.6) 23.8 (1.0) 7.4 31.1 
Total cumulative per sampling 
season [kg N/ha]*** (St.err.) 

35.82 
(4.75) 

75.41 
(5.67) 39.6 52.5 % 

46.51 
(6.19) 

66.11 
(7.28) 

19.6 
 

29.6 % 
 

 2007/2008        

Mean** [mg N/l]; (St.err.) 2.1 (0.4) 24.6 (0.9) 22.5 91.4 % 8.3 (1.1) 23.8 (2.0) 15.5 65.2 
Total cumulative per sampling 
season [kg/ha]*** (St.err.) 

2.18 
(0.41) 

42.85 
(3.24) 

40.7 
 

94.9 % 
 

13.69 
(3.57) 

38.54 
(9.14) 

24.9 
 

64.5 % 
 

 2008/2009        

Mean** [mg N/l]; (St.err.) 16.9 (1.3) 22.9 (0.7) 6.02 26.3 % 12.0 (0.9) 20.8 (0.5) 8.8 42.5 
Total cumulative per sampling 
season [kg N/ha]*** (St.err.) 

17.17 
(2.38) 

30.88 
(2.61) 

13.7 
 

44.4 % 
 

11.48 
(1.78) 

26.95 
(2.82) 

15.5 
 

57.4 % 
 

 
* M….Mustard; NC…..No cover. 
** Mean soil solution concentration (16 suction cups per treatment; “varying n“) 
*** Total cumulative concentration for each  sampling season is calculated from measured soil solution concentration [mg/l] and effective drainage/rainfall (between sampling dates) 
by trapezoidal rule. Taken was a mean value of 16 suction cups per treatment (n<16; without MI).  
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Figure Apx.7.4.1 Seasonal cumulative nitrogen (TOxN) load under mustard cover and no cover treatment and annual cumulative effective 

rainfall during 2003/2004 to 2008/2009 (sum effective rainfall from Oct. to Oct. next year): a - reduced tillage, b – conventional plough 
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Σ of effective rainfall for each sampling period:       * 20/11/2003–10/03/2004; ** 22/09/2004–13/06/2005; *** 19/10/2005–14/02/2006;  
**** 13/10/2006–23/02/2007; ***** 30/11/2007–26/03/2008; ****** 30/10/2008–11/03/2009. 

 

 

 

 

Figure Apx.7.4.2 Nitrogen concentration (TOxN) in soil solution under mustard cover and no cover treatment, with corresponding daily 

effective rainfall/drainage over the period of 6 drainage seasons (2003/2004 - 2008/2009): a - reduced tillage, b - conventional plough; error 

bars represent standard error; note that figure represents only the effective rainfall of the over-winter seasons. 
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Figure Apx.7.4.3 Mean nitrogen (TOxN) concentration in soil solution of different green cover treatments vs. cumulative effective rainfall 

(2003/2004 - 2008/2009) -  i.e. starting from 1st October for each of the six drainage seasons: a - reduced tillage, b – conventional plough; 

error bars represent standard error. 
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APPENDICES TO CHAPTER 8 
Definitions of abbreviations and symbols used in these appendices are provided in the 

list of abbreviations and symbols, and in Chapter 8. 

 

Appendix 8.1 Sawmills Field management 

 

Table Apx.8.1.1 Sawmills Field management 2000 - 2009 

Year/date Type of application Amount 

2000 
  

 
Spring  barley 

 /a N application 100 kg N/ha 

/a KCl 180 kg K/ha 

2001 
  

 
Spring  barley 

 spring N application 45 kg N/ha 

/a N application (Super Nett (26%N + 5%S)) 84.4 kg N/ha 

spring KCl 30 kg K/ha 

2002 
  

 
Barley (part of the field) 

 /a N application 67.5 kg N/ha 

/a KCl 45 kg K/ha 

/a N application (Super Nett (26%N + 5%S)) 67.5 kg N/ha 

/a Oil seed rape (part of the field) 
 /a N application  67.5 kg N/ha 

/a KCl 45 kg K/ha 

/a N application (Super Nett (26%N + 5%S)) 67.5 kg N/ha 

 
Potatoes (part of the field) 

 /a N application (Super Nett (26%N + 5%S)) 105 kg N/ha 

2003 
  

 
Spring barley (part of the field) 

 Spring Two splits N application (Super Nett (26%N + 5%S)) 140 kg N/ha 

Spring KCl 40 kg K/ha 

 
Grass trials (part of the field) 

 Spring N application (Super Nett (26%N + 5%S)) 152 kg N/ha 

Spring KCl 40 kg K/ha 

2004 
  

 
Winter oats 

 24/3/04  N application (Super Nett (26%N + 5%S)) 57 kg N/ha 

16/4/04  N application (Super Nett (26%N + 5%S)) 45 kg N/ha 

03/02/04 KCl 94 kg K/ha 

September Cattle Slurry 22,000 l/ha 

2005 
  

 
Winter barley 

 03/07/05 N application (Super Nett (27%N + 3.7%S)) 57 kg N/ha 

04/11/05 N application (Super Nett (27%N + 3.7%S)) 120 kg N/ha 

28/2/05 KCl 63 kg K/ha 

September Cattle Slurry 22,000 l/ha 
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Table Apx.8.1.1 -continued 

Year/date Type of application Amount 

2006 
  01/03/18 Spring wheat sown  (Raffles) 140 kg seed/ha 

12/04/06 N application (Super Nett (27%N + 3.7%S)) 47.5 kg N/ha 

03/05/06 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

12/04/06 KCl 38 kg K/ha 

11/09/06 Mustard sown  Rivona) 10 kg seed/ha 

 
Mustard broadcasted followed by very shallow tine cultivator & rolled 

06/11/06 Herbicide applied to no vegetation cover treatment (Roundup) 3 l/ha  

2007 
  16/02/07 Herbicide applied to no vegetation cover treatment (Roundup) 3 l/ha  

31/03/07 Spring barley (Wicket) 145 kg seed/ha 

25/04/07 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

01/05/07 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

14/05/07 KCl 75 kg K/ha 

13/09/07 Mustard  (Rivona) 10 kg seed/ha 

 
Mustard broadcasted followed by very shallow tine cultivator & rolled 

26/10/07 Herbicide applied to no vegetation cover treatment (Roundup) 2 l/ha 

2008 
  14/03/10 Mustard chopped 

 28/03/07 Spring barley (Frontier) 150 kg seed/ha 

16/04/08 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

07/05/08 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

22/04/08 KCl 100 kg K/ha 

26/09/08 Mustard sown (Rivona) 10 kg seed/ha 

 
Mustard broadcasted followed by very shallow tine cultivator & rolled 

2009 
  18/03/09 Spring barley (Snakebite) 166 kg seed/ha 

16/04/09 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

05/05/09 N application (Super Nett (27%N + 3.7%S)) 67.5 kg N/ha 

03/09/09 Mustard sown (Rivona) 
 

 
Mustard broadcasted followed by very shallow tine cultivator & rolled 

13/10/09 Herbicide applied to no vegetation cover treatment (Roundup) 2 l/ha 
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Appendix 8.2 Results from sampled suction cups from Sawmills 

Field  

 
 

Figure Apx.8.2.1 Observed mean nitrate concentrations in soil solution from sampled 

suction cups during 2006/2008 to 2007/2008 from Sawmills Field (mean of 9 suction 

cups per depth per treatment): a ... shallow unsaturated zone - suction cups installed at 

0.9 m depth; b ... deep unsaturated zone - suction cups installed at 1.5 m depth 
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Figure Apx.8.2.2 Observed overall over-winter mean nitrate concentrations in soil 

solution from sampled suction cups for seasons 2006/2008 and 2007/2008 from 

Sawmills Field: a ... shallow unsaturated zone - suction cups installed at 0.9 m depth; b 

... deep unsaturated zone - suction cups installed at 1.5 m depth; error bars represent 

standard deviation. 

 

Appendix 8.3 Results from the over-winter green cover and 

spring barley biomass sampling  

 

Apx.8.3.1 Laboratory method - Kjeldahl digestion 

Digestion of plant material –(according to the standard procedures of plant and soil 

laboratories of Johnstown Castle Research Centre in Wexford) 

- To the ground plant material (equivalent to 0.50 gram of dry matter, assuming 8%  

  moisture in the sample) are added: 1 selenium tablet followed by 5ml of conc. H2SO4,  
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  3 ml of 100 volumes hydrogen peroxide.  

- Digestion is processed on a 40-place Gerhardt block digester fitted with a Variostat 

  Temperature/Time Controller for: 

a) 1 hour 150
O
C for first hour;  

b) b)  for subsequent 1.5 hours at 390
O
C to give a clear digest. 

- After cooling of the digest, it is diluted to 50ml with distilled water, mixed well on a 

  Rota-Mixer and filtered through a No. 2 Whatman filter paper into a 50ml glass 

  beaker (the concentration of H2SO4 in the digest is 8.8%). 

 

Apx.8.3.2 Plant dry matter biomass and plant N and P  

 

Table Apx.8.3.2.1 Dry matter (DM) plant biomass and plant P uptake by over-winter 

green cover (N= 10 per treatment) 

Over-winter  
green cover 
(N=10/treatment) 

DM biomass [g/m2] (st.dev) 
 
 

Plant P [g/m2]  (st. dev.) 
[P% of DM] 

2007 
Mustard (M) 
 

119.6 g/m2 (31.96) 
 

0.5 g/m2 (0.114) 

[0.43 P%] 
Natural regeneration 
(NR) 
 

122.3 g/m2 (57.21) 
 

 
0.4 g/m2 (0.126) 

[0.37 P%] 

2008 
Mustard (M) 
 

337.1 g/m2 (76.80) 
 

1.5 g/m2 (0.331) 
[0.44 P%] 

Natural regeneration 
(NR) 
 

165.9 g/m2 (66.86) 
 

 
0.7 g/m2 (0.393) 
[0.43 P%] 

2009 
Mustard (M) 
 

15.8 g/m2 (7.86) 
 

0.09 g/m2 (0.038) 

[0.60 P%] 
Natural regeneration 
(NR) 
 

8.7 g/m2 (11.04) 
 

 
0.05 g/m2 (0.059) 

[0.43 P%] 
  

  Note: No. of samples 10/treatment 
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Table Apx.8.3.2.2 Dry matter (DM) plant biomass and plant N and P uptake by spring 

barley  

DM biomass [g/m2] 
(st.dev) 

Plant N [g/m2]  (st. dev.) 
[N% of DM] 

Plant P [g/m2]  (st. dev.) 
[P% of DM] 

2007 
1520.2 g/m2 (633.30) 
 

18.2 g/m2 (0.744) 
[0.90 N%] 

3.2g/m2 (0.171) 

[0.17P%] 

2008 
1653.158g/m2 (603.76) 
 

20.8 g/m2 (1.210) 
[1.47 N%] 

4.3 g/m2 (0.207) 
[0.44 P%] 

 

   Note: No. of samples 60 

 

 

Appendix 8.4 Additional information on statistical analysis of groundwater quality 

data 

Appendix 8.5 Complementary information to “Materials and Methods” – Chapter 8: 

Laboratory analyses 

Appendix 8.6 Presence of metals in relation to DOC and HIX levels in groundwater 

Appendix 8.7 Photographs of over-winter green cover from Sawmills Field 

Appendix 8.8 Groundwater NO3
-
-N concentrations in each of the monitored 

piezometers 

Appendix 8.9 Groundwater level in each of the monitored piezometers 

Appendices 8.4 to and 8.9 are provided in an electronic version on digital 

compact data disk attached at the end of this thesis. 
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Appendix 8.10 OSI grid coordinates and ground level of 

piezometer locations in Oak Park 

 

Table Apx.8.10.1 OSI grid coordinates and ground level of piezometer locations at the 

Sawmills Field, Oak Park, Co. Carlow 

Piezometer x coordinates y coordinates Ground level (maOD) 

P1 272673.0 179048.0 59.0 

P2 272636.7 179016.9 59.2 

P3 272601.7 178987.0 58.9 

P4 272620.6 178939.4 58.8 

P5 272495.9 178999.8 58.6 

P6 272460.7 178969.3 58.3 

P7 272425.1 178941.1 58.0 

P8 272445.4 178889.7 57.9 

P9 272717.0 179085.7 58.3 

P10 272636.7 179098.7 58.5 

P11 272548.7 179096.9 58.2 

P12 272581.3 179058.8 58.7 

P13 272528.6 179049.4 58.5 

P14 272395.4 179077.8 57.5 

P15 272444.5 179030.7 58.3 

P16 272400.8 179019.7 58.1 

P17 272367.0 178947.1 57.8 

P18 272402.7 178855.9 57.3 

P19 272551.7 178887.0 58.5 

P20 272702.7 178974.8 59.1 
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Table Apx.8.10.2 OSI grid coordinates and ground level of test boreholes and old 

boreholes within Oak Park, Co. Carlow 

Piezometer x coordinates y coordinates Ground level (maOD) 

tBH1 272648.0 179105.3 58.5 

tBH3 272562.2 178991.4 58.9 

tBH4 272423.6 179006.4 58.3 

tBH5 272478.4 178878.0 58.2 

tBH6 272493.0 179104.8 58.3 

tBH7 272506.8 179338.7 58.6 

tBH8 272290.8 178942.5 59.5 

tBH9 272244.7 179164.4 60.7 

oBH1 272736.9 178952.8 59.2 

oBH2 272680.3 179398.6 58.5 

oBH4 272590.3 179111.1 58.2 

oBH4a 272589.9 179110.3 58.2 

oBH5 272790.4 179243.2 60.7 

oBH6 272910.7 178991.4 59.9 

oBH7 272391.6 179522.3 59.9 

oBH7a 272392.1 179521.7 59.9 

oBH8 272410.7 178811.5 58.0 
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