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Summary

M anagem ent o f pollution from  diffuse agricultural and small point sources remains a significant 

challenge w orldw ide. Understanding and quantifying th e  contributions of flow  and nutrients, 

through each hydro(geo)logical pathway, to  the receptor o f interest, is an im portant part of 

identifying the  highest-risk, critical source areas (CSAs). The aim of this research was to  develop  

an im proved conceptual understanding of the near-surface pathways in the delivery o f flow  and 

nutrients to  streams. The near-surface pathways included interflow , artificial drainage and flow  in 

th e  transition zone, i.e. the w eathered  zone betw een th e  top o f the bedrock and the overlying 

subsoils.

Field investigations w ere carried out in four study catchm ents, Gortinlieve, Co. Donegal, Glen 

Burn, Co. Down, M attock. Co. Lou th /M eath  and Nuenna, Co. Kilkenny, ranging in size from  5 to  

36 km^. Conceptual models w ere developed to  provide a four-dim ensional hydro(geo)logical 

fram ew ork fo r understanding catchm ent dynamics. A program m e of background and rain event 

w ater quality sampling was carried out in each catchm ent, in the river and the pathways, to  gain 

insights into flow  and nutrient transport. Chemical hydrograph separation methods w ere used to  

quantify the  proportion of flow  through each pathway. A deeper understanding of processes was 

achieved by integrating the results w ith  those from  physical hydrograph separation methods and 

hydrological modelling (N A M ) that had been carried out by others.

A field-scale soil m oisture dynamics study undertaken in th e  M attock catchm ent corroborated the  

quantitative near-surface pathway estim ates from  the chemical hydrograph separation methods  

and fu rther developed the conceptual model. In terflow  comprised saturated and unsaturated  

lateral flow  above low er perm eability layers and was greatly enhanced by the artificial drainage 

network. The transition zone behaved like interflow  in groundw ater recharge areas, but was 

similar to shallow groundw ater in groundw ater discharge areas. Intermixing o f near-surface 

pathways was common.

In catchments underlain by poorly productive aquifers, in terflow  was the  main pathway  

contributing to streams in baseflow conditions. Overland flow  was im portant during the early 

stages o f rainfall events, but in terflow  became increasingly m ore dom inant as the  soils became 

more saturated. Increased soil saturation resulted in increased n itrate loads in the  land drains and 

the river. The subsoils and the transition zone w ere found to be im portant stores of nitrate.



especially close to small point sources. The hydrogeologcal flow  regime was an im portant 

controlling factor on the delivery o f flow  and nutrient; through the land drains: higher 

permeability aerated zones, such as the transition zone in groundwater recharge areas, were high 

in nitrate. Phosphorus was high w here it was delivered to the drains via macropores and shallow 

soil/subsoil. Higher concentrations w ere found adjacent to stiall point sources. A first flush effect 

was observed in nutrient concentrations in the early stages of events following dry periods.

This research has developed the understanding of the role of the near-surface pathways in 

catchments underlain by poorly productive aquifers. The application of several methods has 

integrated process understanding at field scale with catchnent-scale assessments, an approach 

often recommended, but rarely seen in practice. The research has emphasized the need to  

develop three (or four) dimensional hydrogeological conceptual models as the foundation for 

future catchment science research. Preliminary work has been undertaken to develop a national 

map to depict the presence of land drains and the hydrogeological land drainage regime.

Research outcomes have contributed to a larger project, the Pathways Project, which has 

developed a suite of national catchment m anagement support tools that identify the CSAs and 

will be used by regulatory and resource m anagement agencies as part o f implementation of the  

W ater Framework Directive.
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Glossary of terms

The following glossary of terms is provided as a summary of the definitions of the main pathway 

terms used in this thesis for easy reference. The terms are described in more detail, and are 

referenced as appropriate, at first use throughout the text.

Baseflow

Effective rainfall

Groundwater

Interflow

Overland flow 

Quickflow

Return flow

Transition zone

The flow component of a stream hydrograph that remains between 

rainfall events and responds slowly. Often presumed to be groundwater. 

Rainfall minus actual evapotranspiration

W ater stored or flowing through an aquifer in the saturated zone 

Lateral subsurface flow in the soils, subsoils and transition zone above the 

saturated zone

W ater that flows in the top few  centimetres on the land surface

The flow component of a stream hydrograph that responds to rainfall

quickly. Often presumed to be overland flow.

Subsurface water in the soils or subsoils that comes to the surface and 

flows as overland flow

The broken-up, weathered zone at the boundary between the top of the 

bedrock and the subsoils



1 Introduction

1.1 Background and context

Eutrophication of streams draining agricultural areas is a worldwide problem (Buss et al., 2005, 

Jordan et al., 2005, Tesoriero et al., 2009, Wei et al., 2013). It is caused by excess nutrients, i.e. 

nitrogen and phosphorus, in the aquatic environment (EPA, 2010), which alters the competitive 

balance between different plant and algae species; changes food sources, breeding habitats and 

shelter; and impacts on the whole ecosystem (Smith et al., 1999, Mainstone and Parr, 2002).

Phosphorus is present in the landscape in both organic and inorganic forms, and may be dissolved 

or present as a particulate, either adsorbed to soil particles or bound in mineral precipitates with 

iron, calcium or aluminium. Dissolved reactive phosphorus (DRP), which is largely inorganic, is the 

form of phosphorus that is most biologically available; however phosphorus cycles in and out of 

different forms with different processes as it moves through the landscape (Hyland et al., 2005). 

While this means that concentrations of particular phosphorus fractions can, and do change along 

a given pathway, in practice the processes that increase the biologically available phosphorus 

(other than by the addition of fertilizer) are slower than those that decrease it (Hyland et al., 

2005). Over a short time scale such as a rainfall event therefore, the DRP fraction can be assumed 

to represent a 'worst case' scenario in terms of impacts on an aquatic receptor. The 

environmental quality standard for phosphorus in rivers in Ireland is for reactive phosphorus. 

Total phosphorus, on the other hand, is more appropriate for assessing the impacts on lakes 

because of the longer residence times and storage in the sediment.

Nitrogen is also present in both organic and organic forms, and may be particulate or dissolved. 

Nitrate is the most stable and therefore most commonly found form of nitrogen, and it is the 

most readily available to plants. As nitrate and most soils in tem perate regions are both 

negatively charged, nitrate is not retained in the soils and can be easily leached if excess is applied 

(Di and Cameron, 2002).

The origins of the excess nutrients in Ireland are (a) major point sources, such as wastewater from  

agglomerations, and (b) diffuse sources from agriculture and small point sources, such as 

farmyards and poorly sited or managed domestic waste water treatm ent systems (EPA, 2010). 

Significant investment has been made in recent years in controlling the large point sources, but 

the diffuse and small point sources remain a significant issue. Diffuse sources of pollution are
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typically widespread, less well regulated and difficult to manage. They are a key threat to water 

quality and aquatic ecosystem health in many parts of the world and remain a significant 

challenge in meeting water management objectives (Novotny, 1999, EC, 2000, Heathwaite et al., 

2005, Archbold et al., 2010, Patoine et al., 2012, Stockwell et al., 2012).

The W ater Framework Directive (WFD) (EC, 2000) is a major piece of EU legislation designed to 

protect, preserve and improve the aquatic environment while encouraging the sustainable use of 

water. Under the WFD, member states are required to implement programmes of measures in 

river basin districts with a view to achieving and maintaining 'Good Status' environmental 

objectives in all water bodies by 2015 (or by 2021 or 2027 in certain circumstances). In 

comparison to our EU neighbours, water quality in Ireland is relatively good, yet more than half of 

all river water bodies are at less than Good Status (EPA, 2010), and there are increasing pressures 

in most catchments that have the potential to further degrade water quality. The main reason for 

the failure to meet the Good Status objectives in Ireland is eutrophication.

1.2 A risk-based approach: Source-Pathway-Receptor model

A risk-based approach to the management of diffuse sources of pollution is essential to focus the 

management effort so that targeted, efficient, and cost effective mitigation measures can be 

implemented in places where they will have the best outcomes. The Source-Pathway-Receptor 

(SPR) model provides a useful environmental risk management framework which is implemented 

widely (Ansell and Wharton, 1992, Haygarth et al., 2005, Schulte et al., 2006).

1.2.1 Sources

Diffuse sources of nutrients in the landscape arise from a range of land uses, although agriculture 

is the most important. Smith et al. (2005) reported that 58% of phosphorus losses to rivers in 

Northern Ireland come from agriculture. Agricultural activities, such as application of artificial 

fertilizers and animal manures, farmyard runoff, and poorly managed animal watering and feed 

sites are important sources of diffuse contaminants, although poorly sited domestic onsite waste 

water treatm ent systems, forestry and other land-use activities are also a factor (EPA, 2010, EPA, 

2012). Nitrate losses are known to be highest from land under tillage (Thomsen and Christensen, 

1998). Addiscott (1996) suggested however, that nitrogen fertilizer applied in spring is less 

important as a source than decaying organic matter in w et and warm autumn soils leading to 

winter leaching. Tunney et al. (2000) showed that farmyard runoff was the source of between 37 

and 45% of export of phosphorus from the farm at baseflows, and between 22 and 35% during 

events. They noted that farmyards had a disproportionately higher impact during summer rainfall 

events as the soil moisture deficits in the fields reduced the quantities of runoff.
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In addition to nutrients, many of these sources also generate water-borne pathogens, which are 

an important human health issue in Ireland (Hynds et al., 2012). For example, Edwards et al. 

(2012) found that despite many fields being grazed and/or receiving regular applications of 

slurry/manure in a headwaters stream catchment in northeast Scotland, 60% of the total flux of 

faecal indicator organisms originated from farmyards. Agricultural practices are also commonly a 

source of sediment (Harrod and Theurer, 2002) which is an issue in aquatic environments due to 

impacts on habitat, fish mortality, and light availability for primary production. Bilotta et al. (2008) 

reported that while there has been a strong focus on soil erosion from arable land and steep 

catchments, agricultural grassland catchments can also contribute significantly. Sediment can also 

be instrumental in the transport of other particulate contaminants, especially phosphorus 

(Thompson et al., 2014).

Nutrients are removed each year in crops and animal products and so need to be replenished via 

imported animal feed, fertilizers and manures. Ideally the system should be in balance with only 

sufficient nutrients being added to replace those that are lost, but balance is difficult to achieve. 

Soil phosphorus levels, for example, need also to be taken into account as phosphorus is stored in 

the soils. Rainfall and antecedent soil moisture conditions prior to and after the application of 

fertilizers play a very significant role in whether and how nutrients are transferred from the land 

surface to a w ater resource (Misselbrook et al., 1995, Nash et al., 2000). It is widely known that 

excess application of nutrients can result in losses to groundwater or surface water, which may 

lead to eutrophication and consequent damage to the health of aquatic ecosystems (Haygarth et 

al., 2005, Domagalski and Johnson, 2012, Doody et al., 2012).

1.2.2 Receptors

The receptors are the aquatic resources that require protection from contaminants, such as 

drinking w ater wells, surface w ater streams and groundwater-dependent wetlands. Different 

receptors have different contaminant standards or limits, depending on their interactions. 

Drinking w ater supplies for instance, have a standard for nitrate recommended by the World 

Health Organization due to its implications for human health, although there has been recent 

debate as to whether they are appropriate (van Grinsven et al., 2006); there are no equivalent 

health concerns about phosphorus so limits have not been set. In the aquatic environment, plants 

depend on both nitrogen and phosphorus for growth, and can be limited by one, or other, or 

both. Traditionally, phosphorus has been known as the key limiting nutrient in rivers (Mainstone 

and Parr, 2002) and in lakes (Schindler, 1977), but more recently it has been shown that nitrogen 

is equally as important (Elser et al., 2007). Excess nitrate is an especially important factor in
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eutrophication in the estuarine environnnent (Rabalais, 2002) so it is important that nitrate loads 

in upstream rivers are adequately managed.

In Ireland, the environmental quality standard for phosphorus for river water bodies is a mean 

concentration of <0.035 mg/l molybdate reactive phosphorus (MRP) as phosphorus (EC, 2009), 

w/hich is the Good/M oderate status boundary as required under the WFD. The threshold value for 

estuarine and near shore coastal waters is 0.04 to 0.06 mg/l as phosphorus depends on the level 

of salinity (Clabby et al., 2008). W here a groundwater body provides more than 50% of the 

hydraulic load to a surface w ater body not at Good status, then the threshold value for 

groundwater quality is also a mean annual concentration of 0.035 mg/l as phosphorus to protect 

against groundwater as a pathway delivering high phosphorus (EC, 2010). The typical 

concentrations of phosphorus in wastes are several orders of magnitude higher than this limit, 

e.g. 0.6 mg/l in cattle slurry (Martinez-Suller et al., 2010); 2 mg/l in septic tank discharge (EPA, 

2009); and 52 mg/l in dairy farmyard runoff (Ryan, 1991), so the risks of failing to m eet the WFD 

objectives because of elevated phosphorus in the Irish rainfall climate are high.

There is currently no equivalent formal environmental quality standard for nitrogen in rivers, 

although an interim surrogate standard of 1.8 mg/l as nitrogen for the G ood/M oderate threshold 

boundary has been adopted (EPA, 2013). Threshold values of 0.25 to 2.6 mg/l as nitrogen 

(depending on salinity) are in place for estuaries (Clabby et al., 2008), whereas for groundwater, 

the limit is 8.5 mg/l as nitrogen based on the Drinking W ater Standards (S.I. No 278 of 2007).

1.2.3 Pathways

The pathways are the hydro(geo)logical linkages or transport routes for contaminant delivery 

from the sources to the receptors, and they can also facilitate attenuation of contaminants in 

certain circumstances. Pathways can be above or below ground, or a mixture of both, and are 

specific to the nature of the contaminant being transported. Nitrate, being a highly mobile 

negatively charged ion, tends to infiltrate readily if not taken up by plants, and is delivered to 

streams via subsurface pathways (Kroger et al., 2007, Tesoriero et al., 2009). Phosphorus, on the 

other hand, is largely immobile and is readily adsorbed in soils that are not already phosphorus- 

saturated, particularly in the presence of clays, calcium, iron and aluminium ions (Jordan et al.,

2005). Larger quantities of phosphorus are therefore typically delivered in particulate form via 

overland flow, but nevertheless, significant quantities of dissolved phosphorus (and particulate 

phosphorus in preferential pathways) can also be delivered via the subsurface pathways (O'Reilly,

2006).
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Contaminant sources w ithout a pathway link to a receptor do not pose a risk to that receptor. 

Assessing the nature of the pathway linkages between the sources and the receptors, w ith a view 

to providing the evidence base for sensible environmental management decision making, is the 

subject of an increasingly large body of research.

1.2.4 Critical source areas

Critical source areas (CSAs) can be defined as the places within a catchment where the sources of 

a contaminant are linked hydrologically to the aquatic receptors of interest. CSAs are contaminant 

specific because different substances are transported and attenuated differently within the soils, 

subsoils and bedrock, and respond differently in rainfall events (Melland et al., 2012b, Thompson 

et al., 2012). The concept of CSAs has been around for a long tim e and is considered to be a useful 

means of prioritizing resources when implementing programmes of measures to achieve the best 

environmental outcomes (Maas et al., 1985, Haygarth et al., 2005, Heathwaite et al., 2005, 

Strauss et al., 2007, Daly, 2013). The approach reflects the understanding that relatively small 

areas of a catchment typically contribute disproportionately high amounts of contaminants 

(Ghebremichael et al., 2013). CSAs combine knowledge of the sources and the pathways, and as 

they represent the highest-risk areas, targeting them for programmes of measures ensures the 

most cost effective use of resources (Srinivasan and McDowell, 2009). CSAs can vary dynamically 

with rainfall conditions, which in Ireland means varying seasonally as well as spatially due to the 

climatic differences between the northwest and the southeast (Schulte et al., 2006).

Due to its role as a limiting nutrient, the transport of phosphorus in catchments has received 

much attention in the literature and CSA approaches are often used to determine the highest-risk 

areas. Surface or near-surface delivery pathways are dominant in the transport of phosphorus, so 

typically CSA models have applied a surface runoff connectivity approach using predominantly the 

topography as the principal controlling factor (Heathwaite et al., 2005, Strauss et al., 2007, Hahn, 

2012).

Less emphasis has been put on defining CSAs for the transport of nitrogen to streams (M elland et 

al., 2012a). This may be because nitrate, which is the dominant form of nitrogen in the 

agricultural landscape at the catchment scale, tends to be delivered via subsurface pathways and 

groundwater has therefore tended to be the aquatic receptor of interest (Wang and Yang, 2008). 

However, groundwater is linked hydrologically to surface w ater and therefore contaminants 

entering groundwater are also likely to pose a risk to surface w ater at some tim e in the future, 

depending on the hydraulic properties of the aquifer, the attenuation and dilution processes, and 

the nature of the groundwater-surface w ater interactions in the hyporheic zone (Ranalli and 

Macalady, 2010). In contrast to phosphorus studies, a full three-dimensional hydrogeological
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conceptual understanding of the groundwater flow dynamics in a catchment is therefore essential 

for determining the fate and transport of nitrate.

The most effective management measures are implemented by targeting the CSAs (Doody et al., 

2012). For example, in free-draining catchments where nitrate delivered to streams via subsurface 

pathways is an issue, the installation of buffer strips to intercept fertilizer runoff via overland flow  

would be ineffective (M ellander et al., 2012, Ibrahim et al., 2013). Buffer strips would be of 

benefit however, where soils are poorly drained and surface runoff of sediment and particulate 

phosphorus are prevalent. Quantifying the nature of the hydro(geo)logical pathway linkages and 

the attenuation processes that occur along them , are therefore important elements in the  

implementation of successful mitigation measures (Wall et al., 2011).

There are significant opportunities in Ireland for growth in agriculture with the lifting of the dairy 

quota and the Food Harvest 2020 policy agenda (DAFF, 2011), yet significant improvements in 

w ater quality still need to be made, even under the existing levels of development. Identifying the 

CSAs (and understanding the hydro(geo)logical pathway linkages) is a key priority so that cost 

effective measures can be targeted.

1.3 Pathways Project

This PhD research was carried out within a large multidisciplinary project, known as The 

Contaminant M ovem ent along Pathways Project, or the Pathways Project in short. The project 

was funded by the Environmental Protection Agency (EPA) and was carried out by a consortium of 

university partners including Trinity College Dublin (TCD), the Queen's University of Belfast (QUB) 

and University College Dublin (UCD). The overall aim of the project was to integrate knowledge of 

hydrological processes, and the fate and transport of diffuse contaminants delivered to aquatic 

receptors via the different hydro(geo)logical pathways. These findings were used to develop and 

populate a suite of catchment management support tools to assist in the implementation of the 

WFD (Archbold e ta l., 2010).

Four contaminants of interest were investigated and modelled throughout the project: nitrogen, 

phosphorus, pathogens and suspended sediment. Preliminary investigations also considered 

incorporating pesticides into the contaminant suite, but due to the lack of Irish pesticide data it 

was determined at an early stage in the project that this would not be feasible.

The objectives of the Pathways Project were:

1. Identification of significant hydrological pathways within river basin districts;

2. Quantification of flows along the identified hydrological pathways;

6



3. Identification of the significance of these pathways for diffuse pollutant transport and 

attenuation, with particular emphasis on the attenuation of nutrients (nitrogen and 

phosphorus species), and particulate m atter (pathogenic micro-organisms and sediments);

4. Identification of CSAs contributing diffuse pollutants to groundwater, surface w ater and 

relevant ecological receptors; and

5. Development of a catchment management support tool using data collected during the study 

in line with the requirements of the end-user.

The suite of tools will be used by the EPA to characterize catchments for the purposes of WFD 

implementation and to carry out catchment scenario analyses relating to, for example, land use or 

climate change (Deakin et al., 2013). The tools have national coverage, can be used in both 

gauged and ungauged catchments, and are available at the subcatchment scale.

As part of the Pathways Project, field studies to inform the development of the catchment 

management support tool were carried out in four study catchments, which are summarized in 

Table 1.1. The catchments were selected by the project team and steering committee with the aid 

of a multi-criteria selection methodology but ultimately, the tw o most critical factors were (a) the 

presence of existing high quality borehole monitoring infrastructure and historical data, and (b) 

representativeness of a range of hydrogeological and climatic settings typical in Ireland. Several 

researchers worked on different issues in a range of catchments. In addition, three of the  

catchments (Mattock, Glen Burn and Gortinlieve) were also the research catchments for a sister 

project, the Griffiths Project, investigating the hydrogeological characteristics of Ireland's poorly 

productive rocks. This collaboration had advantages in terms of sharing infrastructure, data 

collection and resources.

Table 1.1. Study catchments.

Catchment County Size
(km")

Aquifer Subsoils Soils

M attock Louth /M eath 17 Pl/Pu Low perm eability clayey tills, 
some gravels

Poorly
drained

Nuenna Kilkenny 36 Rkd M oderate  perm eability limestone  

till, gravel
W ell
drained

Gortinlieve Donegal 5 PI Low perm eability clayey tills, 
alluvium

Poorly
drained

Glen Burn Down 5 Pl/Pu Low perm eability drum lin tills 

over shallow rock
Poorly
drained

Aquifer categories are from  the  Geological Survey o f Ireland classification system. PI and Pu are poorly  

productive aquifers, although there  is some additional perm eability in local fau lt zones in PI rocks. Rk^ 

aquifers are regionally im portant karstified aquifers w ith  dom inantly diffuse flow  (DoELG et al., 1999).
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1.4 Hydro(geo)logical flow pathways

The pathways investigated in the Pathways Project are based on a conceptual model developed 

by Daly and Hunter Williams as part of a further characterization study during the development of 

the Irish river basin district plans (Figure 1.1). The model has four pathways: overland flow, 

interflow, shallow groundwater flow and deep groundwater flow.

Overland
Flow

Overland
Flow ■HIGH—I

Interflow
Interflow

HIGH,Shallow
Groundwater

Deep
Groundwater

Deep
Groundwater

^ \P o o r ly  Productive Aquifer Productive Aquifer

Key
High/Moderate Permeability Subsoil 
(left of diagram)

Low Permeability Subsoli 
(right of diagram)

Perched Water Table

Higher
Relative degree of transmissivity 
of bedrock aquifer

Flovii pathwray

Daly and Hunter-Williams, GSIGroundwater Table

Figure 1.1. Conceptual model of the dominant hydro(geo)logical flow pathways contributing to a stream 
(from Daly and Hunter Williams, as reported in RPS (2008))

Overland flow is sheet flow occurring on the land surface (Shaw, 1994). In Ireland, it commonly 

occurs only after the soil becomes saturated, i.e. saturation excess overland flow (Nash et al., 

2002) although infiltration excess overland flow is also known to occur (Doody et al., 2010). 

Overland flow is sometimes termed surface runoff or direct runoff and it produces a rapid 

response in a stream hydrograph.

Interflow is defined in different ways in the literature but it is generally taken to be any lateral 

subsurface flow that occurs between the ground surface and the water table (Dingman, 2002, 

Nash et al., 2002, Chin, 2006). It can occur in both the topsoil and subsoil, and may include 

unsaturated matrix flow, bypass or macropore flow, and saturated flow where there are locally 

perched water tables. Interflow may also include artificial field drainage (Archbold et al., 2010).

Shallow Groundwater flow occurs within the upper 5 to 15 m of bedrock where the rocks are 

highly fractured, and it is considered to be the main groundwater pathway in poorly productive



aquifers. The transition zone, which is the broken-up, highly weathered zone at the interface 

between the bedrock and the overlying subsoils, is a subset of the shallow groundwater pathway  

(M oe et al., 2010). Deep Groundwater flow occurs in the main body of the bedrock aquifer and is 

of greater importance in highly productive aquifers (Archbold et al., 2010).

As part of a comprehensive review at the commencement of the Pathways Project, the original 

conceptual model was revised slightly in tw o ways. First, as noted in Nash et al. (2002), because 

overland flow, whether saturation excess or infiltration excess overland flow, and interflow  

occurring immediately below the soil surface are 'difficult to functionally separate', overland flow  

was taken to include sheet flow and flow in the upper 20 mm of soil. Second, in the original 

conceptual model, flow in artificial field drains was included with overland flow due to its rapid 

response times and sediment carrying capacity, similar to  overland flow. However, the project 

review identified that significant attenuation of pollutants such as phosphorus and pathogens 

may also occur in field drains, and that they might be better placed with interflow in the  

modelling. This was left as an issue that was to be resolved as the project progressed. In addition, 

as the transition zone can be unsaturated close to the catchment divide, and saturated in stream  

valleys, its role in the transport of nutrients was unclear, so further investigation was required.

A major challenge for the Pathways Project was to both qualitatively and quantitatively 

characterize the contribution of each of the hydro(geo)logical pathways to Irish streams and 

rivers, and their roles in the transport and attenuation of the contaminants of interest.

1.5 Aims and objectives of this research

The bedrock in Ireland is highly heterogeneous and there has been a complex and extensive 

glacial history, which together have given rise to a wide variety of soils and subsoils w ith differing 

degrees of permeability in both the vertical and horizontal directions, which means that the soils 

and subsoils must play a significant role in w ater and contaminant transport processes. However, 

their role is not well understood (Archbold et al., 2010).

This doctoral research fits primarily within the first three of the Pathways Project objectives. Its 

overall aim was to develop an improved characterization of the role of the near-surface pathways 

in the delivery of flow and nutrients to streams. For the purposes of this research, the near

surface pathways are those in the soils and subsoils, including interflow, flow through artificial 

field drainage systems, and those in the transition zone where the depth to the bedrock is 

relatively shallow. The project was a field-based study that was carried out to  different levels of 

detail in the four study catchments common to all the Pathways Project researchers (Table 1.1).
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The interflow, artificial drainage and  transition  zone pa thw ays  have received com paratively  little 

a t ten t io n  in th e  literature in general,  in connparlson to  th e  overland flow and g ro u n d w a te r  

pathways. This m ay be partially a result o f  th e  high d e g re e  of variability and complexity in 

m easuring  th e m ,  but th e y  have also traditionally fallen into a so r t  o f  'no  m an 's  land' b e tw e e n  th e  

disciplines of engineering  hydrology, which traditionally focussed  m ore  on  flooding and  overland 

flow, agricultural and soil science, w h ere  th e  up p er  soil zone  and  surface hydrology is of m ost 

concern ,  and  hydrogeology, in which th e  in te res t  is m o re  on d e e p e r  (often bedrock) g ro u n d w a te r  

flow. The interflow pathw ay  also includes a w ide range  of  d iffe ren t flow gene ra tion  processes  

th a t  o p e ra te  a t  d ifferent scales, including u n sa tu ra te d  and  s a tu ra te d  flow, matrix and  preferential 

flow, and flow in d e e p  soils and subsoils, and in landscapes th a t  m ay be drained or  no t  drained 

and influenced by a range of different land uses. It has  b e e n  m ore  typical in th e  li tera ture  for 

researchers  to  s tudy  just o n e  or tw o  of th e s e  processes  in detail o r  conduc t stud ies  a t  just one  

scale (Haygarth e t  al., 2005), o r  to  consider pollutants in isolation of o n e  a n o th e r  (Granger e t  al., 

2010), ra the r  th a n  take  an in teg ra ted  approach.

This research  w as a im ed a t  bridging this gap to  p re se n t  an im proved concep tua l  m odel th a t  

character izes  th e  role o f  th e  near-surface  pathw ays in s t rea m  flow gene ra t ion  and  nu tr ien t  

t r a n sp o r t  in Ireland, in th e  con tex t  of th e  full th ree -d im ens iona l  geological and  hydro(geo)logical 

profile. The purpose  of th e  characteriza tion  w as to  co n tr ib u te  to  th e  identification of  CSAs for 

WFD m a n a g e m e n t  purposes .  While this research  has b e e n  carried o u t  in four ca tch m en ts  on  the  

island of  Ireland, th e  improved unders tand ing  of  how  th e  near-surface  pathw ays  con tr ibu te  to  

ca tc h m en t  hydrology and n u tr ien t  t r an sp o r t  will also be  applicable in o th e r  countries  with 

com parab ly  com plex geology, rich glacial history and t e m p e r a t e  climates, such as th e  United 

Kingdom and o th e r  parts  of w e s te rn  Europe.

The objectives of this research  w e re  to:

1. Carry o u t  a critical review of th e  fou r-pa thw ay  concep tua l  m odel used in previous ca tc h m en t  

s tud ies  in Ireland;

2. D eterm ine th e  p roportion  of flow th a t  is delivered to  s t re a m s  via th e  d ifferent pathways 

using chemical hydrograph separa tion  and o th e r  m e thods ;

3. Examine th e  dynam ics of soil m ois tu re  in th e  soils and  subsoils in o n e  ca tc h m en t  to  support  

t h e  conceptualization  of th e  interflow pathway;

4. Investigate th e  role of artificial field drainage in th e  delivery o f  flow and  nu tr ien ts  to  s tream s;

5. Develop an im proved conceptual  model for th e  contr ibu tion  of  th e  near-su rface  pa thw ays  to  

s t rea m  flow and  nu tr ien t  t ransfe r  in Irish ca tchm ents .
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1.6 Thesis structure

This thesis uses the  four-pathway catchm ent conceptual model as a basis to  conduct an initial 

review of the current understanding of the  role of each of the  pathways in stream flow generation 

and nutrient transfer (Chapter 2). Methods and approaches for quantifying th e  contributions of 

the  pathways to  stream s are reviewed in Chapter 3. From both of these  review chapters, the 

research gaps are identified and an appropriate research methodology is outlined in Chapter 4. 

Chapter 5 is the  first of the  results chapters where the  research methodology is applied to 

develop conceptual models for the  four study catchments, with particular emphasis on the  near

surface pathways. Chapter 6 presents th e  pathways separation assessments and discusses 

implications for nutrient transport. Chapter 7 reports on the  soil dynamics study which was used 

to  investigate the  interflow pathway in more detail and to  te s t  the  findings of Chapter 6. Chapter 

8 explores the  role of artificial drainage and considers how best to  genera te  a land drain map for 

Ireland. Chapter 9 presents a discussion of the  research findings and an improved pathways 

conceptual model. Conclusions and recom m endations for further research are also provided.
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2 Review of hydro(geo)logical pathways and their 
contributions to streams

2.1 Introduction

This chapter reviews the role of each of the four pathways described in the working conceptual 

model in Section 1.4. A description of each pathway is provided, followed by a summary of the 

relevant flow generation mechanisms and nutrient transport. The main focus of the review is on 

the near-surface pathways, but as they are only one part o f a continuum of flow components that 

make up the stream hydrograph, it is im portant that they are addressed in the context of all the 

other pathways.

This review considers the role o f artificial drainage and the transition zone separately. While they 

w ere incorporated as subsets of the interflow and shallow groundwater pathway, respectively, in 

the working conceptual model, special consideration is warranted to begin to better understand 

their role.

2.2 Overland flow

2.2.1 Definition

Overland typically occurs as either infiltration excess overland flow or saturation excess overland 

flow. Infiltration excess overland flows occurs when the infiltration capacity of the soil is exceeded 

by the rainfall, as in the classic Hortonian infiltration excess overland flow (Horton, 1933), and it is 

typically thought to occur predominantly in arid areas, or in places where the permeability of the 

soils is low or the rainfall intensity is high (Dingman, 2002). Saturation excess overland flow occurs 

when the underlying soils become saturated and can no longer accept any further infiltration. It is 

common in low intensity rainfall, humid climates where antecedent soil moisture conditions are 

frequently w et (Nash et al., 2002).

2.2.2 Delivery of flow

Irrespective of which overland flow generation mechanism is applicable, it is now known that 

limited parts o f a catchment generate a disproportionately large proportion of overland flow. 

These areas, known as partial or variable source areas, only represent a small fraction of the 

overall catchment area, and they expand and contract seasonally, and during storm events, 

depending on antecedent conditions, rainfall, soil and geological characteristics and topography
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(Hew lett  and  HIbbert, 1967, D unne and  Black, 1970). Rainfall even ts  o f  a similar size m ay g e n e ra te  

very d if fe ren t  overland  flow re sp o n se s  d ep e n d in g  on th e  a n te c e d e n t  conditions (Sen e t  al., 2010, 

T hom pson  e t  al., 2012).

In low intensity  rainfall regions, such as in Ireland, th e  infiltration capacity  of p e rm e ab le  soils is 

generally  n o t  exceeded ,  and over land  flow is only g e n e ra te d  in soils t h a t  b ec o m e  s a tu ra te d  a f te r  a 

t im e. This gives rise to  sa tu ra t io n  excess over land  flow and  it is cons idered  to  be  t h e  primary 

over land  flow g en e ra t io n  m echan ism  in Ireland and  th e  United Kingdom (Diamond and  Shanley, 

1998, Haygarth e t  al., 2000, D iam ond and  Sills, 2001, Archbold e t  al., 2010). However, exceptions 

can occur  in s te e p  te rra in  w h e re  runoff  is m o re  highly d e p e n d e n t  on th e  s lope  th a n  sa tu ra tion .

It has b e e n  d e te rm in e d  from a range  of p lot-scale s tud ies  th a t  overland flow com prises  from 3 to  

73% of  rainfall in Ireland (Table 2.1). D iam ond and  Sills (2001) sugges ted  how ever,  th a t  

approx im ate ly  tw o-th irds  of  Irish mineral soils w ere  likely to  be  a t  th e  low er end  of th e  range. 

D iamond and  Shanley (1998) found  th a t ,  excep t  on  poorly drained  soils, t h e  infiltration capacity  in 

s u m m e r  in Ireland ex ceeded  o r  equa lled  t h e  five-year re tu rn  rainfall ra te ,  indicating only a very 

small risk of s u m m e r  overland flow occurring. In w in te r  how ever,  th e  infiltration capacity  a t  th re e  

o f  th e i r  sites, including freely d ra ined  sites, w as  less th a n  2.5 m m /h ,  indicating a significant risk of 

over land  flow occurring. In a n o th e r  s tudy  in th e  Dripsey ca tchm en t ,  Co. Cork (Tunney e t  al., 

2000), m e a s u r e m e n ts  o f  field soil hydraulic conductivity  of 2.5 x 10'^ m /s  (or 90 m m /h )  w ere  

ob ta in ed ,  which indicated th a t  unless  t h e  soils w e re  s a tu ra te d  from below, th e re  w as  sufficient 

perm eabil ity  in th e  soils to  ac ce p t  rainfall and  H ortonian overland flow was unlikely. O'Reilly 

(2006) found  th a t  overland flow w as  largely contro lled  by rainfall ra te  and  th a t  m uch  of it was 

g e n e r a te d  from  a re as  th a t  w e re  sa tu ra te d ,  i.e. sa tu ra t ion  excess over land  flow.

Table 2.1. Examples o f overland flow  as a proportion of rainfall in plot-scale studies.

Site conditions Overland flow  contribution Location Reference
Gley, high w a t e r  
tab le ,  d ra in ed

62% a n n u a l  rainfall Jo h n s to w n  
Castle, W exfo rd

(Kurz e t  al., 2005a)

S andy  loam , gley a t  
30  cm. Drainage 
u n k n o w n

36% a n n u a l  rainfall Jo h n s to w n  
Castle,  W exfo rd

(Kurz e t  al., 2005a)

Gley soil der ived  
f rom  sh a le  till o v e r  
g rey w ack e

19% a n n u a l  rainfall in a  w e t  y e a r  
( 2 0 0 2 /2 0 0 3 )
3% a n n u a l  rainfall in a  dry y e a r  
( 2 0 0 3 /2 0 0 4 )

CBN IT, 
Hillsborough

(W atson  e t  al., 2007)

Clays, d ra in ed Event 1 (25 m m ): 16-39%  e v e n t  rain 
Event 2 (12 m m ):  29-73%  e v e n t  rain 
Event 3 (29 m m ):  27-47%  e v e n t  rain 
2.1-6 .9  t im e s  t h e  f low in t h e  dra ins

Jo h n s to w n  
Castle,  W exfo rd

(Ibrahim e t  al., 2013)

Clays 62% rainfall o v e r  125 days  
84% rainfall o v e r  4 7  days

IGER site, Devon (M isselbrook  e t  al., 
1995)
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Despite th e  extensive  ev idence  for th e  dom inance  of sa tu ra tion  excess overland flow in Ireland, 

re sea rch  on  a grassland drum lin  site a t  Hillsborough, Co. Down, found  th a t  a l though  sa tu ra te d  

excess over land  flow did occur, 59% of overland flow even ts  occurred  as infiltration excess 

o ver land  flow w h e n  th e  soil m ois tu re  was below  field capacity. Regression analysis w as  used  to  

es tab lish  th a t  u n d e r  th e s e  circum stances,  th e  m os t  im por tan t  m e asu red  variable governing th e  

probabil ity  o f  runoff occurring w as rainfall intensity  (Doody e t  a!., 2010). A no ther  m o re  detailed  

s tudy  a t  t h e  sa m e site confirm ed  th a t  th e  rainfall in tensity  w as a significant fac to r  for th e  14 

la rgest e v e n ts  in 2011 (Thom pson e t  al., 2012). However, all b u t  o n e  of th e  14 ev e n ts  had 

m ax im um  rainfall intensit ies of >2 m m /h  and  since th e  average  rainfall intensity  in Ireland Is 

typically less th a n  2 m m /h  (w w w .m e t . ie ), it is possible th a t  th e  infiltration excess m odel m ay only 

be  ap p ro p r ia te  for m ore  in te n se  th a n  average  rainfall events .

While rainfall in tensity  is clearly a key driver in th e  gene ra t ion  of  overland flow, th e  infiltration 

character is t ics  o f  th e  soils and  underlying geology a re  also im por tan t  (Sen e t  al., 2010). In a study 

a t  Jo h n s to w n  Castle, a h igher w a te r  table,  shallow d ep th  to  bedrock  and  m ore  clayey soils w ere  

found  to  increase  th e  p roportion  of overland  flow in ad jac en t  identical plots  t h a t  w ere  isolated 

hydrologically (Ibrahim e t  al., 2013). Wilcock and  Essery (1984) found  th a t  th e  m e an  infiltration 

capacity  of b row n e a r th s  over  bou lder  clays in th e  low-lying, small agricultural Ballysally 

c a tc h m e n t  in N orthern  Ireland, ranged  from 0.6 m m /h  in January  to  9 m m /h  in June, and  was 

f re q u en t ly  low er th a n  th e  rainfall intensity. The annual soil m o is tu re  ranged  from  46  to  59% 

across  all 11 sites, and  th e re  w as an inverse re la tionship b e tw e e n  soil m ois tu re  c o n te n t  and  th e  

infiltration capacity. Very little intra-site variability w as observed  in com parison  to  o th e r  studies, 

which w as  a t t r ib u te d  to  th e  low perm eabil ity  of th e  soils and subsoils. The prim ary controlling 

fac to rs  in th e  d e v e lo p m e n t  o f  overland flow a t  Ballysally w e re  found  to  be  th e  p e rc e n ta g e  of 

o rganic m a t te r  and  th e  slope. The a u th o rs  concluded  th a t  Hortonian overland flow w as  a possible 

flow m echan ism . They also no ted ,  how ever,  th a t  t h e  rainfall a c ce p ta n ce  in this and  o th e r  

N orthern  Ireland c a tc h m e n ts  w as lower th a n  conventionally  accep ted ,  and sugges ted  th a t  this 

m ay have  b ee n  th e  rea so n  th a t  th e  Flood Studies Report (NERC, 1975) substantially 

u n d e re s t im a te d  th e  m e an  annua l flood values in N orthern  Ireland. C om pac ted  or  t r am p led  a reas  

(Kurz e t  al., 2006), vehicular tracks (Harrod and  Theurer ,  2002, H ea thw aite  e t  al., 2005) and  soil 

w a te r  repe llency  (Doody e t  al., 2010) also reduce  th e  infiltration capacity  and  s to rage  and 

th e re fo r e  inc rease  th e  g en e ra t io n  of overland flow.

P erhaps  t h e  m o s t  im p o r ta n t  fac to r  in th e  gene ra t ion  of sa tu ra tion  excess overland flow is th e  

d e g re e  of connectiv ity  of t h e  sa tu ra te d  a reas  with each  o th e r  and  th e  s t rea m  (Yang and  Chu, 

2013). For exam ple ,  in th e  de ta iled  study  a t  th e  Co. Down site, th e  contribu ting  a re as  for  th e
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measured overland flow events varied from 20% to 80% of the hillslope plots of 0.2 ha in size. 

Threshold behaviours were observed when the areas generating overland flow became 

connected, which led to exponential increases in the overland flow volumes (Thompson et al.,

2012). Although there was a strong relationship between the size of the contributing area and the  

volume of overland flow, the relationship improved when the contributing area was >40 m^. 

Proportionally more overland flow was generated on small contributing areas on the lower slopes 

of the plots and it was hypothesized that this was due to the added contribution of return flow, 

i.e. subsurface flow discharging at the surface as overland flow. This highlights the importance of 

the connectivity of saturated areas in the generation of subsurface flows as well as overland flow. 

Further discussion is provided in the following sections.

The majority of research into the proportion of overland flow (and interflow) in the water balance 

in Ireland has been carried out at plot scale (Kurz et al., 2005a, Doody et al., 2010, Ibrahim et al.,

2013). W hile plots have the advantage of hydrological isolation, it is known that the size of the 

plot can impact on the amount of overland flow generated. For example, Ibrahim et al. (2013) 

reported that smaller plots generate proportionally more overland flow and suggested that 

increasing plot size might be a means of reducing nutrient losses to waterbodies. Sharpley and 

Kleinman (2003) reported similar findings, noting that scale has an important bearing on the 

hydrology of a site and therefore the nutrient dynamics. McDowell and Sharpley (2002) found 

that particulate phosphorus increased in overland flow with increasing distance down slope due 

to the dominance of saturated conditions on the lower slopes and therefore the phosphorus 

runoff. So, despite their advantages for conducting detailed research studies, it is clear that there 

are issues of representivity with scaling up plot-scale studies to catchment scale that are 

dependent on the catchment setting and the hydro(geo)logy of the small plot sites. This was 

addressed in this project by combining plot-scale studies with a catchment-scale approach (refer 

to Section 4.1).

2.2.3 Nutrient transport

Overland flow is considered to be the main pathway contributing phosphorus losses to streams 

(Haygarth et al., 2000, Tunney et al., 2000, Kurz et al., 2005a) and it is recognized that the 

majority of the phosphorus export load often occurs during a limited number of high flow events 

(Burke et al., 1974b, Jordan et al., 2005). In grassland catchments, which represent the vast 

majority of agricultural land in Ireland, phosphorus is applied at the surface as inorganic fertilizer 

or organic agricultural wastes, which may be spread as organic fertilizers or deposited by grazing 

animals. Under ideal circumstances, the DRP fraction, which is the fraction with greatest potential 

impact for aquatic ecosystems, is taken up by the plants and soil biota, leaving a predominance of
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dissolved unreac tive  p h osphorus  (DUP) and  particu la te  p h o sp h o ru s  (PP) in su rface  runoff. For 

exannple, Kurz e t  al. (2006) found  th a t  w h e re  grazing anim als  a re  p resen t ,  th e  d o m in a n t  fraction 

in over land  flow te n d s  to  be  PP and  DUP, which are  mostly  organic. This is b ecause  of  t h e  increase 

in t h e  organic fraction applied a t  th e  surface, as well as t h e  reduc tion  in infiltration capacity  due  

to  com pac t ion  by grazing animals, which inc reases  th e  p ro po rt ion  of overland  flow overall. PP is 

also th e  d o m in a n t  fraction in arab le  se t t ings and  in h igh-intensity  rainfall ev e n ts  w h e re  th e  

ra indrops  physically dislodge particles th a t  have p h o sp h o ru s  a t tac h ed .  However, th e  fraction of 

PP is n o t  typically high in ungrazed  grassland sites b ec au se  th e  particles ge t  t r a p p e d  within th e  

v e g e ta t io n  and  th e  infiltration capacity  is higher, bu t it can be  d o m in a n t  along animal o r  farm 

m ach inery  tracks  (H eathw aite  and  Dils, 2000).

DRP has b ee n  found  to  be high in overland flow if a rainfall ev e n t  occurs befo re  it has  had  a 

ch ance  to  be  ta k en  up (Ibrahim e t  al., 2013), o r  w h e r e  th e  soil p h o sp h o ru s  is a l ready  high 

(H um phreys e t  al., 1999, Tunney e t  a!., 2000, Kurz e t  al., 2005a), o r  w h e re  th e  soils a re  sa tu ra te d  

with  re sp e c t  to  phosphorus .  T here  are  a limited n u m b e r  of p h o sp h o ru s  binding sites and once  

th e y  have b e c o m e  sa tu ra te d ,  th e  risk of ph o sp h o ru s  leaching increases  (Hooda e t  al., 2000, Daly 

e t  al., 2001, A ndersson  e t  al., 2013). Two previous s tud ies  in Irish conditions found  th a t  DRP was 

no longer p re s e n t  in overland flow 40  and  44 days a f te r  fertilizing. Interestingly, Kurz e t  al. 

(2005a) found  th a t  DRP in overland flow d ec reased  a f te r  th e  application of urea , which they  

a t t r ib u te d  to  ex tra  DRP being ta k en  up in th e  rapid g row th  th a t  occurred  b ecau se  of t h e  addition 

of n itrogen . On a long-term basis in grazed and  fertilized c a tc h m en ts ,  how ever,  DRP w as  found  to  

be  th e  d o m in a n t  form  of p h o sp h o ru s  in overland flow (Haygarth e t  al., 1998, Kurz e t  al., 2005a), 

which poses  a t h r e a t  to  aqua tic  ecosystem s.

O'Reilly (2006) o b se rved  th a t  th e  d o m in a n t  fraction of  p h o sp h o ru s  in sam ples  ta k en  during a 

rainfall e v e n t  changed  from  part icu la te  p h o sp h o ru s  in t h e  early  s ta g es  of surface  runoff  to  

dissolved p h o sp h o ru s  as th e  ev e n t  p rogressed  and  th e  CSA expanded .  The dissolved phospho rus  

w as  su b se q u en t ly  dilu ted  as surface overland flow increased  until s te ad y  s ta te  conditions at 

which t h e  m in im um  p hosphorus  co n cen tra t ions  w e re  obse rved .  However, Kurz e t  al. (2005a) 

fo u n d  t h a t  t h e r e  w as no clear rela tionship  b e tw e e n  p h o sp h o ru s  and  overland  flow, which 

d e m o n s t r a te d  t h a t  th e re  a re  also o th e r  fac tors  involved. Schulte e t  al. (2006) also no ted  th a t  

while th e  annua l  p h ospho rus  loss from agriculture m ay b e  d o m in a te d  by a few  large rainfall 

even ts ,  th e  role o f  th e  smaller ev e n ts  should  no t be u n d e re s t im a te d  b ec au se  the ir  high f requency  

m e a n s  th e y  can  still t r a n sp o r t  a significant load. Tunney  e t  al. (2000) rep o r ted ,  for exam ple ,  th a t  

while 75% of t h e  annual DRP loads in th e  Dripsey c a tc h m e n t  w ere  g e n e ra te d  during peak  flows, 

19% w as g e n e r a te d  during e leva ted  baseflows and  6% during baseflow. Analysis by Logue (1971)
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show s t h a t  th e  h ighest in tensity  rainfall e v e n ts  in Ireland te n d  to  occur  during th e  su m m e r  

b e tw e e n  June  and  O ctober ,  thus ,  a l though  t h e  m ajority  of  p h o sp h o ru s  is lost during th e  w e t  

w in te r  m o n th s  (Melland e t  al., 2012b), th e r e  can also be significant losses of p h o sp h o ru s  in th e  

s u m m e r  m o n th s  (Kurz e t  al., 2005b).

The p ro po rt ion  of  n it ra te  in Irish c a tc h m e n ts  t h a t  is delivered  via over land  flow to  s t r e a m s  is 

typically very  small (Burke e t  al., 1974b, Kurz e t  al., 2005a, Kurz e t  al., 2006). Burke e t  al. (1974b) 

found  th a t  n i t ra te  in over land  flow a m o u n te d  to  up to  only 3% of t h e  load applied w h e re  th e re  

w as  no d ra inage  and  < 1% o f  t h e  load applied  w h e re  th e  land had b e e n  drained  b ec a u s e  th e  

p ropo rt ion  of  over land  flow w as  less. All s tud ies  found  th a t  th e  h ighest loads of n itra te  and  to ta l 

oxidizable n itrogen  (TON, i.e. n i t ra te  + nitrite) in overland  flow occur  w h e n  a rain e v e n t  occurs 

soon  a f te r  fertilizer has  b ee n  applied .  How ever,  w h en  b es t  practice has  b een  obse rved ,  th e  

applied  inorganic n itrogen  is usually ta k e n  up  quickly by th e  plants, o r  leaches  dow n th ro u g h  th e  

soil profile be fo re  it has  t h e  o p p o r tu n i ty  to  run off. T here  w as  no  n itrogen  obse rved  in overland 

flow 40-44  days a f te r  fertilizer applica tion  (Burke e t  al., 1974b, Kurz e t  al., 2005a).

Of th e  n itrogen  th a t  is t r a n s p o r te d  in over land  flow in Irish ca tc h m en ts ,  t h e  majority is in organic 

fo rm  (W atson  e t  al., 2000b, Kurz e t  al., 2006, Ibrahim e t  a!., 2013), and  m ay be d issolved or 

p a r t icu la te  n itrogen . Kurz e t  al. (2006) found  in a series o f  nine rainfall s im ulator  ex p e r im en ts  on 

g razed  land a t  Jo h n s to w n  Castle t h a t  t h e  m e a n  to ta l  organic n itrogen  in overland f low ranged  

from  1.32 to  19.23 mg/l as n itrogen ,  w ith  t h e  h ighest values  occurring im m edia te ly  a f te r  th e  

ca tt le  had  access  to  th e  land. Results from  a UK study  (H eathw aite  and  Johnes ,  1996) also show ed  

th a t  t h e  organic f raction  w as  d o m in a n t  in runoff  from  bo th  p rep a re d  g ro u n d  and  lightly grazed 

grass (8 b e e f  ca t t le /h a ) ,  while  NH4 w as  t h e  d o m in a n t  n itrogen  species  in runoff f rom  heavily 

g razed  g round  (16 b e e f  ca t t le /h a ) .  How ever,  all species o f  nitrogen m e a su re d  in su r face  runoff 

from  cereals  and  te m p o ra ry  g rass  w e r e  be low  t h e  limits o f  de tec t ion .  While th e  av e rag e  Irish 

stocking dens ity  is far  less th a n  even  lightly s tocked  land in t h e  United  Kingdom a t  1.9 LU/ha 

(Horan e t  al., 2012), similar high organic loads a re  likely to  be  found  in Ireland a t  po in t locations 

w h e r e  t h e  an im als  c o n g re g a te  (e.g. fee d e rs ,  w a te r  access  points ,  farm tracks, etc.).

It is c lear  from  th e  l i tera ture ,  th e re fo re ,  t h a t  in Irish g rassland  ca tc h m en ts ,  DRP losses  from 

over land  flow a re  a significant t h r e a t  to  aq u a t ic  ecosys tem s ,  and  th a t  t h e  e x te n t  and  connectiv ity  

of  t h e  s a tu ra te d  areas ,  and  t h e  hydrology play a significant role. U nders tand ing  th e  n a tu re  of  th e  

s a tu ra te d  a re as  and  how  th e y  function  in t h e  landscape requ ires  a d e e p e r ,  th ree -d im ens iona l  

u n d e rs ta n d in g  of  th e  hydro(geo)logical p a th w a y  f ra m ew o rk  th a n  has  previously b e e n  cons idered .  

N itrate  losses via t h e  over land  flow p a th w a y  a re  less im p o r ta n t  b e c a u s e  th e  m ajority  of any 

excess leaches  d o w n w a rd s  an d  is t r a n s p o r te d  via d e e p e r  pathways.
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2.3 Interflow

2.3.1 Pathway definition

There are many different definitions for interflow in the literature. It is sometimes described as 

unsaturated Darcian flow in the soil matrix, or pipe flow in macropores or preferential flow  

features, such as cracks in the soils, fauna burrows and plant roots, that largely bypasses the 

unsaturated soil matrix. It may occur as unsaturated flow, or as flow in saturated zones of very 

limited extent caused by soil horizons of a lower hydraulic conductivity that impede vertical 

infiltration (Dingman, 2002, Archbold et al., 2010). Wilson (1990) acknowledged that interflow  

may include 'w ater travelling horizontally through the upper horizons of the soil, perhaps in 

artificial tile drain systems'.

Some of the early researchers, such as Hewlett and Hibbert (1957) and Sklash and Farvolden 

(1979), identified that subsurface flows, i.e. interflow and groundwater respectively, were 

important in the stream hydrograph, but traditionally these were considered to be too slow to 

contribute to storm flows. Dunne and Black (1970) found, for example, that subsurface stormflow  

was too small, too late and too insensitive to fluctuations in rainfall intensity to add significantly 

to the stormflow in the channel. Beven (1989) restricts the definition of interflow to 'the near

surface flow of water within the soil profile resulting in seepage to a stream channel within the 

tim efram e o f a storm hydrograph’ . Seiler et al. (2002) noted that although matrix flow is too slow 

(0 .7 -1 .2  m /year) to contribute to the hydrograph, preferential flow through macropores 

(>0.5 m /d) can be as rapid as overland flow.

For the purposes of the Pathways Project, interflow is simply considered as any lateral subsurface 

flow between the ground surface and the w ater table (Archbold et al., 2010) but it is clear from 

the range of definitions that there are several different processes involved. It can be broadly 

determined from the literature that interflow occurs both as matrix flow and through 

macropores, but that it is the flow through the macropores that is likely to contribute most to 

storm flows and potentially therefore also contribute the most in terms of nutrient transport. It is 

also acknowledged that there is a continuum of processes, pathways and response times in the 

soils, from infiltration excess overland flow, saturation excess overland flow, return flow where 

subsurface flow comes back to the surface and becomes overland flow, through to discharge 

through the soil matrix, preferential flowpaths, the drainage network and the transition zone 

(Beven, 1989). Thus, it would seem important that studies considering the transfer of nutrients 

from the land surface to the stream should be (a) integrated so that significant contributions from  

one or more processes or pathways are not inadvertently omitted; and (b) catchment based so

that heterogeneities in the soils at particular sites do not give a limited or biased outcome.
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2.3.2 Delivery of flow

2.3.2.1 Unsaturated flow

Flow through soils is typically represented using the Darcy-Richards equation in many hydrological 

studies (Beven and Germann, 2013). Darcy's Law (Darcy, 1856) states that the flow is directly 

proportional to the hydraulic conductivity of the soil and the change in head over the flowpath as 

follows:

where q is the discharge per unit area; K is the hydraulic conductivity o f the soil; and 6h /6z is the 

vertical hydraulic gradient. The principle of conservation of mass states that any change in 

discharge with depth has to be balanced with a change in the soil moisture:

do dq _
Eqn2.2

where 0 is the soil moisture content. Combining Eqns 2.1 and 2.2 gives the Richards equation 

(1931):

of the Darcy-Richards equation, however, that soils are porous and homogeneous, which limits

inherent in the equation also does not adequately represent solute transport through preferential 

flowpaths. In recognition of this, modifications of the equation have evolved to incorporate dual 

porosity or dual permeability scenarios, e.g. HYDRUS. However, Beven and Germann (2013) 

suggest that they are inadequate for hillslope and catchment-scale studies because of the 

heterogeneities of subsurface materials, the role of preferential flowpaths, and the other 

assumptions of the methods that flow is saturated and laminar.

2.3.2.2 Field capacity

In unsaturated soils, interflow is typically assumed to be linked to the field capacity, i.e. the 

maximum amount of water that can be stored in a soil (Veihmeyer and Hendrickson, 1949), or the 

amount of w ater held in the soil after excess water has drained away and the amount of 

downward movement of w ater has materially decreased. Unless there are large macropores

Eqn 2.1

Eqn2.3

where iIj is the pressure head and z is the elevation above an arbitrary datum. It is an assumption

the scale of applicability in the field. The advection-dispersion concept of solute transport
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p re se n t ,  in terflow  is only likely to  occur w h e n  th e  soil m o is tu re  c o n te n t  is above  field capacity  and 

t h e r e  is excess w a te r  to  drain.

At m atr ic  po ten tia ls  close to  zero, th e  soil is close to  s a tu ra t io n  and  th e r e  is excess soil w a te r  th a t  

drains. Drainage con t inues  until th e  soil r ea ch es  field capacity . The field capacity  is o f ten  ta k en  to  

b e  t h e  soil m o is tu re  c o n te n t  th a t  occurs a t  a soil w a te r  po ten t ia l  o f  -0 .3 3  bar  and  it is low er for 

sandy  soils th a n  for clayey soils (Dingman, 2002). In t h e  a b s e n c e  of  fu r th e r  rainfall, t h e  soil 

m o is tu re  c o n te n t  con t inues  to  dec rease  and  a soil m o is tu re  deficit deve lops  w h en  th e  m ois tu re  

c o n te n t  red u c es  below  field capacity. U nder  th e s e  conditions,  soil w a te r  is bound  m o re  tightly in 

t h e  soil m atr ix  and  th e  suction (or soil w a te r  po ten tia l)  inc reases  such th a t  it b ec o m e s  m ore  

difficult fo r  p lan ts  to  ex trac t  th e  w a te r .  Eventually, a t  t h e  wilting point,  t h e  ten s io n  b e c o m e s  too  

high for  th e  p lan ts  to  effectively ex trac t  th e  m o is tu re  and  t h e  p lan ts  c o m e  u n d e r  s tress.

Field capac ity  d e p e n d s  on  m any  factors , th e  m o s t  im p o r ta n t  o f  w hich a re  soil te x tu re ,  uniformity 

an d  d e p th .  It can  be p red ic ted  in th e  field by m easur ing  t h e  non-linear  re la tionsh ip  b e tw e e n  th e  

soil m o is tu re  c o n te n t  and  th e  soil w a te r  po ten tia l  and  deve lop ing  a soil w a te r  re te n t io n  curve, 

w hich is specific to  d iffe rent soil types  (Dingman, 2002). A n u m b e r  of d iffe ren t theo re tica l  soil 

w a te r  r e te n t io n  curves have b ee n  g e n e ra te d  by various a u th o rs  such as van G en u ch ten  (1980) 

a n d  Brooks and  Corey (1964).

A s tudy  in t h e  Dripsey c a tc h m en t ,  Co. Cork (Tunney e t  al., 2000), found  th a t  in vertical soil 

profiles, th e  w a te r  c o n te n t  inc reased  above  field capacity  (36%) a t  d e p th s  of 1 0 - 3 0  cm in June, 

w hich w as  cons idered  to  b e  an  interflow layer (Figure 2.1). In con tra s t ,  field capacity  a t  th e  Co. 

Down site discussed in Section 2.2, w as found  to  be  m uch  higher a t  56% (Doody e t  al., 2010) and 

W a tso n  e t  al. (2000a) found  th a t  in terflow via th e  dra ins  a t  th e  site  usually only c o m m e n c e d  in 

O c tober ,  and  th a t  th e re  w as  generally  no subsurface  flow  in s u m m e r  unless  th e  season  was 

particularly w e t.

2.3 .2.3 M a cropo res

If m a c ro p o re s  a re  p resen t,  and  th e y  are  large enough  and  well co n n e c te d ,  flow th ro u g h  th e m  can 

ta k e  place ind e p en d e n tly  of  th e  field capacity  (Beven and  G erm ann ,  2013). For exam ple ,  in dry 

a n t e c e d e n t  conditions in fine sandy  loam soils in a field p lo t e x p e r im e n t  in Oklahom a, Lehman 

an d  Ahuja (1985) found  th a t  94% of po tass ium  b rom ide  t r a c e r  applied  on t h e  land su rface  m ade  

its w ay  into g r o u n d w a te r  b e fo re  th e  o n se t  o f  overland f low  and  interflow, desp i te  only 31% of th e  

flow discharging th ro u g h  th e  g ro u n d w a te r  p a th w a y  overall.

In field t r a c e r  ex p e r im en ts  in China, Sheng e t  al. (2014) fo u n d  t h a t  in an  u n sa tu ra te d  loam soil.
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Figure 2.1. Profiles of soil moisture with depth; 28th June 1997, Dripsey catchment (from Tunney et al. 
(2000). Note the rise in soil moisture content at 10-30 cm depth which was attributed to interflow.

macropores were present in the upper 20 cm in one plot but not in the other, whereas in the 

United Kingdom, Germann and Beven (1981) found them at the soil/subsoil interface in a core 

from 20 to 35 cm depth. In a forested hillslope study site in Japan, Sidle et al. (2001) found that 

although individual macropore segments are typically <0.5 m in length, they have a tendency to 

self-organize into larger preferential flow systems as sites become wetter.

Some authors have noted that flow through macropores can be as fast as overland flow and 

several orders of magnitude quicker than matrix flow (Seiler e t al. (2002). A piston flow or 

translatory flow mechanism takes place that follows the Poiseuille principle, i.e. where water 

applied to one end of a saturated pipe causes an instantaneous displacement of w ater at the 

other end, irrespective of the length of the pipe. This has been said by some to contribute to the 

rapid response of the hydrograph to rain falling on the land surface often at some distance from  

the main channel (Buttle, 1994).

Kirby et al. (1991) found in a research catchment in Plynlimon in Wales, that soil moisture was 

more dependent on local factors including variability in soil properties and microtopography than 

on larger scale factors such as the position of the sampling point, the slope or the slope aspect, 

and that it varied rapidly over time. This suggests that the development of interflow may be 

driven by local-scale structural heterogeneities, emphasizing the importance of a three- 

dimensional approach.
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The balance of matrix versus preferential flow through the soils is important because it has 

implications for the speed of delivery of flow and attenuation of contaminants. An Irish study in a 

site underlain by free-draining soils and subsoils, overlying a karst limestone aquifer, found that 

there was a rapid breakthrough in soil solution (8 days) and in groundwater (34 days) of the 

bromide tracer applied at the surface indicating that there was preferential flow. However, the 

tim e to maximum concentration was more indicative of matrix dominant flow in the soils and 

subsoils (Richards et al., 2005).

2.3.2.4 Capillary fringe

Another flow mechanism that is reported to contribute to the rapid hydrograph response 

depends on the capillary fringe, which is the zone above the w ater table that remains saturated 

under negative pressure or tension (Abdul and Gillham, 1989). Gillham (1984) showed that where 

the w ater table is shallow and the capillary fringe extends to the surface, the addition of a very 

small amount of rainfall can result in an immediate rise in the w ater table that is much larger than 

would be expected based on the specific yield and the amount of rainfall. Typically these sorts of 

conditions occur on the lower hillslopes close to the stream channels, and where the hydraulic 

conductivity of the soils is high enough, the rapid increase in hydraulic gradient can quickly deliver 

significant quantities of pre-event water to the stream (Abdul and Gillham, 1989, Jayatilaka and 

Gillham, 1996, Gillham and Jayatilaka, 1998). This is known as the groundwater ridging effect 

(Sklash and Farvolden, 1979).

However, in a comment on Jayatilaka and Gillham's paper (1996), McDonnell and Buttle (1998) 

refuted the role of the capillary fringe, instead asserting the dominance of macropore flow. In 

their response, Gillham and Jayatilaka (1998) noted that while their model was generated based 

on their experiences in gently undulating, non-forested catchments, McDonnell and Buttle's 

arguments in favour of macropore flow were based largely on their respective experiences in 

steeply sloping forested catchments where the capillary fringe would be unlikely to be present. 

This interesting scientific debate, which was fortunately played out in public, emphasizes the huge 

variability in streamflow generation mechanisms in different hydro(geo)logical and land-use 

settings. Perhaps more importantly, however, it also highlights the difficulties in extrapolating 

findings from one catchment to another.

2.3.2.5 Pressure waves

Pressure waves through the subsurface due to the Lisse effect can also rapidly bring w ater into 

streams. The Lisse effect occurs when infiltration from intense rain over a shallow w ater table 

creates an effective seal at the soil surface, trapping air in the unsaturated zone that is further 

compressed as the wetting front advances. This can cause rapid and large changes in the water
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table (Waswa et al., 2013). However, Weeks (2002) suggested that the Lisse effect is a rarely 

observed phenomenon and suggests it is not as important as originally thought because of the  

counter upward pressure exerted at the base of the wetting front.

2.3.2.6 Contrasts in permeability

The contrasts in the permeabilities in the soils and the depth to the impeding layer are tw o key 

factors that influence the lateral development of interflow. Some authors have argued that it is 

the contrast in permeability that is the primary driver and that a change of at least one order of 

magnitude is required (Robinson, 1990). In practice, however, the depth to the lower permeability 

layer is usually the depth of the topsoil in grassland and the depth of the plough layer in arable 

land; this ranges from 25 cm in clay soils to 40 cm in sandy soils. At a research site in Ballinamore, 

Co. Leitrim, for example, the saturated hydraulic conductivity of the topsoil was 13 m m /h, 

whereas that of the underlying subsoil at 0.25 m depth was four orders of magnitude less and was 

considered to only contribute to baseflow and not storm flow (Burke et al., 1974a). Clay soils 

frequented by heavy machinery and soils that have been artificially drained may have the lower 

permeability layer at the surface.

Ahuja and Ross (1983) found in a theoretical study that in a two-layered soil with contrasting 

hydraulic conductivities, interflow occurred in tw o regions: (a) downslope flow within the main 

body of the soil and (b) additional infiltration and flow near the seepage face due to the steeper 

hydraulic gradients. The length of slope that contributed to the flow near the seepage face was 

linearly related to the ratio of the hydraulic conductivities of the two layers. W here the subsoil 

had lower conductivity than the topsoil, the flowlines were as might be anticipated, with 

horizontal flow in the soil layers upslope and a relatively small area impacted by the discharge 

occurring at the seepage face. W here the subsoil had higher conductivity than the topsoil (such as 

might occur in the field where there is artificial drainage), the rate of infiltration and the volume 

of soil traversed by the interflow near the seepage face increased several fold. This in turn also 

increased the area and rates of infiltration through the topsoil at the upper end of the slope.

In the Irish landscape, the soil profile typically comprises an upper layer, the A horizon, which is 

the organic-rich layer and an underlying heavily leached horizon. The 8 horizon is the layer below 

this, in which the leached minerals and clays accumulate, and this overlies the C horizon which 

comprises the parent material (Finch et al., 1983). Typical Irish soils thus have tw o distinct 

permeability changes at the A/B and B/C horizons which have been found in other studies to 

encourage the development of interflow (Cox et al., 2005, Jin et al., 2011).^

 ̂Refer to Figure 4.5 for a photo of the soil profile at the field site with the three horizons highlighted.
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It is clear from the literature that there is evidence for a range of flow and transport processes in 

the soils that can generate interflow, but there is ongoing debate on whether any of them can 

generate enough water, and rapidly enough, to achieve the observed responses in the 

hydrograph (McGlynn et al., 2002). Many authors are now suggesting that a deeper perspective, 

down to the bedrock layer, may instead hold the key (Tromp-van Meerveld and McDonnell, 2006, 

Bachmair and Weiler, 2012, Gabrielli et al., 2012). This is further explored in the discussion on the 

transition zone pathway.

2.3.3 Nutrient transport

As discussed in Section 1.2.3, nitrogen and phosphorus behave differently in the subsurface, 

which influences their ability to be transported via interflow, and their susceptibility to 

attenuation. Nitrate, being more conservative tends to be transported via the deeper pathways, 

whereas phosphorus is readily adsorbed to particles in the upper soil layers and is more 

susceptible to delivery via overland flow. For example, at a grassland hillslope site in Australia, 

Melland et al. (2008) found phosphorus yields were an order of magnitude smaller along interflow  

pathways (0.027 kg/ha/y) than in overland flow; in contrast, there were up to five times more 

nitrogen loads in interflow (3 .2 -10 .6  kg/ha/y nitrogen) than in overland flow. Heckrath et al. 

(1995) observed that up to 60 mg/kg Olsen phosphorus was retained in the more permeable 

plough layer, and was subsequently released in drainage water.

The upper organic soil layer is also where the majority of denitrification takes places. 

Denitrification is the process by which anaerobic denitrifying bacteria use the oxygen from nitrate 

and the remaining nitrogen is released. It is common in saturated soils, where there is an 

adequate source of carbon, a good supply of nitrate, tem perature >4°C and the denitrifying 

bacteria (Ryan et al., 1998). In an Irish lab-based experiment on Irish soil cores, Ryan et al. (1998) 

found that 80% of the denitrification that took place, did so in the top 10 cm of the soil. It has 

been reported that 5 to 95% of the leached nitrogen can be denitrified depending on soil 

conditions (Buss et al., 2005, Humphreys et al., 2008), or from 3 to 45% of the nitrogen that is 

applied (Jordan, 1989, Ryan et al., 1998, Jahangir et al., 2012). Nevertheless, the presence of 

preferential flowpaths allows the leached nitrogen to bypass the denitrifying layer (Booltink, 

1995).

Despite its tendency to remain in the upper soil layer, significant quantities of phosphorus have

been reported in subsurface flow from grassland soils (Heckrath et al., 1995, Sims et al., 1998).

Tunney et al. (2000) found in the Dripsey catchment that although the concentration of

phosphorus decreased with depth in the soil, the interflow zone between 10 and 40 cm was

responsible for the transport of dissolved phosphorus to streams. It is considered likely that flow
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through preferential flowpaths and macropores are important subsurface transport mechanisms 

for phosphorus (Heathwaite and Oils, 2000, O'Reilly, 2006, Ibrahim et al., 2013). In an Irish study, 

O'Reilly (2006) found that in a site with moderately permeable soils, the composition of 

phosphorus in the shallow subsurface flow was similar to that in overland flow, demonstrating 

that macropores played a significant transport role. W here matrix flow is dominant, the majority 

of phosphorus is in dissolved form  (Ibrahim et al., 2013).

Subsurface pathways such as interflow, groundwater and drainage pathways have traditionally 

been given less attention in the literature in the context of transport of phosphorus because of 

the assumption of almost complete phosphorus adsorption by the soil matrix, resulting in very 

low leaching. There is increasing evidence, however, that phosphorus can be a factor in 

subsurface pathways and that it can be either in particulate or dissolved form, depending on the 

presence of preferential flow pathways. Phosphorus concentrations in groundwater in the karst 

limestones in the west of Ireland for example, are high enough to place the connected surface 

w ater receptors at risk (EPA, 2010).

2.4 Artificial drainage flow  

2.4.1 Pathway definition

Land drains have been a part of Irish agriculture since the 1700s, particularly in the early to  mid 

1900s with the introduction of various national grant-aided schemes to encourage development 

(Bruton and Convery, 1982). The purpose of drains is to help relieve a drainage problem that, in 

turn, improves soil conditions and hence achieves greater productivity from the affected land. 

Robinson (1990) estimated that artificial field drainage Increased crop yield in the United Kingdom 

by 10 to 25%.

Drains may be installed randomly to drain a spring line or a w et area, or may be more 

systematically installed at regular intervals across a field, eventually discharging into a collector 

drain and/or the main drainage channel (Tuohy et al., 2012). The Hooghoudt equation, which 

relates rainfall, soil permeability, drain depth and water table depth, can be used to determine 

the most efficient drain spacing, but in practice, drain construction has tended to follow local 

traditions and experiences rather than any scientific method. Soil horizons with hydraulic 

conductivity of <0.1 m /d are considered to be effectively impermeable for the purposes of their 

contributions to drain flow (Luthin, 1957).

Pipe drains were traditionally constructed of clay tiles (30 cm long by 7.5 cm internal diameter), 

and were hence known as tile drains, but they have generally been replaced by plastic drainage
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pipes since the 1970s as they are much easier to handle. Pipe drain life expectancy is typically SO

SO years although many continue to function beyond that time where there is a good hydraulic 

gradient and a low fine silt content in the soil. W et surface soils tend to be drained at spacings of 

5 -1 5  m and a depth of no more than 0.75 m; groundwater drains can be spaced at up to 40 m and 

may be installed at depths up to 1.5 m. 'Moling' or 'subsoiling', which is a mechanical means of 

improving soil drainage by creating cracks (i.e. preferential flowpaths) in the soils and subsoils, 

respectively, is often carried out in Ireland in conjunction with the installation of tile drains to 

improve efficiency. Unless backfilled with gravel (gravel moles), moles require regular 

maintenance and renewal. Maintenance is also beneficial for tile or pipe drains.

2.4.2 Delivery of flow

The hydrological function of a catchment may be significantly influenced by the presence of 

artificial drainage. A study on the impact of artificial land drainage on river flows in the United 

Kingdom found that the drainage of heavy clay soils reduced high and medium flow peaks, 

because the extent of surface saturation was reduced, thus leaving more storage in the soil and 

therefore less surface runoff (Robinson, 1990). On more permeable soils not usually prone to 

surface saturation, however, drainage increases the speed of subsurface discharge and increases 

peak flows. The study also found that drainage increased baseflows. At the catchment scale, 

arterial channel improvements, i.e. works in the main stream channel, which often, but not 

always, accompany field drainage, increased flow peaks downstream because of the reduction in 

overbank flooding and storage. The net change of field drainage and arterial channel 

improvements was to increase both peak flows and baseflows, and shorten the catchment 

response tim e (Robinson, 1990).

In a plot-scale study at Johnstown Castle, Ibrahim et al. (2013) found that in four adjacent plots 

with identical subsurface drainage design and similar soils, the sites with the shallower water 

tables and thinner soils and subsoils had increased drain flow in w et antecedent conditions as the 

drains were draining groundwater. They found that differences in drain flow between adjacent 

plots during the same event were greater than the differences between events on the same plot. 

This suggests that the drainage problem may have an impact on the quantity of flow discharging 

from the drains.

In an Irish study on the very low permeability shaley tills in Ballinamore, Co. Leitrim, a study of the 

hydrology of tw o adjacent field plots, before and after one of them was mole drained, found that 

the maximum flows from the drained plot were lower than in the undrained plot, but that 

baseflows were higher such that the total measured flows were similar (Burke et al., 1974b). 

There were seasonal differences, however; in the summer months the drained plot peaks were
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higher than those from the undrained plots while in the winter, the reverse was the case. This 

seasonal difference was attributed to the delivery of bypass flow through soil shrinkage cracks In 

the summer months, which may also have implications for the delivery of nutrients. The drainage 

also largely eliminated the saturation in the topsoil layer to the extent that the annual average 

overland flow measured was an order of magnitude less than in the adjacent plot. However, it 

must be acknowledged that their site was a Teagasc research site that had been recently drained 

by a well-respected drainage engineer (Mulqueen) and it is probable that the drainage was far 

more efficient than it might have been elsewhere in Ireland.

At an experimental site in Devon with clayey soils, Bilotta et al. (2008) found that there was 50% 

more discharge from a non-drained site compared to an adjacent drained site, but within the 

drained site, 50-66% of the discharge was via the drains. The drains were a combination of mole 

drains with collectors at a depth of 0.85 cm. In another example, the maximum flow from the 

single drain outflow from a 33 ha field in the United Kingdom, over a 6-month period, was 

0.57 I/s/ha, which was in response to a heavy rainfall event of 13 m m /h. The lag time between the 

heaviest rain and the greatest flow was between 45 min and 1 h (Beardmore (1851) cited in 

Robinson (1990)). This emphasizes that flow rates from land drains can be quite significant.

Musy et al. (1989) suggest that it is useful to consider flow through artificial drainage channels in 

terms of two sets of separate hydrological responses: first, the transport of rainfall from the land 

surface through the soil to the drain, which may be via matrix flow or preferential flowpaths; and 

second, from the drain into the permanent stream channel network, which is more akin to flow  

through a pipe network. In one study, the differentiation was likened to conduit flow versus 

diffuse flow in karst environments (Schilling and Helmers, 2008).

Better maintained drains will greatly enhance the transfer function in comparison to the natural 

drainage network; lag times may be evident where there are collapses, blockages and extensive 

weed grow/th in the open ditches. Mulqueen (1971) found that mole drains that were poorly 

constructed, i.e. drawn downhill instead of uphill, silted up within 12 months, while those that 

were drawn uphill were flowing but were blocked in places. Galvin (1983) also noted that artificial 

drains need regular maintenance as the life of a mole drain was expected to be 1 to 3 years and 

reported that, among a range of drainage designs, gravel moles were found to be the least subject 

to collapse and decline in drainage efficiency. In contrast, however, Mulqueen (1998) found that 

mole drains installed in a forestry site in Sligo were found to be still functioning well 26 years 

later. Over the course of a 9-year study at the CENIT site in Co. Down, it was found that the 

efficiency of flow interception by the specially constructed drainage system decreased by an 

average of 39% (Watson et al., 2000a).
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Thus, the construction and m aintenance o f artificial drainage has a significant bearing on its 

hydrological functioning in the field and th e  question remains as to  w h e th er studies th a t have 

investigated the role o f drainage on w ell-developed and m aintained plot-scale research farm s are  

tru ly  representative o f working farm s. This issue is being taken into consideration in a current 

m ajor research program m e being carried out by Teagasc into field drainage in Ireland (Fenton, 

pers. comm.).

2.4.3 Nutrient transport

Artificial field drainage is reported by some authors to  reduce the m oisture content in th e  soils 

and hence reduce the proportion o f overland flow  (Burke e t al., 1974a), which in turn  reduces the  

losses o f n itrogen, phosphorus and sedim ent from  th e  field (Huang et al., 2002). Others report 

th a t artificial drainage is an im portan t delivery mechanism  fo r both n itrate  and phosphorus. For 

exam ple, in th e  lowland agricultural areas o f th e  Netherlands, it was found by Rozem eijer e t al. 

(2010 ) th a t tile  drains contributed 80%  of the to ta l annual discharge and 8 9 -9 3 %  o f the to ta l 

annual NO 3 and heavy metal loads. M clsaac and Hu (2004 ) found th a t the higher th e  intensity of 

tile  drainage in the agricultural watersheds o f Illinois, th e  higher the nitrogen flux in th e  river. A 

study o f 45 subcatchments o f the Odra River in G erm any, Poland and th e  Czech Republic found  

th a t up to  33.1%  o f the total nitrogen input into th e  river resulted from  tile  drainage (B ehrendt et 

al. (2004), in Germ an; cited in Hirt et al. (2005)). In a study o f th ree  watersheds in Illinois, Royer et 

al. (2006) found th a t artificial field drainage was the prim ary delivery pathw ay o f n itra te  to  rivers 

and th a t field drains and overland flow  delivered DRP, w hereas PR was almost exclusively from  

overland flow. They noted th a t nearly all th e  nutrient export load occurred w hen th e  flows w ere  

g rea ter than th e  median discharge, and th a t extrem e discharges (>90th  percentile) w ere  

responsible fo r >50%  o f the nitrogen load and >80%  o f th e  phosphorus. Stamm et al. (1998) and 

H eath w aite  and Oils (2000) showed th a t th e  delivery o f phosphorus was accelerated to  streams 

w h ere  fields w ere  artificially drained, to  th e  exten t th a t H eathw aite  e t al. (2005) incorporated  

land drains into th e ir connectivity model fo r delineating CSAs fo r phosphate.

In an intensive study at tw o  poorly drained catchm ents in Co. Louth and Co. W exford , it was 

found th a t shallow, perched, saturated subsoils layers, which w ere  underlain by clayey layers and  

drained by the ditch and tile  drain networks, w ere  the key pathways fo r the transport o f n itrate  

(M e llan d er et al., 2012 ). M o re  diffuse return  flow  from  seeps and springs at breaks in slope w ere  

also im portant. In th e  Louth catchm ent, it was found using geophysics th a t the low perm eability  

layer lay betw een 0.5 and 3 m below  ground surface confirm ing th a t th e  near-surface pathways  

play a significant role in th e  transport o f nitrogen. N itra te  concentrations and loads both  

increased w ith  a quickflow response w ith  discharge in w in ter, which is in contrast to  the m ore
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typical dilution effect that takes place when nitrate is delivered via the groundwater pathway 

(Soulsby et al., 2003a, Byrne, 2011). This was likely to be because the area of saturated soils 

above the clayey layer increased with increasingly w et antecedent conditions. The ditches were a 

key transport pathway for phosphorus, although it was noted that small point sources were an 

innportant factor (Melland et al., 2012b).

There is now a reasonable body of evidence in the literature that field drains can carry significant 

concentrations of nutrients that can cause eutrophication in streams. For example, the annual 

flow-weighted mean total phosphorus concentrations In drainflow at the Agri-Food and 

Biosciences Institute (AFBI) research site in Co. Down was found by Watson and Matthews (2008) 

to range from 187 to 273 mg/l as phosphorus, which they reported is well above the 

concentrations believed to trigger eutrophication. Much lower values, but still just above the 

Good-Moderate WFD status boundary, were found by O'Reilly (2006). Haygarth et al. (1998) 

found that the dominant form of phosphorus in drain flow was DRP and emphasized the 

important role that land drains can play in causing ecological impact in streams. Ni Chathain et al. 

(2012) noted that land drains are especially important in the relatively undeveloped High Status 

catchments which are often highly sensitive and suggested that although a map and database of 

land drainage was not available for Ireland, it would be a useful management tool.

2.5 Transition zone flow  

2.5.1 Pathway definition

The transition zone is the very broken, rubbly and weathered rock horizon that occurs at the 

boundary between the bedrock and the overlying subsoils. It may be infilled with subsoil matrix 

and may resemble gravel or gravelly till in the purer limestones (Fitzsimons et al., 2005), or it may 

be absent altogether (M oe et al., 2010). It is recognized in the international literature as a 

combination of saprolite and saprock in tropical and arid regions, and as the upper weathered  

bedrock in tem perate and cold regions (Comte et al., 2012). Comte et al. (2012) defined it in Irish 

conditions as the decomposed bedrock and broken bedrock horizons that may, or may not, overly 

the fissured bedrock. The use o f the term 'transition zone' in the context of a hydro(geo)logical 

pathway appears to have been originally introduced by the Geological Survey of Ireland 

(Fitzsimons et al., 2005).

2.5.2 Delivery of flow

Early work in a catchment in California by Wilson and Dietrich (1987) (cited in Gabrielli et al. 

(2012)) found that fracture pathways within the shallow weathered bedrock overlain by colluvium 

contributed to stormflow when the storage filled and the underlying more competent bedrock
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forced w ater upwards and laterally to contribute to the stream. Researchers at the paired 

experimental upland catchments in Plynlimon in Wales also observed that shallow groundwater 

flow in the shattered broken-up grit (sandstone) below the peat was a significant contributor to 

flow In the stream (Kirby et al., 1991), proving that shallow groundwater from poorly productive 

rocks could provide a significant proportion of streamflow (Haria and Shand, 2006). Haria and 

Shand (2006) observed that pressure waves in response to recharge upslope caused a rapid 

displacement o f shallow groundwaters up into the soils, whereupon it was transported laterally 

downslope through a fast flow horizon at the soil-bedrock interface leaving the upper soil 

horizons largely unsaturated. It was only where there was a discontinuity in the lateral fast flow  

horizon that w ater was forced up to the surface as return flow. In effect, both of these studies 

were observing flow in the transition zone pathway although it was not recognized as a distinct 

pathway.

As discussed in Section 2.3.2, it has recently been acknowledged in the hydrological literature that 

the bedrock and the deeper soil/subsoil pathways are likely to play a more significant role in 

storm flow generation than previously thought. Attention is being focussed on the topography of 

the soil-bedrock interface (i.e. the transition zone pathway), which is now known to be an 

im portant catchment-wide control on subsurface flow contributions to streams (Freer et al., 2002, 

Shahedi, 2008). For example, at the highly instrumented and well-researched Panola Watershed 

near Altlanta, Georgia, It has been recognized that there is a threshold, 'fill and spill' effect in the 

development o f subsurface flows. Once more than 55 mm of rain falls, depressions in the bedrock 

surface fill up and spill over into any microtopographic relief in the bedrock surface, resulting in 

interconnectivity with each other and the trench. Flow occurs in the downslope direction once 

localized saturated areas connect. When connectivity is achieved, the instantaneous subsurface 

stormflow rate to a trench was found to increase more than fivefold and the total subsurface 

storm flow was more than 75 times larger than before (Tromp-van Meerveld and McDonnell, 

2006). Similar findings were reported by Liang and Uchida (2013) from  numerical modelling 

studies based on the Aratani catchment in Japan. They suggested that the fill and spill mechanism 

is dependent on the soil depth and the topography of the top of the bedrock surface, and that it 

would be preferable to define variable source areas using soil depth and a topographic wetness 

index at the soil-bedrock interface, rather than by the more traditional 'distance to the valley 

bottom ' approach. Soil properties and topography were found to be more im portant catchment 

characteristics than vegetation in a field study carried out by Bachmair and W eiler (2012).

Recent work in tw o benchmark research catchments, the HJ experim ental catchment in Oregon, 

and the Maim ai catchment in New Zealand, have demonstrated that the role of the soil-bedrock
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interface is different in different geological conditions. In the Maimai catchment, the water table  

generally remained below the soil-bedrock interface and did not contribute significantly to event- 

based hillslope runoff. It did, however, respond significantly to  storm events indicating a direct 

connection between the groundwater and hillslope processes. Groundwater was found to seep 

out generally into the hillslope in the riparian zone. In the Oregon catchment, a fractured and 

transmissive fracture zone in the upper 1 m of weathered bedrock (i.e. the transition zone) was 

found to conduct rapid lateral subsurface storm flow and lateral discharge. Interestingly however, 

the origin of the w ater in the weathered bedrock zone was a mix of vertically infiltrating soil w ater 

and rainwater, and not a rise in bedrock groundwater. Thus, the bedrock groundwater at the soil- 

bedrock interface was not found to contribute directly to  storm flow (Gabrielli et al., 2012).

The transition zone is well recognized in Ireland anecdotally as a water-bearing zone when drilling 

(Ball, D., pers. comm.] and as a permeable zone for the development of artificial drainage 

(Gleeson, T., pers. comm.). It is highly probable that the large numbers of shallow hand-dug wells 

in Ireland (www.gsi.ie/mapping) exploit groundwater from this permeable zone (as well as from  

shallow sand and gravel aquifers). However, there is a paucity of scientific evidence on the role of 

the transition zone in Ireland and it was consequently targeted for specific monitoring as part of 

the EPA's poorly productive rocks monitoring programme (M oe et al., 2010).

The fill and spill hypothesis may well be applicable in Ireland but it must be noted that the Panola, 

Oregon and Maimai catchments (and the Arantani catchment) are steep-sided forested 

catchments, with often shallow soils and no glacial deposits. This will result in very different 

hydrological properties than the gently sloping, agricultural, glaciated catchments in Ireland. 

Nevertheless the broad concept may have application to the transition zone in Ireland.

These findings suggest that the transition zone is likely to behave differently in different 

hydrogeological settings, and may operate somewhat independently o f the underlying bedrock, 

depending on the permeability of the underlying competent bedrock. Therefore, it may not 

necessarily be appropriate in all circumstances to consider it as a subset of the shallow 

groundwater pathway. This issue was considered during this research in the context of how best 

to incorporate the transition zone in the hydrological model in the catchment management tool 

(Chapters).

2.5.3 Nutrient transport

As studies on flow in the transition zone are limited, so too are studies on the transport of 

nutrients specifically through this pathway, as distinct from 'shallow groundwater*, 'deep soils', or 

simply 'subsurface flow'. Haria and Shand (2006) noted at Plynlimon that the highly fractured
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lateral transport zone at the soil-bedrock interface, which was at a depth of 1.5 nn near the 

stream, was a means of bringing bedrock-derived groundwater and soil w ater from the deeper 

soil horizons rapidly to the stream. The subsoils were predominantly peat however, which would 

have presented a different hydrological regime than glacial tills. In their catchment, this pathway 

was a source of aluminium, but by extension, the same processes would surely also apply in 

catchments where the transition zone, deep soils and/or shallow groundwater may be a source of 

nitrogen or phosphorus.

In the Panola catchment, van Verseveld et al. (2009) found that what they called the 'transient 

groundwater' pathway was a transport pathway for dissolved inorganic nitrogen (DIN). They also 

found that the upper organic-rich soil layer and the transient groundwater were both high in 

specific UV absorbance (SUVA), dissolved organic carbon (DOC) and total nitrogen concentrations; 

whereas SUVA, DOC and dissolved organic nitrogen (DON) decreased with depth in lysimeters. 

Deep groundwater discharging from a spring was found to be low in SUVA, DOC and nitrogen. The 

authors concluded that this reflected rapid vertical infiltration of the organic m atter to the soil- 

bedrock interface via preferential flowpaths, followed by lateral transport along the soil-bedrock 

interface. Similar flow transport mechanisms were observed in a catchment in Canada in a similar 

landscape setting (Hill et al., 1999) but, in contrast, the dominant nitrogen fraction was DON. This 

was due to the depletion of the inorganic nitrogen by biogeochemical processes in the organic 

horizon.

Although these catchments are all very different hydrologically to those found in Ireland, there 

nevertheless, remains a possibility that the transition zone in Ireland could be a significant 

pathway for the delivery of nutrients from both the shallow groundwater and the deeper soils, 

depending on its position in the landscape.

2.6 Shallow and deep groundwater flow  

2.6.1 Pathway definition

There are discrepancies in the hydrological literature in places about what exactly is meant by the 

term  groundwater, and whether it includes subsurface w ater in unsaturated and/or saturated 

soils, or refers only to water in saturated aquifers. If a loose generalization is possible, literature 

originating from the hydrogeological sciences is typically more focussed on groundwater in 

aquifers, i.e. water-bearing reservoirs capable of yielding enough w ater to satisfy a particular 

demand (Driscoll, 1986). Definitions from the hydrological sciences may include subsurface flows 

through saturated or unsaturated soils (M ellander et al., 2012). Very different flow and nutrient
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transfer functions may operate in each because of the role of the soil matrix, so it is important to 

provide a clear definition up front.

In the Pathways Project, groundwater is taken to mean flow through the bedrock aquifers, as well 

as flow through mapped sand and gravel aquifers in the limited areas where they are present. The 

majority of Ireland's groundwater is present in bedrock aquifers. The Irish working conceptual 

model divides groundwater flow into shallow groundwater and deep groundwater pathways 

(Figure 2.2). Shallow groundwater occurs in the upper part of the bedrock where the rock is highly 

weathered and there is a dense network of open joints, bedding planes and fractures. The lower 

limit of the shallow groundwater zone is taken to be the lowest summer water level in unpumped 

conditions (Fitzsimons et al., 2005). The transition zone, as described earlier, is the upper few  

metres of bedrock at the interface with the overlying soils (Figure 2.2). Flow in the deeper 

groundwater pathway is through larger discrete faults or fault zones. In these zones, groundwater 

flow depends on the permeability of the fracture zones and their degree of interconnection. The

Ti rtnsition Zone
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Figure 2.2. Conceptualization of the transition zone, shallow groundwater and deep groundwater 
pathways. IVIodified from Fitzsimons et al. (2005).
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interactions between deep groundwater and streamflow depend on the degree of 

interconnection between the fault zone with the stream channel. Borehole records from Ireland 

suggest that production wells into deep groundwater have rarely exceeded 120 m in depth, but 

some deeper fractures up to 150 m below ground surface have been found, for example in the  

Carboniferous limestones in Lisheen mine (Fitzsimons et a!., 2005).

2.6.2 Delivery of flow

Since the introduction of chemical hydrograph separation methods (Pinder and Jones, 1969, 

Sklash and Farvolden, 1979), it has been recognized that pre-event groundwater contributions to 

stream flow can be significant, and that the contribution can be both during baseflow periods and 

storm flows. A review on hydrograph separation studies by Buttle (1994) found that 75% of 

stream flows in all studies were from groundwater.

Research at Plynlimon has found that a compartmentalized groundwater system contributes to 

the stream (Haria and Shand, 2004), and that there are both diffuse seepages of groundwater 

along the length of the stream channel, as well as larger contributions at discrete locations (Haria 

et al., 2013). The Aberdeen catchment science research group in Scotland has found that while 

the upland montane catchments drive the responsiveness of larger scale catchments, the lowland 

catchments are dominated by the slower groundwater baseflow characteristics (Tetzlaff et al., 

2011).

It has largely been assumed in catchment hydrology studies, however, that the majority of the 

subsurface flow comes from the soils and that the bedrock is impermeable (Haria et a!., 2013). 

This is not surprising given that many of the well-known hydrological experimental research 

catchments (e.g. Panola (USA), Plynlimon (Wales), Girnock Burn (Scotland), Maimai (New  

Zealand)) are located in upland areas, with thin and/or peaty soils overlying poorly productive 

rocks. However, researchers have recently started to place greater emphasis on understanding 

the role of bedrock groundwater contributions to stream flows, including groundwater from low 

permeability bedrock (Tetzlaff and Soulsby, 2008, Tetzlaff et al., 2011, Gabrielli et al., 2012, Haria 

e ta l., 2013).

Ireland's bedrock aquifers are dominated by secondary permeability, i.e. groundwater flows 

through fractures and fissures in the rock, and there is no flow through the rock matrix such as 

can occur in the Sherwood Sandstone and the Chalk in the United Kingdom (Robins and Misstear, 

2000). The development of the fractures is dependent on the lithology of the rocks and the 

structural deformation history. In general, the higher the degree of fracturing and the lower the 

content of fine-grained shaley rocks, the higher the permeability and the better the aquifer. This
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is because the fine-grained rocl<s tend to weather to clayey particles and thus infill the fractures 

and restrict flow (Deakin, 1994, Fitzsimons et al., 2005). The Geological Survey of Ireland has 

categorized groundwater into Regionally Important, Locally Important and Poor aquifers, or 

productive and poorly productive (DoELG et al., 1999).

In the poorly productive rocks, which include the shales, mudstones and greywackes present in 

three of the study catchments, the shallow groundwater pathway occurs in the upper 10-15 m of 

bedrock (RPS, 2008, Moe et al., 2010). The thickness and storage in these rocks is low, flowpath  

lengths are typically no more than a few hundred metres, and the volume of recharge that can be 

accepted, stored and transmitted as groundwater flow is limited. It is assumed in w ater balance 

and recharge equations that no more than 100 mm of recharge can be accepted into Poor 

aquifers, and no more than 200 mm into Locally Important aquifers, with the rest being rejected 

as near-surface flow (Misstear et al., 2009, O'Brien et al., 2013). Shallow groundwater aquifers fill 

and empty relatively quickly, and springs and seeps on the surface are common reflecting the  

rejected recharge and return flow. This results in a high stream density and ditch network, flashy 

hydrographs and limited baseflow in prolonged dry periods. Poorly productive rocks such as these 

cover 73.5% of Ireland (O’Brien, 2013).

The productive aquifers are typically the less shaley limestones where the fractures have been 

enlarged through the processes of karstification and dolomitization, which has increased their 

permeability (Ford and Williams, 1989). The shallow groundwater pathway may be up to 30 m 

below the bedrock surface and groundwater flow velocities in karstic systems can be up to several 

hundred metres per day. These aquifers can supply significant baseflows to streams, recessions 

are typically long and drawn out, and major springs are common (Fitzsimons et al., 2005).

The shallow groundwater pathway in Ireland has been defined based on the expectation that it 

will be largely unsaturated over much of a stream's catchment during the drier summer months, 

with the exception perhaps, of narrow, saturated discharge zones in river valleys and flood plains 

close to the stream. On a catchment-wide basis therefore, the contribution of the shallow 

groundwater pathway is highly variable, both temporally and spatially. Moreover, in catchments 

underlain by the poorly productive rocks, which have low storage and short flowpaths, and where  

rejected recharge and return flow to the surface are common, it is probable that under certain 

conditions, w ater from the shallow bedrock may be delivered to the stream via a surface or near

surface pathway. This has implications for the hydrograph response times, and therefore the 

quantification of the delivery pathways.
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2.6.3 Nutrient transport

The majority of the literature on nutrient transport in groundwater is focussed on nitrate. A 

recent national study in the United States, for example, found that nitrate delivery to streams and 

large rivers was primarily via the groundwater pathway (Tesoriero et al., 2009). In a range of small 

agricultural catchments in Brittany, Aubert et al. (2013) found that nitrate and chloride, both 

derived mainly from fertilizers, were transported via the shallow groundwater pathways. They 

also noted that since groundwater travel times through the seven study catchments were of the 

order of decades, there was a long lag tim e between the application of nitrate on the land surface 

and the impacts in rivers. The need to consider the lag times has also been raised as an issue in 

Ireland by Fenton et al. (2009a) in the context of the implementation of mitigation measures.

Traditionally, phosphorus from diffuse sources has not been associated with the groundwater 

pathway, but recent work has found that groundwater does play a role in eutrophication across 

Ireland and the United Kingdom (Holman et al., 2008). In a karst catchment in the west of Ireland, 

Mellander et al. (2013) found that during smaller events in winter and summer, 85-93% of the 

flows were delivered via small to medium sized fissures, which delivered a similar percentage (78- 

90%) of the total phosphorus and total reactive phosphorus. During a larger w inter event, 

however, when conduit flow was more dominant, 70% of the water and 52-53% of the total 

phosphorus and total reactive phosphorus were transported via the smaller fissure network. They 

suggested that 40% of the total phosphorus and 46% of the total reactive phosphorus may have 

been retained in the fissures during this large event, which emphasizes the complexity of karst 

hydrogeology.

In another well-drained sandstone catchment in the south of Ireland (Timoleague), which is part 

of the same programme (the Agricultural Catchments Programme; ACP), phosphorus and nitrate 

w ere found to be transported via tw o bedrock zones, a weathered zone at 9 -1 2  m and a deeper 

zone 16.5-19.5  m below ground level. W hile the groundwater phosphorus concentrations 

(0.03 mg/l phosphorus) were an order of magnitude and half an order of magnitude less than in 

the overland and interflow pathways, respectively, since the contribution of flow from bedrock is 

dominant during baseflow periods (88% of total flow), the percentage phosphorus load from  

groundwater was taken to be high overall (Mellander et al., 2012). It must be noted, however, 

that 34% of the catchment is underlain by bare rock or very thin soils, which may have had a 

bearing on the vertical transport pathways.

Similar findings with nitrate transport in groundwater were observed in a second well-drained 

ACP catchment in Wexford, although there, the phosphorus was primarily transported in the 

shallow permeable subsoil layer. In the two poorly drained catchments in the study, although
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nitrate and phosphorus were present in small springs and weathered bedrock at depth, the near

surface ditch and tile drain pathways were found to be more important (Melland et al., 2012b).

The findings from the ACP catchments demonstrate the importance of developing a three- 

dimensional understanding of the hydro(geo)logical pathways that incorporates the shallow and 

deep pathways and considers both the soils and the bedrock.

2.7 Discussion

Much is known about contaminant sources, and Increasingly more about the receptors, but 

typically catchment studies and CSA models have lacked a full three-dimensional assessment of 

the transport and delivery mechanisms along all the hydro(geo)logical pathways, particularly in 

relation to nitrate. CSA approaches have largely been developed for the transfer of phosphorus 

using surface runoff and topographical index approaches, but as nitrate is also a significant 

problem in many countries, including Ireland, there is a need to better understand where the 

highest-risk areas are for nitrate management measures. Traditionally it has been considered that 

nitrate is delivered via the groundwater pathway but it has recently been observed that nitrate 

can also be transported through a quickflow response in poorly drained catchments (Melland et 

al., 2012b). Similarly, although phosphorus is typically considered to be a near-surface 

contaminant, it is also now known to be transported via below ground pathways under some 

conditions. Thus, different programmes of measures may be needed in different catchments to 

address the same contaminant. There is a clear need to develop better three-dimensional, 

catchment-scale conceptual models, so that nutrient-specific CSAs can be identified and 

mitigation measures targeted.

Of the four pathways in the working conceptual model, i.e. overland flow, interflow, shallow and 

deep groundwater, least is known about the role of the interflow pathway. It is typically ill- 

defined as a pathway, probably because it incorporates such a range of flow, and nutrient 

transport processes, through the soil and subsoil horizons, which have different implications for 

delivery to the aquatic environment. For example, whether matrix flow or preferential flow is 

dominant in a poorly drained organic soil has a major bearing on whether nitrate will be 

denitrified or transferred rapidly to a w ater body. Thus, better conceptualization of how the 

interflow pathway functions in Ireland would further support the understanding of the nutrient 

transfer processes.

Cracking clays, i.e. soils that are high in swell-shrink smectitic clay minerals, are common in the 

United Kingdom and are present at the research sites where much of the understanding of the 

transport of phosphorus has been developed (Haygarth et al., 1998, Heathwaite and Johnes,
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1996, Bilotta et al., 2008, Jarvie et al., 2008). However, this type of clay mineralogy is not present 

in Ireland. Irish clay and silt soils are substantially quartzose with much less swell-shrink 

(Mulqueen, 1998). In addition, Ireland tends to have higher summer rainfall, less 

evapotranspiration and less of a soil moisture deficit (Fitzsimons and Misstear, 2006), which 

means that our soils stay more saturated for longer. It is important therefore that research into 

the pathways through the soils is carried out in Irish catchments to determine the nature of their 

role in streamflow generation.

The presence of land drains, and whether or not they are effective, functioning and well 

maintained, may significantly alter the nature of the hydrological response. It is widely known 

internationally that land drains are an important delivery pathway for nutrients to streams but 

there is a particular need to better understand their role in nutrient transport in the Irish 

landscape. The evidence from the international literature suggests that they may well be 

significant. W ith the likely focus over the next few years in Ireland on developing marginal land to 

meet Food Harvest 2020 targets (Ibrahim et al., 2013), the likelihood that additional lands will be 

drained is high, so it will be important that their impacts are understood and adequately 

managed. There are no maps currently available of drained areas in Ireland and there is an 

assumption that they have followed the arterial drainage schemes, which is not considered to be 

the case anecdotally. There is a need for a better understanding of the hydro(geo)logical 

conditions in which land drains have been installed, how and where they operate and what their 

impacts might be on nutrient transport.

Some limited research on land drains has been completed in Ireland, but it has been 

predominantly carried out in the controlled conditions of small-scale test plots at agricultural 

research farms (Burke et al., 1974a, Watson et al., 2000a, O'Reilly, 2006). In reality, however, the 

artificial drainage infrastructure often receives little or no maintenance and therefore the test 

plots may not necessarily be representative of the typical operating scenario across most of 

Ireland. There is a need to carry out research on land drains and ditches as they are in their 

current state, so that they are as representative as possible and can be related to catchment-scale 

processes.

Despite a growing awareness of the importance of the bedrock groundwater in hillslope and 

catchment-scale hydrology, there is still very little emphasis on including groundwater (in both 

the fractured and competent bedrock) in catchment studies and assessing the role it may play in 

the transport of nutrients. There are also contrasting reports on the role of the transition zone 

pathway in the literature and given its broad definition in Ireland, which includes both saturated 

and unsaturated regimes, it Is probable that it may have a complex role to play in stream flow
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generation. With such a large proportion of Ireland underlain by <3 m of soils and subsoils, the 

role of the transition zone is likely to be significant but there are no specific studies that consider 

its role. The question also remains as to its role in the delivery of nutrients to streams.
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3 Review of methods for assessing flow pathway 
contributions

3.1 Introduction

In the context of the research gaps highlighted in Chapter 2, a range of appropriate research 

methods are discussed in this chapter. There are a large variety of qualitative and quantitative 

methods, applicable at different scales, to determine the contribution of the hydro(geo)logical 

flowpaths to streams. Traditional methods were based primarily on the flow characteristics and 

response times of different flow components (physically based), but the introduction of chemical 

methods of hydrograph separation provided the first real insights into the significance of the 

subsurface contribution to streamflow (La Sala, 1967, Pinder and Jones, 1969). They were 

considered a breakthrough in better understanding stream generation processes at the time 

(Beven, 2006a) and continue to be used widely today.

Sampling stream flow and w ater quality at regular intervals during a storm (event sampling), or 

ideally continuous monitoring (Kirchner et al., 2004), has proven capability in significantly 

improving knowledge gained through the physical methods alone (M ellander et al., 2012). Other 

chemical methods include longitudinal stream profiling of flows and conductivity, which can be 

useful to identify significant subsurface influxes to streams (Haria et al., 2013); more intensive 

exploration of the spatial water quality and chemistry can provide information on the subtleties of 

different flow processes and pathway contributions in different parts of the catchment (Tetzlaff 

and Soulsby, 2008).

Many of the intensively monitored permanent research catchment studies have relied on the use 

of trenches or drainage collectors that separate, quantify and sample the flows from the different 

pathways (Freer et a!., 2002, Bilotta et al., 2008, Thompson et al., 2012). Trench studies may be 

supported by the use of a range of other instruments to measure responses and w ater quality in 

individual pathways, such as spring flows and piezometers for groundwater (Fenton et al., 2009b), 

and lysimeters for soil w ater response (Bilotta et al., 2008). However, trenches can usually only 

access the upper soil layers unless the bedrock is close to the surface. It can also be difficult to 

separate and seal the different pathway flows (O'Reilly, 2006), and there are practical and 

logistical issues in asking farmers to grant continued access to deep excavations in actively grazed 

land. The use o f trench studies was therefore not considered further in this research.
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The soil water dynamics have a major bearing on the development of interflow and therefore on 

the transfer of nutrients through the soil profile. A range of instruments can be used to 

investigate the dynamics of soil moisture and flow, such as lysimeters, piezometers, tensiometers 

(Diamond and Shanley, 1998) and soil moisture probes (Harr, 1977). Various w ater balance 

models have also been used to estimate the interflow component, but typically only the inputs 

(rainfall and evapotranspiration) and the outputs (discharge) are known, and the pathway 

contributions are inferred. Soil water dynamic field studies have tended to involve the use of 

hydrologically isolated plots with very controlled conditions, including the use of rainfall 

simulators (Lehman and Ahuja, 1985). They are typically also only focussed on the upper soil 

layers, and often address the net nutrient outcomes rather than the pathway mechanisms of 

flow.

The methods reviewed in this chapter focus on the techniques that showed the most promise for 

use in this research. In particular these included chemical hydrograph separation methods at the 

catchment scale to determine the contribution of flow from each pathway to the stream, 

supported by soil water dynamic studies to try and shed further light on the interflow processes. 

Physical hydrograph separation methods are also included as they were used by a fellow  

Pathways Project student to inform the catchment hydrological modelling, which was in turn used 

by this author to inform the chemical hydrograph separations.

3.2 Physical methods

3.2.1 Physical hydrograph separation

The early methods of separating out the quickflow and baseflow contributions to the river 

hydrograph were based on graphical analysis of the hydrograph. Different methods such as the 

Constant Slope method, or Concave method, simply connected a point at the beginning of the 

rising limb to the end of the falling limb using different inflection points of the recession curve, 

with the flow above the line being considered the quickflow component. The Barnes method, for 

example (Barnes, 1939), distinguishes three components of flow on a semi-logarithmic plot of the 

log of discharge Q versus tim e t.

Master recession curve analysis examines the different points along an average recession curve 

where the trend changes and the different flow components cease to contribute. Master 

recession curve analysis (using the matching strip and tabulation method) was used in a major 

recent Irish study on groundwater and surface w ater interactions to distinguish the baseflow 

(deep groundwater) contributions to river flow (RPS, 2008).
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Automated filtering separation techniques, such as the Institute of Hydrology method and the 

Boughton method are also widely used (O'Brien, 2013, O'Brien et al., 2014). These methods have 

the advantage that they provide rapid, objective and repeatable means of estimating the 

baseflow index, although they are relatively arbitrary and are not based on hydrological principles 

(Nathan and MacMahon, 1990).

Insights into flow pathway contributions can also be gained from frequency analysis of river flows, 

including preparation of flow duration curves (FDCs), which show the percentage of time that the 

complete range of flows are equalled or exceeded. Qualitative indications of the relative 

importance of baseflow contributions between different catchments can be gleaned from the 

shape of the FDCs: if the section of the FDC below the median flow (Q50) has a shallow slope, this 

indicates a continuous baseflow contribution to the river, whereas a steep curve indicates 

comparatively smaller contributions from groundwater storage (Smakhtin, 2001). More generally, 

the Q95 flow has been used as a rule of thumb to permit comparison of baseflow regimes from 

different stream/river discharge monitoring points. Quantitative indices derived from the FDCs 

have been developed to provide descriptions of the hydrological regime. For example, the 

Q90/Q50  ratio is used to indicate the proportion of streamflow contributed from groundwater 

storage (Nathan and MacMahon, 1990, Brodie and Hostetler, 2005); the 0.5/0.95 ratio has been 

used as a measure of the degree of stream flow variability or how 'flash/ a stream is (Jordan et 

al., 2012). Despite the wide use of FDCs in hydrological practice, the relevant literature is very 

limited and it has been proposed that its application potential has not been fully explored 

(Smakhtin, 2001).

However, all the approaches for physical hydrograph separation analysis have significant 

limitations (Archbold et al., 2010, Deakin et al., 2010). The primary issue is that the physical 

methods differentiate the pathways based on their response times, and the differentiation 

between the different pathway contributions is mostly arbitrary with very little basis in reality 

(Anderson and Burt, 1980). The methods are based on the assumption that there is a relationship 

between the depth of the flowpath and the response time, i.e. that the deeper groundwater 

pathways have the slowest response times, and the fastest pathway response time is from 

overland flow. This assumption may be a reasonable approximation when separation into only 

two pathways (baseflow and quickflow) is required. However, the relationship becomes less clear 

when trying to separate out more than two pathways, to include for instance, interflow, 

drainflow, transition zone flow and shallow groundwater flow. Several studies comparing the 

application of different physical hydrograph separation techniques to the same datasets have 

noted large differences in the resulting pathway contributions (Dowling, 2009, O'Brien, 2013,
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Cartwright e t  al., 2014). Thus, physical m e thods ,  a l though  th e y  have advan tages  of repeatability  

and  objectivity in so m e  cases, and can be easily applied to  readily available s t rea m  flow d a ta se ts  

(Brodie and  Hoste tler,  2005), a re  bes t  used as part of a su ite  of too ls  because  of  th e  uncer ta in ty  

and  limitations with using any one  techn ique .

3.2.2 Recharge estimates

A m ethodo logy  for dete rm in ing  th e  p roportion  of rainfall th a t  infiltrates to  g ro u n d w a te r ,  versus 

th a t  which runs off via th e  near-su rface  pathways,  has b ee n  deve loped  in Ireland and is useful for 

separa ting  th e  quickflow co m p o n e n ts  from th e  baseflow. Using readily available hydrogeological 

and  m eteoro log ical da tase ts ,  a recharge coefficient is first d e te rm in e d  th a t  en c ap su la te s  th e  

physical characteris tics  of th e  a rea  u n d e r  consideration  (M isstear e t  al., 2009, H unter  Williams e t  

al., 2013). The key fac tors  th a t  con tr ibu te  to  th e  recharge coefficient are  th e  type, perm eabil ity  

and  th ickness of th e  subsoils, and th e  d ra inage characteristics of th e  soils (Table 3.1). The 

hydrologically effective rainfall is multiplied by th e  recharge  coefficient to  give a value for  th e  

po ten tia l recharge. In th e  poorly productive aquifers, a recharge cap is subsequen t ly  applied  to  

reflect th e  ability of th e  underlying bedrock  aquifer to  ac ce p t  th e  infiltrating w ate r .  For Poor 

aquifers  th e  recharge  cap is 100 mm; 200 m m  is applied in a reas  underlain by Locally Im portan t  

aquifers. The rem a inder  of th e  po ten tia l recharge  is a s su m ed  to  be re jec ted  as near-surface  flow.

Table 3.1. Recharge coefficients for different hydrogeological settings (from Hunter Williams e t al. (2013).

CiriHind\vaicr 
vulnerability caicgorv

Hydrugcok)gical setting Recharge 
cwfTicient (RC )

M inimum (S ) Inner range (*•) Maximum (*•)

lixtrvmc l.i Area^ where rock is al ground surface 30 80 'K) 100
( X  lir  E l l.ii Sand w  gravel overlain b> 'well-drained' soil 50 80 <H) ICO

l.iit SarKl or gravel overlain by poorly drained' (gle> ) soil 15 35 50 70
l.iv Till overlain b> 'well-drained* st)il 45 50 70 W)
l.v Till overlain by poorly drained' (gley> soil 5 15 30 50
l.vi Sand ch gravel aquifer where the water table is < 3m  below surface 50 80 90 100
l.vii Peat I 15 30 50

High 2.1 Sand or gravel aquifer, overlain by well-drained soil 50 80 W 100
(Hi 2.ii High permeability subsoil (sand or gravel) overlain by 'MCli-draii>ed' soil 50 80 W 100

2.iii High pcfmcability subsoil (sand or gravel) overlain by poorly drained' soil 15 35 50 70
2.iv Sand or gravel aquifer, overlain by 'poorly drained' soil 15 35 50 70
2.V M ixleratf permeability subsoil overlain by 'well-drained' soil 35 50 70 80
2.vi Moderate permeability subsoil overlain by 'poorly drained' (gley) soil 10 15 30 50
2.vii Low permeability subsoil 1 20 30 40
2.viii Peal I 5 15 20

Mtnierale 3.i Moderate pcrmcabihty subsoil m erlain  by 'well-drained' si>il 35 50 70 80
iMt 3.ii Moderate penncabilit> subsoil overlain by p(.x>r1y drained' (gley) soil 10 15 30 50

3.iii Low penneabihty subsoil I 10 20 30
3.iv Peat 1 3 5 10

Low 4.i Low pCTTneabihty subsoil 1 5 10 20
(U 4.ii Basin peat I 3 5 10

High to I.o\* 5.i High predicted pefmeabilily subsoils (sand or gravels) 30 80 100
(HU S.ii Moderate permeability subsoil overlain by well-drairu^d soils 35 50 70 80

5.iii Moderate permeability subsoils overtam b> poorly drained soils 10 15 30 50
S.IV Low permeability subsoil 1 5 10 20
5.V Peat 1 5 20
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The recharge coefficients are a useful nneans of providing a reality check on the deeper 

groundwater flow  pathways as they provide a control on the amount of recharge that is then a 

constraint on the groundwater flow component. The proportion of effective rainfall that gets 

rejected also provides a useful check on the quantity of interflow and overland flow combined. 

For example, where the rock lies close to the surface and the thin tills and soils are poorly 

drained, 15-30%  of the effective rainfall is expected to recharge to groundwater, which means 

70-85%  is rejected as interflow and overland flow combined. W here the rock comprises a Poor 

aquifer, no more than 100 mm is expected to be recharged, so in high rainfall areas, a higher 

proportion of the effective rainfall will run off (Misstear et al., 2009). This method is less useful 

however, for differentiating between the different near-surface pathway contributions.

3.2.3 Numerical flow modelling

Numerical models offer a useful means of predicting catchment response but are of course highly 

dependent on the nature and quality of the input data. Models can be deterministic, i.e. where 

physical processes are represented as realistically as possible; or stochastic, where a black-box 

approach is adopted that uses mathematical and statistical relationships in the data to link the 

inputs to the outputs. Deterministic models are commonly used in hydrological modelling, and 

may be lumped, semi-distributed or distributed. Lumped models are often favoured in catchment 

studies as they do not account for spatial and temporal variations of some parameters, and are 

generally focussed on achieving a particular outcome rather than accurately representing the 

physical processes, so therefore are often considered to require less data (O'Brien, 2013). 

Examples of commonly used lumped models include HBV, SMAR and NAM (Archbold et al., 2010). 

Semi-distributed models are commonly lumped models used in subcatchments that are linked 

together. Fully distributed models are more complex as the catchment is divided into a grid and 

each cell has its own set of parameters that describe its attributes. MODFLOW and SHETRAN are 

both well-known industry standards in distributed hydro(geo)logical modelling.

Two lumped models were selected for use in the Pathways Project by fellow PhD researchers: the 

NAM (the Danish Nedb0r-Afstr0mnings-Model) as an investigative tool to determine a 

methodology for separating the flow hydrograph into the four pathways and identifying the 

primary catchment characteristics that control those pathways (O'Brien, 2013, O'Brien et al., 

2013); and SMART (Soil Moisture Accounting Routine for Transport), a modification of the earlier 

SMAR model, as a framework for the catchment management tool which simulates both flow and 

contaminant pathway contributions (Mockler et al., 2013a, Mockler et al., 2013b).

A detailed description and review of the models is not provided here as the modelling work was 

not carried out as part of this research; the reader is referred instead to the other researchers'
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w ork as referenced above. H ow ever, as the NA M  results w ere  used in this research, it is helpful to  

provide a b rief overview  o f th e  structure o f th a t model.

The NA M  is a conceptual ra in fa ll-runoff m odel th a t simulates the hydrological cycle and produces 

a tim e  series o f catchm ent runoff and subsurface contributions to  stream flow . It contains four 

d iffe ren t storage zones (snow, surface, root and groundw ater), although the g roundw ater storage 

zone can be divided into an upper and low er section to  sim ulate shallow and deep groundw ater 

flow , and th e  snow storage is not used in Irish simulations. The inputs to  th e  m odel are rainfall 

and evapotranspiration, which w ere  at 15-m in  intervals fo r the P athw ays Project m odelling, and 

nine constraining storage and w a te r transfer param eters based on catchm ent characteristics that 

govern th e  w a te r accounting routines. Observed stream  discharge data are used fo r calibration  

and validation.

3.3 Chemical methods 

3.3.1 Event sampling

High resolution chemical sampling o f stream flow s during rainfall events provides insights into how  

and w hen th e  hydro(geo)logical pathways respond to  rain. It is especially helpful fo r determ ining  

which pathways deliver nutrients (O utram  et al., 2013), tu rb id ity  (Law ler et al., 2006 ) or o ther 

contam inants during storms, and it is th e  basis fo r chemical hydrograph separation and 

assessment.

The tim ing and the degree o f hysteresis in contam inant concentrations during the event indicates 

th e  sources and delivery pathways (Figure 3 .1 ). Peak solute concentrations before the hydrograph  

peak and a clockwise hysteresis indicate sources th a t are close to  th e  stream , are easily m obilized  

and becom e rapidly exhausted as the rain progresses. Conversely, contam inant peaks a fte r the  

peak in flow , w ith  an anticlockwise hysteresis, suggest a distant or m ore slowly m obilized source 

(Benskin e t al., 2013).

Comparison o f hysteresis loops fo r d iffe ren t solutes, and in d iffe ren t locations in a catchm ent, 

allows inferences to  be m ade about nutrient transport pathways. For exam ple, on the basis o f the  

relationships betw een  th e  concentrations o f each o f 13 analytes w ith  flow , Holz (2010) identified  

th ree  pathw ay transport groups: (a) th e  to ta l phosphorus group, which included DRP, to tal 

suspended solids, to ta l nitrogen, Enterococcus and E. coli., was dom inated  by the soil surface and 

was transported via overland flow ; (b) th e  NO 3  group which included to ta l dissolved solids, Ca, M g  

and Na, was associated w ith  subsurface pathways; and (c) th e  NH 4  group which included K and
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Figure 3.1. Hysteresis in contaminant concentrations during rainfall events (from Benskin et al. (2013)).

showed direct impacts of grazing activity. Although not sufficient on its own to quantify the 

different pathway contributions, this method Is nevertheless a powerful addition to the toolbox 

when used in combination with other approaches.

Another approach using chemical data, the 'loadograph' approach, was developed by Mellander 

et al. (2012). Near continuous datasets of nutrient concentrations and flow were used to generate 

a continuous plot of nutrient loads for four Irish catchments. A type of recession analysis was then 

used to distinguish the different pathway contributions based on the assumption that the slower 

response times towards the end of the recession were delivered via the deeper groundwater 

pathways, and the quicker response times were from overland flow. A degree of validation and 

control was achieved by comparing stream w ater quality at different points in the recession with 

that in a series of boreholes installed at different depths in the catchment. In-stream turbidity was 

used to verify the quickflow response period. The method is not able to distinguish between  

different components of the quickflow response from , for example, overland flow, land drains, 

ditches, return flow or preferential flowpaths. Importantly, it also requires continuous or near 

continuous monitoring of the solutes being examined to calculate the loads so Is a relatively 

expensive technique.

3.3.2 Chemical hydrograph separation

Chemical hydrograph separation approaches depend on the principle that as rainfall infiltrates 

through the landscape, the concentration of a selected tracer(s) increases with increased 

residence time and/or contact with geological materials. Variations in tracer concentrations in 

stream water over time, particularly during a storm event, can be used to estimate the relative 

contributions of the stream flow components with different origins and hydrological flowpaths
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through the landscape. A number of different flow components are typically identified. In two- 

component models, usually pre-event and event water, or surface and subsurface flows are 

differentiated; three-component models introduce a third soil water component that can be 

satisfactorily distinguished from the other two. Occasionally up to five components have been 

identified (Uhlenbrook and Hoeg, 2003), but it has been observed that the larger the number of 

components included in the mixing model, the greater the problem of equifinality, i.e. that there 

may be several different, yet equally plausible solutions to the model (Beven, 2006a).

The method uses a mass balance equation to quantify the contributions of different stream flow 

components to the total flow (Pinder and Jones, 1969). The classic two-component mixing 

equation is as follows:

Q t r C t r  Q d r C d r  4" Eq 3.1

where is the total runoff; Q* is the direct runoff; is the groundwater runoff; Ctr is the tracer 

concentration in total runoff; C* is the tracer concentration in direct runoff; and Cg„ is the tracer 

concentration in groundwater. This equation can also be modified, however, to incorporate 

additional stream flow components, as described in (Ogunkoya and Jenkins, 1993):

Q,rC,r =  Q ,C , +  Q ,C , + . . .  +  Q„,C,„ Eq 3.2

where the subscripts i, 2, m, are the assumed components of the total runoff. The number of 

components to be distinguished dictates the number of tracers required: n-1 tracers are needed 

to determine n stream flow components.

An adaptation of the early method. End Member Mixing Analysis (EMMA), was developed by 

Christophersen et al. (1990) and Hooper et al. (1990) and has become the industry standard. 

Using EMMA principles, it is assumed that stream water is derived from a mixture of soil and/or 

groundwater solutions, known as end members, and that the end members form the boundaries 

of the possible stream water observations. In this way, EMMA relates measured end member 

chemistry from soil samples, groundwater etc., with observed stream water chemistry. The 

advantage of the method is that the resulting mixing diagrams allow the user to quickly recognize 

when a significant end member has been missed, or a tracer is not behaving conservatively, 

because under those circumstances the stream chemistry will not be bounded by the end 

members (Christophersen et al., 1990).

Various statistical techniques are then often applied to the mixing model data to estimate the 

degree of uncertainty in the results. The formalized statistical approach devised for EMMA by 

Christophersen et al. (1990) and Hooper et al. (1990) incorporates more tracers than the
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minimum n-1 required and calculates the uncertainties associated with all possible end member 

combinations. Other authors have relied on M onte Carlo analyses using generated data 

(Bazemore et al., 1994) or field data (Joerin et al., 2002), and/or other bayesian statistical 

approaches (Soulsby et al., 2003a).

There are a number of assumptions that apply in carrying out hydrological mixing analyses. These 

include the follow/ing:

•  the chemical or isotopic signatures of the stream flow/ components are distinguishable 

(Ladouche et al., 2001);

•  tem poral and/or spatial variations in stream flow compositions are negligible or are 

accounted for in the model (Eshleman et al., 1993);

•  the tracer being used is conservative and is not impacted to a significant degree by 

chemical or biological processes at the scale or timescale o f interest (Hooper and 

Shoemaker, 1986). Reactive tracers can be used if the associated uncertainties are 

integrated into the mixing models (Soulsby et al., 2003a);

•  there is no significant surface storage in the system that could influence the tracer 

concentrations (Hooper and Shoemaker, 1986);

•  where the number of stream flow components being analysed is small (e.g. tw o or three), 

the differences between potential components that are being amalgamated for the  

purposes of the analysis (e.g. vadose w ater and groundwater in two-com ponent mixing) is 

insignificant (Sklash and Farvolden, 1979);

•  specifically for EMMA, the signatures of the end members represent the extremes and 

any solution in the catchment is a mixture of those extremes or else does not contribute 

significantly to the stream (Hooper et al., 1990).

Several of these assumptions are difficult to satisfy in heterogeneous hydrogeological scenarios 

with a range of land uses, such as those present in Ireland. Some may reasonably be assumed to 

be met in some catchments but would not be appropriate in others, or might only be appropriate 

in some seasons, or at the timescale of single events. Soulsby et al. (2003a) for instance, used 

nitrate as a tracer and although they admit it is not completely conservative, they, and other 

authors (e.g. Durand and Torres (1996)) have found it can be assumed to be conservative during 

storm episodes where rapidly changing flow paths are the main control on stream chemistry. 

Many authors report that despite the challenges with the assumptions, the technique still has 

application, so long as the nature and extent of the uncertainties are identified (Genereux, 1998, 

Joerin et al., 2002, Soulsby et al., 2003a).
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A recent comprehensive review by Klaus and McDonnell (2013) of over 100 studies using chemical 

hydrograph separation carried out since the previous major review (Buttle, 1994), confirmed that 

there are still deficiencies in the literature in how and where the chemical hydrograph separation 

method is being applied. Several of these have been considered in this research. First, the 

literature is dominated by studies from steep, alpine forested catchments whereas studies in low- 

lying agricultural catchments, especially glaciated landscapes, which are the focus of the 

Pathways Project, are still very rare. W here they have been carried out (Vidon and Cuadra, 2010, 

Kennedy et al., 2012), they have tended to find a higher proportion of pre-event w ater in the 

streams than in forested catchments of similar scale (Klaus and McDonnell, 2013). This suggests 

that the pathways delivering the pre-event event w ater are likely to be of greater interest in Irish 

catchments, for two reasons: (a) their expected dominance in the hydrograph, and (b) their 

propensity to deliver nitrate, which is an important water quality issue in Ireland.

Second, there is still a tendency in the literature to assume that the baseflow chemistry in the 

stream represents the groundwater pathway, which may not always be the case. Since the 

groundwater and other subsurface pathways are likely to be important in the Irish landscape, it 

was considered a priority in this research to use samples collected directly from those pathways, 

rather than make assumptions from the stream baseflow.

Third, silica was found to be the most popular tracer in the 100+ studies reviewed by Klaus and 

McDonnell (2013), followed by chloride, and DOC to represent the organic surface pathways. 

Silica has been used by a number of authors both nationally and internationally (Soulsby and 

Dunn, 2003, Soulsby et al., 2003a, Stewart et al., 2007, Dowling, 2009, Kane, 2009, Murphy, 

2010), although it must be noted that it is not always conservative as it can be taken up by 

diatoms. It can also be quickly dissolved in rainfall infiltrating through soils so its applicability 

needs to be tested in catchments before use (Hooper and Shoemaker, 1986). Klaus and 

McDonnell (2013) noted that the use of 6^H and ^*0 isotopes was common, but they were 

typically used independently rather than together. They felt there was more to be learned by 

using a greater range of tracers and comparing the results, something that was also considered in 

the design phase of this research.

Fourth, consistent with other authors (Kirchner et al., 2004), Klaus and McDonnell (2013) called 

for greater use of higher resolution, 15-min data to better understand the nature of the pathway- 

stream interactions. While there are obviously cost implications surrounding this approach, it was 

a principle throughout this research to use as high a resolution as possible.
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Chemical hydrograph separation has been widely used in the United Kingdom, particularly in 

Scotland and Wales (Soulsby and Dunn, 2003, Soulsby et al., 2003b, Jarvie et al., 2008) and further 

afield (Hooper and Shoemaker, 1986, Hooper et al., 1990, Joerin et al., 2002, Garrett et al., 2012). 

However, with the exception of one study by Kane (2009), plus three undergraduate student 

projects carried out as part of the Pathways Project (Dowling, 2009, Murphy, 2010, Byrne, 2011), 

and ongoing work in the ACP based in Teagasc (Mellander et al., 2012), the method has not been 

fully tested in Ireland.

3.4 Soil water dynamics

3.4.1 Introduction

As discussed in Section 2.3.2, understanding the soil w ater dynamics is a key aspect of 

determining when and how interflow is occurring, notwithstanding that there are clearly also 

other factors involved such as the presence of low permeability layers to generate lateral flow. 

The relationship between soil moisture and soil water potential (or matric potential or tension) is 

im portant as it governs the soil water retention and therefore the drainage characteristics of the 

soil. Measuring soil moisture is considered to be one of the most cost effective datasets that can 

be collected in hydrological experiments (Cuenca and Noilhan, 1991) and since gravitational 

drainage, rather than evapotranspiration, is the principal factor influencing soil water movement 

in areas north of 50°N (Kerebel et al., 2013), soil moisture is one the key parameters of interest in 

understanding interflow in Ireland. There are several means of measuring soil moisture in the 

field.

3.4.2 Measuring soil moisture

3.4.2.1 Gravimetric method

The soil moisture content can be measured manually by measuring the volume (volumetric 

method) or mass (gravimetric method) of water lost from a sealed, weighed soil sample on drying. 

Samples are taken and dried to constant mass at 105±5°C. The difference in mass of an amount of 

soil before and after the drying procedure is used to calculate the dry m atter and w ater content 

on a mass basis (BSI, 1994). Although this method is relatively accurate and simple, it is 

destructive as taking the samples in the soil of interest creates new preferential flowpaths that 

can interfere with the processes being measured (Blonquist Jr et al., 2006).

3.4.2.2 Time-domain reflectometry

The use of time-domain reflectometry (TDR) is common practice and there are now many user- 

friendly meters available from different manufacturers. TDR operates on the basis that the soil
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moisture content is proportional to the dielectric of the soil. The sensors em it and receive an 

electromagnetic signal through either two stainless steel pins that are inserted into the soil, or 

through a probe inserted in a tube that is in contact with the soil. The latter allows measurements 

at different depths.

The soil permittivity, i.e. the response to polarization in an electromagnetic field, is measured, 

which is proportional to the soil moisture content. However, the sensor only measures the soil 

moisture immediately at the stainless steel rods (Knight, 1992), and as the variability in soil 

moisture in the landscape is so large, issues of representivity arise. Several hundred repetitions 

may be required to gain a reasonable degree of confidence in the variability in the field, 

depending on the nature and scale of the study (Western et al., 1998). Blume et al. (2009) for 

example, combined the use of spatially rich and temporally poor datasets, with those that were 

tem porally rich and spatially poor, to gain a better understanding of the relationship of soil 

moisture in a catchment to flow.

3.4.2.3 Other methods

Various other methods of measuring soil moisture used in the past involved the use of radioactive 

materials (e.g. neutron scattering) but these have been discontinued for health and safety 

reasons. Newer methods include airborne and satellite remote sensing techniques (Dingman, 

2002, Chrisman and Zreda, 2013). Time variant electrical resistivity measurements ('4-D imaging') 

are now also commonly being used as they have the advantages of improvements in spatial 

coverage as well as temporal capabilities (Hupet and Vanclooster, 2002, Robinson et a!., 2008).

3.4.3 Measuring matric potential

3.4.3.1 Electrical resistance blocks

Electrical resistance blocks, or gypsum blocks, have been widely used in soil water studies and rely 

on the inverse relationship between the w ater content and electrical resistance of a volume of 

porous material (e.g. gypsum). They are cheap, simple to use and have been found to be a 

valuable tool in arable crop management (Stenitzer, 1993). However, they measure the soil matric 

potential rather than the soil moisture content (Blonquist Jr et al., 2006).

3.4.3.2 Tensiometers

Soil w ater is subject to a number of force fields that cause its potential to differ from free water. 

The total soil w ater potential is the sum of those forces and, although additional forces may also 

be added, for the most part it is typically thought of as the sum of the gravitational, matric and 

osmotic potentials as follows (Hillel, 1982):
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0t -  0  ̂+ 0p + 0o gqn 3 3

where 0 , is the total potential; 0g is the gravitational potential; 0p is the pressure or matric 

potential; and 0o is the osmotic potential. The sum of the gravitational and matric potentials is 

also often known as the hydraulic head, and the sum of the matric and osmotic potentials is 

known as the soil w ater potential.

The gravitational pressure at a point in the soil is given by the height of that point above an 

arbitrary datum, and for convenience, it is usually set to zero or considered as a positive pressure. 

The osmotic potential is the energy required in a solution to counter the transfer of water 

molecules across a semi-permeable membrane by osmosis and It is most applicable in studies of 

interactions of plant roots and soil w ater (Hillel, 1982). Thus, in hydrological studies, soil water 

potential is usually considered as the sum of the gravitational potential and the matric potential 

which is measured with a tensiometer.

Tensiometers consist of a ceramic porous cup attached with a thin plastic tube to a pressure 

gauge for manual readings, or a pressure transducer if the measurements are to be logged. The 

unit is filled with w ater and sealed and when it is installed in the soil, the pressure inside the tube 

equilibrates with the pressure in the soil through the porous cup. For practical purposes, 

tensiometers cannot operate at matric potential of > -8 5  kPa as this causes air to enter the cup, 

which equalizes the internal pressure with the atmosphere (Hillel, 1982).

Tensiometers have been used in several Irish studies ((Burke et al., 1974a, Ryan et al., 1998, 

Diamond and Sills, 2001, Premrov et al., 2010). Schulte et al. (2005) found that, for Irish 

conditions, the relationship between measured soil w ater tension and the soil moisture deficit 

(SMD) was close to linear for a wide range of potential param eter values, and they used this 

relationship in the development of an Irish SMD model, which is further discussed below. 

Diamond and Sills (2001) measured the tension in three different soil types (poorly drained, 

moderately well drained and well drained), at six depths up to 1.2 m, over 3 years. They found 

that the poorly drained soil was saturated for up to nearly 4 months per year at a depth of 15 cm, 

thereby increasing the likelihood of saturation excess overland flow occurring. The tension was 

found to be directly related to the drainage characteristics and the depth: the free-draining soils 

had the highest tension and wetness generally increased with depth.

Interestingly, although it was not commented on in their paper, the data from Diamond and Sills 

(2001) may also potentially provide some insights into the flowpaths (Figure 3.2). At all sites, 

there were changes in the hydraulic conductivity and tension at approximately 3 0 -4 5  cm below  

ground, and again in the better drained sites below 90 cm. This raises questions as to whether
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th e s e  zones r e p re se n t  th e  A/B and  B/C horizon boundar ies ,  w h e th e r  th e  changes  in hydraulic 

conductivity  a re  significant e n o u g h  to  develop  interflow zones, and w h e th e r  interflow is indicated 

by th e  changes  in tens ion?

Soil w ater tension and saturated  hydraulic conductivity with depth
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Figure 3.2. M ean soil w ater tension and saturated  hydraulic conductivity with depth  at th ree  sites with 
different drainage characteristics. Data taken from Diamond and Sills (2001).

3.4.4 Soil m oisture characteristic curve

As discussed in Section 2.3.2, t h e  soil m ois tu re  character is tic  curve, o r  soil w a te r  re te n t io n  curve, 

describes th e  equilibrium rela tionship b e tw e e n  th e  soil w a te r  potentia l and  th e  soil w a te r  c o n ten t  

for  a given soil type, and  it can be  used to  pred ic t th e  conditions u n d e r  which w a te r  will flow from 

th e  soil (Figure 3.3). W hen  t h e  soils a re  fully s a tu ra te d ,  t h e  ten s io n  is zero. As soil w a te r  po ten tia l 

(suction) is increased, th e  soil m ois tu re  is held m o re  tightly d ep e n d in g  on th e  sizes and  vo lum es of 

th e  w a te r  filled pores .  Clayey soils have h igher w a te r  c o n te n ts  for a given suction th a n  sandy  soils, 

as th e  po res  a re  m uch  sm aller  and  th e  capillary forces m uch  g rea te r .  Soil s t ruc tu re  also affects  th e  

soil m o is tu re  character is tic  curve a t  th e  low suction range. C om paction  of  a soil d e c reases  its to ta l 

porosity  and  th e re fo re  its po re  vo lum e and  w a te r  c o n te n t  (Hillel, 1982).

A hysteresis  occurs  in th e  soil m o is tu re  character istic  curve d epend ing  on w h e th e r  th e  soil is

drying u n d e r  increasing tens ion  (desorption),  o r  w ett ing  up  following a dry period (sorption).  At a

given suction, th e  soil m ois tu re  is lower w h e n  soils a re  w e t t ing  up th a n  it is w h e n  th e y  are

draining, b ecau se  of th e  non-uniform ity  of  individual pores  and  en t ra p p e d  air (Figure 3.4).

Partially w e t te d  or  dried soils m ay exhibit sm aller  hysteresis  loops. This hysteresis  m e a n s  t h a t  th e
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wetting history of a soil can affect its iiydrauiic conductivity. In practice it is typically the 

desorption curve, or the soil w ater release curve, that is reported as the sorption curve is more 

complex to determine (Hillel, 1982).
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Figure 3.3. Soil moisture characteristic curves for soils with (a) different texture and (b) different soil 
structure (after Hillel (1982))
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Figure 3.4. Hysteresis in the soil moisture characteristic curve under desorption (draining) and sorption 
(wetting up) conditions (from Hillel (1982))

3.4.5 Macropore flow

As noted in Section 2.3.2, flow through macropores or preferential flowpaths may dominate flow  

in some soils and can operate independently of soil moisture conditions. Measuring flow through 

macropores and preferential flowpaths is difficult, however. Coloured dyes are often used but the 

sites have to be excavated to interpret the results (Flury et al., 1994). Some authors have used the  

response times of tracers (Seiler et al., 2002) and inferences can also be made on the basis of 

w hether or not particulates are present in soil w ater samples from depth.
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3.4.6 Soil moisture deficit models

Soil moisture conditions are often assessed using soil water balance models, which quantify the 

inputs and outputs through the soils using a water balance approach. The basic soil water balance 

model as described by Rushton and Ward (1979) is:

P = ET + R + AS Eqn. 3 .4

Where P is precipitation, ET is evaoptranspiration, R is runoff and AS is change in storage. Allen et 

al. (1998) expanded the equation which identifies the soil water component as follows:

ET =  I  +  P -  RO -  DP + CR ±  A5F ±  A5M/ Eqn. 3.5

Where ET is evapotranspiration; I and P are irrigation and precipitation, i.e. the inputs; RO and DP 

are surface runoff and deep percolation that recharges the water table; CR is capillary rise; ASF is 

subsurface flow in or out of the root zone; and ASW is the soil water content. DP, CR and SF are 

often discounted as they are difficult to assess especially over short time periods.

There are numerous methods for calculating evapotranspiration, but the FAO Penmann-Monteith 

method (Allen et al., 1998) is widely recognized as the international standard (Kennedy, 2010). 

The method calculates evapotranspiration for a hypothetical reference crop (ETo), which is 

analogous to the potential evapotranspiration (PE), on the basis of climatic and crop resistance 

factors. A crop coefficient factor is then applied to take account of the actual crops growing at the 

site of interest.

The Penman-Grindley model, and the Aslyng method which is similar, calculate the soil moisture 

surplus or soil moisture deficit (SMD) from the precipitation and PE and have been commonly 

applied in Ireland and elsewhere (Fitzsimons and Misstear, 2006). Drainage occurs in a saturated 

soil until the soils reach field capacity and the water that remains is held against gravity. At this 

point, an SMD begins to develop but water is still readily available to the plants and actual 

evapotranspiration is equal to PE. Once the SMD drops below a critical level, known as the root 

constant (Penman-Grindley method), SMDc (Asying method), or Readily Available Water (RAW, 

FAO Penman-Monteith method), plants have difficulty transpiring and actual transpiration is less 

than PE.

A soil moisture deficit model has been developed for Irish grasslands by Schulte et al. (2005). The 

model combines two earlier models, hence is known as the Hybrid Soil Moisture Deficit Model 

(HSMD), and it predicts the SMD for the top layer rooting zone of Irish grasslands on three 

different soil types: poorly drained, moderately well drained and well drained. The model was

55



designed to be used witli a limited number of input parameters so that it would be widely 

applicable, and it therefore operates as a daily time step water mass balance model that 

calculates the balance of precipitation, actual evapotranspiration and drainage (Eqn 5).

SMDt =  S M D t_ i -  Rain^ +  £Tf +  Drains Eqn 3.6

where SMD^ and SMD,.i are the soil moisture deficits at time t and t-1, respectively. Rain, is the 

daily precipitation, ET, is the daily actual evapotranspiration, and Drairit is the amount of water 

drained daily by percolation and/or overland flow. The drainage rate is dependent on the soil type 

and is controlled in the model by two factors: the minimum SMD and the maximum rate of 

drainage. In well-drained soils, the minimum SMD is taken to be zero, corresponding to field 

capacity, and it is assumed that drainage happens instantaneously. In poorly drained soils, the 

minimum SMD is taken to be -1 0  mm, thus allowing the soils in those conditions to saturate 

beyond field capacity and remain saturated for a number of days. Moderately drained soils can 

carry water surpluses but are expected to return to field capacity within 24 h (Kerebel et al., 

2013). It is assumed that there is no drainage when the soil moisture content is below field 

capacity, i.e. SMD>0, and that maximum drainage occurs when the soil is saturated (SMD = 

-1 0  mm). A linear interpolation is applied to estimate drainage between these conditions. The 

simulation is always started in a wet period in winter when it can be reasonably assumed that the 

soils are saturated (Schulte et al., 2005). The SMD parameters for each soil class in the Schulte 

model are summarized in Table 3.2. SMD^ is taken to be 10 mm in poorly drained soils in the 

Schulte model, in contrast to a root constant of 30 mm typically used in the Aslyng method, and 

50-76 mm for the RAW used for grassland in the FAO Penman-Monteith model (Fitzsimons and 

Misstear, 2006).

Table 3.2. Summary of SMD parameters for each soil class (after Kennedy (2010)).

Well Drained Moderately
Drained

Poofty Dra<r>ed

SMD-in 0 -10 -10

SMDc 0 0 10

SMDl», 110 110 110

DR AIN„„ N/A >10 0.5

The HSMD has been developed using extensive observations of soil water tension data from 

contrasting Irish soils (Diamond and Sills, 2001). It has since also been further updated and tested 

in a number of more recent studies. Kerebel et al. (2013) used 3 years of continuously logged TDR 

measurements at 10 and 20 cm depth at five field sites across Ireland to evaluate HSMD
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predictions. They found that the nnodel was accurate but that an additional soil drainage class 

between poor and moderate could be added. Premrov et al. (2010) slightly modified the model 

for well-drained arable land. The model is now widely used across Ireland and modelled outputs 

are available from M et Eireann for a limited number of synoptic weather station sites.

3.5 Previous Irish pathway separation studies

Several physically based studies have been conducted in Ireland to estimate the contribution of 

the pathways to streams, although the majority combine the shallow and deep groundwater 

pathways and simply provided a 'baseflow' contribution, which is presumed to be groundwater, 

and is separated from a quickflow component that incorporates surface and near-surface 

pathways. Reviews of these studies are presented elsewhere (Misstear and Brown, 2008, 

Archbold et al., 2010) but a summary is provided in Table 3.3. The contribution of baseflows to 

streams ranges from 10 to 76% of stream flow when just tw o pathways are defined, or 7 -45%  

when a third intermediate flow path is included. Intuitively, it might be expected that catchments 

underlain by the more productive Regionally Important aquifers, particularly karst, would deliver 

the highest baseflow contributions, but it is apparent from the table that this is not always true.

For example, the baseflow contributions in the Monaghan Blackwater, and Maigue catchments 

are just 27 and 28%, respectively, which is relatively low. Conversely, the baseflow in the Dinin 

and the Kilkenny Blackwater catchments, which are underlain by Poor and Locally Important 

aquifers, is much higher at 46-76%. It is probable, therefore, that the soils and subsoils play a 

significant role in the transport of flow and contaminants to streams, and that the baseflow as 

identified through the physical response time approaches includes a proportion of flow from  

these materials.

Chemical hydrograph separation has been little used in Ireland with the exception of a few brief 

short-term student-based projects plus a comprehensive piece of research carried out in the 

Oona drumlin catchment in County Tyrone (Kane, pers. comm., 2010), in which three end 

members were distinguished: overland flow, shallow soil w ater (~10 cm) and deep soil w ater 

(•“3 0 -4 0  cm), and their contributions to the stream w ere investigated at a range of scales. The 

deeper groundwater pathway was not considered. None of these studies attem pted to correlate 

the findings with those of other methods or consider the implications at the catchment scale.

As described in Section 3.3.1, using a nutrient loadings approach, Mellander et al. (2012) found 

that in tw o Irish catchments with well-drained soils, quickflow pathways delivered just 2 -8%  of 

the flow but these were efficient in transporting phosphorus. The remainder of flow was
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Table 3.3. Pathway contributions to streams based on physical hydrograph separation and modelling methods (compiled from various Irish studies).

Catchment Km^ Catchment characteristics Baseflow % Quickflow % GW% IF% 0F% Reference
Owenduff 119 Poor aquifer Precambrian rocks 7 18 75 (RPS, 2008)
Allagaun Poor aquifer, low permeability paat, exposed rock. Upland 10 90 (Aslibekian, 1999)
Dinin 153 Poor to Locally Important aquifer, low permeability 

subsoils. Small gravel aquifer close to river
46-65 35-54 (Misstear and Fitzsimons, 2007)

Maine and 
Flesk

272 Shaly limestone and pure limestone aquifers, variable till, 
upland and lowland

38 62 (Scanlon, 1985)

Bawn 4.9 Poorly productive in local zones 9(3) 36 55 (O'Brien, 2013)
Owenshree 35 Poorly productive in local zones 14 43 44 (O'Brien, 2013)
Ballycshalan 48 Poorly productive in local zones 7 25 68 (O'Brien, 2013)
Owendullagh 89 Poorly productive in local zones 10 28 62 (O'Brien, 2013)
Kells
Blackwater

699 Poorly productive in local zones 16(9) 51 34 (O'Brien, 2013)

Fyanstown 188 Pooity productive in local zones and Locally Important 21(16) 44 35 (O'Brien, 2013)
Kilkenny
Blackwater

108 Locally Important fractured sandstone, thin subsoils 60-76 24-40 (Misstear and Fitzsimons, 2007)

Ryewater 209 Locally Important limestone 32 23 45 (RPS, 2008)
Shournagh 205 Locally Important Old Red Sandstone 27 25 47 (RPS, 2008)
Bride 334 Locally Important sandstones and Regionally Important 

karst
24 33 43 (RPS, 2008)

Deel 285 Locally Important limestone 33 43 25 (RPS, 2008)
Deel 283 Locally Important 45(30) 27 29 (O'Brien, 2013)
Boro 174 Regionally important volcanic aquifer 35 32 34 (RPS, 2008)
Suck 1207 Karst limestone 26 55 19 (RPS, 2008)
Nore 2388 Variable aquifers including karst limestones and gravels, 

subsoils from all categories, uplands and lowlands
50

(41-60)
50 (Daly, 1994b)

Monaghan
Blackwater

126 Regionally Important limestone aquifer, thick moderate to 
low permeability subsoils, upland and lowland

27 73 (MacCarthaigh, 1994)

Maigue Karst limestone in the lowlands. Poor aquifer in the uplands 28 72 (Aslibekian, 1999)
Nore 1140 Karst limestone, moderate permeability till, gravel aquifers 58-68 32-42 (Misstear and Fitzsimons, 2007)
Notes: Poor aquifers in brown, Locally Important aquifers in green and Regionally Important aquifers in blue. Groundwater (GW) percentages are for shallow and deep GW 
combined. Values in brackets represent the deep GW contribution where it could be differentiated. IF, interflow; OF, overland flow.
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delivered via the below ground pathways, which were effective in delivering 97% of the TON but 

also delivered 63% of the total reactive phosphorus and total phosphorus load overall. In two  

poorly drained catchments, the quickflow pathways were more dominant, delivering 55% of the 

flow and 88% of the phosphorus.

There have also been several plot- and small hlllslope-scale studies in Ireland where attempts 

have been made to directly measure the contributions from the near-surface pathways, many of 

which have also been sampled for nutrients. These have been based mainly on the Teagasc 

research sites, particularly Johnstown Castle in County Wexford, and the AFBI at Hillsborough in 

County Down (Burke et al., 1974a, Kurz et al., 2005a, O'Reilly, 2006, Doody et al., 2010, Thompson 

et al., 2012, Ibrahim et al., 2013). For example, Ibrahim et al. (2013) found at Johnstown Castle 

that overland flow was 2.1 to 6.9 times higher than the subsurface land drain flow, but there were 

variations across the four plots and three events that were likely due to the differences in the 

depth to bedrock across the sites. O'Reilly (2006) focussed on the hydrological controls on 

phosphorus transport at Johnstown Castle and found that while the concentrations of phosphorus 

were higher in interflow than in overland flow, the loads delivered in the overland flow pathway 

were higher overall because of the higher flow contributions. Doody et al. (2010) measured 

overland flow at Hillsborough, while Watson and colleagues (Watson et al., 2000a, Watson et al., 

2000b, Watson et al., 2007, Watson and Matthews, 2008) concentrated mainly on nutrient 

transport in 'drainage', which in the earlier Hillsborough studies comprised overland flow and land 

drain flow combined. None of the plot-scale studies have attem pted to scale up or integrate the 

findings with larger scale catchment studies.

3.6 Discussion

In studies investigating the role of the contributions of near-surface pathways to streams, 

especially interflow, there has been an emphasis in the literature on plot- or small hillslope-scale 

studies, in which it is common for researchers to restrict investigations to no more than one or 

tw o of the near-surface pathways (or alternatively just the groundwater pathway), rather than 

consider the full depth of the hydro(geo)logical profile in an integrated way. As discussed in 

Section 1.5, it is the view of this researcher that this has typically been the case because of the 

multi-disciplinary approach that is required to take the wider view that has traditionally been 

lacking. Recently, the importance of incorporating geological factors and the deeper hydrological 

pathways has gained prominence in the hydrological literature (Melland et al., 2012a, Nasr and 

Bruen, 2013), and several authors have called for a more integrated approach to understanding 

hydrological processes, i.e. carried out at the catchment scale, using a range of techniques 

(McGlynn et al., 2002, Haygarth et al., 2005, Doody et al., 2012, Beven and Germann, 2013,
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Bracken et al., 2013). However, there is as yet, still very little evidence of this occurring in practice 

in the literature.

Recent work in Ireland in the RPS study (RPS, 2008) and the on-going Agricultural Catchments 

Programme (ACP) has expanded to look at the catchment scale, but the RPS study quantified the 

flow  pathways without considering nutrient transfer, and the ACP project is focussed more 

heavily on the relationships between land use and stream nutrient dynamics. Other studies have 

focussed primarily on either the nitrogen transfer pathways and processes, or the phosphorus 

transfer pathways, but rarely both. An integrated approach that recognizes that nutrient transfer 

processes are part of a dynamic hydro(geo)logical flow pathway continuum is im portant for a 

more robust understanding of catchment dynamics.

Difficulties with plot- or small hillslope-scale studies are that the processes being monitored may 

be scale dependent, are only representative of very small areas, and may not incorporate major 

subsurface field or catchment-scale features such as preferential flowpaths, variations in glacial 

materials, geological faults, groundwater seeps and springs, and the artificial drainage networks, 

all of which play a role in influencing the w ater quality in a stream. The scale of study is also likely 

to be too small to relate the results to the wider catchment, which is the scale at which 

monitoring takes place and ecological impacts are assessed for the WFD. For the purposes of the 

Pathways Project and this research, where the emphasis was on prioritizing areas for mitigation 

measures, it was considered that a catchment-wide approach where some of the hydrological 

variability would be averaged out, was more appropriate than a plot-scale study.

The use of isotope and chemical hydrograph separation techniques is now common, and they 

have been proven to provide valuable insights into the subsurface contributions to stream flow, 

despite the limitations of the approach. Jones et al. (2006) for example, identified that 

hydrodynamic mixing processes can influence estimates o f the pre-event contributions. As Burns 

(2002) emphasized, it is no longer acceptable to rely solely on isotope and chemical hydrograph 

separation techniques without supporting them with other methods. Few studies have combined 

chemical and isotope methods with process-oriented soil moisture dynamic investigations to 

better elucidate the interflow pathways through the soils. This literature review found only one 

such study, which was carried out by McDonnell in the Maimai catchment in New Zealand as part 

of his doctoral thesis and subsequent research (McDonnell, 1990), and in which tracers, 

tensiometers and trenches were used to understand the subsurface pathways at a hillslope 

research site. However, the Maimai catchment is a steep-sided, forested hillslope with thin soils 

of high porosity, soil pipe features at the soil-bedrock surface that rapidly transfer flow, and high- 

intensity rainfall events. This presents an entirely different hydro(geo)logical regime than the
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rolling, glaciated, grassland landscapes with low intensity rainfall in Ireland and much of Europe. 

The question remains whether the methods and/or findings are appropriate for Irish catchments.

W ith the exception of the well-established research catchments, such as Panola, Maimai, the HJ 

site in Oregon, Plynlimon and some of the Scottish catchments, where there are decades worth of 

data and a multitude of researchers, there is little reporting in the literature on the development 

and testing of catchment conceptual models as a framework for carrying out pathways research. 

Even at sites such as these, it is acknowledged that keeping the conceptual model at the core of 

the research programme is rare (McGlynn et al., 2002).

In summary, this literature review has found no studies, prior to the Pathways Project, that have 

considered the role of the pathways as outlined in the four-pathway model that has been 

adopted in recent Irish studies. In particular, the role of the near-surface pathways is poorly 

understood in lowland agricultural glaciated catchments. Some Irish studies have quantified some 

of the individual pathway contributions, and one identified an intermediate flow pathway, which 

was considered to be all flows in the subsurface other than bedrock groundwater. None, 

however, has taken advantage of both chemical and physical methods of hydrograph separation. 

Understanding the nature and contributions of the interflow pathway, and particularly of artificial 

drainage and the transition zone, has largely been ignored. Some studies have focussed on the 

transport of nutrients (most often phosphorus) but usually in either the near-surface or the deep 

pathways, and usually only at plot or hillslope scale. The ACP research has provided invaluable 

insights into catchment-scale stream nutrient dynamics but there has been less emphasis in that 

work on the delivery pathways. Some studies have characterized the soil water dynamics, but 

none has tried to integrate this kind of process understanding with other catchment-scale 

pathway determination methods, or extrapolate findings out to the catchment scale.
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4 Research methodology

4.1 Research strategy

Following a review of the literature, and consistent with the objectives of the Pathways Project, 

this research was directed towards achieving a better understanding of the role of the near

surface pathways, particularly interflow, in the delivery o f flow and nutrients to streams in Irish 

catchments. The research was carried out in the four Pathways Project study catchments (Figure 

4.1) so that the resulting conceptual model (s) would have broad application across Ireland and 

would support the development of the national catchment management tools.

Figure 4.1. Location of the four study catchments (O'Brien, 2013).

The four catchments were all newly established monitoring catchments for which there were 

limited, if any, previous w ater quality or flow monitoring data. Each catchment was initially 

instrumented and sampled in a similar way so that comparable background datasets would be 

obtained for the purposes of developing the working conceptual model (Figures 4 .2 -4 .5 ). Two 

rain gauges were installed in each catchment, one in an upland area and one in a lowland area. 

Each catchment was monitored continuously for water levels, electrical conductivity and turbidity 

at the catchment outlet and at a second location in the mid-catchment area. Approximately 6 to 8
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Northern Ireland rather than the EPA. The aerial photo was used as the basemap because the Northern 
Irish basemaps are different to those in the Republic.
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sampling locations were selected in each catchment where water chemistry, biological 

assessments and spot flow monitoring were carried out at 1-2 monthly intervals over a 16 month 

period. Staff gauges were installed in some locations so that rating curves could be developed to 

aid the flow measurements. In each catchment, a suite of groundwater monitoring boreholes 

were installed by the EPA at different depths in one or more transects to the river, in which they 

carry out quarterly groundwater quality sampling. Some additional groundwater sampling was 

carried out by the Pathways Project and Griffiths Project teams, as well as aquifer analyses. A 

range of geophysical techniques was also applied by QUB to develop three-dimensional 

understanding.

Additional sampling campaigns were then carried out in each catchment in response to different 

research questions that arose and/or were tested in each catchment, often by different 

researchers. This resulted in the collection and interpretation of a range of datasets in different 

ways. Further detail on each of the experimental techniques, including the role of this author, is 

provided in the context of the research strategy throughout the following sections.

The data collection period was short (approximately 2 years) in comparison to some of the other 

research catchments worldwide, and resources were spread across the four catchments. An 

overall research philosophy was therefore adopted consistent with that of Blume et al. (2009) 

who noted: 'When investigating runoff generation processes in a previously ungauged catchment 

it becomes obvious from the start that the equipment we are about to install is insufficient. There 

will be neither enough data points in time nor in space to characterize these processes in their 

temporal and spatial variability. A possible way to overcome this problem is the approach where a 

multitude of experimental methods is applied within a relatively short time frame, producing a 

data set that highlights a multitude of angles and aspects of catchment functioning.’ The need to 

use multiple approaches, scales and methods was also one of the findings of the Prediction in 

Ungauged Basin (PUB) decade of hydrological research (Hrachowitz et al., 2013).

Thus, this research focussed on integrating results from a range of methods, within a conceptual 

model framework, as a means of limiting the dependence on any one particular method and 

therefore reducing the levels of uncertainty. Data and findings generated from some of the work 

carried out by others under the Pathways Project were also consequently integrated into this 

research. For the most part, this was raw data collected and quality controlled by others, but they 

were interpreted and integrated with other data and findings by this author. A clear 

differentiation between work carried out by this author versus that done by others is provided as 

appropriate throughout the text.
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This research is broadly divided into three components. First, a catchment-scale approach to 

separating the four conceptual model pathways was used. The primary methods at this scale were 

the development of the conceptual model using a range of methods, event sampling and chemical 

hydrograph separation techniques. This work was further supported by physical hydrograph 

separation methods carried out by a fellow Pathways Project student (O'Brien, 2013, O'Brien et 

al., 2013, O'Brien et a!., 2014). O'Brien applied a range of physical methods including master 

recession curve analysis, digital filtering algorithms, tem perature tracer methods and the 

recharge coefficient approach to the four study catchments, and used the results to  constrain 

catchment-specific NAM numerical models (refer to Section 3.2.3), which were in turn used to 

split the stream hydrograph into the four pathway components based on their response times. 

The NAM results were then used in this research to compare against the information obtained 

from the chemical hydrograph separation, in the context of the conceptual model, to  arrive at an 

integrated assessment of the pathway contributions to the streams. The results of this research 

(as well as the NAM modelling and other parameterization techniques) were used by other 

project team members to constrain the newly developed SMART model that is at the core of the 

Pathways Catchment Modelling Tool (Mockler et al., 2013a).

Second, the Mattock catchment was selected for more intensive field-scale investigations into the 

soil w ater dynamics to determine whether there was evidence for interflow occurring at the field 

scale, and if so, to review how and when it was triggered, and its relationship with nutrient 

transport. The field-scale evidence for interflow was evaluated with the results of the catchment- 

scale pathway separation results for the Mattock catchment to further develop the conceptual 

model. This approach retained the advantages of gaining the process understanding at the plot 

scale, while avoiding their hydrological limitations (refer to Section 2.2.2).

Third, during the course of the catchment and field-scale work, it became apparent that artificial 

field drains are a significant transport pathway for w ater to streams in Irish agricultural 

catchments. Further sampling and investigations were carried out at a selected number of field 

drains in the Mattock catchment to better understand their contribution to flow and nutrient 

transport. This work was mainly carried out in the vicinity of the field-scale investigations for 

comparison with the soil w ater dynamics results, but some additional sampling was carried out at 

selected land drains spread more widely around the catchment to bring a spatial elem ent to the 

work.

An attem pt has also been made as part of this research to develop a national map of 

hydro(geo)logical scenarios where land drains are likely to be present. The development of the 

mapping approach has been supported by Tim Gleeson, a retired drainage expert from Teagasc,
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who provided helpful discussions that contributed to elennents of the map, and a fellow  PhD 

researcher (Eva Mockler) who processed the 6IS data and provided input into generating the  final 

maps. The maps have been compared to results of drain surveys carried out by Pathways Project 

students as part of land holder surveys in the study catchments.

4.2 Catchment-scale approach

The catchment-scale approach comprised three subcomponents: development of the conceptual 

model, event sampling and chemical hydrograph separation. As discussed above, these results 

were then considered together with the physical hydrograph separation results and the NAM 

modelling, to assess the contribution of the near-surface pathways to the stream flow and to re

evaluate the conceptual model.

4.2.1 Development of the conceptual model

The working conceptual four-pathway model, as described in Chapters 1 and 2, was adopted at 

the commencement of the project, and this model was applied, tested and critically reviewed in 

each of the four study catchments as part of this research.

A conceptual model, or perceptual model as it is termed by Beven and his colleagues (Beven, 

1993), serves as a framework to hold together all the pieces of scientific evidence that, 

particularly in a large-scale catchment study such as the Pathways Project, may be gathered by 

different researchers, at different times, in different parts of the catchment, or neighbouring 

catchments, using different methods. The conceptual model should be considered as a working 

model and should be critically reviewed, refined and updated as each new piece of evidence is 

obtained. Only in this way can the cumulative body of evidence contribute to the understanding 

of the catchment (McGlynn et al., 2002).

4.2.1.1 Desk s tu d y -G IS  layers

Development of a conceptual model requires review of the available GIS layers and compilation of 

a three-dimensional picture of the geology, and hence the operating framework of the catchment. 

Publically available data layers from the ERA and the Geological Survey of Ireland were reviewed 

and collated using their respective web-based GIS software. Relevant information included soil 

drainage (ERA), subsoils (Teagasc), bedrock geology (GSI), aquifers (GSI), depth to bedrock (GSI), 

subsoil permeability (GSI), meteorological data (M et Eireann), stream flow (ERA), groundwater 

level data (ERA), and groundwater and surface w ater quality and hydrochemistry (ERA, local 

authorities. Group w ater schemes). The available w ater balance data (stream flow, rainfall, 

evapotranspiration) were assessed from the study catchments, or nearby geologically similar 

catchments, to initially gauge whether they had a rapidly responding hydrological profile (flashy)
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and were therefore dominated by near-surface pathway flow (Mellander et al., 2012), or 

conversely, had long slow recessions that are characteristic of systems dominated by 

groundwater flow (Ford and Williams, 1989).

4.2.1.2 Geophysical surveys

Two-dimensional electrical resistivity surveys were carried out in all catchments in the vicinity of 

the EPA borehole monitoring suite (refer to Section 4.2.1.8 for further information on the 

boreholes), and more extensively in the three poorly drained catchments as part of the Griffiths 

Project research programme. An additional resistivity survey and a seismic refraction survey were 

also kindly carried out by the Griffiths team at the soil w ater dynamic experimental site in the 

Mattock catchment for the purposes of this research (Figure 4.6). For the resistivity survey, 

electrodes were spaced 1 m apart in a W enner Schlumberger array, over a distance of 160 m in a 

transect perpendicular to the river. Processing and interpretation was carried out by Jean- 

Christophe Comte and was achievable for depths up to 10 m.

Figure 4.6. Seismic survey line (left) and resistivity survey line (right) at the Mattock soil water dynamics 
field investigation site.
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Similar spacing was used for the seismic survey receiver array. Geophones were inserted into the 

soil and were used to measure the seismic or vibrational waves generated from seismic shocks 

induced with a sledge hammer on a steel plate at 10-m intervals. Processing and interpretation 

was carried out by Rachel Cassidy and was achievable for depths of up to 4 m. Interpretations 

were later checked and confirmed as part of this research with a series of five 2.5-m trial pits and 

4-m deep boreholes drilled along the transect.

4.2.1.3 River stage and stream flow

River stage was continuously monitored in each catchment at the catchment outlet and at a mid

catchment location (Figures 4 .2 -4 .5 ). A third site was added in the upper catchment in the 

Nuenna as the catchment was much bigger. Four of the sites had previously been established by 

the EPA (Gortinlieve, mid-catchment), Louth County Council (Mattock, mid-catchment) and the 

Northern Ireland Rivers Authority (Glen Burn, both sites), but the remainder of the sites were 

selected and installed as part of the Pathways Project, with the assistance of the EPA Hydrometric 

staff. Long straight stream reaches, with stable vertical banks, non-turbulent flow, a natural or 

artificial control structure and preferably in the shade to prevent aquatic weed growth, are 

optimal for the installation of robust river stage monitoring sites. These locations also naturally 

became the focal point for the continuously logged electrical conductivity and turbidity probes.

Stage was recorded at 15-min intervals using either an Orpheus Mini pressure transducer 

(M attock and Gortinlieve, catchment outlets) as described above, or an OTT Thalimedes float and 

pulley logger system (all other sites) installed in a stilling well upstream of the control structure. It 

is reported by the manufacturer that the Thalimedes has a stage range of 19.99 m, with a 

resolution of 1 mm, and an accuracy of ±2 mm. Data were downloaded and quality checked by 

both EPA staff and other project team members using an optical reader that does not require the 

equipment to be removed from the stilling well which reduces the potential for disturbances.

Stream flow measurements were made using an OTT Acoustic Doppler Current (ADC) meter, and 

an OTT Kemptem C2 propellor current meter. The range of the ADC was -0.2 to 2.5 m/s with a 

resolution of 0.001 m/s and an accuracy of ±1%; the range of the C2 was 0.025 to 5 m/s, but with  

the same resolution and accuracy. The mid-section velocity area method (EN ISO 748, 2007) was 

used to calculate the flow from velocity measurements taken at regular intervals across a stream  

width transect (O'Brien, 2013). Rating curves were developed for the continuous stage monitoring 

sites by EPA staff and the project team . Stream flow measurements w ere also taken by the  

project team at the water quality monitoring sites at the same time as the w ater samples were  

being taken, so that concentrations and loads of the various determinands could be calculated.
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Although these data were collected mainly by others, a high level of confidence in the data was 

achieved by establishing the flow monitoring sites in the Nuenna and the Mattock with O'Brien 

and the EPA hydrometric staff, and carrying out the first few  rounds of monitoring with him. In 

the tw o northern sites where flow monitoring was difficult, the data were queried several times 

and cross checked with a number of subsequent dedicated sub-projects to confirm the flows. All 

rating curves were reviewed before use. EPA data were only used where the assigned QC rating 

was good.

4.2.1.4 Flow duration curves

Flow duration curves were generated by this author to evaluate the frequencies of different sized 

flows in an effort to gain insights into the contributions of the different pathways. The 15-min 

stream flow datasets were used, for one, two or three full years of data where they were 

available, to avoid any seasonal bias in the frequency analyses.

4.2.1.5 Rainfall

Rainfall was measured at 15-min intervals at two locations in each catchment (Figures 4 .2 -4 .5 ) 

using ARG 100 (Environmental Measurement Ltd) tipping bucket rain gauges with AR-DT2 data 

loggers. Gauges were sited, fenced, managed for weed growth and downloaded by other team  

members. All gauges were sited in open areas with a maximum of 15° line of sight to the tops of 

the nearest trees (O’Brien, 2013).

4.2.1.6 Stream hydrochemistry and water quality

An initial programme of spatial w ater quality monitoring in different seasons and flow conditions 

was carried out to  establish the background stream chemistry for developing the conceptual 

model and providing Information on suitable tracers for the end member mixing analysis. 

Approximately eight sampling locations were selected in each catchment in the main channels 

and the tributaries (Figures 4 .2 -4 .5 ), and each was sampled 8 -1 0  times over the course of 14 -16  

months so that the seasonal, spatial and flow related variabilities in w ater chemistry could be 

assessed. This author was responsible for the Mattock and Nuenna catchments. Sampling 

locations were selected to include the catchment headwaters and outlet, and to capture the 

inputs of significant tributaries at regular intervals down the length of the stream, while avoiding 

any obvious point source inputs of contamination. Samples collected in the Nuenna and Mattock 

catchments were analysed by this author for a range of parameters, which are listed, together 

with the methods of analysis and references, in Table 4.1. Similar sampling campaigns were 

carried out by other team members in the Gortinlieve and Glen Burn catchments. Quality control 

procedures were jointly prepared by team members to ensure a similar approach.
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Table 4.1. Water quality and hydrochemistry parameters.

Param eter M eth od

Alkalinity Titration, using Bromocresol Green indicator (APHA et al., 2005)

Nitrate Spectrophotom eter (Nova 60), using Merck test kit. Ref No. 09713 (0.1- 
25 m g/l NO3)

Chloride Spectrophotom eter (Nova 60), using Merck test kit. Ref No. 14897 (2.5- 
25 m g/l Cl)

Sulphate Spectrophotom eter (Hach 2800), using USEPA Su lfaV er4  m ethod, Ref 
8051 (2-70 m g/l). M ethod adapted from  Standard M ethods

Ca, Mg, K, Na Inductively coupled plasm a-atom ic emission spectrom etry (ICP-AES) 
EPA m ethod 200.7

Silica Spectrophotom eter (Nova 60), using Merck test kit, Ref No. 14794 (0.1-5  

m g/l Si)

Total phosphorus (filtered and 

unfiltered)
Spectrophotom eter (Hach DR5000), digestion m ethod of M urphy and 

Riley (1962)

MRP (filtered and unfiltered) Spectrophotom eter (Hach DR5000) (M urphy and Riley, 1962)

Spectral absorption coefficient 
at 254 nm (SAC2 5 4 )

Spectrophotom eter (Hach DR5000) (APHA et al., 2005)

Total suspended solids (TSS) Gravimetric analysis, BS 6068-2 .54:2005
Field chemistry Electrical conductivity, tem perature, pH using hand-held Eutech meters

The sampling and quality control procedures included th e  following:

•  Field m eters w ere  calibrated prior to  sampling using standard solutions, as per the

m anufacturer's instructions.

•  Sampling procedures w ere  carried out in accordance w ith  BS5667 W a te r  Q uality Sampling.

Samples w ere kept in th e  dark and w ere  transported  and m aintained on ice until the analyses

had been com pleted. Samples w ere  collected in 1 litre  reusable plastic sample bottles. All 

sample bottles w ere  pre-rinsed th ree  tim es in the field  w ith  the w a te r to  be sam pled and 

w ere  scrubbed, washed and dried before reuse.

•  Samples fo r phosphorus, m ajor ions, silica and SAC2 5 4  w ere  filte red  im m edia te ly  in the field  

using disposable 0 .4 5 -n m  syringe filters. Filtered samples w ere transported  to  th e  lab in 30-m l 

disposable plastic bottles fo r the ions and SAC254. For cost purposes, filte red  sample sizes 

w ere  kept to  a m in im um  to  reduce th e  num ber o f disposable filters required. Samples for 

phosphorus w ere  taken in 60-m l glass bottles w ith  Teflon lids, as recom m ended by the  

laboratory technician. For samples fo r to ta l phosphorus analysis, 25 ml o f filte red  or 

unfiltered  sample, as appropria te , was measured directly into the glass bottles in th e  field  

w ith  a graduated syringe so th a t th e  reagents could be added and the digestion carried out in 

th e  sample bottles directly to  m inim ize cross contam ination.

•  Ten percent o f samples w ere  analysed in duplicate fo r m ajor ions, silica and to ta l suspended

solids. All alkalin ity samples w ere  analysed in at least duplicate, if not trip licate , and averaged,

as th ere  is a degree o f subjectivity in determ in ing  th e  colour change w ith  th e  Bromocresol

G reen indicator. All SAC samples w ere  analysed in trip licate and averaged. It was observed,
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how ever, th a t the first samples in the trip licate set always returned  slightly low er values than  

th e  o th er tw o , which was likely to  have been due to  slight d ilution by th e  deionized w a te r  

used to  pre-rinse the glass cell used fo r th e  analysis. Cells w ere  th ere fo re  pre-rinsed w ith  

some of th e  sample and results im proved.

•  As th e  concentrations o f phosphorus w ere  expected to  be very low, and phosphorus is very 

susceptible to  cross contam ination, th e  additional step o f sampling in trip licate for to ta l 

phosphorus and MRP was taken. Separate dedicated glassware was m aintained fo r  

phosphorus analyses. All glassware was rinsed th ree  tim es in deionized w a te r and th re e  tim es  

in M illipore w a te r im m ediately a fte r analysis to  m in im ize cross contam ination. As th e  project 

progressed and confidence in the procedures and results increased, the samples w ere  taken  

in duplicate to  reduce costs. Results w ere  review ed as th e  analyses progressed in the lab and 

samples w ere  reanalysed an d /o r discarded if th e  difference betw een duplicates was 

> 0.003  absorbance units, or approxim ately 0 .001  m g/l.

•  Standard solutions (3-4) th a t bounded th e  expected field  concentrations w ere  freshly m ade  

up fo r each analyte for each batch o f analyses and w ere  analysed concurrently w ith  the field  

samples. Calibration curves w ere  generated  to  cross check and calibrate the results.

•  Sam ple analysis was com m enced on th e  same day as collection fo r alkalinity and SAC2 5 4 , 

fo llow ed by the anions. All samples w ere  analysed w ell w ith in  the prescribed tim efram es as 

per BS5667, at th e  very latest, ranging from  48  hours fo r n itra te  to  28 days fo r to tal 

phosphorus. It was found, how ever, th a t samples kept fo r close to  th e  prescribed m aximum  

of 28 days fo r to ta l phosphorus had higher MRP values than to ta l phosphorus, which is 

unacceptable. This was likely due to th e  samples being kept in re latively small bottles, which  

m ay have led to adsorption on th e  glass walls a n d /o r th e  phosphorus being used up by the  

biota. The m axim um  holding period fo r to ta l phosphorus samples was th ere fore  reduced to  

14 days and the problem  was e lim inated.

•  Cations w ere  preserved using 5% nitric acid and w ere  re frigerated  for up to  3 months before  

analysing in large batches using inductively coupled p lasm a-ato m ic  emission spectrom etry  

(ICP-AES). Six standard solutions w ere  used as p art o f th e  calibration routine.

•  Ion balances w ere  calculated fo r samples th a t had th e  full suite o f anions and cations 

analysed. Approxim ately 10% o f samples had ion balances greater than ±10%  and w ere  

considered unreliable.

•  On tw o  occasions, duplicate samples w ere  taken  and analysed by Queen's University to  cross 

check results. Differences w ere considered to  be w ith in  acceptable limits, i.e. <10% .

The uncerta inty in the analytical m ethods was quantified  by calculating th e  accuracy, reported as

th e  d ifference betw een  the value o f the standards as analysed w ith  the samples and th e ir true
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values, as a percentage of their true values (Table 4.2). In general, the Merck test kit methods 

(NOS, Cl and Si) performed well, although the accuracy of the Si method was a little higher than 

for the other analytes. The results were therefore adjusted using the calibration curve. The ICP 

method varied depending on the analyte, ranging from 2.5 to 14.7%. Initially, a multi-analyte 

stock solution was being used to make up the standards for the four cations, but as the calcium 

concentrations were typically in the region of five times higher than potassium, magnesium or 

sodium, there were difficulties in the calibration. Results improved once the calcium was analysed 

separately with its own standard. The accuracy for potassium was not as good as for sodium or 

magnesium, which is likely due to the potassium concentrations in the samples being generally 

less than 50% of either sodium or magnesium. The Hach test kit method of analysing for sulphate, 

which relied on the use of powder pillows, proved to be very poor with an accuracy of 42%. The 

resolution of the method was the nearest 1 mg/l limit, and with the typically low concentrations 

in the catchment samples (<12 m g/l) and the inefficiencies associated with using the powder 

pillows, a poor level of accuracy resulted. A calibration curve was used to help improve the results 

but they were considered unreliable and were not used further. The accuracy for alkalinity and 

total suspended solids was not tested due to the difficulties in maintaining stable standards.

Table 4.2 Accuracy and precision in water quality sampling data.

Parameter Accuracy % 
Compared to stds

Precision % 
Between replicates

Method

Silica as Si02 6.9 0.9

Cl 4.3 1.0 Merck test kit

N 0 3  asN 2.6 0.8

Ca 3.1 3.3

K 147 2.6
ICP

Na 2.5 4 0

Mg 6.5 3.8

MRP 3.6 1.8*

TP 3.5 1.9* Spectrophotometer

SAC254 n/a 0.7

Alkalinity n/a 1.5 Titration

S04 42 n/a Hach test kit

TSS n/a 1.2 Gravimetric

*The precision for phosphorus analysis includes errors associated w ith  the field sampling methods.

The precision, which is the standard deviation between results from replicate samples as a 

percentage of the mean, was also calculated to gauge the uncertainty in the laboratory methods. 

In general, the laboratory methods were good for all analytes. The poorest results were for the  

ICP analytes, which is likely to be a consequence of the machine being kept in a dusty engineering 

laboratory such that cross contamination from air-borne particles was somewhat inevitable. Note 

that the precision for the phosphorus samples includes any additional errors associated with the
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field sampling protocols, which were gratifyingly low despite the low concentrations of 

phosphorus in the samples, and the relative ease of cross contamination.

4.2.1.7 Electrical conductivity

Manual conductivity and tem perature readings were taken from watercourses, drains, ditches, 

springs, seeps and rainfall in all catchments using a Eutech Cyberscan Con 11 conductivity and 

tem perature m eter, which is reported by the manufacturer to have a resolution of 0.05% and an 

accuracy o f +1%. A YSI 556 Multiprobe System, which simultaneously measures dissolved oxygen, 

conductivity, tem perature, pH and oxidation-reduction potential, was borrowed from one of the 

project partners during team sampling events. The accuracy of the YSI multiprobe conductivity 

measurements was ±0.5% or 1 |iS/cm, whichever was the greatest. All instruments were regularly 

calibrated against standard solutions. In all cases, specific conductivity (the conductivity adjusted 

to a tem perature of 25°C) was recorded.

Electrical conductivity was also measured continuously at 15-min intervals at two locations in 

each catchment using HOBO U24 conductivity loggers. The loggers are reported by the 

manufacturer to have an accuracy of ±1%. Loggers were downloaded monthly with the river stage 

and rainfall data by other project team members, and were cleaned weekly during the summer 

months to reduce the risk of biofouling. This author was responsible for installation, maintenance 

and quality control of data from continuous conductivity loggers in the Mattock and Nuenna 

catchments.

In the Nuenna karst catchment, it was found that precipitation of calcite and invertebrates taking 

up residence on the sensors caused problems. In general, the loggers performed reasonably well 

for approximately 2 years, but thereafter they became somewhat erratic, with sometimes rapid 

fluctuations with no corresponding changes in flow or tem perature. It was also found that they 

were less reliable at sites where the w ater depth was shallow, and that they were prone to drift 

especially in the w inter months. Adjustment of the drift was achieved using the manufacturer's 

calibration routine and one or both of two methods: (a) by taking manual conductivity readings 

with a hand-held, calibrated conductivity probe, and/or (b) from conductivity readings recorded 

from the start of the next dataset after the logger had been cleaned and reset. Further quality 

control included reviewing the data on a monthly basis against the flow and rainfall data to 

confirm that conductivity changes were consistent with a climatic event. Consideration was also 

given to w hether changes might be attributable to a contamination event, i.e. a conductivity 

increase. Data before and after cleaning and downloads were also checked. Processed datasets 

and all raw data were both maintained for future reference. In view of the significant quality
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control issues with the data from these loggers, the data from the two northern catchments 

which were collected by others were reviewed before use.

Conductivity profiling down the length of the stream channels was carried out mainly by other 

team members to differentiate any major contaminant inputs or changes in pathway 

contributions, although the technique was also used by this author on occasion to determine 

local-scale changes. The operator walked the length of the stream and/or tributaries taking 

conductivity readings at regular intervals, while recording measurement locations with a hand

held Garmin GPS. This relatively simple, quick and cheap technique has been recommended for 

use as a rapid assessment tool in all catchment studies (Haria et al., 2013).

4 .2.1.8 Groundwater monitoring

The three study catchments in the Republic of Ireland had a comprehensive suite of monitoring 

boreholes installed by the EPA, in either two (Nuenna) or three (Gortinlieve and Mattock) clusters, 

in a transect from the catchment divide down to the river (Figure 4.7). Each cluster comprises 

from two to four separate boreholes, which are screened at different depths into the different 

hydrogeological flowpaths in the conceptual model, i.e. the subsoils, the transition zone, shallow 

groundwater and deep groundwater (M oe et al., 2010).

Figure 4.7. The middle borehole cluster (G02) in the Gortinlieve catchment.
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The boreholes were constructed to the highest level of professional standards which included 

supervision of all drilling by a hydrogeologist; logging of all drilling returns as drilling progressed; 

developnnent of the holes on completion by airlifting until the w ater was free of sediment; 

installation of uPVC 2 mm slotted screens covered with 300 micron filter at the specific 

monitoring depths; and grouting and proper surface seals to prevent ingress of contaminants 

down the side of the boreholes and ensure their integrity and longevity (M oe et al., 2010). 

Separate boreholes were drilled at each cluster, rather than the cheaper alternative of nested 

piezometers, to ensure that each monitored zone was properly hydraulically isolated.

A slightly different arrangement of borehole clusters was installed in the Glen Burn catchment by 

the Geological Survey of Northern Ireland. There are seven clusters in the lower catchment near 

the stream and surrounding a drumlin. Six of them comprise two boreholes, one shallow and one 

deep; the seventh has three boreholes and a further borehole (BH8) stands alone.

Pumping tests and down-hole geophysical surveys were subsequently carried out by ERA 

consultants and Pathways Project students to investigate the aquifer characteristics. W ater level 

loggers (OTT Orpheus Mini pressure transducers) were installed in each borehole and data were 

recorded every 15 min. The manufacturer reports a w ater level range of up to 10 m, w ith a 

resolution of 1 mm and an accuracy of ±5 mm. The advantage of the pressure transducer over the 

float and pulley system (OTT Thalimedes) used in the river stage water level loggers, is that the 

Thalimedes must hang vertically and freely, which is not always possible in a deep borehole.

Comprehensive full suites of groundwater chemistry and microbiological samples were taken 

from the ERA borehole by their consultants on a quarterly basis using standard sampling 

procedures, and after a rigorous quality control check including blanks, duplicates and spikes, the 

data were made available for this research. The level of confidence in these data is consequently 

very high. Sampling at the Glen Burn boreholes was carried out by other members of the 

Pathways Project and Griffiths Project teams in accordance with the agreed team QC protocols.

The responses in groundwater levels and chemistry were examined in relation to the responses in 

stream flow to rainfall, in the context of the three-dimensional geological profile, as part of this 

research. The aquifer characteristics calculated by others, i.e. transmissivity and hydraulic 

conductivity derived from the pumping test data, were used together with the gradients to 

estimate the contributions from the bedrock and subsoils to the stream. This provided useful 

insights for the conceptual understanding of how the catchment worked, as well as a means of 

validating the pathway contributions estimated using the hydrograph separation methods.
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4.2.2 Event sampling

Event sampling was one of the major cornerstones of this research as it provides specific 

information about how the delivery pathways for flow and nutrients change with rainfall, which is 

the key hydrological pathway driver. At least two major rainfall events that were forecast to be 

^10 m m /d were selected for intensive monitoring in each study catchment over the course of the 

research. Stream flows and w ater chemistry were measured at regular intervals during the event, 

at the catchment outlet and the mid-catchment location to incorporate an assessment of any 

differences due to increasing catchment scale. A series of representative samples were taken 

from the near-surface pathways around the catchment that were activated during the event, 

including overland flow, land drains, ditches, tributaries and the main channel. The coverage over 

the whole catchment helped to incorporate spatial variability. Groundwater samples were taken 

from the monitoring boreholes to give a three-dimensional elem ent to the pathway sampling. 

Replicate samples from some of the pathways were taken at different stages during the events 

where possible, to evaluate the temporal variability. Finally, a summer and a w inter event were 

targeted in each catchment to capture seasonal variations and the influences of different 

antecedent conditions.

Two automatic samplers (ISCO 6712 Portable Sampler) were deployed at the flow monitoring 

sites to collect regular samples throughout the events (Figure 4.8). The samplers were typically 

programmed for hourly sampling for the first 24 h to capture the rising limb and peak of the 

hydrograph, and then reduced to 2-5 hourly intervals during the recessions for 2 to  3 days. Longer 

intervals and recessions were required in the karst catchment, with its higher groundwater 

contributions. In order to reduce costs in the later events, changes in electrical conductivity of the 

captured event w ater were used as a guide for selection of representative samples for analysis. 

Samples were retrieved from the sampler within 24 h to ensure that prescribed pre-analysis 

holding periods were not exceeded. During the summer months, the samplers were packed with 

ice to reduce the temperatures inside the casing. Care was taken to ensure that the suction hoses 

were secured in the stream bed with rocks and that the entry points were above the stream bed 

to reduce the risk of pumping bed sediment into the sample bottles. Groundwater sampling 

required the use of a pump.

As the events were very costly and labour intensive, several team  members needed to be involved 

and samples were analysed by an accredited commercial laboratory. Results were cross checked 

using ion balances, duplicate samples analysed in the QUB laboratory, and review of trends in 

relation to other analytes and flows. Unfortunately some of the commercially analysed nutrient



Figure 4.8. Emptying the autosampler during an event in the Mattocit catchment.

data had to be discarded as it was considered unreliable. Further investigation identified that the 

lab had frozen the samples as they had not been able to manage the volume of samples our team  

had delivered.

This author was responsible for carrying out the near-surface pathway sampling for all events, and 

for the interpretation of all the event data. A number of additional, scaled back, smaller event 

sampling campaigns were also carried out by this author specifically for this research, in which the 

focus was on the near-surface pathways in the Mattock catchment. A reduced suite of analytes 

was selected, restricted to those used for the end mem ber mixing analysis (refer to Section 4.2.3), 

so that all samples could be collected and analysed by one person within the appropriate 

timeframes and at a reasonable cost.

The primary purpose of the event sampling was to understand catchment pathway dynamics and 

identify which pathways were dominant in the transfer of nitrate and phosphorus to streams. The 

data were also used for the chemical hydrograph separation methods.
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4.2.3 Chemical hydrograph separation

C hem ica l h y d ro g r a p h  s e p a r a t i o n  m e t h o d s  w e r e  a p p l ie d  to  t h e  r e s u l t s  o f  t h e  e v e n t  s a m p in g  

c a m p a ig n s  fo r  t h e  c a t c h m e n t s  u n d e r la in  by p oo r ly  p ro d u c t iv e  a q u i f e r s  t o  d e t e r m i n e  th e  

p ro p o r t io n  o f  f lo w  c o n t r ib u t e d  by e a c h  o f  t h e  m a in  p a th w a y s .  Two slightly d i f f e r e n t  a p p ro a c n e s  

w e r e  t a k e n  t h a t  re c o g n iz e d  t h e  d i f f e r e n c e s  in d a t a  availability; a t r a d i t io n a l  s ta t is t ica l  a p p ro a c h  

t h a t  w a s  a p p l ie d  in t h e  d a ta - r i c h  M a t to c k  c a t c h m e n t  only , a n d  a m o d i f ic a t io n  t h a t  w a s  c o n c e p tu a l  

m o d e l - b a s e d  a n d  s t r e a m - f o c u s s e d  in all c a t c h m e n t s .  T h e  s ta t is t ica l  a p p r o a c h  w a s  use fu l  t o  assess  

t h e  ap p licab il i ty  o f  t h e  c o n c e p tu a l  m o d e l  a p p r o a c h  a n d  d e t e r m i n e  t h e  d e g r e e  o f  u n c e r ta in ty  in 

t h e  resu l ts .

4 .2 .3 .1  S ta t is t ica l  a p p r o a c h  -  M a t to c k  c a t c h m e n t

In t h e  s ta t is t ica l  a p p r o a c h ,  p o te n t i a l  e n d  m e m b e r  p a th w a y s  w e r e  initially s e l e c t e d  in l ight o f  th e  

c o n c e p t u a l  m o d e l  ( r e fe r  to  C h a p te r  5), w h ich  in t h e  M a t to c k  c a t c h m e n t  in c lu d e d  o v e r l a n d  f b w ,  

soil w a t e r  a n d  b e d ro c k  g r o u n d w a te r .  A p p ro p r i a te  t r a c e r s  t h a t  b e s t  r e p r e s e n t e d  t h o s e  end  

m e m b e r s  w e r e  t h e n  id e n t i f ie d  b a s e d  o n  t h e  b a c k g ro u n d  c a t c h m e n t - w i d e  m o n i to r in g  re s u l t s  and 

t h e  n e e d ,  as  p e r  t h e  basic  a s s u m p t io n s ,  fo r  t h e  t r a c e r s  t o  b e  co n se rv a t iv e .

To iden t ify  t h e  e n d  m e m b e r  s ig n a tu re s ,  27  b a se l in e  sa m p lin g  ro u n d s  o f  t h e  n e a r - s u r f a c e  p a th w a y  

e n d  m e m b e r s  w e r e  c a r r ie d  o u t  b e t w e e n  N o v e m b e r  2 0 1 1  a n d  M ay  2 0 1 3 ,  a t  a r a n g e  o f  flow 

c o n d i t io n s  a n d  a t  a  n u m b e r  o f  r e p r e s e n ta t iv e  s i te s  a r o u n d  t h e  c a t c h m e n t s .  For logistical reason s ,  

t h e  n u m b e r  o f  d e t e r m i n a n t s  fo r  ana lys is  in e a c h  sam p lin g  ro u n d  w a s  r e d u c e d  t o  o n ly  th o s e  

r e q u i r e d  fo r  t h e  mixing a n a ly s e s  (Si a n d  SAC2 5 4  -  r e f e r  t o  C h a p te r  6  fo r  f u r t h e r  d is c uss ion )  as  well 

a s  e lec tr ica l  co nd u c tiv i ty ,  MRP a n d  NO 3 fo r  a s s e s s in g  n u t r i e n t  t r a n s fe r .  A re d u c t io n  in t h e  sam p le  

s ize f ro m  t h e  1- l i t re  a n d  6 0 -m l  g lass  b o t t l e s  t o  30 -m l d is p o sa b le  p las tic  b o t t l e s  w a s  a lso  r e q u r e d  

b e c a u s e  o f  t h e  n e e d  t o  ca rry  u p  t o  2 0  s a m p le s  a n d  field e q u i p m e n t  a r o u n d  w h i le  in t h e  field.

To d e t e r m i n e  t h e  im p a c t  o f  t h e  r e d u c e d  s a m p le  b o t t le  size o n  t h e  a c c u ra c y  o f  t h e  re su l ts ,  ba tch  

t e s t s  w e r e  c a r r ie d  o u t  o n  t r ip l ic a te  s a m p le s  f r o m  a land d ra in ,  a d i tch  a n d  t h e  river, in 60 -m l glass 

a n d  30-m l d i s p o s a b le  p las tic  b o t t le s .  R esu lts  co n f i rm e d  t h a t  w h e n  t h e  s a m p le s  w e r e  f i l t e re d  in t h e  

lab  a n d  a n a ly s e d  fo r  all p a r a m e t e r s  o n  t h e  s a m e  day, t h e  d i f f e re n c e s  w e r e  sm all  (< 1 0 %), which 

w a s  d e e m e d  a c c e p ta b le .  All field  sa m p l in g  c a m p a ig n s  w e r e  t h e r e f o r e  d e s ig n e d  w i th  t h e s e  t im e  

c o n s t r a in t s  in m ind .

F o u r t e e n  b a c k g ro u n d  g r o u n d w a t e r  s a m p le  ro u n d s  o f  d a t a  w e r e  a v a i lab le  f r o m  t h e  EPA fo r  t h e  

m o n i to r in g  b o r e h o l e s  f ro m  2 0 0 9  t o  2 01 2 .  U n fo r tu n a te ly ,  h o w e v e r ,  SAC2 5 4  c a n n o t  b e  ana ly sed  a t  

t h e  EPA la b o r a to r y  a n d  it w a s  t h e r e f o r e  n o t  in c lu d ed  a s  o n e  o f  t h e  d e t e r m i n a n d s .  On th r e e  

o c c a s io n s ,  it w a s  a r r a n g e d  t o  s u b s a m p le  t h e  EPA s a m p le s  a n d  SAC2 5 4  a n a ly s is  w a s  c a r r ie d  o u t  by
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this au thor a t Trin ity College. In com bination w ith  th e  groundw ater samples by th e  Pathways  

Project team , in to ta l th ere  w ere  26 samples w ith  both silica and SAC2 5 4  available from  the  

bedrock boreholes to  represent the bedrock end m em b er signature.

The mixing calculations w ere  carried out in a M o n te  Carlo fram ew o rk  to  incorporate some o f the  

uncertainty. The full range o f variability in each end m em b er signature was incorporated. O f 5000  

iterations, only 395 (7.9% ) w ere  feasible separations, i.e. did not result in negative end m em ber  

contributions. The m edian values from  th e  feasible separations w ere  selected to  represent the  

contributions from  each end m em ber. The 5th  and 95 th  percentile values w ere  then also 

identified  to  highlight th e  degree o f certa in ty in th e  results.

4 .2 .3 .2  Conceptual m odel-based, stream-focussed approach -  all catchm ents  

A m odified approach based m ore heavily on the conceptual m odel was developed fo r the  

catchm ents w h ere  th ere  was lim ited opportun ity to  collect extensive w a te r quality samples from  

potentia l end m em b er sites, o th er than during th e  team  events^. The full stream  w a te r quality  

datasets for each event in each catchm ent w ere  analysed using principal com ponent analysis (IBM  

SPSS Statistics 20) to  d e term in e  th e  num ber o f dom inant contributing com ponents, i.e. those that 

could account fo r at least 80%  o f the variance. The analytes th a t m ight be m ost suited fo r use as 

tracers to  represent th e  pathw ay com ponents w ere  then  selected on th e  basis o f the conceptual 

understanding o f the sources and pathways o f each analyte in th e  catchm ents, th e  available  

background sampling data, and the need fo r th e  tracers to  be conservative. Selection o f the  

tracers was catchm ent specific and is discussed fu rth e r in Chapter 6 .

M ixing models o f the stream  chem istry during th e  events, as a function o f th e  selected tracers, 

w ere  p lotted to g e th er w ith  th e  available samples from  the near surface and g roundw ater (re fer  

to  Figure 6.3 fo r an exam ple o f a mixing m odel diagram  fo r th e  M atto ck  catchm ent). Selection of 

appropria te  end m em b er signatures was m ore difficult because o f th e  lim ited dataset and so the  

changes in th e  stream  chem istry during the even t and th e  conceptual m odel w ere used to  guide 

th e ir  selection. M ean  values o f the available end m em b er samples w ere  selected w h ere  possible. 

W h e re  th e  data w ere  insufficient, a best estim ate was chosen based on th e  conceptual m odel and 

th e  even t stream  flow  data, under the constraint th a t th e  end m em bers needed to  bound the  

stream  samples. This m etho d  is far less robust than the statistical approach but as it was carried  

o ut w ith in  th e  constraints o f th e  conceptual m odel which had been developed using a range of 

techniques, and it was driven by th e  evidence from  th e  stream  data, it was considered to  be

 ̂The term  'team  events' is used to  refer to  the  tw o  large-scale event sampling campaigns tha t w ere carried 
out in each catchm ent by the  Pathways Project team  w here full suites o f analytes w ere analysed 

commercially. This is in contrast to  the event sampling for a reduced suite of analytes which was carried out 
solely by this author.
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realistic. Results were cross checked and validated against other methods, including the NAM 

results and calculation of the groundwater component using Darcy's Law. Further discussion is 

provided in Chapter 6.

4.2.3.3 Sampling the soil end mem ber

Many chemical hydrograph separation studies that consider the interflow pathway typically adopt 

the approach of installing specific, new, suction cup soil water samplers as access points for 

sampling the soil end member. There are difficulties with the use of suction cups, however, when 

the research objective is to consider the interflow pathway contributions to the stream on the 

scale of single rainfall events. First, they only sample the pore water in the vicinity of the sampler, 

which may not necessarily be connected to a contributing flowpath or representative of the wider 

soil conditions (Addiscott et al., 2000). This is particularly pertinent where flow through 

macropores is dominant. Second, installed and well-established porous cups have been reported 

to give differing results (Lord and Shepherd, 1993). Third, it takes a number of hours or often days 

of applied suction to retrieve enough w ater sample for analysis (Ryan et al., 2005), which results 

in a bulk sample with no opportunity for reviewing tem poral variations in w ater quality with rain. 

Fourth, the high levels of suction applied during the sampling procedure changes the total 

potential in the soil, which can have an impact on the concentration of nitrate in solution in the 

soil matrix. Hatch et al. (1997), for example, found that sampling soil solution in poorly drained 

clayey grassland soils (such as those prevalent in the study catchments) using ceramic cups led to 

up to a 10-fold underestimate in nitrate in comparison to sampling field drains and ditches, and it 

was therefore considered to be inappropriate for determining nitrate leaching. Fifth, even if 

representative soil w ater samples could be obtained, there would likely be little indication of 

which flowpath the soil w ater then took in its migration to the stream, e.g. overland flow, 

interflow, drain flow, return flow or transition zone flow.

As this research is focussed on the pathways that are delivering the flow and nutrients, rather 

than just the potential source of the w ater (e.g. soils or bedrock), a different approach was 

required. It was therefore decided to collect samples representing soil w ater from the land drains 

and ditches, as it was evident that, on the scale of individual rainfall events across whole 

catchments, they would be much more representative of the water actually arriving at the stream  

from  the soils than the soil pore water. These were supported by samples from the subsoil 

boreholes from the three borehole clusters in the groundwater monitoring suites, which were  

also considered more likely to be representative than pore w ater samplers.
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4.3 Soil water dynamics approach

The soil w ater dynamics were investigated in the Mattock catchnnent on a snnall hillslope 

approximately 250 m long, in a transect approximately at right angles from the river up to the 

subcatchment divide with the largest tributary of the Mattock to the south, known throughout 

the project as Lambert's tributary. Four soil and groundwater table monitoring clusters (S I to S4) 

were established in a transect spanning the hillslope at distances of from 10 to 160 m from the 

river. A fifth site (S5) was also developed for groundwater monitoring only. The site layout, 

together with the associated near-surface pathway sampling locations, is shown in Figure 4.9.

O  Overland flow  

^  Land drains 

^  Dltch«s 

^  R iv e r /tr ib

Soil m onitoring sites 

Catchment divide

•297S23.510 y«2»1117.420

Figure 4.9. Soil water dynamics field site layout In the Mattock catchment, showing the locations of the 
five clusters in the transect, with the measured land drains, ditches, overland flow, seeps and river 
sampling sites. The land drains (LD) are labelled for reference. Note that this figure is the insert in Figure 
4.19.

At each cluster location, a trial pit (Figure 4.10) was first excavated with a digger to approximately 

2.5 m below ground level, at a distance of 5 m to the west of where the monitoring equipment 

was to be installed. The profile was logged using the Geological Survey of Ireland's standard 

methodology for describing subsoils which is based on BS5930:1999 (Fitzsimons et al., 2003, 

Swartz et al., 2003). A number of different horizons with potentially different interflow  

characteristics were identified for installation of soil monitoring equipment. This comprised a 

maximum of three horizons per cluster: an A horizon of topsoil to a depth of approximately 

30 cm; a B horizon to a depth of approximately 80 cm; and a C horizon to the bottom of the holes. 

The holes were reinstated and equipment was purchased on the basis of the trial hole logs. Each 

cluster was fenced inside a 10 m x 10 m compound that was aligned with the boundary fence for 

the landholder's convenience.
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A horizon - shallow

B horizon - mid

<

C horizon - deep

J
Figure 4.10. Trial pit at SI, closest to the river. The trial pit is 2.5m deep.

4.3.1 Soil matric potential data

Three tensiometers were installed in three o f the clusters (S I, S2 and S4), at each of the three 

measurement depths, 30 cm apart. The site design and construction are illustrated in Figure 4.11. 

Only one tensiometer could be installed at S3 in the topsoil, as the deeper soils were too stony. 

The guide holes for the shallow and mid-depth tensiometers were installed using a hand auger; 

the deeper depths were achieved using a small, track-mounted, drilling rig. The holes were cored 

inside plastic sleeves, which m eant it was possible to generate an accurate site soil and subsoil log 

(Figure 4.12), and to recover soil for returning to the hole at the same depth from which it was 

retrieved. Due to limitations with the drilling equipment, the drilled guide holes were 120 mm in 

diameter, which was unfortunately much larger than required for the tensiometer. However, the  

tensiometers were inserted and pressed into the native soil at the bottom of the holes as far as 

possible, and the holes were backfilled with a slurry composed of depth-specific soil to at least 

0.5 m above the suction cup. The remaining void was backfilled with a slurry of bentonite (Figure
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Figure 4.11. Design of the soil moisture dynamics monitoring cluster sites.

Figure 4.12. Soil core from the deep piezometer hole at S2.
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Figure 4.13. Bentonite slurry ready for sealing one of the piezometers.

4.13), which was extended up to the surface to prevent ingress of rainfall. Each tensiom eter top 

was then covered with a length of 6-inch capped wavin pipe to keep the transducers dry, and 

reduce the impact of cold w eather and growth of algae inside the tube.

Soil matric potential data were measured using 10 Jet Fill tensiometers (Soil Moisture Equipment 

Corp; Model no. 2725ARL; Figure 4.14). The Jef Fill is a modular design that allows the ceramic cup 

to be screwed into the plastic tube, and different extension lengths to be added as required, 

which provides flexibility for installing different lengths in the field. The unit is sealed at the top 

with a jet-filled reservoir, which allows the user to refill the tensiometer from the reservoir by 

pumping the reservoir button, w ithout removing the cap. All tensiometers on the site were fitted  

with current transducers (Soil Moisture Equipment Corp, Model no. 5301) and were wired to a 

LGR-5320 Series analogue 16 channel data logger (M easurem ent Computing; Omega 

Engineering). The tensiometers, transducers and logger were tested in the lab prior to installation 

in the field, by applying suction with a hand pump and checking against a manual gauge. Onsite, 

the logger was stored in a home-made logger box located in the middle o f the site (Figure 4.15). 

All wires were either buried or pinned back behind the boundary fence to avoid being interfered  

with by grazing animals. Data were recorded at 15-min intervals. Power to the site was 

maintained using tw o alternated 12 V car batteries supplemented by a 100 W solar panel and 

trickle charger.
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Figure 4.14. (a) Jet-filled tensiometer showing the ceramic porous cup, the plastic tube and the jet-filled 
reservoir with the manual gauge attached, (b) A closer view of the jet-filled reservoir cap and the manual 
gauge replaced with a transducer for logged readings (pictures from Soil Moisture Equipment Corp).

Figure 4.1S. Home-made logger box with logger and battery inside. 

4.3.2 Soil moisture data

Three soil moisture TDR sensors (Delta-T Devices Ltd., Model no. SM 300-U M -1.1) were installed

within 30 cnn of the tensiometers at the three monitoring depths at S I for the first year, before

being moved to the equivalent positions at S2 for the second year. The TDR sensors were much

more expensive than the tensiometers so just three were purchased with a view to moving them

around to each site once relationships with the tensiometers had been established. It became

apparent, however, during the course of the study, that S3 was underlain by an artificial fill (likely

to be an old farm  track) and therefore was unrepresentatively well drained, and difficulties with
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the power supply and tensiometers at S4 meant that it was not clear if it would be possible to 

keep the site running long enough to establish a relationship between soil moisture and tension. 

It was therefore decided to maintain the TDR sensors at S I and S2 for a period of 12 months each.

The TDR sensors comprise a sealed plastic body attached to two 51-m m long stainless steel 

sensing rods (Figure 4.16). Guide holes were augered and cased with plastic casing, and the rods 

were pushed firmly into fresh soil at the bottom of the holes using extension tubes. The holes 

were backfilled outside the casing with a slurry of the soil that had been removed and then sealed 

to the surface with bentonite to prevent vertical infiltration of surface w ater along the  

preferential flowpath created. The casing was sealed at the top. The upper sensor, which was 

positioned at 20 cm below the surface, was installed horizontally in a shallow trench pointing in 

an upgradient direction to minimize the risk of generating preferential flow to the sensor. The unit 

was completely buried so that accurate soil tem perature measurements could be taken. 

Bentonite was not used for the shallow sensor as it has very high water retention properties and 

there was a risk that it might penetrate into the soil being measured and interfere with the 

results. The orientation of the sensor, however, was such that preferential flow was considered 

unlikely. The sensors were wired to a Campbell Scientific CR23X 16 channel logger as differential 

individually powered sensors. Measurements were recorded at 15-min intervals.

Figure 4.16. SM300 TDR sensor from Delta-T Devices Ltd.

The manufacturer's polynomial calibration curve for mineral soils was used to calibrate the output 

voltage of the sensors. An accuracy of +2.5% over 0 -50%  volume and 0-60°C  is reported in the  

manual and it is claimed that the standard calibration curve is appropriate for use (and has been 

tested) for the majority of mineral soils. A separate curve is available for use in organic soils. 

However, as soil moisture is dependent on the site-specific properties of soils such as hydraulic 

conductivity and porosity, additional validation tests were carried out to  cross check the results.
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Soil samples were taken from within 1 m of the installed soil moisture probes, at each of the 

monitored depths, and were returned to the lab for gravimetric soil moisture analysis for 

comparison against the logged SM300 data. The samples w ere collected in September 2013 at the 

end of a long dry summer, and again in November 2013 after an extended period of rain. This 

validation process was left to the end of the research period to avoid creating additional 

preferential flow paths on the site.

During the September round, the soils were so dry and hard that penetration and collection of 

samples with the hand auger was very difficult. Four samples were collected at 20 cm depth, and 

tw o at 60 cm. The average soil moisture content using the gravimetric method was 11.9-16.4% , 

which was in the same range as that recorded by the SM300s at the same tim e (11.4-19.8% ), 

suggesting that the manufacturer's mineral soil calibration curve was adequate.

During the w etter November round, 10 samples were taken for gravimetric analysis but, 

unfortunately the results were surprisingly low at 10 .9-29.6%  moisture content, in contrast to  the 

SM300 values which were much higher at 41 .8-57.5% . Review of the other available water 

balance data for the same day, and the evidence that the soils were visibly w et in the field, 

suggests that the gravimetric analysis was inaccurate. This is likely to be because the samples had 

to be left overnight before weighing and they not been adequately sealed prior to the analysis, so 

some of the moisture content had escaped before the samples could be weighed. Regrettably, 

there was no further opportunity to repeat the test. Although the absolute values of soil moisture 

at high moisture contents could not therefore be checked, nevertheless, the relative changes in 

soil moisture content with depth are of greater interest in this research than the absolute values.

4.3.3 Piezometers

As part of the soil moisture dynamics study, five piezometers approximately 4 m deep were 

drilled at each of the four soil monitoring clusters, and an additional site S5, using a track- 

mounted, down-hole hammer drilling rig (W hite Young Green PLC, Figure 4.17). Each hole was 

finished into a coarse sand/gravel layer which, at the tim e of drilling in November 2011, was 

saturated or at least wet. Slots were cut into the bottom 1 m of an appropriate length of 60-mm  

plastic tubing, which was used as casing, and the holes were backfilled using first the native 

gravelly material until just above the slots, followed by a slurry of the native soil and a bentonite 

cap. W ater levels were measured manually at each field visit with a Van W alt w ater level meter 

fitted with a measuring tape graduated in centimetres. W ater level measurements were therefore  

accurate to ±0.5 cm. The groundwater level data were a useful measure of the antecedent 

conditions and provided context for the soil moisture readings.
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Figure 4.17. Piezometer being drilled at Site 4 using the track-mounted down-hole hammer rig

4.4 Artificial field drainage

In order to investigate the role o f artificial field drains in more detail, a number of land drains and 

ditches were included in the 27 rounds of sampling near-surface pathways as described in Section 

4.2.3.1 (Figure 4.18). The majority of the sites were located in the vicinity of the soil moisture 

dynamics field site (Figure 4.9) to correlate with that aspect of the research, but some additional 

sites were also added to bring a spatial dimension to the research (Figure 4.19). Land drains are 

typically installed to solve a particular drainage problem, so in plot-scale studies, which have been 

the most common in Ireland to date, the drains are only representative of one drainage process. 

This study selected existing land drains at different parts of the catchment that had different 

drainage characteristics to determ ine how that impacted on the delivery of nutrients. Two ditches 

and a land drain on the northern side of the river, in a different hydro(geo)logical setting, were  

regularly sampled with those at the soil moisture dynamics site. A series of seven additional 

ditches and tw o land drains in the upper catchment were also sampled on occasion, including 

during one of the team  events. Easily accessible sampling sites w ere selected in view of the  

analysis time constraints with using the smaller sampling bottles, as described in Section 4.2.3.1.
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Figure 4.18. Sampling SI land drain. Mattock catchment.

Regular flow measurements were taken from five of the land drains that were discharging 

through open pipes, using either a 1 litre, 500 ml or 30 ml bottle, and a stop watch. As the 

method is highly dependent on the reaction tim e of the operator, the size of the measurement 

vessel used was adjusted to try to maintain a filling tim e of at least 20 seconds, so that the 

measurement error could be kept to no more than 2.5%, i.e. assuming a reaction time of ±0.5 s. 

Flow measurements were taken three times and averaged.

The purpose of this aspect of the work was to gauge the spatial and temporal variability in flow, 

chemistry and nutrient concentrations in land drains and ditches around the catchment. Some 

preliminary work has also been carried out by this researcher to delineate a national map of the 

hydro(geo)logical environments in which land drains are likely to be present. As described in the 

following chapters, this research has helped to show that artificial drainage does have a 

significant bearing on the transport of flow and nutrients to streams, and a map is consequently 

required as a contributing input layer for the Pathways Project catchment management support 

tool. A set of rules, i.e. GIS algorithms, dictating the scenarios where drainage is likely to be 

present was generated based on discussions with other practitioners and a review of the 

literature. A drainage map was then generated for each of the four study catchments and was 

tested against land drain surveys carried out by other Pathways Project students in interviews 

with landholders. The results were used to refine the GIS algorithms.
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Figure 4.19. Spatial sampling of the artificial drainage network. Note the insert is presented in Figure 4.9.
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4.5 Summary

The data collected in the three elements to this work were used to address the role of the near

surface pathways in the transfer of flow and nutrients to  streams, as in general, and specifically in 

Irish soils, they are poorly understood. It is clear from the literature, however, that the 

hydro(geo)logical pathways in a catchment are in fact a continuum, and that the near-surface 

pathways must therefore be investigated in a whole-of-catchment context considering the full 

three-dimensional geological profile. This is particularly pertinent in this research as the context 

of the work was to contribute to the development of a set of national catchment management 

support tools. In addition, the study catchments were new research catchments with very limited 

data available, in contrast to the many, long-established research catchments worldwide. Thus, 

the overall research strategy was to apply a range of investigatory techniques in all the 

catchments, so that the resulting conceptual model had as broad an application as possible. 

Temporal and spatial variability were both im portant within the constraints of the available 

resources. A catchment focus was therefore dominant, but it was supported by site-scale 

dynamic, process studies in the Mattock catchment. As 70% of the land surface in Ireland is 

underlain by poorly productive rock aquifers and poorly drained soils, the Mattock was 

considered to be representative of the majority of the Irish landscape.
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5 Catchment conceptual models

This chapter presents consolidated conceptual models for each of the four study catchments, 

based on interpretations of the available catchment data, using a range of techniques. It is not 

intended to present all the available catchment information here, rather just the data and 

methods that support the conceptual understanding of how the pathways function in the delivery 

of flow and nutrients to the stream, particularly the near-surface pathways. A strong conceptual 

understanding of stream flow  generation processes was found to be essential as a basis for 

implementing the hydrograph separation techniques, as outlined in Chapter 6.

A section on each study catchment commences with a brief description of the geological 

framework and land use, followed by a discussion on the pathways as supported by stream flow, 

groundwater level and electrical conductivity data. Assessment of the w ater chemistry and quality 

data is also included where it has a specific bearing on the interpretation of the pathways. An 

assessment of the nutrient transport pathways based on the event sampling and other data is 

then presented. A final section summarizes the conceptual model for the catchment. This chapter 

concludes with a brief discussion of pertinent issues for consideration in carrying out the  

hydrograph separations (Chapter 6).

Insights from this chapter, and Chapters 6 -8 , have been used to critique and improve the generic 

conceptual model in Chapter 9. Much of the sections detailing the catchment conceptual models 

has been duplicated in the Pathways Project catchments field report (Deakin et al., 2014). W here  

analyses and interpretations have been made by others, references are provided as appropriate; 

otherwise the work is that of this author. Although data collection in the Glen Burn and 

Gortinlieve catchments was the primary responsibility of staff and students from Queen's 

University as part of the Pathways Project, the analysis and interpretation of the data was carried 

out by this researcher as a contribution to the overall project and for the purposes of this 

research. A location map showing the four catchments is provided in Figure 4.1.

5.1 Mattock catchment

The Mattock catchment straddles the M eath/Louth border and covers an area of 17 km^ with the  

village of Collon at its centre. The catchment outlet is at an elevation o f approximately 85 m OD 

and the catchment rises to an elevation of approximately 250 m OD on its northern flank to the 

northwest of the village.
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5.1.1 Geological framework

The catchment is underlain by Silurian greywackes, mudstones and siltstones to the west and east 

and there is a central core block of Ordovician volcanic rocks and metasediments. All the rocks are 

classified by the Geological Survey of Ireland as either Poor aquifers which are generally 

unproductive (Pu) or generally unproductive except for local zones (PI) (Figure 5.1), which is 

similar to the aquifer classification in Gortiniieve and Glen Burn. Estimates of the hydraulic 

conductivities in the deep boreholes in the EPA monitoring borehole suite in the lower catchment 

(see Figure 4.2 for borehole locations) were one and tw o orders of magnitude higher than in the 

Gortiniieve and Glen Burn catchments, respectively. Consistent with the other two catchments, 

fracture analysis showed that there were a limited number of fractures in the bedrock that were 

hydraulically active (Nitsche, 2013, unpublished data).

The transition zone was not formally identified when the monitoring boreholes were being drilled. 

However, it is clear from  the w ater level data in the subsoil borehole at M K l (refer to Section 

5.1.3.2), there was sufficient permeability at the junction between the subsoils and the bedrock to 

maintain a responsive w ater level in this zone for at least 6 months of the year. The question 

remains as to w hether there is sufficient weathering in this zone to create the transmissivity to 

contribute significant flows to the stream hydrograph. If not, w ater from the saturated soils is 

likely to discharge at the surface when the profile is fully saturated; these environments are 

typically suited for the installation of artificial drainage networks. W hile the transition zone may 

not have been observed in the monitoring boreholes in the lower catchment, it is probable that it 

is present in other parts of the catchment. For example, the Geological Survey of Ireland's well 

database includes three dug wells and two drilled wells that are completed into the upper 3 -6  m 

of weathered bedrock.

The subsoils in the catchment are predominantly poorly draining tills derived from these Lower 

Palaeozoic rocks ranging from <1 m deep on the higher ground to >10 m deep in some parts of 

the valley. This results in the full range of groundwater vulnerability categories from Extreme to 

Low (Figure 5.1). Alluvial deposits are present along the river channel. The soils across the 

catchment are typically poorly drained, except in the areas where rock is close to the surface or 

there are underlying permeable gravels (Figure 5.1).

Five resistivity profiles perpendicular to the river, and a sixth at the soil w ater dynamics research 

site, all carried out by researchers at Queen's University Belfast, have shown that there are two  

deep palaeochannels along the axes of the main river channel and the parallel tributary to the 

south (Lamberts tributary), which are infilled with a chaotic mixture of sands, gravels and tills
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(Wilson et al., 2012). In the vicinity of the borehole transect, the palaeochannel is 40 m deep and 

is overlain by a 5 m sequence of finer grained, less permeable alluvial deposits (Figure 5.2). The 

channel has a significant impact on groundwater-surface w ater interactions in the catchment as 

described in Section 5.1.3.

GlKioftuvttI S*ndt 
ft GrsvtH

BH Key (lf>dk«ted bv Colouf I 
• AlHnrtufn

Figure 5.2. Resistivity profile through the EPA borehole transect in the lower catchment showing the 
major palaeochannel (from Wilson et al. (2012)). The location of the profile, together with the boreholes. 
Is marked on the map in Figure 4.2.

5.1.2 Land use

A detailed land-use survey found that there w/as approximately 83% pasture (dairy, cattle, sheep, 

with some horses) and 7% arable for cereals and maize, with the remainder a mixture of 

woodland, scrub, urban and other categories (Crockford, 2009). Application of organic and 

inorganic fertilizers was reported as being common. The rural population is approximately 1850, 

just over half of which is presently served by a modern wastewater treatm ent plant (WWTP) with 

a high level of phosphorus treatm ent (EPA, 2005). The town's drinking w ater supply is provided by 

three boreholes located in the gravels and upper bedrock adjacent to the WWTP site (Groves, 

2010)^. The remainder of the population is rural and is serviced by private wells and domestic 

waste w ater treatm ent systems (mainly septic tanks).

5.1.3 Pathways

5.1.3.1 Stream flows

Flow in the Mattock catchment is very responsive to rainfall as would be expected in a poorly 

productive aquifer setting, and there is very little baseflow during the summer months. Between 

February 2011 and February 2013, the range in flow at the catchment outlet was large, from  

0.002 to 15 mVs, and the mean flow was 0.14 mVs. Much of the agricultural land is artificially 

drained and rushes and other vegetation indicators of poor natural drainage are prevalent where

 ̂The W W TP and the  abstraction boreholes are located in the  same Council owned compound, which is also 

the  site o f the rainfall gauge in Collon. Refer to  Figure 4.2 for the ir location.
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they have not been managed (Figure 5.3). The geological setting and the hydrological regime are 

therefore indicative of a highly responsive flashy catchment in which the near-surface pathways 

are dominant.

Figure 5.3. Land drainage based on a land-use survey and bedrock geology in the Mattock catchment 
(Quigley, 2012). Pale green, Silurian greywackes, mudstones and slltstones; orange, purple and pink, 
Ordovician volcanic and metasediments.

5.1.3.2 Groundwater levels

Reliable groundwater level data were limited to the EPA borehole transect in the southeastern 

corner of the catchment (Figure 4.2). The groundwater level data (Figure 5.4) showed that at 

M K l, close to the catchment divide, the average groundwater levels in the subsoils, shallow 

bedrock and deep bedrock boreholes were 1.8 m, 3 m and 2.8 m below ground level, respectively, 

indicating that the upper shallow bedrock was the primary bedrock discharge pathway. The 

subsoil and shallow bedrock w ater levels also responded to rain consistent with the stream  

hydrograph; there was little direct response in the deep borehole. This is representative of typical 

hydrogeological conditions in a poorly productive aquifer but it is very different to the w ater level 

regime at MK2 and MK3.

At MK2 Deep, the average depth to the w ater table was 24 m bgl, and the shallow bedrock 

borehole (22.9 m depth) was consistently dry. At MK3 close to the river, the w ater tables in the 

shallow and deep bedrock boreholes were some 12 -14  m below ground level, did not respond to 

rainfall and showed evidence of an earth tide effect. There was an upward gradient from the deep 

bedrock into the shallow bedrock which was confined by 10 m of clayey till. Above the clayey till, 

the alluvium (MKSubsl) and glaciofluvial gravel (MKSubs2) boreholes responded to rainfall, 

although the response in the gravel borehole was more muted than in the alluvium due to the  

1-m thick clay horizon separating them . During rainfall events, the groundwater head in the
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alluvium was higher than  in th e  gravels, but otherwise the re  was a small upward gradient from 

the  gravels. The river is therefore  disconnected from the  bedrock groundwater in th e  valley floor.

The boreholes a t  MK2 and MK3 were affected by the  presence of the palaeochannel which was 

lowering the  deeper  w ater  table. A similar scenario occurred at the  soil w ate r  dynamics research 

site where the  palaeochannel in the  adjacent Lambert's tributary valley has resulted in a 4-m 

borehole close to  the  catchm ent divide being dry for much of the year. Further evidence is 

provided at a large disused quarry just south of Collon th a t  has been excavated to  approximately 

30 m below ground level into the  volcanic rocks; despite numerous field visits, the re  has never 

been any evidence of a w ater  table observed. Such deep  w ater  tables are unusual in rocks such as 

these, which are classified as poorly productive. An interpretation of the available evidence in the 

context of the  glacial history in this ca tchm ent by Dr Robert M eehan {pers. comm.)  suggests tha t  

the re  is a high likelihood th a t  there  are interconnections be tw een  the  sand and gravel deposits at 

depth  in th e  palaeochannel, and tha t  w ater  may discharge below the  ground surface into the  

major Boyne River terrace gravels several kilometres further south and downstream  of the  

catchment.

5.1.3.3 Electrical conductivity

Sampling of th e  electrical conductivity in th e  river from th e  groundwater monitoring boreholes 

and from representative examples of rainfall, overland flow, land drains and ditches around the  

catchm ent was carried out and is shown in Figure 5.5. The results show, as expected, tha t  the  

near-surface pathways typically had lower electrical conductivity values than th e  deeper  

pathways, reflecting shorter residence times and less interaction with th e  geological substrate. 

The signature of the  ditches aligned quite closely with th a t  of the  river. It is evident in the  field 

and from th e  data th a t  ditches are essentially an extension of the  river network, and th a t  they are 

a mixture of w ater  from the  deeper  pathways with higher conductivity on the  one hand, and 

w ater  from th e  near-surface pathways and rainfall tha t  is lower in conductivity on the  other. 

Equally, it could be hypothesized tha t  the  land drains comprise a mixture of soil and subsoil water, 

which is higher in conductivity, and overland flow and rainfall, which is lower. Further discussion 

on th e  origin of th e  w ater  in the  land drains is provided in Section 8.4.1. The very high 

conductivity values in MK3 Deep and MK3 Shallow (together with the  hydrochemistry) reflected 

th e  much longer residence time in the  confined system and emphasized their disconnect from the  

river, as confirmed by the  groundw ater levels.

Despite the  groundwater-surface w ater  disconnect in th e  valley floor, it is apparent from the  

electrical conductivity m easurem ents  in the  stream tha t  bedrock groundw ater must contribute to
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Figure S.5. Electrical conductivity m easurem ents from pathways. The num bers a t the  top  of th e  plot 
indicate the  num ber of samples. Samples from rain, overland flow, land drains, ditches and the  river 
com prise sam ples from each pathway type taken from all over the  catchm ent, as shown in Figures 4.2, 
4.9 and 4.19. The rem ainder of th e  samples w ere taken from each specific nam ed borehole (Figure 4.2).

provide th e  higher values to counter balance the  near-surface contributions. There is evidence in 

th e  field from bedrock exposures in the  bottom  of ditches, from the  fact tha t  they flow all year 

round, and from the  hydrochemistry of ditch water, tha t  bedrock groundw ater  does contribute to 

th e  stream, but th a t  it does so via numerous seeps and springs th a t  discharge into the  headwaters 

of the  drainage ditches. The ditches commonly start high up in the  ca tchm ent w here  the  shallow 

rock gives way to  increasingly thicker tills as one moves down into th e  valley. This results in 

quicker apparen t  response times for the  groundwater contribution to  the  s tream s than  might 

o therwise be expected, which needs to  be taken into account in the  pathways separation (refer to 

Section 6.5.2). Further discussion of the  origin of the  w ater  in the  ditches is provided in Section 

8.5.2.

Electrical conductivity values >1000 ^S/cm, with very high ammonium or nitrate, were  measured 

in MK3 Alv (the borehole into the  shallow alluvium close to  the  stream) on two occasions and so 

those  data have been removed from this analysis as the  w ater  was contaminated. There were 

few er samples from the  monitoring boreholes than from the  river, especially those th a t  were dry 

on occasion such as MK3 Alv, which m eans th a t  the  datasets  are not comparable statistically. 

Nevertheless, they  do provide an indication of th e  differences be tw een  th e  w ater  in th e  river and 

its likely contributing pathways.

5.1.4 Nutrient transfer

The spatial river w ater  quality sampling data  dem onstra ted  a uniform increase in nitrate loads 

with distance dow nstream , which suggested tha t  the  sources w ere  relatively uniform across the
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catchm ent and w ere  th ere fo re  largely diffuse; w ith  the exception o f the Collon area w h e re  the  

load increased eight-fo ld  during low  flows. The stream  profile showed less uniform  contributions  

o f phosphorus in th e  catchm ent, especially in the low er part o f the catchm ent at nnoderate flows, 

which suggested th e  influence o f poin t sources (Deakin e t al., 2014).

5 .1 .4 .1  Pathw ays sampling

Review o f all th e  available data fro m  the EPA borehole netw ork, i.e. fo urteen  rounds o f quarterly  

sampling fro m  2009  to  2012 , showed th a t at M K l in th e  upper catchm ent, w here  th e  soils and 

subsoils are th in , all th e  contam inant indicators w ere  higher in the subsoils and th e  to p  of the  

bedrock th an  in e ith er o f th e  d eep er boreholes (Figure 5 .6 ). W hen considered w ith  th e  upw ard  

gradient and th e  higher transmissivity, this suggested th a t th e  upper bedrock/transition  zo n e  was 

a significant n u trien t transport pathw ay.

The deep  borehole a t M K2 had an unusually large unsaturated zone because o f  the  

palaeochannel, w hich has resulted in high n itra te  at depth , but not phosphate o r coliforms^. In 

th e  low er catchm ent a t M K3, th e  alluvium  was th e  m ost contam inated  o f all th e  boreholes with  

high n itra te , am m onium  and phosphate, but no coliform s, which m ay suggest a travel t im e  long 

enough fo r bacteria to  die o ff. C ontam inants w ere  typically much low er w ith  dep th , although  

elevated  phosphate was found in th e  gravel on occasion. W a te r quality in th e  shallow  and deep  

bedrock was generally  good, although am m onium  was elevated in th e  shallow g ro un d w ater  

p ath w ay on occasion.

A n u trien t mixing m odel was generated  w hich presents n itra te  and phosphate concentrations for 

th e  river during the m onitored  events, w ith  those from  spot samples fro m  th e  d iffe ren t 

contributing  pathways, including overland flow , land drains, ditches, and th e  bedrock and subsoil 

boreholes (Figure 5 .7 ). The results show th a t during th e  events, the river alm ost alw ays had 

higher concentrations o f phosphate than th e  0 .0 35  m g /l as P threshold lim it b etw een  G ood and 

M o d e ra te  status. The concentrations o f phosphate w ere  often  high in overland flo w  and the  

ditches, suggesting th a t th ey  w ere  contributing pathways. The mixing plot also shows th a t the  

river was o ften  a t a higher n itra te  level than  the in terim  ecological surrogate level o f 8  m g /l as 

NO 3; it was only dilu ted below  this level a t peak flows. The land drains, subsoil boreholes and 

bedrock boreholes w ere  th e  m ain pathways w hich had high n itrate levels, a lthough th e  ditches 

w e re  also high on occasion.

 ̂Coliforms are included in the routine quarterly groundwater monitoring carried out by the EPA. Although 
coliforms are not a focus of this thesis, their presence in groundwater provides additional information to 
support the conceptual model, so they have been included in the discussion.
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Figure 5.6. Contaminant indicators in the subsoil and bedrock groundwater pathways in the EPA 
monitoring cluster. (Figure based on a tem plate drawn by A. Orr and reported in Deakin et al. (2014)). 
Based on quarterly sampling carried out by the EPA between June 2009 and July 2012. n = 14 for all 
boreholes except those that occasionally dry up, including M K l Subsoil and MK2 Deep (n = 10); and MK3 
Alluvium (n = 6).
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Mattock nutrient mixing model
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Figure 5.7. Nutrient mixing model showing the primary delivery pathways for nitrate and phosphate to 
the river. Dashed lines highlight environmental management thresholds. River samples connected by the 
same line were collected at hourly intervals during the same rainfall event. The semi-circular arrow 
indicates the direction of the progression of the events, and hence the hysteresis.

A box and whisker plot (Figure 5.8) suggested that over the longer term , the pathways sampled 

may not have provided sufficient phosphate to deliver the observed concentrations in the river, 

which supports the hypothesis of a contribution from point sources. Nitrate was sufficiently high 

in the subsoils and deep bedrock at MK2 to account for the nitrate in the river, but hydrological 

pathway links to the river need to be present in order for them to provide viable sources. This is 

unlikely at MK2 because of the drainage to the palaeochannel, and in the subsoils a link via 

artificial drainage and/or the shallow bedrock/transition zone would be required.

5.1.4.2 February 2011 event

Five rainfall events that occurred over a 6-day period in February 2011 were sampled hourly in 

the river at Collon.^ The total rain over the period was 67 mm with a maximum rainfall intensity of 

5.97 m m /h. A plot of nitrate versus flow during the five events provided a number of insights into 

the nitrate, and consequently the flow delivery pathways in the upper catchment (Figure 5.9).

 ̂A sixth subsequent event was also sampled but the nutrient data did not meet quality control standards. 
The samples were frozen in an effort to preserve them but the nitrate data were unfortunately 
unsatisfactory as a result.
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Figure 5.8. Concentrations of nitrate (mg/l as N) and phosphate (mg/i as P) in the main pathways in the 
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samples were taken by the EPA between June 2009 and July 2012. River samples were taken during 
background sampling, event sampling and sampling during collection of near surface spot samples, which 
is why the river category has the greatest number of samples. Refer to Figures 4.2, 4.9 and 4.19 for 
sample locations.

First, with the exception of the first event when there may have been some incidental, first flush 

losses, nitrate decreased in concentration during rainfall events, which suggested it was delivered 

via a subsurface pathway, and that the contribution from that pathway was diluted with overland 

flow.
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Figure S.9. Changes in nitrate concentrations with flow during five successive rainfall events at Collon in 
February 2011. Arrows show the direction of the hysteresis for each event.

Second, n itra te  co n c en t ra t io n s  w e re  h igher  a t  th e  en d  of  each  successive e v e n t  th a n  th e y  were  a t  

t h e  end  of  t h e  previous one ,  desp i te  inc reases  in flow an d  potentia lly  th e re fo re  dilution. This 

suggests  th a t  new  sou rces  w e re  being mobilized overall as th e  e v e n ts  p rogressed .  The 

g ro u n d w a te r  level d a ta  for t h e  s a m e  per iod  (Figure 5.10) sh o w ed  th a t  th e  w a te r  levels in th e  

bed rock  and  subsoils in th e  u p p e r  c a tc h m e n t  aw ay from  th e  pa laeochanne l  (MKl), and  in th e  

gravel and  alluvium close to  th e  river a t  MK3, all inc reased  during th e  even t.  As t h e  subsoils a t  

MKl and  MK3 w e re  sources  o f  n i t ra te  and  am m o n iu m  (Figure 5.7), th e  rising w a te r  levels in th e  

subsoils during th e  e v e n t  m ay have mobilized th e  additional n i tra te  sources.

Third, th e  n i t ra te - f lo w  re la tionsh ips also sh o w e d  hysteresis  effects  during each  o f  t h e  events, 

which changed  u n d e r  d if fe ren t a n t e c e d e n t  and  flow conditions. Events A and  B p rog ressed  in an  

anti-clockwise direction , co n s is te n t  w ith  t h e  mobilization of  n ew  sources .  Event C, which w as  

larger, co m m e n c e d  in a clockwise d irec tion  during th e  high flood peak suggesting  th a t  t h e  sources 

w e r e  being d e p le te d  or  rapidly d ilu ted  with  th e  influx of  f re sh e r  w a te r .  After th e  p eak  had  

rec ed ed ,  it rev e r te d  to  th e  anti-clockwise direction  o nce  m ore .  Event D w as sm aller  in size and  

sh o w ed  a clockwise hysteresis;  Event E, which w as  th e  la rgest even t,  w as  slightly anti-clockwise 

b u t  m o re  linear overall. The dep le ting  sou rce  re sp o n se  during Event D followed th e  w e t te r
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Figure 5.10. Groundwater levels and flow at Collon during the February 2011 series of events. Data are 
hourly. Water levels for MK2 Deep unfortunately were not available; water levels for MK3 Deep and MK3 
Shallow have been omitted as they did not respond during the event.

antecedent conditions of the previous larger event. One possible explanation is that the 

subsurface flow paths delivering the nitrate became overwhelmed with the influx of rainfall 

suggesting that they may have been subsurface pathways that were close to the surface and 

within reach of the effects of the rainfall, rather than from the deeper groundwater pathways.

This would be consistent with the alluvium and subsoils being the sources. However, achieving 

adequate flow rates through these deposits to contribute to the river over the tim e scale of a 

rainfall event would depend on there being either (a) sandy/gravelly units within the alluvium; (b) 

land drains and/or ditches present; and/or (c) return flow leading to rapid discharge via the 

overland flow pathway.

During the larger events when the flow at Collon was greater than approximately 1.2 mVs, the 

n itra te -flo w  relationship became much more linear, reflecting the dominance of a simple dilution 

process with overland flow. The groundwater level data show that at this stage in the lower 

catchment, the sandy alluvium was fully saturated and confined under the SILT/CLAY which, 

assuming it was representative of the alluvium elsewhere in the catchment, would support the 

dominance of overland flow processes at that flow level. A similar change point was identified in 

the Glen Burn (refer to Figure 5.24).
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5.1.4.3 January 2012 event

The January 2012 event was a project team sampling event during w/hich the total rainfall 

was 27.7 mm with a maximum rainfall intensity of just 2.2 mm/h. There were three flow peaks 

that generated corresponding increases in the loads of most of the indicator parameters (Figure 

5.11). The relationships between the timings of the flow  peaks and the points of maximum 

contaminant load delivery varied, however, and provided insights into the transport and delivery 

mechanisms. As the stream began to  rise, total phosphorus and ammonium loads peaked first, 

before the maximum flow. These parameters responded w ith the rain rather than with the stream 

hydrograph, became depleted quickly and are likely due to wash-off from point sources, 

potentially farmyards and other high-risk, hard stand, runoff areas. These peaks were followed by 

peaks in phosphate and potassium loads, which reached a maximum at approximately the same 

time as the maximum flow. These contaminants are likely to be transported to the river via the 

overland flow pathway and may represent a broader interaction with diffuse sources.
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Figure 5.11. Increases in contaminant loads with flow during the January 2012 event. Mattock catchment.

The nitrate concentration in the river decreased during the event, but the total nitrate loads 

increased. Nitrate loads peak after the maximum flow and are correlated very well w ith silica 

loads (R  ̂= 0.95), which suggests that nitrate is transported via a subsurface pathway with a lag in 

the time of maximum delivery to the stream. The relationship between nitrate and silica is strong 

because they are both mainly delivered via the subsurface pathways. The relationship between 

phosphorus and other parameters is much weaker as there are multiple sources and pathways for 

its delivery.
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5.1.4.4 June 2012 event

The total rainfall during the  June event was 40.6 mnn and it cam e in six small events ranging in 

intensity from <1 m m /h  to  >4 m m /h. The concentrations of th e  param eters  of interest generally 

behaved in th e  sam e way as during the  winter event, i.e. th e  solutes associated with the  

subsurface pathways were diluted during th e  rainfall event and th e  surface pathway 

contam inants increased in concentration. The first increase in flow also invoked a flushing 

response th a t  delivered relatively large nutrient loads in comparison to  the  subsequen t  flow 

peaks (Figure 5.12). The first flush was im portant for th e  delivery of amm onium , phospha te  and 

potassium, but th e  highest peaks in load w ere  coincident with th e  third flow peak. For total 

phosphorus, th e  second flow peak appears to  be th e  m ost im portant period of delivery, w hereas  

th e  nitrate, silica and potassium loads all behave similarly and peak with th e  flow. This suggests 

th a t  during th e  first peak, the re  were  initial flushes of small point sources adjacent to  th e  s tream , 

possibly from cattle  access areas. As the  rain progressed, overland flow developed and delivered 

both soluble and particulate contam inants to  th e  stream . All th e  soluble contam inants continued 

to  increase with th e  third flow peak, reflecting a likely increase in th e  contributions from both the  

surface and subsurface pathways as the  sa tura ted  areas  continued to  expand.

P04loadx 100 
TP loads

Figure 5.12. Increases in contam inant loads with flow during th e  June 2012 event. M attock catchm ent.

The apparen t  lack of a third increase in total phosphorus may be simply due  to  the  infrequency of 

sampling, which by th a t  time had been reduced to  every four hours. It has been observed in this 

ca tchm ent and elsew here  th a t  th e  maximum response in total phosphorus can often  lag behind
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the soluble contaminants, presumably because the travel tim e for particulate phosphorus takes 

longer than for soluble phosphorus (Deakin et al., 2014).

5.1.5 Conceptual model summary

It is considered that the dom inant flowpaths in the M attock catchment are the near-surface 

pathways, including overland flow, and soil and subsoil w ater that is delivered through the 

artificial drainage networks, the transition zone and the shallow bedrock. In the groundwater 

recharge areas, the w ater level data showed a downward gradient, and the aquifer param eter 

data indicated that the upper bedrock/transition zone was the most transmissive horizon capable 

of moving nutrients laterally. Flow and contaminants in this zone have had greatest interaction 

with the soil layer. Moving down into the valley, the subsoils become thicker and low permeability 

soils dominate. Surface drainage networks are common to  relieve poor infiltration capacity and 

drain high w ater tables, and they can deliver relatively high levels of nutrients where there are 

linked pressures. Bedrock groundwater is disconnected from  the river in the valley floor but 

contributes via the drainage networks from higher up in the catchment.

Nitrate increases proportionally to the catchment area suggesting that the primary source is 

diffuse, although impacts from  point sources, especially domestic w astewater treatm ent systems, 

have also been observed and measured in the field. The borehole data show that shallow subsoils 

are a key nitrate subsurface store.

Phosphorus sources are both point and diffuse with the primary diffuse delivery pathway being 

overland flow, although ditches are also im portant. The contribution o f phosphorus from  small 

point sources such as farmyards and poorly functioning domestic wastew ater treatm ent systems, 

which discharge throughout the catchment into ditches, tributaries and directly into the main 

channel, is evident from field surveys (Finn, 2012).

5.2 Glen Burn catchment

The Glen Burn catchment, also known as the M t Stewart catchment, is a small (5 km^), low-lying, 

drumlin catchment located on the Ards peninsula in Co. Down.

5.2.1 Geological framework

The bedrock comprises greywackes and shales of Silurian age that are classified as a poorly 

productive aquifer, which is generally unproductive, except in local zones (PI). Pumping tests using 

packers (carried out by students from Queens University) suggested that the bulk hydraulic 

conductivities in the bedrock decreased significantly with depth (Figure 5.13), from 10”  ̂ m /d in 

the highly weathered zone at the top of the bedrock, i.e. the transition zone, to 10“  ̂ m /d  in the
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shallow  fissured bedrock, and  10'^ m /d  in th e  d e e p ,  poorly fissured to  m assive  b ed rock  (Comte e t  

al., 2012). Geophysical bo reho le  logging and  well dilution te s ts  su g g e s ted  th a t  only a small 

n u m b e r  of  s teep ly  dipping, d isc re te  f rac tu res  in t h e  bedrock  w e re  w a te r  bear ing  an d  th a t  they  

w e re  unlikely to  ac t  as a hydrological p a thw ay  link b e tw e e n  th e  n u tr ien t  sources  in t h e  c a tc h m e n t  

an d  th e  Glen Burn River (Nitsche and  Flynn, 2011).
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Legend:
•  Shallow bedrock (fissured bedrock)

•  Deep bedrock (massive bedrock)

—  Mean bedrock

•  Alluvium deposits (clavey to  gravely sands)

•  Glacial till cover (boulder clay to  clayey sands) 

Sedim entary cover (Permian sandstones)

Figure 5.13. Bulk hydraulic conductivities with dep th  in the  Glen Burn catchm ent based on pumping tests  
with packers (from Comte e t al. (2012)).

The m o s t  p e rm e a b le  bedrock  g ro u n d w a te r  p a th w a y  in th e  c a tc h m e n t  is th e re fo r e  th e  u p p e r  

w e a th e r e d  bedrock , a l though  resistivity surveys found  th a t  th e r e  w as  s tro n g  spatial variability in 

th e  d e g re e  of  w ea th e r in g  (Com te e t  al., 2012). Lateral hydraulic g rad ien ts  w e re  o f  th e  o rd e r  of 

0 .05 to  0 .07  b ased  on th e  b o reh o le  data ,  and  th e  d irection  and  o r ien ta t io n  w a s  n o t  fo u n d  to  vary 

significantly b e tw e e n  seasons  (bo reho le  locations a re  show n in Figure 4.3).

Drumlins com pris ing low perm eabil ity  soils and  glacial till 1 5 - 2 0  m thick, overly t h e  bedrock . The 

hydraulic conductiv ity  of th e  till is similar to  th e  d e e p  bed rock  a t  10'^ m /d  (Figure 5.13). In th e  

in te r-drum lin  a reas ,  th e  rock is close to  th e  su rface  and  th e  th in  soils and  subsoils a re  poorly 

d ra ined  (Figure 5.14). The g ro u n d w a te r  vulnerability, m a p p e d  using t h e  Geological Survey of 

Ireland m e thodo logy ,  ranges from  Low vulnerability on  th e  drum lins  to  E xtrem e in th e  inter- 

drumlin a re a s  (M ered i th ,  2010). The p re se n ce  of g ro u n d w a te r  gleys in t h e  c a tc h m e n t  a re a  of  th e  

main tr ibu ta ry ,  know n th ro u g h o u t  th e  pro jec t as Calvert 's  t r ibu tary ,  indicates  t h a t  soils and 

subsoils in th e  inter-drum lin  a re a s  are  o f ten  s a tu ra te d .  P ea t  and  organic  alluvial d ep o s i ts  are  

p re se n t  in t h e  u p p e r  par t  of th e  c a tc h m en t ,  and  th e r e  is an  im p o r ta n t  a r e a  of  alluvial san d s  and 

gravels t h a t  is c o n n e c te d  to  t h e  s t r e a m  in th e  low er  c a tc h m e n t  (Figure 5.14).
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Figure 5.14. (a) Soils; (b) subsoils; (c) bedrock and river sampling locations; and (d) groundwater 
vulnerability using the Geological Survey of Ireland mapping scheme (Meredith, 2010).



5.2.2 Land use

Land use in th e  ca tchm ent comprises approximately 82% intensive pasture  with som e areas of 

tillage (10%) and small areas of woodland (5%), with th e  remaining area consisting of diffuse rural 

se t t lem en t  and roads (Meredith, 2010). Septic tanks and farmyards are common, and cattle have 

direct access to  th e  stream, particularly in th e  lower catchm ent, although they are housed in 

w in ter  (Finn, 2012). Many of th e  small farmyards do not have slurry storage and faecal m a t te r  is 

soaked in bedding which is then  stored before  land spreading. Three applications of  slurry is 

com m on practice in the  headw aters, decreasing to  one or none in th e  lower ca tchm ent 

(Meredith, 2010). Nutrient sources are spread  widely around the  ca tchm ent and are from both 

point and diffuse sources, although the re  are  typically larger nutrient m anagem ent risks in th e  

upper  catchm ent.

5.2.3 Pathways

5.2.3.1 Stream  flows

Stream flows in th e  Glen Burn were  monitored for 2 years (2011-2013), at two locations, MS2 at 

th e  ca tchm ent outle t  and MSB dow nstream  of Calvert's tributary (Figure 4.3). Flows at the  

ca tchm ent ou tle t  ranged from less than  0.001 mVs to  g reater  than  1.11 mVs, based on the  

available data . The mean recorded discharge was 0.07 mVs and th e  median discharge was 

significantly lower a t  0.037 mVs. The large difference of g rea ter  th an  47% suggests th a t  th e  

s tream  responds quickly to  rainfall and is 'flashy' (O'Brien, 2013). The stream  has been  heavily 

modified (Figure 5.15) and it is known on th e  basis of tw o different surveys (Meredith, 2010, Finn, 

2012) th a t  som e 7.2 km of land drainage works has been undertaken.

There was a strong power law relationship (R  ̂= 0.86) be tw een  the  flows in the  upper ca tchm ent 

headw aters , just dow nstream  of the  organic alluvium and peat deposits, and those  a t  th e  

ca tchm ent ou tle t  (Figure 5.16). The upper ca tchm en t (see Figure 4.3 for location) contributed 

m ore than  60% of th e  flow to  th e  s tream  w hen  the  flows were  <10 mVs at the  ca tchm ent outlet, 

which has im portan t implications for understanding th e  fluxes of nutrients in th e  s tream  in the  

sum m er months.

5.2.3.2 G roundw ater  levels

Groundw ater  levels were m onitored over th e  sam e period in five boreholes within th e  monitoring 

suite, which is identified in Figure 5.17. At BH6, which is completed in the  bedrock close to  the 

stream, g roundw ater  was confined beneath  th e  low permeability clayey till in all seasons, as it 

was a t BH2, which is located on a drumlin. In contrast,  a t BH5, which is also in th e  river valley but
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Figure 5.15. Presence of m apped artificial drainage in th e  Glen Burn catchm ent (Finn, 2012). MS2 and 
MS3 are th e  tw o main catchm ent sampling points (refer to  Figure 4.3).
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Figure 5.16. Comparison of flows in th e  upper catchm ent (S13) w ith those  a t th e  catchm ent ou tle t (MS2).

com pleted  in th e  alluvial sands and gravels, it is evident th a t  although the  alluvium was fully 

sa tu ra ted  during the  winter, it was partially dew atered  in th e  sum m er for at least som e periods. A 

similar response was apparen t  in the  w ea the red  bedrock in BHl near th e  ca tchm ent divide. Thus, 

g roundw ater  confined beneath  the  low permeability glacial tills is likely to  be p ro tec ted  from 

nutrients applied at the  surface, w hereas th e  alluvial deposits and the  shallow unconfined 

bedrock are likely to  be transport pathways where  the re  are source pressures present.
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Figure 5.17. Groundwater level hydrographs in relation to the geological profiles at four of the monitoring 
boreholes. The river flow hydrographs for the two flow monitoring stations (MS2 and MS3) are also 
shown for the same period. The black triangles indicate the dates of the event sampling. The dashed lines 
highlight a period of high groundwater levels which resulted in high baseflows in the stream above the 
threshold level.

Comparison of the river flow hydrographs with the groundwater level data and the geological 

profile (Figure 5.17) revealed that there was a significant increase in the flow in the stream when 

the weathered bedrock (BHl) and alluvial aquifers (BH5) became fully saturated, and that the 

flow remained above a threshold until the groundwater levels fell to below the clays once more,
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despite  a decrease  in rainfall. For example, in October 2011, a significant rain event resulted in 

the  w ater  levels in BHl-1 and BH5-1 rising sufficiently to  becom e confined under th e  clays. As 

BHl-1 is near the  ca tchm ent divide in th e  shallow w ea the red  bedrock, and BH5-1 is in the 

alluvium in th e  s tream  channel, this suggests th a t  these  highest permeability geological units 

were  likely to  have been sa tu ra ted  th roughou t the  catchment. They are  unlikely to  have been 

confined th roughout the  ca tchm ent however, particularly in the  inter-drumlin areas w here  

subsoils are shallow. The flow in th e  stream  during th e  period when these  units were  full 

increased dramatically from 0.010 mVs to  just less than 0.030 mVs. The stream  flow remained 

above th a t  threshold level until late February 2012, when th e  w a te r  levels in BH 1-1 and BH 5-1 

dropped beneath  the level of th e  clays again and were no longer fully saturated . This period is 

highlighted be tw een  the  dashed lines in Figure 5.18. This suggests th a t  th e  shallow groundw ater 

pathway in th e  upper w ea thered  bedrock, i.e. th e  transition zone, and the  alluvium deposits play 

a significant role in generating s tream  flow when they are fully sa tura ted , not only in te rm s of a 

direct contribution through taking advantage of th e  full dep th  of transmissivity when w ater  tables 

are high, but also indirectly: w hen the  s torage in the  shallow bedrock layers is already full, the re  is 

no opportunity  for any further recharge, and therefore  m ore will be rejected via the  overland flow 

and drainage flow pathways. The dom inant pathways contributing flow to the  stream  are 

therefo re  likely to  be different above and below the  threshold point when the  aquifers become 

saturated . This threshold point corresponds to  a flow of approximately 0.027 mVs at the  

ca tchm ent ou tle t (Figure 5.17).

5.2.3.3 Flow duration curves

Log-normal flow duration curve plots, for both MS2 and MSS, highlight the  pathway changes 

(Figure 5.18). Different rates of change in flow are rep resented  by th e  changes in slope on the  plot 

and reflect the  contributions of th e  different pathways. The s teep e r  the  slope, the  less storage 

th e re  is and th e  quicker the  pathway response. Six periods of stream  flow with different pathway 

characteristics can be identified for th e  Glen Burn.

The flow data suggested th a t  th e  flow at MSB was usually higher than  th e  catchm ent outle t  at 

MS2. Additional flow m easurem ents  carried out a t both sites, and elsewhere throughout the  

catchm ent, confirmed th a t  this was not due to  a problem with th e  rating curves (Gregory, 2012). 

The shape of the  contours on th e  5 m digital elevation model, and a gravel pit marked on th e  old 

6-inch sheets, suggest th a t  th e re  may be a palaeochannel or a major fault to  the  eas t  of the 

stream  be tw een  th e  gauges th a t  takes w a te r  out of the  ca tchm ent via a different route  at the  

mid-range flow levels (Deakin e t  al., 2014). Discharge may also be bypassing the  MS2 gauge 

through the  gravels a t the  ca tchm ent outlet.
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Figure 5.18. Comparison of flow duration curves (15-min data) for 2 years of data for the subcatchment at 
MSS and the catchment outlet at MS2, with the winter and summer flow duration curves for the 
catchment outlet. Flows are typically higher at MSS than MS2 because of the loss of water from the lower 
catchment. The closed circles indicate significant changes in slope, which divide the curve into six flow 
segments. These are considered, based on the flow and chemistry data, to represent flow periods with 
different pathway characteristics. The range of flows captured during the two events is indicated by the 
arrows.

5.2 .3 .4  Electrical conductivity

Analysis o f the continuous electrical conductivity measurements in the stream and spot 

measurements from the boreholes and near-surface pathways at different flow levels provided 

supporting evidence to characterize the six stream flow bands®. There was a general decrease in 

electrical conductivity in a downstream direction, and also with increasing flows. There w ere also 

seasonal relationships and different relationships depending on w hether or not the aquifers were  

fully saturated (Figure 5.19). Electrical conductivity tended to be higher in summer for the same 

given flow than in winter, possibly reflecting impacts of higher land-use pressures. W hen the 

aquifers w ere fully saturated, stream flows were higher and electrical conductivity were  

consequently lower because in the w ette r antecedent conditions, catchment runoff had less 

interaction tim e with the soil. In contrast, in the drier conditions when the aquifers were not fully 

saturated, there was greater infiltration of rainfall, more mixing within the pathways and longer 

lag times in flow transport, which resulted in higher electrical conductivity. The larger variations in 

electrical conductivity in summer 2011 in comparison to summer 2012 when the aquifers were

® D ifferent approaches to  utilising the  electrical conductivity data w ere  taken in the th ree  catchm ents due 

to the availability o f data, the usefulness of the  approaches given the nature of the hydro(geo)logical 
conditions in each catchm ent, and the  questions to  be addressed in developing the  conceptual model.
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not full, may be a result of the wetter summer in 2012, which maintained surface land-use 

pressures at generally more dilute concentrations overall.
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Figure 5.19. Relationship between flow and electrical conductivity at the catchment outlet under 
different aquifer and seasonal conditions.

Comparison of the 15-min electrical conductivity data for the stream at the catchment outlet 

during each of the six flow bands described in Figure 5.18, highlighted the different patterns In 

electrical conductivity responses (Figure 5.20). Electrical conductivity was at its highest (Table 5.1) 

in bands 1 and 2 during the low flows (<0.012 mVs) when water from the upper catchment and 

bedrock was dominant. The greatest fluctuations in electrical conductivity were seen in bands 3 

and 4, between 0.012 and 0.055 I/s, when the lower flows were significantly diluted with rainfall 

during events. At the highest flow levels in bands 5 and 6, the electrical conductivity was at its 

lowest and it decreased more uniformly with flow. This reflects periods when the near-surface 

and shallow groundwater storage is full and the quick overland flow pathways are dominant. High 

peaks in electrical conductivity were observed on occasion during most of the flow bands and are 

likely to reflect flushes of contaminant-rich water. This finding is supported by the catchment- 

wide biological and water quality sampling carried out as part of the Pathways Project (Deakin et 

al., 2014).
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Spot measurements of electrical conductivity were taken from  groundwater in the boreholes on a 

num ber of occasions over the 2-year period, whereas the near-surface pathways were sampled
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Figure 5.20. Seasonal changes in electrical conductivity with flow in the six different flow bands at the 
catchment outlet, based on 2 years of 15-min data from 2011 to 2013. Summer, April-September; 
Winter, October-March. The most important changes in electrical conductivity occur between pairs of 
flow bands which are marked with the solid blue lines.

Table 5.1 Electrical conductivity in the stream at the catchment outlet in each of the six flow bands. Based 
on 2 years of 15 min data from 2011 to 2013.

Flow Type of flow Flow Electrical conductivity (^S/cm
band mVs Mean St Dev No. Summer* Winter*
1 Very low flow <0.0045 569 47 11659 581 498
2 Low flows, upper 

catchment dominates
0 .0045 -

0.012
491 55 3101 543 473

3 Low flows, below 
threshold, aquifers not 
fully saturated

0 .0 12 -
0.027

502 97 3688 540 463

4 Medium flows, aquifers 
saturated

0 .027 -
0.055

483 67 10672 518 456

5 High flows, aquifers 
saturated, near-surface 
pathways dominant

0 .055 -
0.2

448 59 8526 469 427

6 Very high flows, overland 
flow dominant

>0.2 370 59 2437 361 374

*M ean values in summer, April to September inclusive; and winter, October to IVIarch inclusive.
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during the events. The electrical conductivity was found to increase with depth (and longer 

residence times based on the transmissivity values), from a median o f 356 nS/cm in the shallow 

transition zone boreholes where the flow is typically more transient, to 544 piS/cm in the deep 

bedrock (Figure 5.21).
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Figure 5.21. Electrical conductivity characteristics of water from the different pathways, based on spot 
measurements in the boreholes over a 2-year period and in pathways during the events. The numbers at 
the top of the plot are the number of samples for each pathway. Electrical conductivity values for the 
river are from grab samples taken at the catchment outlet (MS2) concurrently with the other samples, 
rather than the logged values presented in Figure 5.21. LDs/IF = land drains/interflow.

In the near-surface pathways, the mean electrical conductivity of overland flow was 244 nS/cm, 

although the range from 89 to 446 nS/cm suggests that some of the flow on the land surface was 

in fact flow from deeper depths. This was supported by the major ion chemistry (Deakin et al., 

2014) and was also reflected in the relatively high mean electrical conductivity of 370 nS/cm in 

the very high flows in band 6, when overland flow would be expected to dominate. There were 

few  land drains located for sampling in the catchment; it was observed that drainage ditches were  

the favoured type of drainage works. This may be due to the high w ater tables in the inter- 

drumlin areas and the gentle gradients. Nevertheless, the mean electrical conductivity in the few  

land drains that could be sampled was 239 nS/cm, whereas the ditches had a signature closer to  

the alluvium and transition zone (406 ^iS/cm). This suggests that the land drain signatures, and 

some of the overland flow samples, were those of soil w ater, whereas the ditches were generally 

draining shallow groundwater/transition zone water. The latter was corroborated by field 

observations o f outcrop in the ditches, particularly in the upper and mid-catchment areas. The 

inter-mixing o f w ater from different pathways, particularly the near-surface pathways, is 

therefore quite im portant in this catchment where the depth to bedrock is shallow. This has

implications for the hydrograph separation techniques that are discussed further in Section 6.2.2.
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5.2.4 Nutrient transfer

Two events w ere intensively sampled in the Glen Burn catchment in M ay 2012 and November 

2012. The events were similar in magnitude (~20 mm) and maximum intensity (3 m m /h), but the  

duration of the M ay event was more than twice that in Novem ber, which m eant that the average 

rainfall intensity was much lower. The peak flow level of the M ay event was also approximately 

the  same as the baseflow level before the November event (Figure 5.18); consequently, the  

Novem ber antecedent conditions were much w etter and the response in the river was therefore  

much greater. The responses of the nutrients in the river during the tw o  events w ere different, 

reflecting the different hydrological pathways and land-use activities prevalent at the tim e. An 

initial section presents the background and event nutrient data for each of the pathways. This is 

then followed by a discussion on the pathways transferring nutrients during the events.
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Figure 5.22. Pathways as sources of nutrients in the Glen Burn catchment. The data presented represent 
all the available data from each pathway. Sampling in land drains, ditches and overland flow pathways 
was opportunistically carried out throughout the catchment during events (and so was limited). Data for 
the transition zone, alluvium and bedrock were collected from the monitoring boreholes during events 
and background groundwater sampling campaigns. Data for the upper catchment, tributary and at MS2 
were all taken from the river and were collected during events and background sampling campaigns. 
Refer to Figure 4.3 for borehole and river sampling locations.
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5.2.4.1 Pathways sampling

The available nutrient data  for th e  different pathways and the  river at the ca tchm ent outlet, the  

upper ca tchm ent and the  tributary provided insights into the  most im portant nutrient delivery 

pathways (Figure 5.22). The upper ca tchm ent and Calvert's tributary w ere  relatively high in 

nutrients which confirmed the  results of th e  land-use surveys th a t  suggested tha t  those  areas had 

higher pressures. The bedrock groundw ater  (shallow and deep  combined) was not typically a 

source of nutrients although the  transition zone was im portant for phosphorus, w hereas  the  

alluvium was high in nitrate. Overland flow was a key contributor of phosphorus, and the  ditches 

often  contained nitrate and phosphorus. Few land drains were  sampled but the  available data 

suggested they  were  not a dom inant nutrient source. However, there  was one land drain sampled 

th a t  was very high In both nitrate and phosphorus but it is suspected tha t  it is directly connected 

to  a farmyard upgradlent.

5.2.4.2 May 2012 event

During th e  sum m er event, the re  were  th ree  separa te  increases in contam inant concentrations 

and loads, which reflected different combinations of sources and pathways (Figure 5.23). At low 

flows prior to  the  event, nitrate concentrations at the  ca tchm ent outlet w ere  low (5 mg/l as NO3) 

but phosphorus concentrations w ere  very high at 0.14 mg/l total phosphorus as P. A small spike in 

most of the  contam inant indicators (nitrate, ammonium, total phosphorus, molybdate reactive 

phosphorus (MRP), total suspended  sedim ent, chloride, potassium and electrical conductivity) but 

not in flow or silica, was evident in th e  stream  in th e  early evening, prior to  th e  rain starting. This 

may be due to  th e  impacts of small point sources w ithout dependencies on hydrological 

flowpaths, such as domestic w astew ate r  t rea tm en t  systems, consistent with findings in o ther  

studies in similar catchm ents (Jordan e t  al., 2012).

A second, much larger spike occurred as the  river began to  rise in response to th e  rain. There 

w ere  increases in concentrations and loads of all the  contam inant indicators, but the re  was also a 

decrease in electrical conductivity and in many of the  major ions, and a gentle increase in silica. 

Peak contam inant concentrations occurred before th e  first peak in flow and were  much larger at 

th e  ca tchm ent outle t  than  at a second sampling point in the  mid-catchment upstream  of the 

tributary. This emphasizes th e  importance o f  the  reach be tw een  the  sampling points and Calvert's 

tr ibutary as a source of nutrients. This spike represen ts  the  delivery of source-limited 

contam inants to  the  river via a quickflow pathway as th e  rain s tarted  and th e  river began to  rise. 

Higher levels of am monium could potentially be consistent with incidental losses of m anure  at 

cattle access points, for example. The low ion concentrations point tow ards a limited, but 

gradually increasing, contribution from th e  subsurface at this stage.
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event (Deakin et al., 2014).
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Two days after the initial rainfall event, a second pulse of rain and subsequent increase in flow up 

to 0.06 mVs, delivered a third spike that had lower contaminant concentrations, but still relatively 

high contaminant loads. It was also associated with slight increases in electrical conductivity, a 

gradual increase and then stabilizing of silica concentrations and significantly higher silica loads. 

The increase in ion concentrations suggests that the shallow groundwater pathway was having 

more influence at this flow level. The relationship between flow and nitrate concentration also 

changed to a linear increase and decrease with flow, rather than the hysteretic effects seen at 

lower flow levels (Figure 5.24). This may be because the shallow groundwater inputs became 

more significant and delivered more distal diffuse sources of nitrate, which became dominant, 

reducing the relative impacts of small point sources. The concentration of phosphorus increased 

slightly during this last peak, and the load increase was similar in size to that previously observed 

in the second spike. It is suspected that this was due to expanding saturated areas adjacent to the 

river and drainage network channels that brought in additional nutrient sources.
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Figure 5.24. Changes in nitrate concentration with flow at the catchment outlet and a mid-catchment 
location upstream of Calvert's tributary and sampling locations during the 2012 summer event. Grey 
arrows indicate the directions of progression of the events. Double-ended arrows indicate the periods 
when the relationship between nitrate concentration and flow became linear.

5.2.4.3 November 2012 event

During the November event, the flow and chemistry relationships reflected more uniform dilution 

with rainfall (Figure 5.25). This is because there was no soil moisture deficit (Devlin, 2012), the
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shallow bedrock, subsoils and soils were fully saturated, the w ater table and river discharges w ere  

higher, and the nearer-surface pathway contributions were likely to have been im portant. A slight 

early increase in nitrate concentrations, as well as in phosphate, chloride and amm onium, was 

again observed in the evening just as the rain was starting. The concentration increases were 

smaller than during the summer event as they were diluted by the higher baseflows, but the 

nitrate load was five times higher than during the first summer event spike. The presence of point 

sources in both seasons was supported by principal component analysis carried out on each 

dataset (further described in Chapter 6) that showed that there was at least one distinct 

contamination signal comprising NH4, P, NO2 and/or NO3 in each event.

As the stream began to rise, a second pulse o f high amm onium occurred briefly, before it became 

diluted with the high flows and remained at a lower concentration for the rest of the event. The 

load also decreased as the event progressed, which again suggests a source that was depleted  

with the rainfall. Phosphate and potassium concentrations and loads increased with the high 

flows and reduced during the recession, peaking 6 h later than the ammonium. Nitrate 

concentrations showed broadly the opposite trend with a close relationship between increasing 

flow  and gently decreasing nitrate concentration (Figure 5.24), although there w ere small 

increases in concentration close to the peak flow that matched the increases in phosphorus and 

potassium. The nitrate load also increased with flow overall and there were no threshold changes 

evident. This suggests that the nitrate and phosphorus were largely delivered via different 

pathways. It is likely that the nitrate was derived from soils, subsoils and the transition zone, and 

released via the drains and ditches, whereupon it was diluted by overland flow. The phosphorus 

and potassium increases with rain are likely to be due to increases in the extent of the saturated 

area, which mobilized new nutrients via overland flow. Silica, chloride and other m ajor ion 

concentrations, as well as electrical conductivity, all decreased during the event, consistent with a 

soil and shallow groundwater/transition zone source diluted by overland flow.

5.2.5 Conceptual model summary

The geological framework, being generally poorly drained and low permeability, lends itself to a 

predominance of flows via the near-surface pathways. Based on the hydraulic conductivity data, 

apart from the alluvium, which is geographically constrained, the most permeable subsurface 

geological horizon is the transition zone at the junction between the rock and the overlying soils. 

This horizon is close to the surface in the inter-drumlin areas and it is in these areas that the  

extensive network o f drains and ditches has been developed to try and alleviate the often  

saturated conditions (Figure 5.26).
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Figure 5.26. Conceptual model of flow pathways in the drumlin topography in the Glen Burn catchment. 
The pathways to the left of the diagram are present in summer when the groundwater table is low; to the 
right the nearer-surface pathways are more dominant when the water table is higher.

W hen the discharge at MS2 is greater than 0.027 mVs, the aquifers are typically full, there is a 

larger contribution of shallow groundwater and transition zone w ater to  the stream, and overland 

flow  responds quickly. Below the threshold, the aquifers are unsaturated, there is greater 

infiltration and nnixing in the shallow subsurface, baseflow contributions are low and there is very 

little overland flow.

The available nutrient data suggest that the river is affected by small point sources, in particular 

with respect to  phosphorus, which is evident in the stream at very high concentrations for a large 

portion of the year including in dry weather. This finding is supported by background and event 

microbiological sampling carried out in the catchment by others (Deakin et al., 2014). The key 

diffuse pathway for the delivery o f phosphorus is overland flow. The ditches are also im portant, 

which is likely to be due to a combination of direct inputs from  small point sources (e.g. domestic 

wastew ater treatm ent systems, animal access points and farmyards) as well as diffuse inputs from  

the drained transition zone under thin soils in the inter-drumlin areas.

The alluvium, and the shallow bedrock and transition zone, where they are intersected by the

ditch network, are the key nitrate delivery pathways. This is notwithstanding the results shown in

Figure 5.22 which suggest the transition zone and shallow bedrock have low nitrate

concentrations. This apparent contradiction is because the boreholes that have provided the

groundwater nitrate data have all been installed in one part o f the catchment, on or around a
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drumlin, where the shallow groundwater is confined beneath the low permeability tills. These 

environments present favourable conditions for the attenuation of nitrate. In contrast, in the 

inter-drumlin areas over the majority of the catchment, where the shallow bedrock and transition 

zone are unconflned under thin soils, there is likely to be greater throughput of w ater throughout 

the year. There is a higher likelihood that the ditch and field drain network in these areas drain 

nitrate-rich waters. Further specific investigatory field work in these areas would be beneficial.

5.3 Gortinlieve catchment

The Gortinlieve catchment is a small (4.3 km^) subcatchment of the River Foyle, located near 

Newtown Cunningham in Co. Donegal. The upper part of the catchment is steeply dipping to  the 

south and southwest, from the most north-easterly point at 234 m OD, to 40 m OD in the mid

catchment at the river flow gauging station, a gradient of 0.15. The lower catchment has a much 

more gentle gradient of 0.007 to the catchment outlet at 17 m OD. This gives rise to different 

hydrological regimes in the upper and lower catchments.

5.3.1 Geological frameworl<

The catchment is underlain by Pre-Cambrian quartzites, gneisses and schists that are classified by 

the Geological Survey of Ireland as a Poor aquifer that is Generally Unproductive, except for Local 

Zones (PI). Research carried out as part of the Griffith's Project (Comte et al., 2012) has found that 

in contrast to the greywackes in the Glen Burn catchment, the decrease in bedrock hydraulic 

conductivity with depth observed at Gortinlieve is only approximately half an order of magnitude 

(Figure 5.27), which is attributed to the deep weathering profile, as observed in resistivity profiles. 

The weathering is also responsible for the larger spatial variation in lateral hydraulic conductivity 

within the shallow bedrock zone, which was found to increase by a factor of four to five from the 

catchment divide to the valley bottom (Comte et al., 2012).

Two dominant fracture sets w ere previously identified but geophysical borehole logging and well 

dilution tests suggest that only a small num ber of discrete features w ere w ater bearing in the  

secondary set corresponding to  a NE-SW /NNE-SSW  trend (Nitsche and Flynn, 2011). The two  

tributaries in the catchment also follow this same orientation, so their alignments may be being 

controlled by the hydrogeological structure.

The subsoils in the catchment are mainly low permeability glacial tills derived from the Pre- 

Cambrian rocks, which increase in thickness from <1 m on the higher ground, to more than 5 m in 

the valley floor (Figure 5.28). There are localized areas of alluvium present along the river valley, 

which comprise clay, silt, peat and thin horizons of clayey gravel and have a bulk hydraulic
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d eep  bedrock in th e  Gortinlieve borehole transect (modified from  (Comte e t  al., 2012)). Y-axis is depth  
(m) below ground surface.

conductivity of th e  order of 10 m/d, based on borehole pumping te s ts  (Comte et al., 2012). 

Hydraulic conductivity data w ere  not available for th e  tills, but they  are likely to  be comparable 

with those  in th e  Glen Burn, i.e. a t  least th ree  orders of m agnitude less than  th e  alluvium.

5.3.2 Land use

Landowner interviews and a walkover survey conducted in 2011 found th a t  th e  ca tchm ent 

comprised less pasture  (63%) and more arable (23%) land than  in th e  Glen Burn, with 7.5% 

forestry, 3.5% pea t  bog and 3% artificial surfaces such as farmyards and single dwellings (Mackin, 

2011). The rural ca tchm ent population of approximately 120 people  is served by domestic 

w as tew a te r  t r e a tm e n t  plants. Discharges of farm/silage effluent into th e  river have been 

observed on a num ber of occasions during th e  sum m er m onths  (Deakin e t  al., 2014).

5.3.3 Pathways

5.3.3.1 Stream flows

Similar to  the  Glen Burn, the  s tream  at Gortinlieve is flashy, with a m edian flow of 0.065 mVs and 

a much larger m ean flow of 0.113 mVs based on th e  available data. In contrast however, the 

Gortinlieve ca tchm ent has higher effective rainfall and th e  ca tchm en t is much wetter;  th e  actual 

evapotranspiration is almost th e  sam e as th e  potential evapotranspiration , which highlights tha t
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there is rarely a soil moisture deficit (O'Brien, 2013). Land-use surveys (Macl<in, 2011) have found 

that the catchment is extensively drained, particularly in the lower catchment (Figure 5.29). Stone 

and piped land drains are in place within the fields and drain directly to  the stream, tributary or 

drainage ditches. Deep drains have been excavated at the major break in slope.
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Figure 5.28. Gortinlieve catchment maps: (a) Bedrock; (b) subsoils; (c) soils; and (d) groundwater 
vulnerability (Deakin et al., 2014).
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Figure 5.29. Drainage in the catchment, with observed cattle access points to  the  streams (Mackin, 2011). 
Note that 'surface land drains' as mapped by Mackin are referred to  as ditches here.

5.3.3.2 G roundw ater levels

Groundw ater  level data  w ere  available a t  a 15-min tim estep  for the  EPA boreholes from 

November 2009 to  February 2013 (Table 5.2). The data show tha t  th e re  was typically a downward 

gradient to  th e  deep  bedrock in the  upper (GOl) and middle clusters (G02), and while the 

transition zone w a te r  levels responded to  rainfall, the re  w ere  no such responses in th e  shallow 

and deep  bedrock. At G03, however, which is in the lower ca tchm ent w here  the  topographic 

gradients are  less steep, th e re  was typically an upward gradient from the  shallow and deep  

boreholes into th e  transition zone, and a downward gradient from th e  subsoils into th e  transition 

zone (Figure 5.30). The relationship be tw een  th e  w ater  levels in the  subsoil and in th e  shallow 

groundw ater  varied with an teceden t  conditions. In w et conditions, th e  subsoil head was higher, 

w hereas  in dry conditions the  reverse was th e  case, although th e  difference was small a t <10 cm. 

The piezometric levels in all boreholes responded  to  rainfall. The range in w ater  level fluctuations 

was g reatest  in th e  transition zone at G02, followed by th e  shallow bedrock and transition zone at 

GOl, and the  subsoils at GOB. There was very little fluctuation in w a te r  levels in th e  deeper  

horizons at G03 close to  the  river.
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Table 5.2. G roundw ater level data  (m OD) for th e  EPA boreholes. 15-mln data  from  November 2009 to  
February 2013.

GOl G02 G03
Trans Shallow Deep Trans Shallow Deep Subs Trans Shallow Deep

Min 173.24 172.45 169.56 82.49 83.14 76.91 31.16 31.13 31.25 31.93

Max 175.02 174.46 171.16 89.58 85.45 79.04 32.74 32.09 32.09 32.86

Range 1.78 2.01 1.60 7.09 2.31 2.14 1.58 0.96 0.84 0.93
Mean 174.16 173.92 170.49 88.90 84.54 78.04 31.70 31.49 31.64 32.39
Stdev 0.36 0.41 0.32 0.31 0.50 0.42 0.26 0.14 0.15 0.15
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Figure 5.30. W ater levels In th e  boreholes a t G03 close to  th e  stream , w ith th e  available stream  flow 
data . Yellow boxes are  significant periods w hen the  subsoil head is less than  th e  shallow bedrock head.

T hese  d a ta  ind icate  t h a t  in t h e  river valley, t h e  trans i t ion  zo n e  w as  t h e  prim ary  d ischarge  zone  for 

upwelling b ed rock  g ro u n d w a te r ,  which is c o r ro b o ra te d  by t h e  h igher  hydraulic  conductiv i t ies  th a n  

t h e  d e e p e r  bed rock  horizons. Away from  th e  river, in t h e  u p p e r  an d  m id -c a tc h m e n t  a reas ,  th e  

t rans i t ion  zone  c a p tu re d  t h e  recharge  infiltrating d o w n w a rd s  and  del ivered  m uch  of  it la terally 

b e fo re  it r e a c h e d  t h e  d e e p e r  bed rock  horizons. The red u c t io n  in hydraulic conductiv ity  with  d e p th  

w as  sufficient to  s u p p o r t  th e  h igher  f luc tua tions  in h e a d  in th e  t rans i t ion  zone ,  an d  t h e  buffering 

of  t h e  underly ing bed rock  g r o u n d w a te r  from  th e  in fluences of  rainfall. The t ran s i t io n  zone  w as 

th e r e f o r e  im p o r ta n t  a t  all levels in t h e  c a tc h m e n t ,  b u t  it o p e r a te d  in hydrologically d if fe ren t  ways 

in g r o u n d w a te r  recharge  and  d ischarge areas .
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5.3.3 .3  Electrical conductivity

Five longitudinal stream profiles of electrical conductivity were carried out in the Gortinlieve 

catchment between March 2012 and February 2013 (O'Neill, 2013). The profile carried out during 

the  highest flow  (0.2 mVs at the catchment outlet) is shown in Figure 5.31. The results show that 

the  numerous land drains and ditches discharging into the main channel typically had higher 

electrical conductivity than the stream w ater. It is known that some of the drains and ditches 

w ere connected to point sources, but the majority were draining w ater from the soils, subsoils 

and transition zone.
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Figure 5.31. Gortinlieve stream electrical conductivity profile 10 December 2012 (O'Neill, 2013). The 
impacts of point sources in a land drain and ditch are highlighted in the circles.

Review of the available data for the EPA boreholes showed that in the upper and middle 

catchment clusters, the electrical conductivity increased with depth, reflecting the downward  

gradients and longer residence times in the deeper boreholes (Figure 5.32). The shallow bedrock 

groundwater borehole at G 02 was slightly elevated, which together with the high total coliforms, 

very low nitrate, increased MRP and the presence o f amm onium, provided evidence of 

contamination. At G 03 near the stream, the electrical conductivity increased moving up the 

profile from the deep groundwater to the transition zone, consistent with the upward gradients. 

The electrical conductivity in the land drains and ditches identified through the in-stream profiling 

were similar to  those for the shallow bedrock at G O l, the transition zone at G 02 and the alluvium
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at G 03, suggesting that they drained w ater from increasingly shallow origins moving down into 

the valley, consistent with the upward gradients.

5.3.4 Nutrient transfer

5.3.4.1 Pathways sampling

At the G O l and G 02 clusters, the depth to rock is <1 m and the vulnerability of groundwater to 

contamination is therefore Extreme (X-Extreme). Cattle grazing is the main pressure at G O l and 

there is a farmyard close to the boreholes at G 02. The thin soils mean that contaminants infiltrate 

readily and rapidly with recharge. The transition zone typically had increased phosphate and 

nitrate concentrations (Figure 5.32), which together with the relatively high transmissivities, 

indicated that it was a significant pathway for nutrient transport. Concentrations of nitrate 

decreased with depth and there was evidence, based on the amm onium, dissolved oxygen 

concentrations and redox potential, that attenuation was taking place: dissimilatory reduction of 

nitrate to ammonium (DNRA) at G O l, and denitrification at G 02 (Orr, 2014). Concentrations of 

phosphate also decreased with depth. In the recharge areas therefore, the primary pathway for 

nutrient transport is the transition zone.

At the G 03 cluster in the groundwater discharge zone near the river however, nitrate, 

ammonium, MRP and coliforms were very low in all pathways, except the subsoils where total 

and faecal coliforms and ammonium were quite high. W ith the upward groundwater gradients 

and the low nutrient concentrations at depth, the bedrock groundwater and transition zone 

pathways are unlikely to be significant contributors o f nutrients. The most im portant store of 

nutrients at this location was the subsoil. However, the subsoil profile was variable in the four 

boreholes drilled at this location, and is likely to be variable throughout the valley. It comprised a 

thin sequence of gravels or silts, overlain by 2.5 to  5 m of thick clays and peat. Thus, in order for 

the subsoils to  be an effective nutrient transport pathway, the nutrients from the grazing 

pressures have to bypass the clays and silts to  gain access to the more permeable layers at depth, 

and those layers then have to be connected to the river.

The available land drain, ditch and overland flow data are limited (Figure 5.33), but they suggest 

that overland flow and ditches are the most im portant transport pathways for phosphate, 

whereas none of these pathways could have provided sufficient nitrate to increase the stream  

concentrations to the levels observed. This emphasizes the importance of the deeper pathways 

nitrate delivery in this catchment, which based on the findings in the boreholes (Figure 5.32) is 

likely to be the transition zone in the groundwater recharge areas, such as at the G 02  borehole 

cluster.
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Figure 5.33. Concentrations of nitrate and phosphate in overland flow, land drains and ditches at 
Gortinlieve during two events in November 2011 and December 2012, in comparison to the longer-term 
river data. OF = overland flow; Drains = land drains.

5.3.4.2 August 2010 event

A small event v̂ îth a maximunn flow of 0.016 m Vs recorded at the mid-catchment EPA weir, was 

captured in August 2010 (Figure 5.34). Samples for the catchment outlet w ere not available. The 

total rainfall was 18.6 mm but there was a relatively high maximum rainfall intensity o f >3 m m /h  

for 3 h. W ater levels were low prior to the event and there was an upward gradient from  the 

shallow groundwater into the transition zone and the subsoils, indicating that the antecedent 

conditions were dry.

Contrary to most of the events sampled during the Pathways Project, most of the measured 

parameters in the river w ater samples increased in concentration and loads in response to the 

rain. The soluble constituents all peaked with the flow suggesting that they were delivered with  

the dom inant flow path which, based on the groundwater level and the chemistry data, was likely 

to  have been the transition zone. The particulate parameters peaked 1 h later, at the same time  

as the maximum dilution in calcium and magnesium, but receded quickly. The soluble 

contaminants remained elevated for some tim e longer and the calcium and magnesium took yet 

longer to recover. This is consistent with a significant, but brief fresh w ater contribution from  the 

surface bringing the particulate constituents and diluting the subsurface flow. Observations from  

the field suggest that this may have been the sudden connection of overland flow to the river via 

the large ditches on both sides, at the break in slope above the sampling location (Deakin et al., 

2014). The soluble contaminants in the transition zone were depleted next, followed by the 

bedrock groundwater component, as represented by the calcium and magnesium.
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Figure 5.34. Changes in chemistry with flow at the mid-catchment monitoring point in Gortinlieve during 
the August 2010 event (Deakin et a!., 2014).

5.3.4.3 November 2011 event

The largest event recorded during the study period was captured in November 2011. The total 

rainfall was 39.6 mm and the maximum rainfall intensity was very high at over 10 mm/h for over
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2 h, based on 15-nnin data. The maximum flow was an order of magnitude greater than the 

August event at 1.49 mVs at the mid-catchment weir, or 2.36 mVs at the catchment outlet. The 

antecedent conditions were wet, as indicated by higher groundwater levels in the subsoils than in 

the shallow bedrock at G 03, i.e. a downward gradient from  the surface, prior to the event.

At the mid-catchment monitoring point at the EPA weir, the majority o f the nutrient loads 

responded closely with rainfall and increased with the first m ajor flow peak (Figure 5.35). The two  

subsequent smaller increases in flow, however, provided some interesting insights. The first small 

increase delivered higher loads of potassium and total phosphorus than the second, while the 

second delivered higher loads of nitrate, calcium and magnesium than the first. This is consistent 

with potassium and total phosphorus being delivered from  the land surface via the overland flow  

pathway and being flushed out with the high-intensity rainfall as the event progressed. The 

dissolved loads of nitrate, calcium and magnesium were delivered via the shallow groundwater 

and transition zone pathways and increased with the increases in w ater tables, which increased 

the groundwater gradients and hence the flux.

The results at the catchment outlet were similar to  the m id-catchment monitoring point and are 

therefore not shown here. The quick flow contribution dom inated the early part of the event. A 

number of peaks in loads, particularly total phosphorus, potassium and ammonium, which are 

typical of overland flow, occurred at different times throughout the event and more frequently  

than at the mid-catchment. These provide evidence that there are flushes of w ater containing 

nutrients and particulates to the stream, which are likely to be due to increases in the saturated 

area generating overland flow bringing new sources of contaminants into the stream, probably via 

the ditches. This delivery mechanism has been observed in the field during the events where, in 

the space of a few  minutes, the turbidity in ditches visually increases coincident with a significant 

decrease in electrical conductivity. The Gortinlieve catchment is so small that the connection of 

even one such ditch to the stream can have a significant impact on the receiving w ater chemistry.

During the recession period, nitrate loads decreased at the m id-catchm ent monitoring point 

similarly to calcium and magnesium, but increased slightly and relatively uniformly at the 

catchment outlet. This is due to a higher proportion of bedrock groundwater discharging to the 

river in the lower catchment with the strong upward gradient, in comparison to the unconfined 

upper catchment where the loads reduce with rainfall. The data show that there was a likely 

contamination event in the early hours of 30th Novem ber above the subcatchment monitoring 

point. High dissolved organic carbon, potassium, MRP and amm onium, dilution in NO3, and a very 

enriched 6^H signal far greater than would naturally be found in the catchment, suggest that 

some kind of effluent collector tank or storage area may have overflowed into the stream.
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5.3 .4 .4  December 2012 event

The final event was captured in December 2012 when a total of 24.6 mm of rainfall fell w ith a 

maximum intensity of 2.8 m m /h  for almost 3 h. The groundwater head in the subsoil borehole 

was slightly less than the shallow bedrock groundwater head except during the event, but 

antecedent conditions were largely wet.

The responses in the river w ere similar to the November 2011 event, although rainfall and flow  

peaked twice, with the second peak smaller than the first. At the catchment outlet, the  

magnitude of the peaks in load during the flow peaks was different for different nutrients, 

consistent w ith the different pathways supporting their delivery (Figure 5.36). There w ere larger 

differences in loads for the overland flow  pathway indicators (phosphorus, potassium and 

am m onium ), than for the shallow groundwater and transition zone indicators (calcium, 

magnesium and nitrate), which were similar during both flow peaks. At the mid-catchment 

monitoring point (not shown), the loads o f the shallow groundwater and transition zone 

indicators w ere slightly higher, or at least the same during the second flow  peak, despite the 

reduction in flow . This reflects a reduction in the delivery of nutrients via overland flow  as the 

event receded, and an increasing contribution of groundwater from the shallow bedrock and 

transition zone as groundwater levels rose.

To further investigate the nitrate transfer processes in the near-surface pathways during the  

December event, regular samples were taken from a large ditch ('Les's ditch') at the break of 

slope in the upper catchment using an autosampler, and grab samples w ere taken at a num ber of 

other sites around the catchment and the river (Figure 5.37). Les's ditch behaved in the same way 

as the river, although nitrate concentrations w ere slightly lower. The first flush effect seen at the 

m id-catchm ent monitoring point (SCO) was also seen in one of the other ditches, a very large 

ditch just upstream of the monitoring point. W ith the exception of the first flush, in general 

overland flow  provided a dilution effect, both directly and via the ditches.

5.3.5 Conceptual model summary

The available evidence indicates that the stream in the Gortinlieve catchment is affected by high 

phosphorus and relatively low nitrate, which is consistent with the other catchments underlain by 

poorly productive aquifers studied. The transition zone is the key pathway for the delivery of flow  

to  the stream in Gortinlieve, although d ifferent hydrological processes dom inate in different parts 

of the catchment, which affects nutrient delivery. In the upper catchment, in the groundwater 

recharge areas, contaminants infiltrate readily through the thin soils and subsoils to  the transition 

zone at the top of the low permeability bedrock. During rainfall events, this contaminant-rich
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w ater is flushed out into the nearest ditch or tributary/stream  channel, or as return 

flow,whereupon it is mixed with inputs from overland flow. In the lower catchment, the relatively 

flat topography and frequently saturated soils have encouraged landholders to develop artificial 

drainage, which helps to create a hydrological linkage between the nutrient-rich w ater in the  

permeable subsoil and the river. The upward gradient of nutrient-poor groundwater from the  

bedrock to the transition zone in these areas ensures that although the transition zone 

contributes significantly to  the flow, it is not the dominant nutrient transport pathway in the  

groundwater discharge areas.

The transition zone is the dom inant pathway for the delivery of nitrate in this catchment, whereas 

overland flow and ditches are im portant for the transport of phosphorus. Nutrient flushes with  

the early rainfall delivered by overland flow were observed from  the steep slopes in the upper 

catchment, but had been diluted out by the catchment outlet. Spikes in nutrient concentrations at 

the catchment outlet were evident but were attributed to the impacts of point sources.
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5.4 Nuenna catchment

The Nuenna catchment in Co. Kilkenny, a subcatchment of the River Nore, is the largest of the 

four study catchments (36 km^). The catchment lies at an elevation o f 77 m OD at the outlet, 

rising to a height of 340 m to the northwest and 280 m to the southeast.

5.4.1 Geological framework

The catchment is underlain by karstified limestones which are classified by the Geological Survey 

of Ireland as a Regionally Im portant karst aquifer dom inated by diffuse flow (Rka). The limestones 

are interbedded with thin, low permeability clay wayboards, which can act as a barrier to flow  

(Daly, 1994a). In the upland areas to the north and south, poorly productive Namurian sandstone 

and shale rocks overly the limestones, which are classified as Poor aquifers that are Generally 

Unproductive except for Local Zones (PI) (Figure 5.38). Tracer tests carried out as part of the  

Pathways Project have linked streams running off the Namurian rocks and sinking into swallow  

holes at the limestone/shale boundary to the southwest of the catchment, with three of the 

m ajor springs in the river valley, with travel times of the order of 2 3 -5 5  m /h in dry w eather 

(Walsh, 2011). However, a w ater table map can also be drawn (Dillon, 2010) highlighting a 

combination of slower diffuse flow  through the fractures and more rapid flow through conduits to 

the springs.

The subsoils in the catchment are predominantly shallow, m oderately permeable limestone tills 

although there are highly permeable sands and gravels also present in places in the valley floor, 

and pockets of gravelly clays and clays. The soils are typically well drained, except in limited areas 

near the river where the w ater table is close to the surface giving rise to poorly drained 

groundwater gleys. The subsoils on the Namurian shales are low permeability due to the higher 

shale content, which is reflected in the poorly drained soils in those areas. Some 65% of the 

catchment is mapped as being of Extreme groundwater vulnerability, which means subsoils are 

mainly thin, recharge is quick and there is little protection from vertical infiltration of 

contaminants (Deakin et al., 2014). This is corroborated by the general lack of surface drainage in 

the catchment. The geological fram ework supports a relatively highly permeable catchment with  

the predom inant flow, and therefore nutrient transfer pathways, below the surface.

5.4.2 Land use

Land use in the catchment comprised over 70% pasture with 14% arable and 8% forest. Diffuse 

sources of contaminants from grazing animals w ere therefore widespread. Organic fertilizers from  

a local piggery are also land spread throughout the catchment. Point sources of contamination  

included domestic wastewater treatm ent systems, farmyards and several locations where cattle 

directly accessed the river (McAleer, 2011).
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2014).

5.4.3 Pathways

5.4.3.1 Stream flows

Longitudinal stream flow measurements showed that the river is largely fed by a number of large 

karst springs along the main river channel (Deakin et al., 2014); between 70 and 95% of the flow
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was delivered to the river via these springs depending on the season and there was a high 

baseflow index o f >0.87 (O'Brien, 2013). The background w ater quality sampling in the river, the 

springs and the groundwater monitoring boreholes identified that, with the exception of the 

streams on the Namurian rocks, all the w ater in the catchment had a similar calcium 

bicarbonate-rich hydrochemical signature, reflecting the dominance of the limestone bedrock 

groundwater pathways.

5.4 .3 .2  G roundwater levels

There are tw o monitoring borehole clusters in the Nuenna catchment: NU2 close to  the river and 

N U l in the mid-catchment (Figure 5.38). At NU2, there was an upward gradient from  the bedrock 

through a gravel horizon to the river, which confirmed the contribution of the bedrock 

groundwater to  the river. The groundwater level data for N U l Deep however, show that away 

from  the river there was a downward gradient with a significant unsaturated zone Large w ater 

table fluctuations between 18 and 27 m below ground have been recorded in the deepest 

borehole.

Interestingly, the shallow borehole at N U l Trans (adjacent to  N U l Deep), which intersects the 

transition zone between a 4 m thick gravel/gravelly clay unit and the underlying bedrock, also had 

a perched w ater table for much of the year. In this karst environm ent, the transition zone 

operates effectively as the epikarst, and it is hydraulically connected w ith the overlying gravels 

w here they are present (Figure 5.39). W ater quality sampling shows that this zone was often  

higher in total phosphorus during the sampling period than might be expected, at an average of 

0.033 m g/l as P. Nitrate was relatively low at 13.8 mg/l as NO3, but nitrite was often present at 

low levels and ammonium and faecal bacteria were present on occasion, which suggests a 

relatively short distance and/or rapid transit tim e from a contam inant source. There was similar 

but slightly better w ater quality in the deep borehole at N U l and greater improvements in all 

parameters in the discharge zone at NU2, further along the groundwater flowpath.

This highlights that a type of transition zone also operates in karst settings and can be a significant 

flow and nutrient transport pathway. However, in contrast to  the poorly productive aquifers, the  

extent of lateral flow  in the transition zone in the karst is limited. This is because the underlying 

bedrock is relatively permeable and flow  percolates downwards through dissolution features in 

the limestone to the permanent w ater table (Figure 5.39). Thus, the transition zone does not 

typically contribute directly to  the river, but rather via the deeper bedrock groundwater pathway.
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5.4.3.3 Electrical conductivity

The average electrical conductivity in the bedrock groundwater in the deep borehole at N U l was 

680 ^S/cm; that in the transition zone borehole was slightly higher at 746 (iS/cm, possibly due to 

the contamination and/or greater interaction time with the unconsolidated sediments. There are 

a limited number of land drains present in the headwaters of the catchment close to where the 

river rises and, although they do not flow for most of the year, two measurements with an 

average of 732 nS/cm suggest that they drain rising bedrock groundwater when flowing rather 

than downward infiltrating rainwater. Overland flow was found to measure as little as 100 nS/cm 

in road runoff during Intense rainfall, but more commonly where present elsewhere, it was in the 

range 680 to 770 nS/cm. This suggests that the majority of overland flow is also derived from 

groundwater pathways which, depending on the location in the catchment, may be either 

bedrock groundwater discharging at the surface in the river valley, or shallow groundwater seeps 

where the saturated transition zone intersects the land surface.

5.4.4 Nutrient transfer

Nitrate concentrations in the river were the highest of all the study catchments at between 25 

and 30 mg/l as NO3, and the vast majority of the nutrient fluxes were delivered via the large 

springs. Total phosphorus concentrations were typically very low at an average of 0.010 mg/l as P, 

although values >0.1 mg/l were detected in one of the springs connected to a sinking stream on
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th e  Namurian shales. The nitrate was transported via the bedrock groundwater pathways to the  

springs; the relatively low phosphorus values w ere consistent with high infiltration rates through 

the  soils, which present greater opportunity for the phosphorus to be bound up in the soils than 

to  run off. During rainfall events, nitrate was significantly diluted and phosphorus increased, 

suggesting that they are delivered via different hydrological transfer pathways. The increases in 

phosphorus are likely to be due to overland flow arising fronn the linnited areas of saturated soils 

in the discharge areas of the valley floor, from  incidental losses from  point sources (e.g. cattle 

access points), and from  phosphorus rich sinking streams from  the Namurian shales. Further 

discussion on the changes in nutrient concentrations in the river with flow , in the context of all 

the catchments, is provided in Section 6.6.

5.4.5 Conceptual model summary

The Nuenna karst catchment is highly permeable. Recharge infiltrates easily through the thin and 

perm eable soils and subsoils and the majority of w ater flows to the river via bedrock groundwater 

pathways. Overland and drain flows occur mainly on the saturated soils in the discharge zone near 

the river, or can be return flow from the deep or transition zone aquifers elsewhere, when they  

are fully saturated. The transition zone pathway plays an im portant role in recharging and 

delivering contaminants to the deeper limestone aquifer, but does not contribute directly to the 

stream. The near-surface pathways cannot be distinguished hydrochemically from the bedrock 

groundwater pathways and therefore this catchment was not considered further for chemical 

hydrograph separation work.

5.5 Summary

The conceptual models have highlighted that the key pathways in the poorly drained catchments 

w ere the near-surface pathways, whereas in the karst catchment, the deeper groundwater 

pathways in the highly permeable bedrock provided the m ajority o f flow  to the stream and the  

near-surface pathways were much less significant. W here the near-surface pathways did function 

in the karst catchment, their role was to deliver bedrock groundwater to  the surface when the 

karst aquifer was fully saturated. In addition, the near-surface pathways on the Namurian shales 

which contributed to streams sinking at the shale/limestone boundary also played an indirect 

role.

In the poorly productive bedrock aquifers, which have low transmissivity, low storage and short 

flowpaths, and where rejected recharge and return flow to the surface are common, inter-mixing 

between the pathways takes place. W ater may originate in the bedrock but be subsequently 

delivered to the stream via a surface or near-surface pathway. The conceptual models have
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em p h as ized  t h e  im p o r ta n ce  of  t h e  trans i t ion  zone  an d  t h e  artificial d ra inage  n e tw o rk s  as 

t r a n s p o r t  p a th w a y s  in th e s e  e n v iro n m en ts .

5.5.1 Transition zone

With t h e  excep t ion  of  alluvial depos its ,  th e  trans i t ion  zone  has b e e n  identified  as  t h e  m ost 

p e rm e a b le  geological horizon in t h e  su b su rface  in th e  poorly  d ra ined  c a tc h m en ts .  It w as  also 

identified  as an  im p o r ta n t  p a th w a y  in th e  N uenna  kars t  c a tc h m e n t ,  b u t  d u e  to  th e  perm eab il i ty  of 

t h e  underly ing karst bedrock ,  it co n t r ib u te s  indirectly to  th e  s t r e a m  via d e e p  g ro u n d w a te r .  

A lthough th e  trans i t ion  zone  w as  n o t  formally identified  as  a high perm eab il i ty  w e a th e r e d  zone  in 

drilling in t h e  M attock  c a tc h m e n t ,  and  it m ay n o t  be  universally p re se n t ,  th e  b o re h o le  da ta  

indicate th a t  this  b o u n d a ry  b e tw e e n  t h e  subsoils and  t h e  bed rock  still p re se n ts  a significant 

ch a n g e  in perm eab il i ty  t h a t  ac ts  as an im p o r ta n t  b a r r ie r  to  vertical infiltration and  a s to re  for 

nu tr ien ts .  Similar o b se rv a t io n s  w e re  m a d e  in th e  Glen Burn c a tc h m e n t  w h e r e  th e  geophys ics  has 

identified  t h a t  t h e  d e v e lo p m e n t  of th e  t rans i t ion  zone  is n o t  uniform . In places w h e r e  th e re  is 

insufficient w e a th e r in g  to  c r e a te  t h e  transm issiv ity  to  c o n t r ib u te  significant flows to  t h e  s t rea m  

hydrograph , re tu rn  flow is likely to  d eve lop  as w a te r  backs up  to  t h e  su r fa ce  w h en  th e  subsoils  a re  

fully s a tu ra te d .  T hese  a re  t h e  e n v i ro n m e n ts  t h a t  a re  also  typically su ited  fo r  th e  installation  of 

artificial d ra inage  networks.

In all four c a tc h m e n ts ,  th e  trans i t ion  zone  w as  found  to  be  a significant p a th w a y  for  n i t ra te  and  

p h o sp h o ru s  t r a n sp o r t ,  ex c ep t  in t h e  g r o u n d w a te r  d ischarge zone  in t h e  valley in Gortinlieve 

w h e r e  th e  u p w ard  g rad ien ts  from  t h e  n u tr ie n t -p o o r  d e e p e r  b ed rock  d o m in a te d  th e  

hydrochem is try .  This highlights t h a t  t h e  vertical hydraulic g rad ie n ts  an d  g ro u n d w a te r  level 

dynam ics play an  im p o r ta n t  role in how  th e  t rans i t ion  zo n e  func tions  as  a pa thw ay.

T h ere  w e re  tw o  d if fe ren t su b ty p e s  of  t rans i t ion  zone  identified in t h e  s tudy  ca tc h m en ts .  In 

g r o u n d w a te r  d ischarge  a re as  t h e  trans i t ion  zone  is closely aligned w ith  t h e  sha llow  g ro u n d w a te r  

pa thw ay .  It occurs  in th e  low er  p a r ts  o f  c a tc h m e n ts  w h e r e  th e re  a re  u p w a rd  g rad ie n ts  from  th e  

low er  bed rock  g ro u n d w a te r .  It is fully s a tu ra te d  and  is o f ten  confined  u n d e r  low perm eab il i ty  

clayey tills in c a tc h m e n ts  under la in  by poorly  p roductive  aquifers .  The hyd rochem is try  and 

n u tr ie n t  c o n te n t  in this  ty p e  can be similar to  t h a t  in th e  underly ing bedrock , o r  can be  a m ix ture  

of  th e  bedrock  and  overlying subsoils  d e p e n d in g  on th e  a n t e c e d e n t  condit ions .  An exa m p le  o f  th is  

ty p e  occurs in t h e  low er  c a tc h m e n t  in Gortinlieve, and  in t h e  Glen Burn c a tc h m e n t  in w inter.

In g r o u n d w a te r  recharge  a re as ,  th e  trans i t ion  zone  is m o r e  closely a ligned with  t h e  in terflow 

p a thw ay .  It has  a quicker re sp o n se  t im e,  is n o t  always fully s a tu ra te d ,  an d  con ta in s  g r o u n d w a te r  

th a t  is o f ten ,  b u t  n o t  always p erched .  R echarge infiltrates from  th e  overlying subsoils r e a c h e s  th e
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low er perm eability barrier in the upper bedrock and flows laterally along the upper weathered  

zone. These zones are especially im portant for the transport of nutrients because they are 

typically more aerated and travel times are relatively quick, which means there is little  

opportunity for attenuation. In catchments underlain by poorly productive rocks, the transition  

zone w ater often discharges into the nearest ditch or drain, or it may also discharge as return flow  

to the surface where the soils and subsoils are thin. An example of this type occurs in the upper 

parts o f the Gortinlieve and M attock catchments, and in the Glen Burn catchment in summer. In 

catchments underlain by more perm eable bedrock, such as the upper cluster (N U l) in the  

Nuenna, the flow  moves laterally until it reaches a higher permeability zone within the bedrock 

that can accept the recharge to the deeper bedrock groundwater.

Recent geophysics work by the Griffiths Project team in many of the same catchments (Comte, 

pers comm.) has identified the presence o f a thin horizontal low resistivity layer sandwiched 

betw een a thin upper high resistivity layer at the top of the rock, and the rest of the high 

resistivity bedrock below. The change in resistivity is due to  the presence of a layer of clays that 

have washed downwards from  the upper bedrock and subsoils. These infilled clays may reduce 

the perm eability below the upper w eathered layer that is relatively clay free, and therefore may 

effectively isolate the top few  metres o f the rock from the rest of the bedrock below. This layer 

has been found in all the poorly productive catchments being investigated in the Griffiths 

programme and may prove to be the reason that the transition zone can behave differently to the  

rest o f the bedrock. Further work is required to confirm the hydrological characteristics of the 

transition zone and this is referred to in the recommendations.

These new findings build on the work o f (Gabrielli et al., 2012) as discussed in Chapter 2, who  

noted in the forested catchments of the M aim ai catchment, and the HJ Andrews Long Term  

Ecological Research Network experim ental catchment in Oregon, that the transition zone behaved 

differently in d ifferent hydro(geo)logical settings. They found no connection however, between  

the bedrock groundwater and the transition zone, and noted that the w ater discharged through 

the transition zone pathway was a mix o f vertically infiltrating soil w ater and rainfall. O ther 

authors (Tromp-van M eerveld and McDonnell, 2006, Liang and Uchida, 2013) attribute the  

delivery mechanism to a fill and spill process w here micro-depressions in the topographic surface 

of the bedrock fill up and interconnect, resulting in significant increases in the delivery o f flow and 

consequent rises in the stream hydrograph.

Based on the results of this study, it is considered that in glaciated, low-lying, poorly drained 

catchments, the dynamics of the deeper bedrock groundwater have a much greater bearing on 

the flow  mechanisms in the transition zone than the relief of the bedrock surface. The fill and spill
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process may operate in groundwater recharge areas, particularly if it transpires that the newly 

discovered low resistivity layer o f displaced clays is a hydraulic barrier to flow. It is suggested 

however, that in groundwater discharge zones, it is the relationships of the vertical hydraulic 

gradients throughout the geological profile that dictate the contribution of flow  fronn the 

transition zone. These types of groundwater discharge zones are likely to be more prevalent in 

Irish catchments than in the steep, non-glaciated, forested catchments of the previous studies.

This research suggests that the type of transition zone has a significant bearing on the likelihood 

of it being an im portant transfer pathway for diffuse nutrients in Irish catchments. In the 

groundwater recharge areas, the transition zone can be high in nitrate especially as it is not fully 

saturated and the source of w ater (and contaminants) is recharge through the soils and subsoils. 

In groundwater discharge areas, however, w ater in the transition zone has had a much longer 

residence tim e in saturated conditions and the source of the w ater is deeper bedrock 

groundwater, which means that overall there has been greater opportunity for attenuation and 

dilution. In these scenarios, it will be the quality of the bedrock groundwater that dictates the 

w ater quality in the transition zone. Further work is required in different catchments with 

different nutrient pressures to  confirm this hypothesis.

5.5.2 Artificial drainage

The artificial drainage networks, particularly the ditches, deliver a mixture of waters from  

different geological horizons to the stream and are essentially extensions of the river network. 

Evidence from  all three catchments underlain by poorly productive aquifers highlights that the 

mixture includes w ater from the groundwater pathway at breaks in slope, in upper catchment 

areas at seeps where low perm eability tills begin to thicken, or where w ater tables are high such 

as in inter-drumlin areas. This means that groundwater can contribute to the stream within much 

shorter tim e frames than would otherwise be possible w ere the drainage networks not present. 

This suggests that the widely adopted assumption used in many of the physical hydrograph 

separation methods, that the bedrock groundwater contribution to a stream is delivered via the 

slowest responding pathway (M ellander et al., 2012, O'Brien et al., 2013), may not hold true in 

poorly drained catchments.

The land drains equally can deliver different source waters depending on the hydrogeological 

scenario. In the Mattock and Glen Burn catchments, where the gradients are more often  

downwards, the electrical conductivity in the land drains is typically less than in the stream, 

consistent with infiltrating rainw ater with relatively short residence times and little contact with 

the soils. In the Gortinlieve catchment, in the discharge zone in the valley floor where most o f the  

land drains w ere identified, the electrical conductivities w ere higher than in the stream, which is
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likely a ttributable  to  th e  mixing be tw een  th e  soil/subsoil w a te r  and the  groundw ater  being forced 

upward from th e  bedrock. Thus, it is apparen t  th a t  th e  hydrogeological setting has a significant 

bearing on th e  behaviour of th e  near-surface pathways.

In th e  M attock catchm ent, th e  conductivity in th e  land drains was lower than  in th e  subsoil 

boreholes, which brings into question w he the r  it is reasonable  to  assum e tha t  the ir  chemistry 

truly rep resen ts  th e  interflow pathway. The permeability of th e  clayey till subsoils has been 

shown to  be very low based on pumping tests  using packers, suggesting th a t  on th e  scale of 

responses in th e  s tream  hydrograph, which is th e  im portan t scale for nutrient transport,  the  

contribution to  th e  stream  from th e  subsoils is likely to  be limited w ithout the  land drains or o ther  

preferential f lowpaths to  speed  up the  delivery. This in terpre ta tion  is consistent with the  

definition of interflow adopted  by Beven (2006b). Although hydraulically active fractures, often  

infilled with a variety of grain size materials, have been  shown to  be present in similar glacial till in 

th e  United Kingdom, and w ere  observed to  increase th e  bulk hydraulic conductivity to  be tw een  

one  and th ree  t im es th a t  of th e  till matrix (Cuthbert e t  al., 2010), they  w ere  found to  decrease 

with dep th  and th e  resulting transmissivity was still likely to  have been  too  low to contribute  

significantly to  th e  s tream  at th e  tem poral scale of s tream  flow events. It is considered, therefore , 

for th e  purposes  of  this research, th a t  the  land drains provide a suitable sampling window for the 

soil w ate r  th a t  is likely to be delivered to  s tream s a t th e  tem poral scale of th e  events.

The conceptual model developm ent in each ca tchm ent has been  instructive, and indeed essential, 

to  support th e  understanding of each ca tchm ent 's  pa thw ay functioning, providing a firm basis for 

the  hydrograph separations detailed in Chapter 6.
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6 Catchment-scale pathway separation

6.1 Introduction

Quantifying the contribution of each pathway to the stream helps to distinguish the key pathways 

and hence contributes to the identification of the critical source areas, i.e. the highest-risk areas 

for nutrient transfer. Chemical hydrograph separation methods w ere applied in three o f the study 

catchments, and were integrated with the findings of the NAM modelling and physical hydrograph 

separation methods carried out by O'Brien (2013), and the conceptual models detailed in Chapter 

5, to provide a more robust conceptualization and quantification of the pathway contributions. As 

described in Chapter 4, tw o different approaches to chemical hydrograph separation were applied 

that recognized the differences in data availability in the study catchments: a conceptual 

model-based, stream-focussed approach, which was carried out in all catchments, and a 

statistical approach in the data-rich M attock catchment, which was used to assess the  

applicability of the conceptual model approach and determ ine the degree of uncertainty in the 

results. This chapter discusses the integrated pathways separation results for each catchment in 

turn, and presents a method developed to  generalize them  to help constrain the hydrological 

model used in the catchment modelling tool (Section 3.2.3). A final section discusses some of the 

issues arising in the use of the methods.

6.2 Chemical hydrograph separation

Chemical hydrograph separation methods w ere applied in the M attock, Glen Burn and Gortinlieve 

catchments, but not in the Nuenna catchment. This was because the near-surface pathways were 

largely absent as the soils and subsoils w ere so permeable, and where they were present, they 

could not be distinguished hydrochemically from the bedrock groundwater pathways.

6.2.1 Mattock catchment

In the M attock catchment, the conceptual model identified that overland flow, w ater infiltrating  

through the soils and subsoils and discharging via land drains (interflow ), and shallow bedrock 

groundwater w ere the key sources of w ater for the stream (Section 5.1.5).

6.2.1.1 Tracer selection

Silica was initially selected as a suitable tracer to  represent the subsurface pathways, as in the 

majority of studies in the literature (Section. 3.3.2). Silica concentrations increase with increasing 

contact tim e with geological materials. The use of chloride was also considered as it is
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conservative, but as contanninants such as fertilisers and dom estic w a s te w a te r tre a tm e n t systems 

can also be a source, it was concluded th a t this w ould  give rise to  an unacceptab le level o f 

u ncerta in ty  in th e  results.

As th e re  are  no p eat deposits in th e  M a tto c k  catchm ent, it w as possible to  use th e  spectral 

absorption  co effic ient a t 2 5 4  nm ( S A C 2 5 4 ) ,  a proxy fo r organic co n ten t, as a suitab le tracer to  

identify  overland  flo w  (Kane, 2009 , Tipping e t al., 2009 ). The benefits  o f using SAC2 5 4  are  th a t it is 

very  cheap and sim ple to  analyse. The m etho d  does not d iffe re n tia te  th e  typ e  o f organic m a tte r  

being analysed and it th e re fo re  represents an ap proxim ation , but th e  background m onitoring  

data show ed th e re  is a strong positive re lationship  b e tw een  SAC2 5 4  and DOC (R^ = 0 .8 3 ) in the  

M a tto c k  ca tch m ent, w hich suggested th a t it w as ap p ro pria te  fo r use.

6 .2 .1 .2  Event data

Silica and SAC2 5 4  data  w ere  availab le fo r th e  river fo r six events, including both  w in te r  and 

su m m er events, events a t all th re e  catchm ent scales, i.e. upper (D iversion), m iddle (Collon) and  

lo w er (Berrrils), and one ev en t o f extended  duration  over 6  days th a t com prised six sm aller 

events. The ra infall events ranged in size fro m  27 m m  to  67  m m , w ith  a range in m axim um  rainfall 

in tensity fro m  2 .2  to  7 .19  m m /h  (Table 6 .1 ). In general, th e  m axim u m  intensities w e re  only  

sustained fo r short periods, and rainfall intensities o ver th e  re m a in d er o f th e  events w ere  

< 1 .5  m m /h , w hich  is typical o f Irish catchm ents (Logue, 1971 , Rohan, 1986). A full suite o f  

chem ical analyses was availab le fo r fo u r o f th e  events, and a reduced suite including Si, S A C 2 5 4 ,  

N O 3 and electrica l conductivity (and alkalin ity  on one occasion) fo r th e  o th e r tw o .

Table 6.1. Characteristics of the six events captured.

Event
no.

Location Event start Event
duration

(days)

Total
rainfall
(mm)

Max
intensity
(m m /h)

Chemistry 
suite sampled

1 Mid-catchment, Collon 2 Feb 2011 6.0 67.0 5.97 Reduced suite
2 Upper catchment, Diversion 28 Jan 2012 3.6 27.7 2.20 Full suite
3 Lower catchment, Berrils 28 Jan 2012 3.6 27.7 2.20 Full suite
4 Upper catchment. Diversion 6Jun 2012 3.8 59.0 7.19 Reduced suite
5 Upper catchment, Diversion 14Jun 2012 5.7 40.6 4.23 Full suite
6 Lower catchment, Berrils 14Jun 2012 5.7 40.6 4.23 Full suite

6 .2 .1 .3  End m e m b e r sam pling

The near-surface p ath w ay end m em b ers  w e re  sam pled during 27 rounds o f background sampling;

data fro m  14 sam pling rounds w e re  availab le fo r th e  EPA boreholes. The n u m b er o f S A C 2 5 4

samples availab le  fo r th e  EPA boreholes was u n fo rtu n a te ly  lim ited  to  19 in to ta l, as th e  EPA

laboratory  does not have th e  capacity to  analyse fo r th is p aram eter. Sam ples w e re  obta ined

during th e  te a m  events, and by opportun istica lly  coordinating w ith  th e  EPA subcontractors to

subsam ple fro m  th e  national sam pling rounds. H ow ever, th e  values o b ta in ed  w e re  considered to

154



be rea so n ab ly  r e p re se n ta t iv e  b ec au se  th e y  w e r e  all typically very  low, co ns is ten t  w ith  th e  

co n c ep tu a l  m ode l,  and  th e  s ta n d a rd  e r ro r  w as  small a t  0 .006. To inc rease  t h e  available d a t a s e t  for 

t h e  p u rp o se s  of  th e  mixing m o d e l  (Section 6 .2.1.5), t h e  m e d ian  of  t h e  available SAC2 5 4  d a t a  for 

ea ch  b o reh o le  w as  paired  w ith  t h e  addi tiona l silica values. In all, t h e re  w e re  so m e 670 sa m p le s  of 

t h e  en d  m e m b e r s  available fo r  th e  analysis.

6.2 .1.4 Principal c o m p o n e n ts  analysis

Once sufficient ev e n t  da ta  had b een  collected, principal c o m p o n e n ts  analysis (PCA) w as carried  ou t 

to  assess th e  relationships b e tw e e n  th e  different tracers  and  how  th e y  behaved  in th e  s t rea m  during 

events .  This w as  to  provide insights into th e  n u m b e r  of statistical com ponen ts ,  and  hence  potentially 

t h e  pathways, in th e  da tase t .  Results w ere  also used to  cross check th a t  th e  use of silica an d  SAC2 5 4  

w as approp r ia te  in this ca tchm en t .  PCA was no t carried o u t  for even ts  with reduced  suites o f  tracers  

because  it is less effective with limited da tase ts .  In th e  four even ts  analysed, PCA d e m o n s t r a te d  th a t  

th e re  w as o n e  m ajor  statistical co m p o n e n t  th a t  dictated  th e  majority (>62%) of th e  variance in th e  

s tream  flow sam ples  (Table 6.2). The t racers  aligned with this statistical co m p o n e n t  included those  

associa ted  with  th e  subsurface (e.g. Si, Mg and  alkalinity), and  th o se  indicative of overland flow (e.g. 

SAC, tota l organic carbon (TOC) and 6 ^H), with which th e y  w ere  negatively corre la ted .  This is 

consis ten t with th e  process of dilution of subsurface  w a te r  with overland flow.

The se cond  s tatistical c o m p o n e n t  in t h e  M attock  d a t a s e t s  typically identified a co n ta m in a t io n  

signal. In t h e  w in te r  ev e n t  in th e  u p p e r  c a tc h m e n t ,  th is  w as  d ic ta ted  by a source  of  n itra te ,  

chloride and  su lpha te ,  which w e r e  highly positively co rre la ted ,  b u t  which w e r e  weakly  negatively  

co r re la te d  w ith  to ta l  ph o sp h o ru s ,  i.e. w h e n  n itra te ,  ch loride  and  su lp h a te  inc reased ,  to ta l  

p h o sp h o ru s  d e c re a s e d .  This m ay suggest  t h a t  th e  so u rc e  w as  loca ted  in th e  n ea r -su r fa c e  soils 

b e c a u s e  of  t h e  positive re la t ionsh ip  w ith  su lp h a te  an d  th e  nega tive  corre la t ion  w ith  to ta l  

ph o sp h o ru s ,  w hich is typically a su rface  co n tam in an t .  In t h e  low er c a tc h m e n t ,  th e  c o n ta m in a n t  

signal w as  d o m in a te d  by po ta ss ium , a m m o n iu m  and  p h o sp h a te ,  which w e r e  positively c o r re la te d ,  

and  w e re  strongly  negatively co r re la te d  w ith  sodium . The a m m o n iu m ,  which w as  rela tively  high 

during t h e  ev e n t ,  is indicative of  a relatively f resh  sou rce  o f  c o n tam in a t io n ,  and  as it is co r re la te d  

with  p o ta ss iu m  and  pho sp h o ru s ,  it m ay  su g g e s t  a fa rm yard  so u rce  given th a t  this  w as  a  w in te r  

e v e n t  and  t h e  an im als  w e r e  h o u se d  indoors.  Alternatively, as t h e  closed per iod  fo r  slurry 

sp read ing  had  ju s t  f inished t h e  p rev ious w eek ,  it could also have  b e e n  t h e  resu lt  o f  a flush of 

o rganic  fertilisers t h a t  had  b e e n  freshly applied .  The nega t ive  co rre la t ion  with  sod ium , which is 

a s soc ia ted  w ith  bo th  th e  su b su rface  and  rainfall, m ay  reflec t dilution of  t h e  c o n ta m in a n t  source .  

In t h e  s u m m e r  even t,  th e
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Table 6.2. Pattern matrix PCA outputs for stream flow samples, for the upper and lower Mattock 
catchments, during the winter and summer events. The numbers in the  cells represent how strongly the 
tracers are correlated with the patterns of each component. Greyed cells highlight the component each 
tracer is best aligned with. % variance is the variance in stream  flow that can be explained by each 
component.

28 Jan  e v e n t,  u p p e r  and  lo w e r  c a tc h m e n ts

Upper
catchm ent

Com ponent Catchm ent
outlet

Com ponent

1
T

2 1
r

2
r

3

% variance 80.8 7 % variance 62.3 18.8 5.9
Cond 1.102 -.172 S04 .989 .086 -.047

Aik 1.095 -.218 Mg .986 .250 -.007

Mg .994 -.008 Ca .985 .207 -.030

d2H .944 .063 Cond .983 .109 -.001

d180 .922 -.006 SAC -.979 .031 .011

Ca .884 .135 d2H .970 -.076 .130

K -.876 -.101 Si .963 -.149 -.070

SAC -.812 -.223 Aik .942 .287 -.009

Na .790 .256 DOC -.924 .136 -.024

P 04 -.778 -.243 N03 .887 -.337 -.086

DOC -.754 -.254 d180 .737 -.126 .527

NH4 -.730 .007 TP -.545 .495 -.185

Si .681 .390 TN .512 -.045 -.389

N 03 .060 .930 Na -.283 -.903 -.137

Cl -.061 .917 NH4 .564 .817 .140
S 04 .199 .831 K -.457 .699 .114

IN .065 .743 P 04 -.460 .552 .167

TP -.380 -.500 Cl -.038 .136 .902

14 June e v e n t, u p p e r  and low er ca tch m en ts

Upper
catchment

Component Catchment
outlet

Com ponent
1 2

f

3 1
r

2 3

% variance 66.6 13.9 6 % variance 66.5 11.8 7.3
Cl 1.019 .513 -.010 Si .982 -.107 .052

Na 1.013 .129 .026 S04 .968 -.048 .026
Cond .988 .043 -.058 N03 .955 -.051 .101
Mg .971 -.010 -.085 TOC -.951 -.087 -.026
TN .927 -.078 .316 Cond .945 .087 .056
d2H .888 -.016 -.022 Mg .941 .093 .063

S04 .876 -.215 -.081 SAC -.935 -.089 -.070
Aik .875 .188 -.233 Aik .911 .125 -.023
Si .871 -.226 -.073 Na .908 .186 .060
SAC -.866 .238 .075 Cl .854 .280 .040
TOC -.862 .233 .060 TP -.848 .587 .145

N03 .850 -.270 -.103 d2H .646 .053 .418
Ca .597 -.295 .105 TN .449 .429 .399
d180 .372 -.210 .176 K .060 .906 -.059
K -.119 .908 .157 NH4 .388 .778 -.267

Phosphate -.037 .897 -.032 Ca -.002 -.204 .773
NH4 -.093 .874 -.036 dIBO .111 -.108 .770
TP -.113 .109 .950 Phosphate -.120 -.276 -.495
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co n tam ination  signals com prised potassium and am m o niu m  at both catchm ent scales, w ith  the  

addition  o f phosphate in the upp er catchm ent, w hich is likely to  be a signal fro m  m anures.

O f th e  tracers identified  as being associated w ith  th e  m ost significant statistical com ponent, silica, 

m agnesium , alkalin ity and electrical conductivity best represented  th e  subsurface contribution , 

and SAC and TO C /D O C  p erfo rm ed  best as overland  flo w  indicators. Silica and SAC w ere  th ere fo re  

confirm ed as ap propria te  tracers. Further discussion on th e  usefulness o f th e  PCA approach is 

presented  in Section 6 .8 .3 .

6 .2 .1 .5  M ixing m odels

A pathw ays mixing m odel shows th a t a t th e  co m m en cem en t o f all events, th e  baseflow  from  the  

subsurface was high in silica and low  in SAC254, as w ou ld  be expected, but th a t as th e  events  

progressed, th e  silica was d ilu ted  and th e  organic co n ten t increased as th e  overland flow  

pathw ays becam e dom inant (Figure 6 .1 ). There  is a lin ear progression in th e  stream  chem istry  

during th e  events th a t could potentia lly  be in te rp re ted  as representing  just tw o  significant 

pathways; th e  subsurface w a te r  and overland flo w . This w ou ld  be supported by th e  PCA, which  

suggests th a t th e  m ajority  o f th e  variance in th e  stream  samples can be explained by just one  

process: th e  d ilu tion  o f subsurface w a te r w ith  overland flo w  (Section 6 .2 .1 .4 ).
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Figure 6.1. Mattock pathways mixing model. Background pathway samples and stream flow data for all 
six events. Note how the samples for each pathway cluster within a distinct region on the graph, with the 
exception of the ditches which largely overlap with the stream (and bedrock groundwater) highlighting 
they are derived from the same sources. Note also the different summer/winter event trends in the river.



However, it is clear from th e  background sampling in th e  ca tchm ent and the  conceptual model 

described in Chapter 5 th a t  th e  subsurface com ponen t comprises a mixture of w a te r  from the 

shallow bedrock, transition zone, subsoils and soils, and th a t  its t ranspo rt  to  th e  s tream  is greatly 

enhanced  by th e  presence of th e  land drains and ditches. In th e  interests of trying to  determ ine  

th e  role of th e  interflow pathway, and because, based on th e  findings in Chapter 5, th e  interflow 

pathw ay is im portant for the  transport  of nitrate — which is an im portan t w ater  quality issue in 

Ireland — th e  th re e  pathways were  retained in th e  analysis.

6.2.1.6 End m em b er  signatures

It is evident from the  Mattock end m em ber  sampling d ata  th a t  overland flow is high in SAC254 and 

low in silica, while bedrock and gravel g roundw ater  is low in SAC254 and high in silica, and land 

drains and ditches are in be tw een  (Figure 6.2). As discussed in Chapter 5, MK3 Shallow and Deep 

do not contribute  to  the  stream. The tracers selected can therefo re  adequate ly  distinguish the  

pathways under consideration, which satisfies one of th e  major assum ptions of th e  method.
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Figure 6 .2 . Signatures of th e  end m em bers. M attock catchm ent, n = th e  num ber of sam ples. W here tw o 
num bers are  given, th e  first is th e  num ber of silica sam ples and th e  second is th e  num ber of SAC254 
sam ples.

The signature of w a te r  in the  ditches is, in general, very similar to  th e  river water, which supports  

th e  findings of th e  conceptual model (Section 5.3.3.3) th a t  they  can be considered as extensions 

of th e  river system and th a t  they  deliver mixed water. M easured silica concentrations in all
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ditches fo r exam ple, ranged fro m  <1 to  > 6  m g /l as Si (electrical conductivity varied  from  

< 1 0 0  piS/cm to  > 400  |iS /cm ), reflecting changes in th e  d om in an t contributions fro m  overland flow/ 

to  shallow  g ro u n d w ater, respectively.

There  is also a w id e  distribution in th e  land drain data, highlighting th a t som e drain w a te r  m ore  

closely resem bles th e  organic-rich overland flow  at th e  surface, w hereas o th e r drain w a te r  from  

d eep er soils has had a slightly longer residence tim e  and has had th e  organic m a tte r filte red  out. 

On th e  w ho le , how ever, it is th e  land drains, ra th e r than  th e  ditches, th a t m ost closely re flect the  

signature o f th e  w a te r in subsoil boreholes. The end o f p ipe sam pling location is also closer to  the  

soil w a te r  source, in com parison to  sam pling in ditches w h e re  mixing o f pathw ays is much m ore  

prevalent. The land drains th e re fo re  best represent th e  in te rflo w  co m ponent. It m ust be noted  

th a t th e  fo u r subsoil borehole samples th a t have silica contents approaching th a t o f bedrock and 

gravel g ro u n d w ater w ere  taken  fro m  th e  alluvium  b orehole  at M K 3 n ear th e  river during dry 

periods, w hen  th e  upw ard  grad ien t fro m  th e  underlying gravels in fluenced th e  w a te r  chem istry.

The th re e  path w ay end m em bers are thus overland flow , in te rflo w  via land drains, and 

g ro u n d w ater fro m  th e  shallow  bedrock and th e  gravels. The m edian  values o f th e  availab le silica 

and SAC2 5 4  data fo r each end m e m b er w ere  selected fo r use in th e  calculations (Table 6.3). Data  

fo r one land drain located in organic peaty  soils in th e  upp er ca tch m ent w ere  o m itted  fro m  the  

dataset, because th ey  presented to o  large a bias in SAC2 5 4  th a t was not considered to  be 

representative o f th e  w id er ca tchm ent conditions.

Table 6.3. Selected values for end member signatures used in the mixing calculations.

Winter Si
mg/l Si

SAC
absorbance units

Overland flow 0.45 0.550
Interflow 1.95 0.141
Groundwater 6.67 0.008

Summer SI
mg/l Si

SAC
absorbance units

Overland flow 0.89 1.143
Interflow 1.95 0.141
Groundwater 6.67 0.008

The selected tracer values generally bound th e  stream  flo w  data (Figure 6 .3 ) w ith  one or tw o  

m inor exceptions, w hich typ ically occur during conditions o f high flo w  w hen  SAC values are higher 

th an  expected or silica values are low er th an  expected. This m ay be due to  th e  influences o f 

surface ru n off fro m  hard stand areas. Sam ple analytical e rro r is also a possibility. For the m ost 

part, how ever, th e  results suggest th a t an o th e r o f th e  assum ptions o f th e  m etho d  is m et in this 

catchm ent, i.e. th a t th e  end m em bers represent th e  extrem es in th e  ca tchm ent and th e  stream  

samples are bounded by those extrem es. The standard e rro r o f th e  end m e m b er signatures is 

re la tively sm all, as th e  num ber o f samples was large.
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Figure 6.3. End member signatures in relation to the river event data. Error bars show the standard error.

Plotting th e  data highlighted th a t th e re  are consistently tw o  d iffe ren t peaks in SAC2 5 4  in th e  river 

data th a t coincide w ith  th e  seasons; th ere  is less organic m a tte r washed in w ith  overland flow  in 

th e  w in te r m onths than during th e  sum m er. This is likely to  be due to  a com bination o f less 

organic m a tte r in th e  fields in th e  w in te r w hen th e  anim als are housed indoors, and m ore dilution  

in th e  w e tte r  w in te r an tecedent conditions. Similar seasonal changes in organic m a tte r  

concentrations w ere  identified  by Hooper et al. (1990) in one o f th e  earliest papers using this 

m ethod . This needed to  be taken  into consideration in th e  hydrograph separation calculations, 

because it could otherw ise have been in terpreted  as a lo w er contribution  o f overland flow . This 

em phasizes th a t, in practice, and contrary to  th e  second assum ption o f th e  m ethod , th e  end 

m em bers do vary tem pora lly  in th e  field. This has been accounted fo r in this study by selecting 

d iffe ren t overland flo w  end m em bers for th e  sum m er and w in te r events.

6 .2 .1 .7  Pathw ay contributions

The predicted flows through each o f the pathways fo r th e  th ree  w in te r events are presented in 

Figure 6.4, and fo r th e  th ree  sum m er events in Figure 6.5 , to g e th er w ith  th e  to ta l observed flow. 

A sum m ary tab le  o f th e  percentage pathw ay contributions to  th e  river at low  flows, peak flows 

and in to ta l o ver th e  sampled event, is included. For th e  first event, an additional tab le  showing 

th e  pathw ay contributions at peak flow  in each o f th e  six sub-events is also presented. Gaps in the  

datasets are due to  autosam pler failures w hen samples w ere  not collected.
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The results show th a t  during the  winter periods, over the  total duration of each event, overland 

flow was th e  dom inant pathway (42-52%), followed by interflow (24-38%), while the 

g roundw ater  pathway contributed least (20-24%). At low flows prior to  th e  events, th e  interflow 

pathway contributed more flow (50-60%) than  bedrock groundwater. At peak flows, th e  data 

from the  6-day event indicate th a t  the  proportion of overland flow in the  stream  varied greatly, 

from 36 to  81%, and th a t  the  percentage decreased as the  ca tchm ent becam e w ette r  in favour of 

the  interflow pathway. Note th a t  the  zero value obtained for th e  interflow pathway during the 

second peak of th e  first event was because th a t  particular sampling point was not bounded  by the 

end m embers. This may have been due to  a flush of fresh w a te r  from a hard stand area in Collon, 

which is adjacent to  th e  sampling location.

During th e  sum m er months, g roundw ater  (10-20%) and overland flow (33-51%) contributed 

proportionally less overall to  th e  river than  during th e  winter months, w hereas  th e  interflow 

pathway was slightly higher overall at 39-50%. At low flows, similar to  prior to  the  w in ter  events, 

th e  interflow pathway remained dom inant a t approximately 50-60% of river flow. At peak flows, 

evidence from Events 3 and 4 in the  upper catchment, which were  only a few days apart, show 

th a t  the re  was a similar pa ttern  of increasing interflow and decreasing overland flow with w etter  

an teceden t  conditions, despite  the  drier conditions overall.

Although it may initially appear  counter-intuitive tha t  th e  proportion of overland flow in a stream 

decreases as th e  ca tchm ent becomes progressively wetter ,  it occurs because, as the  chemistry 

data  indicate, th e  s tream  flow gradually increases proportionally in w a te r  with a subsurface origin 

as th e  events progress. This is consistent with the  findings of the  early researchers who observed 

th a t  subsurface w a te r  was able to contribute to  s tream s a t  th e  scale of events (Sklash and 

Farvolden, 1979).

The predom inance of w ater  with an interflow signature prior to  the  events in all seasons suggests 

th a t  in th e  Mattock catchm ent, th e  baseflow is derived predominantly from th e  soils and subsoils 

ra ther than  bedrock. This is consistent with th e  conceptual model finding th a t  the re  is a 

palaeochannel isolating the  bedrock groundw ater  from th e  river in the  valley.

Comparison of Events 5 and 6 highlight th a t  there  was an apparen t  scale-related change in the  

dom inant pathway at peak flow, from interflow dominating both peaks in th e  upper catchm ent, 

to  overland flow being more im portant a t th e  ca tchm ent outlet. This is likely to  be due  to  quick 

runoff from th e  hard surfaces in th e  built-up area in Collon, which is located be tw een  the  

sampling locations.
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Further insight into th e  path w ay contributions was provided by com bining th e  results w ith  those  

fro m  th e  physical hydrograph separation  m ethods as d eta iled  in Section 6.5.

6.2.2 Glen Burn catchment

The conceptual m odel fo r th e  Glen Burn d eterm ined  th a t th e  near-surface pathways w ere  

d om in an t in th e  catchm ent, particu larly th e  upper w ea th e red  bed ro ck /tran s itio n  zone in the  

in te r-d ru m lin  areas, w hich are  drained by th e  artificial drainage n etw ork . The overland flow  

co m ponent was expected  to  be large because th e re  is little  storage in th e  transition  zone in these  

areas, th ey  sa turate  quickly, and th ey  receive rapid add itional ru n off fro m  th e  drum lins giving rise 

to  favourable conditions fo r overland flow .

6 .2 .2 .1  Tracer selection

The stable hydrogen isotope d eu teriu m  (6 ^H) and silica w e re  selected as having good explanatory  

p o w er based on PCA (Section 6 .2 .2 .4 ), th e  availab le even t data and th e  ca tchm ent conceptual 

m odel. D euterium  distinguishes p re-event and event w a te r in th e  stream : p re-event w a te r th a t  

has been subjected to  som e degree o f evaporation  has a h igher proportion  o f th e  heavier 6 ^H in 

its m olecular structure and is said to  be m ore enriched, i.e. less strongly negative, w hereas fresh  

rainfall is m ore d ep le ted  in 6 ^H, i.e. m ore strongly negative, notw ithstand ing  th a t th ere  are  

variations in 6 ^H in rainfall during and b etw ee n  events. Incorporating  a solute and an isotope  

tracer is advantageous because it com bines insights fro m  tw o  d iffe ren t hydro(geo)logical 

processes: dissolution o f m inerals, a source-origin approach, and th e  tim e-b ased  approach o f the  

isotopes (B uttle , 20 0 6 ). The p eat deposits in th e  upper p art o f the Glen Burn catchm ent m eant 

th a t th e  use o f SAC2 5 4  was not ap p ro pria te  as a ca tch m ent-w ide  path w ay tracer. It was, how ever, 

useful in identifying th e  im portance o f th e  upp er catchm ent flo w  to  th e  overall catchm ent w a te r  

balance.

6 .2 .2 .2  Event data

There  w ere  tw o  rainfall events captured  in th e  Glen Burn a t th e  ca tchm ent o u tle t, in M ay 2012  

and N o vem b er 2012  (Table 6 .4 ). The events w e re  sim ilar in m agn itude and m axim um  rainfall 

intensity, but th e  M ay  event w as much m ore d raw n out lasting tw ice  as long as th e  N ovem ber 

event, w hich m e an t th a t th e  average rainfall intensity was m uch low er. The peak flo w  level o f the  

M ay even t w as also approxim ately  th e  sam e as th e  baseflow  level before  th e  N o vem b er event. 

Consequently, th e  w in te r an teced en t conditions w e re  much w e tte r  and th e  response in the river 

was th ere fo re  m uch greater.

164



Table 6.4. Event characteristics, catchment outlet (MS2), Glen Burn.

Event
no.

Event start Event
duration

(days)

Rain duration 
(hours)

Total rainfall 
(mm)

Max intensity 
(mm/h)

Ave intensity 
(mm/h)

1 9 May 2012 4.7 36 19.3 3 0.56
2 18 Nov 2012 3.7 13 22.4 3.4 1.2

One additional chemistry dataset was available for the mid-catchment location for the May event, 

but as there are no comparable flow  data available, they are not used in the hydrograph 

separations. However, the data contributed useful additional inform ation for the conceptual 

model.

6 .2.2.3 End m em ber sampling

Near-surface pathway end m em ber sampling was restricted to the tw o campaigns during the 

team  events, which meant that the background data w ere very limited in comparison to the 

M attock catchment. A slightly d ifferent approach to the selection of the end m em ber signatures 

was therefore required, which is described further in Section 6.2.2.6. In all, there w ere less than 

10 samples available for each of the near-surface pathway types.

In contrast, there was an intensive bedrock sampling programme carried out in the Glen Burn 

catchment boreholes as part of a sister Pathways Project research project (Orr, 2014), so there  

w ere 88 silica samples available for the bedrock groundwater from the borehole monitoring suite. 

Unfortunately however, there was no capacity to analyse for 6^H during the background sampling 

campaigns, so data for the groundwater end m em ber w ere limited to the analysis carried out by a 

commercial laboratory as part of the tw o team events.

6.2.2.4 Principal components analysis

The PCA carried out on the stream event data highlighted that there were four main components 

contributing to the variance in stream chemistry at the catchment outlet in both seasons, 

although there was far greater uniform ity among the tracers during the w inter event when the 

antecedent conditions were much w ette r (Table 6.5). The principal component was dictated by 

the major ions associated with the rock minerals, such as sodium, magnesium and silica, and 

included the isotopes, which suggests the signal may be attributed to  the dilution of subsurface 

w ater with overland flow. The much weaker signal in the May event (39% of the variance) is 

consistent with the overland flow  pathway being less influential at lower flow  levels.

The second component in the M ay event, which still represents quite a high percentage of the 

variance at 25%, includes TOC and SAC, with ammonium and potassium. This may represent the
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Table 6.5. PCA outputs for stream flow samples at the catchment outlet in the Glen Burn during the 
summer and winter events. The numbers in the cells represent how strongly the tracers are correlated 
with the patterns of each component. Greyed cells highlight the component each tracer is best aligned 
with. % variance is the variance in stream flow that can be explained by each component.

Nov 2012 event, catchment outlet

Catchment
outlet

Component

1
r

2
r

3
r

4

% Variance 63 14 7 6
Conductivity .987 .071 -.019 -.044

Calcium .983 .041 -.014 -.055

Magnesium .981 .065 -.053 -.063

Sulfate .980 .016 -.002 -.064

Sodium .976 -.006 .114 .028

Silica .966 .065 -.060 -.090

Bromide .954 .170 -.080 -.050

Chloride .917 -.108 .250 .160

Alkalinity .916 -.016 -.261 -.050

d2H .881 -.218 .211 .250

Nitrate .870 .037 -.389 -.079

Phosphate -.810 .178 -.314 .067

d180 .652 -.351 .388 .268

Potassium -.632 .147 -.198 .292

Fluoride -.124 .843 .168 .319

Ammonium .064 .772 .003 -.310

Nitrite .197 .291 .887 -.143

TOC -.319 -.391 .649 .044

SAC -.058 .075 -.146 .921

M ay 2012 event, catchm ent outlet

Catchment Component

outlet
r

1
r

2
T

3
r

4
% Variance 39 25 12 9
Sodium .987 .032 -.045 .002

Magnesium .985 -.092 -.099 .370

Chloride .957 .289 -.193 .025

Alkalinity .809 .028 .302 -.074

d2H .699 -.384 .228 -.167

Silica -.697 -.178 .165 .399

dIBO .649 -.242 .150 -.309

TOC .091 .940 .515 -.001

Potassium .231 .782 -.386 -.012

NH4 -.051 .731 -.343 -.044

SAC -.358 .506 -.070 .110

P04 .130 -.156 -.928 -.092

N03 -.123 .209 -.817 .087

Calcium -.093 .256 -.206 .819

Sulfate .167 -.310 .401 .790

contributions fronn the upper catchment where the soils are peaty and organic and there are 

known to be significant snnall point sources of contamination, or alternatively Incidental losses of 

organic fertilisers near w ater courses. The equivalent signal in the Novem ber event is much 

weaker, which reflects the higher flows across the catchm ent, the dilution of the upper catchment 

contributions and the housing of the animals indoors. The remaining components represent much 

smaller percentages of the overall variance and are typically contamination signals. It is not clear 

why com ponent 4 in the M ay event includes calcium and sulphate, which would normally be 

associated with the dilution of subsurface w ater, but it may represent the transfer of excess 

calcium am m onium  nitrate (CAN) fertilisers to the  stream from the upper catchment peaty soils.

The PCA confirmed that the use of silica and 6^H was appropriate as they are both represented in 

the principal com ponent in both seasons. Sodium and magnesium would have also been suitable 

alternatives for the subsurface component. Further discussion on the usefulness of the PCA 

approach is presented in Section 6.8.3.
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6.2.2.5 Mixing models

Pathways mixing models show that there were d ifferent progressions in the stream event 

chemistry at the catchment outlet during the summer and w inter events, a trend that was not 

found in the other catchments (Figure 6.6). Prior to  the M ay event, the chemistry of the stream  

w ater was dom inated by waters enriched in 6^H and low in silica, consistent w ith shallow 

subsurface w ater in the peat in the upper catchment. This was confirmed by the chemistry of spot 

samples taken from  the stream in the upper catchment. As the event progressed, the slightly 

fresher influx of more 6^H depleted w ater is evident, whereas towards the end of the event, there  

is a gradual increase of groundwater higher in silica. Prior to the Novem ber event, the baseflow is 

more strongly influenced by subsurface w ater much higher in silica, which, based on the spot 

samples, was similar to the bedrock groundwater. The 6^H content was higher than in typical 

bedrock groundwater however, which may reflect slight mixing with nearer-surface pathways.
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Figure 6.6. Mixing model for the Glen Burn catchment. Error bars show the standard error.

6.2.2.6 End m em ber signatures

Given the limited number of end m em ber samples in the Glen Burn catchment, a different 

approach to selecting appropriate end members was required. The end m em ber signatures were 

selected based on the evidence provided by the stream chemistry, supported by the data 

collected from the end m em ber pathways and the conceptual model. In simple terms, the 

approach took the stream chemistry as the starting point and used the end m em ber samples in 

the context of the conceptual model to try to  explain w hat was contributing to it at different 

points in the hydrograph, rather than initially determining the end members independently based
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on spot samples from the catchment, as is the more traditional approach. The selected end 

m em ber signatures and the justification for them  are presented in Table 6.6.

Table 6.6. End member signatures and their basis, Glen Burn. The average electrical conductivities of each 
pathway are given for comparison to support the findings.

Pathway Si
mg/l

6*H
%0

Description and basis

November event only

OF 2.24 -53 .84

Quick response overland flow. Si, average measured event values; 6^H, 
average measured event rain. Measured OF 6^H values not used as 
evaporation influences evident in the data, which may suggest some 
return flow contributions. Average EC 176 nS/cm

IF 1.82 -44 .29
Soil water discharging via the drainage network with minimal residence 
tim e and little evaporation. Si, average measured IF values; 6^H, average 
measured IF values. Average EC 227 ^lS/cm

GW 4.60 -38 .17

GW as represented in the 12 catchment boreholes. Si, average measured 
borehole background and event groundwater data; 6^H, lowest measured 
value in event. No background data available. Alluvium, shallow and deep 
holes included as almost all holes are influenced by shallow GW due to 
poor construction. Average EC during the event 458 nS/cm

M ay event only

Upper
catchment

1.27 -33 .61

Peaty water from the upper catchment. Si, average measured values at 
S l l  and baseflow in mid-catchment; 6^H, most enriched value mid
catchment away from the influence of another ditch. Average EC during 
the event 465 nS/cm although contamination is an issue

IF 1.82 -45 .66

Soil water discharging via the drainage network with minimal residence 
time and little evaporation. Si, lowest IF value taken to incorporate the 
minor OF component; 6^H, average IF values. Average EC during the event 
311 |iS/cm

GW 4.60 -38 .17 As for November event
OF, overland flow; IF, interflow; GW, groundwater; EC, electrical conductivity.

Based on the stream chemistry and the conceptual model, it was determ ined that d ifferent end 

m em ber signatures were required for the near-surface pathways for each event. For the most 

part, the average of the measured tracer concentrations for the sampled end members were 

used, but w ith three notable exceptions. In the Novem ber event, the 6^H values for the overland 

flow  samples collected did not bound the stream samples as they w ere too enriched. This is likely 

to be because the w inter overland flow incorporated some return flow  that had previously been 

subjected to some degree of evaporation, yet the w ater was clearly sufficiently dilute such that 

the silica values w ere still low. This was consistent with observations of the electrical conductivity 

of overland flow  values of >200 nS/cm in some places in the field, which is much higher than fresh 

rainfall. In the M ay event, the stream was more enriched in 6^H than the waters sampled from  the 

upper catchm ent, so the most enriched value was adopted as the end m em ber concentration. 

This is an example of the near-surface pathways sampling not adequately capturing the full extent 

of variability in the stream. The lowest o f the silica values measured for the interflow  end m em ber 

was required to  adequately bound the stream samples. The resulting mixing triangles bound the
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stream data; they do not bound all the end m em ber samples because they represent the average, 

(or best estimate) of the end m em ber characteristics which in this catchment are very variable 

due to considerable intermixing o f the pathways.

Review of the end m em ber mixing triangles with the stream tracer concentration data shows that, 

for this catchment, very clear differentiation is achieved between the pathway contributions using 

these tracers, i.e. the stream chemistries plot in a distinct triangular pattern showing clear 

progression from  the dominance of one pathway to another. For a three-pathw ay component 

catchment, this is the ideal scenario as it means that, in effect, the stream data force the selection 

of the appropriate end members and there is less reliance on the data from the limited end 

m em ber sampling with all its associated errors.^ This can only be achieved, however, if there is a 

sound conceptual model of the catchment dynamics that leads to correct selection of appropriate 

tracers in the first instance. Several combinations of tracers were reviewed in this analysis before 

an acceptable differentiation that could be hydrogeologically and defensibly explained was 

achieved. This process also added to the development of the conceptual model. Although this 

approach may not lead to precise percentages of end m em ber contributions due to slight 

inaccuracies in the appropriate end m em ber tracer concentrations selected, it nevertheless 

provides defensible relative pathway contributions for each tim e step in the stream. Further 

discussion on uncertainty and end m em ber signature selection is provided in Sections 6.4 and 6.8.

6 .2.2.7 Pathway contributions

The predicted flows through each of the pathways for the tw o events are presented in Figure 6.7 

and Figure 6.8, together with the summary statistics. The results from the M ay event show that 

the pre-event baseflow signature was dom inated by seepage w ater discharging from  the peaty 

soils in the upper catchment (72%). This is confirmed by the background catchment sampling 

data, which shows that more than 50% of the flow at the catchment outlet is contributed from  

the uppermost catchment area when the flows at are 10 I/s or less at the outlet. During the first 

peak in stream flow, the increase in stream flow was predominantly due to the increase in 

interflow as the groundwater contribution was still at a minimum (5%). As the event progressed, 

shallow groundwater from the lower-lying areas began to contribute, reaching a maximum of 28% 

at peak stream flow. Overland flow  was not observed except on made ground.

 ̂ Although the standard errors for the end members are larger for this catchment than for the Mattock, 
they still allow proper differentiation of the different components. However, this may not always be the 
case in data-poor catchment studies.
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Figure 6.7. Pathw ay separations for th e  May event, Glen Burn.
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Figure 6.8. Pathw ay separations for th e  N ovem ber event, Glen Burn.

In November, th e  river flow was dom inated  by groundw ater  (92%) prior to  th e  rainfall event. A 

large surge of overland flow (maximum 86%) occurred shortly after th e  onse t  of rain but it was 

substitu ted  by a large com ponen t of interflow (maximum 72%) as th e  event progressed. At the 

t im e  of peak s tream  flow, th e re  was 41% overland flow and 54% interflow. The groundw ater  

contribution rem ained low th roughou t the  event, increasing again during the  recession.

The interflow pathw ay was th e  dom inant pa thw ay overall (54-57%) in th e  Glen Burn ca tchm ent 

during both seasons. This is because in this catchm ent, a perm eable  transition zone in th e  upper 

bedrock is not p resen t everywhere, and th e  com p eten t  bedrock acts as a barrier to  vertical flow 

for the  soil/subsoil water. The delivery of this soil and subsoil w a te r  to  the  s tream  is enhanced 

very effectively by th e  artificial drainage network. The overland flow co m ponen t dom inated , as
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e x p e c te d ,  in t h e  Novennber ev en t ,  bu t  only during th e  early  p a r t  o f  th e  e v e n t  w h e n  t h e  f re sh e r  

w a te r  g a in ed  quick access  to  th e  s trea m .  As th e  ev e n t  p rog ressed ,  th e r e  w as  m o re  mixing in th e  

n ea r -su r fa c e  p a th w a y s  and  t h e  in terflow p a th w a y  b e c a m e  m o re  im por tan t .

6.2.3 Gortinlieve

The co n c e p tu a l  m ode l su g g e s ted  th a t  th e  t rans i t ion  zone  is th e  key sub su r face  p a th w a y  fo r  th e  

delivery  of  flow to  t h e  s t r e a m  in Gortinlieve, a l though  d if fe ren t  hydrogeological p rocesses  

d o m in a te  in d if fe ren t  p ar ts  o f  th e  ca tc h m en t ,  which affec ts  n u t r ie n t  delivery. In t h e  g r o u n d w a te r  

re c h a rg e  a re a s  in t h e  u p p e r  c a tc h m e n t ,  during even ts ,  w a te r  is f lushed  o u t  into t h e  n e a r e s t  ditch 

o r  t r ib u ta ry / s t r e a m  channel,  o r  as re tu rn  flow w h e r e u p o n  it is mixed with  inpu ts  f rom  over land  

flow. In t h e  g r o u n d w a te r  d ischarge areas ,  upwelling g ro u n d w a te r  is n u tr ie n t  p o o r  b u t  t h e  artificial 

d ra in a g e  n e tw o rk  th a t  has b e e n  d eve loped  to  alleviate th e  high w a te r  tab le ,  as well as  over land  

flow, is im p o r ta n t  fo r  th e  delivery o f  p hospho rus .

6 .2 .3.1 T racer  se lection

Analysis o f  th e  e v e n t  da ta ,  t h e  PCA, th e  ERA bo reh o le  d a ta  and  t h e  co n c ep tu a l  m ode l,  sug g e s ted  

th a t  t h e  m o s t  su itab le  t ra c e rs  for  th e  mixing analysis w e re  6 ^H rep re se n t in g  th e  ov er la n d  flow 

c o m p o n e n t ,  an d  calcium to  reflect t h e  con tr ibu tion  from  t h e  subsurface .  A lthough  use  of silica 

w o u ld  h ave  b e e n  p re fe rab le  d u e  to  th e  n a tu re  of  t h e  P recam brian  rocks in t h e  c a tc h m e n t ,  th e re  

w e r e  u n fo r tu n a te ly  quality contro l  issues with  th e  silica d a ta  for  t h e  N o v em b e r  ev e n t ,  which 

m e a n t  th e y  could n o t  b e  used .  Electrical conductiv ity  w as  also found  to  be  generally  useful, b u t  as 

t h e r e  w e r e  know n po in t  so u rce s  of  c o n tam in a t io n  in th e  river during th e  ev e n ts ,  it w a s  dec ided  

ag a in s t  using electrical conductiv ity  for  th e  hydrograph  sep ara t io n s .  SAC2 5 4  p roved  n o t  to  be  an 

a p p r o p r ia te  t r a c e r  in Gortinlieve b ec au se  of  th e  p re se n c e  of p e a ty  o rganic  soils in t h e  u p p e r  

c a tc h m e n t  a re a s  in th e  h e a d w a te r s  (see Section 5.3.1). This highlights t h e  im p o r ta n c e  of  se lec ting  

ca tchm en t-spec if ic  tracers .

6 .2 .3.2 Event d a ta

Two m a jo r  t e a m - b a s e d  e v e n t  sam pling cam paigns  w e r e  c o n d u c te d  in N o v e m b e r  2011 and  

D e c e m b e r  2012 (Table 6.7). A significant s u m m e r  e v e n t  un fo r tu n a te ly  p roved  e lusive  in th e  

G ortin lieve c a tc h m e n t ,  b u t  n ev e r th e le ss  th e  characteris tics  o f  th e  w in te r  e v e n ts  w e r e  sufficiently 

d if fe ren t  to  p rov ide  c o m p le m e n ta ry  in form ation ; th e  N ov em b e r  2011 e v e n t  p ro d u c e d  o n e  o f  th e  

la rges t  s t r e a m  flow re sp o n se s  rec o rd e d  during th e  2 -yea r  sam pling period .  A sm alle r  e v e n t  w as  

also  c a p tu re d  in A ugust 2010  b u t  as th e r e  w e re  a res tr ic ted  n u m b e r  of  an a ly te s  inc luded  in th e  

m on ito r in g  suite ,  th e  sco p e  o f  possible ana lyses  w as  limited.
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Table 6.7. Event characteristics, Gortinlieve.

Event no. Location Event start Event duration 
(days)

Total rainfall 
(mm)

M ax intensity 
(m m /h)

1 EPA weir 16 Aug 2010 2 18.6 3
2 EPA weir

28 Nov 2011 2.56 44.3 12.4
3 Catchment outlet
4 EPA weir

5 Dec 2012 4.8 28.4 2.8
5 Catchment outlet

6.2.3.3 End m em ber sampling

Near-surface pathway end m em ber sampling was again restricted to the tw o campaigns during 

the team  events, although the number of samples collected was slightly higher than in the Glen 

Burn. In addition, an autosampler was used to continuously sample ditch w ater during the 

December event. Fourteen rounds of calcium analyses from  the EPA boreholes w ere available, but 

there were unfortunately no matching 6^H data available. This m eant that groundwater 

monitoring data incorporating both selected tracers was also restricted to the team events.

6.2.3.4 Principal components analysis

The PCA showed that in the four event datasets, more than half of the variance in the stream  

samples was accounted for by the first component, which, based on the tracers and similar to  the 

other catchments, represents the dilution of subsurface w ater with overland flow (Table 6.8). The 

m inor constituents typically comprised the contaminant indicators and DOC/SAC, which may 

represent the contribution from  the organic-rich upper catchment.

Interestingly, the 6^H and 6^®0 tracers comprised their own component in the Novem ber event, 

which was different to that found in the other catchments. This is because there was a large spike 

in the isotope data in two samples taken over the space o f 2 h that indicated that they were  

significantly more enriched (i.e. more evaporation) than any o f the other samples found in any of 

the study catchments. The results were cross checked with the laboratory and were confirmed as 

correct. Closer inspection of the full dataset revealed that the spikes w ere correlated with sharp 

increases in potassium, ammonium, phosphate and SAC, which may suggest a relationship with  

some kind of contamination spill from a storage source, or perhaps a slug or minor landslip of 

some of the peaty organic m atter from the upper catchment. Further discussion on the usefulness 

of the PCA approach is presented in Section 6.8.3.

6.2.3.5 Mixing models

The mixing model (Figure 6.9) shows that there was a similar progression in stream chemistry in 

respect of the selected tracers for both events and at both sampling locations within the  

catchment. The contaminant spike in the November event at the mid-catchment sampling point
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Table 6.8. Principal components analyses, Gortinlieve events. The numbers in the cells represent how 
strongly the tracers are correlated with the patterns of each component. Greyed cells highlight the 
component each tracer Is best aligned with. % variance is the variance in stream flow that can be 
explained by each component.

Gortinlieve Nov 2011 event

Md
catchment

Component
Gortinlieve Nov 2011 event

r r
2

r
3

r
4

r  -
5

Catchment
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Component "/oVariance 50 11 9 7 5
p----------

1
r

2
r -  -  ■ 

3
Cl .942 -.029 -.099 .012 .015

“/oVariance 63 14 7 Ca .924 -.129 .011 .242 .111
S04 .992 .035 -.108 TDP -.919 -.020 .045 .147 -.033
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.449

.423

.297

-.004

-.303

.546

-.030
SAC -.770 -.083 -.419 d180 -.101 .947 -.167 .068 .221

DOC -.451 -.958 .045 d2H J263 .918 -.015 .165 .038

NH3 -.288 .763 -.012 TDN .084 -.207 -.067 .014 .083

N02

P04

-.398

-.347

.686

.482

.231

-.213

TN
TP

DOC

.143
-.135

-.205

-.043
.032

-.222

.996

.926
-.069

-.049
.151

-.813

.040

.097

.147
TP -.499 .022 .690 Aik .448 .057 .008 -.562 -.491
TN .415 -.306 .494 F -.046 .215 .069 -.236 .881

Gortinlieve Dec 2012

Mid
catchment

Component

1 2
“/oVariance 78 10

Na .989 .039

S04 .981 -.020

Cl .980 .084

d2H .970 .056

Ca .965 -.093

Mg .964 -.097

SI .955 -.102

d180 .941 .010

K -.937 .054

N 03 .937 -.072

Cond .936 -.129

Flow -.926 .078

P04 -.915 .002

NH4 -.853 -.271

Aikalinity .778 - 2 1 1

F -.671 -.122

DOC .070 .972

SAC -.203 .924

Gortinlieve Dec 2012

Catchment Component

outlet 1
T

2

%Varianc6 70 12
d180 1.054 -.228

N03 .995 -.046
Ca .982 .024

Mg .975 .034
S04 .968 .038
Alkalinity .956 .033
d2H .948 .033

Flow -.938 -.06 1

K -.895 -.040

TSS -.883 .194

F -.835 .012

SI .833 .229
Cond .750 .385
P04 -.682 -.237

TN .451 .092
NH4 -.208 1.017

Cl .278 .766

Na .279 .765

DOC .001 -.764

SAC -.180 -.672
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Figure 6.9. Mixing model for the Gortinlieve events. Error bars show the standard error of the end 
member tracer concentrations. CO, catchment outlet; SCO, subcatchment outlet/m id-catchm ent.

was clearly evident. The data suggest tha t  th e re  w ere  th ree  main com ponen ts  contributing to  the  

s tream  during th e  rainfall events: g roundw ater  (high in Ca and enriched in 6^H), which was 

dom inant in th e  s tream  prior to  th e  event; overland flow (low in Ca and deple ted  in 6^H); and a 

third pathway th a t  was lower in Ca but still enriched in 6^H. Review of th e  borehole data  and the  

near-surface pathway samples collected during th e  events  revealed th a t  this was th e  signature of 

th e  transition zone w ater  in th e  G Ol and G02 boreholes in th e  upper catchm ent. Similar 

chemistry was also evident in som e of th e  land drains and ditches, and even in an overland flow 

sample. This indicates tha t  th e  transition zone w a te r  in th e  upper ca tchm ent has relatively short 

residence times, is closer in chemistry to  a soil w a te r  co m p o n en t  and can readily return to  the  

surface via th e  re turn  flow.

Hourly sampling from one of the  major ditches just dow nstream  of th e  m id-catchm ent sampling 

point during th e  December 2012 event shows th a t  th e re  is a strong correlation and overlap 

be tw een  th e  chemistries of th e  ditch and th e  s tream  (R  ̂= 0.85), suggesting th a t  they  are derived 

from similar sources.

In comparison to  th e  Glen Burn and Mattock catchm ents, th e  mixing model was less definitive in 

th e  Gortinlieve, particularly with respect to  th e  interflow/transition zone pathway. There was a 

large spread and m ore overlaps in the  trace r  concentrations from overland flow, land drains, the  

transition zone and th e  subsoil boreholes. This is because th e re  is a g rea t  deal of intermixing
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taking place in th e  near-surface pathways th roughou t th e  catchm ent. There are  also different 

residence times and hydrological processes in th e  near-surface pathways in th e  g roundw ater  

recharge areas  than  in the  groundw ater  discharge areas, depending on th e  vertical gradients. 

Additional sampling of this pathway, and segregation of th e  data  into groundw ater  recharge zone 

w a te r  versus groundw ater  discharge zone water, would have been  beneficial. However, th e  total 

ca tchm ent area  is already very small a t  4.3 km^ and if th e  findings w ere  to  be of benefit in 

informing the  ca tchm ent modelling tools, th e  data  required a degree  of generalization at the 

ca tchm ent scale.

6.2.3.6 End m em ber  signatures

The end m em ber  signatures are shown in Figure 6.9. For the  groundw ater  end m em ber,  the 

calcium tracer concentration  was well constrained with the  large n um ber  of samples available, 

but none of th e  sampled 6^H values were  enriched enough to  bound the  s tream  samples so the 

lowest value m easured  in the  s tream  at baseflow was selected.

The overland flow end m em ber was influenced by the  changing isotopic signature of th e  rain in 

th e  ca tchm ent as th e  events progressed. In both events, th e  5^H values in the  rainfall samples 

halved be tw een  the  start  and end of th e  event, but it was the  m ore depleted  values tha t  

dom inated  th e  overland flow and this was therefo re  th e  signature th a t  was used in th e  analysis. 

The concentration of calcium in overland flow samples varied considerably. Fourteen samples had 

concentrations <11 mg/l and th e re  w ere  six samples with concentrations of 15-35  mg/l. The 

group with th e  higher concentrations was considered to  be representative of return flow, i.e. 

interflow th a t  is discharged at the  surface because the  soils are  too  sa tu ra ted , and was therefore  

not included in th e  calculation of th e  m ean  concentration. This was consistent with th e  calcium 

concentrations in overland flow in the  M attock ca tchm ent (<7 mg/l) w here  the re  was less return 

flow.

As discussed earlier, th e  data representing th e  transition zone in the  upper ca tchm ent in the  GOl 

and G02 boreholes w ere  used to  characterize a transition zone end m em ber.  This was considered 

conceptually reasonable  in view of the  relatively high hydraulic conductivity, th e  piezometric head 

profile and th e  electrical conductivity data, in the  context of the  conceptual model outlined in 

Section 5.3.3.

6.2.3.7 Pathway contributions

The pathway separations predicted for the  four main events  are  p resen ted  in Figure 6.10. It must 

be noted  prior to  this discussion th a t  th e  flow m easured  a t  th e  ca tchm ent outlet a t  th e  peak of
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the  November 2011 event is smaller than  th a t  m easured at th e  mid-catchm ent location, which is 

unrealistic. This is because this event was one of the  largest seen in th e  ca tchm ent during the  

course of th e  project and th e  rating curve for th e  site does not cover flows at th a t  high a stage 

level. In contrast, the  mid-catchment gauging station is an EPA monitoring site and fortuitously, 

on th e  day of th e  event, a high flow m easu rem en t was taken by th e  EPA hydrometrics officer at 

th a t  location. The erroneous peak flow data  at the  ca tchm ent ou tle t  do no t affect the  relative or 

percentage  pathway contributions, but are  apparen t  on th e  graph when the  percentages are 

converted to  flows.

Prior to  the  November event, the  groundw ater  contribution was higher in th e  lower ca tchm ent 

than  at th e  mid-catchment scale. This is consistent with the  upward gradient in th e  lower 

ca tchm ent delivering higher proportions of g roundw ater  flow to  th e  s tream . At low flows prior to  

th e  December event, th e  groundw ater  contributions w ere  lower overall, which was likely as a 

result of drier an teceden t  conditions and lower shallow groundw ater  levels in th e  days prior to 

th e  event.

At peak flows during the  December event, th e  overland flow pathway was dom inant in the  upper 

ca tchm ent and marginally higher than  th e  transition zone com ponen t a t  the  catchm ent outlet. 

This is consistent with the  s teep e r  slopes in th e  upper catchm ent. At peak flows in the  November 

event however, th e  largest com ponen t of w a te r  in th e  s tream  was from the  transition zone at 

both ca tchm ent scales. As it is counter-intuitive tha t  th e re  would be less overland flow during a 

higher intensity rainfall event, further investigation of th e  available data  was carried out.

The average electrical conductivity of th e  overland flow samples collected during the  November 

event was quite high at 161 nS/cm and th ree  of the samples w ere  higher than 225 nS/cm, in 

comparison to  values of less than half th a t  (73 nS/cm) in overland flow during the  December 

event. This would support a subsurface origin for th e  overland flow in the November event. 

Comparison of the  w a te r  levels in the  G03 boreholes near th e  river during events (Figure 6.11) 

highlights tha t,  in November, there  was a larger and m ore  rapid increase in the  w a te r  level in the  

transition zone than  during th e  December event, which would have increased the  gradients and 

therefo re  increased th e  discharge close to  th e  stream  and drainage channels. Similar trends w ere  

seen  in th e  boreholes in th e  tw o  o the r  clusters further up th e  catchm ent. In the  remainder of th e  

catchm ent, away from the  drainage channels, the  w e t an teced en t  conditions m ean t  tha t  th e  

subsurface was already full, which forced much of the  extra w a te r  ou t to  the surface as return 

flow or ap paren t  overland flow. This was supported  by field observations during th e  event (Figure 

6 . 12).
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Figure 6.11. Comparison of the w ater levels in the boreholes in G03 and stream flows in the upper (G6) 
and lower (Gl) catchments during the November and December events.

Figure 6.12. (a) Overland flow at the base of the steep slope in the upper catchment concentrated into a 
channel; (b) ponded surface w ater upgradient of photo (a).
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This h y po thes is  is fu r th e r  s u p p o r te d  by t h e  p a t te rn  of  t r a n s p o r t  o f  NO 3  loads a t  t h e  c a tc h m e n t  

ou t le t .  During t h e  N ov em b e r  ev en t ,  th e  m ax im um  e x p o r te d  load w as  845 m g /s  as N, a n d  th e  load 

r e m a in e d  high during  t h e  recession  a t  app rox im ate ly  670 m g /s  as  N. During th e  D e c e m b e r  even t,  

h ow ever ,  t h e  m ax im um  e x p o r te d  load w as  724 m g /s  as N, bu t  it w as  gradually  r e d u c e d  to w a rd s  

p re -e v e n t  levels (271 m g /s  as  N) with  th e  s t r e a m  recession .  It is know n from  th e  b o re h o le  w a te r  

quality  sam pling  th a t  t h e  trans i t ion  zone  p a th w a y  is th e  d o m in a n t  p a th w a y  for  t h e  t r a n s p o r t  of 

n itra te ,  an d  t h e  inc rease  in n itrogen  ex p o r t  loads is co n s is te n t  w ith  an  inc rease  in t h e  con tr ibu t ion  

f rom  t h e  t ran s i t io n  zone. The ave rag e  co n c en t ra t io n s  o f  NO 3  in over land  flow sa m p le s  taken  

during th e  N o v em b e r  e v e n t  w as  1.9 mg/l as N, w h e r e a s  it w as  m u c h  low er  in D e c e m b e r  at 

0 .4  mg/l .  Sam ples  t h a t  w e re  significantly h igher  in NO 3  in N o v em b e r  w e re  also high in electrical 

conductiv ity  and  m inerals  (e.g. Na, SO4 and  Ca), b u t  n o t  in K, NH4  o r  to ta l  p h o sp h o ru s ,  reflecting  a 

sub su r face  origin.

At bo th  scales in b o th  even ts ,  t h e  t rans i t ion  zo n e  p a th w a y  d o m in a te d  t h e  overall c o n t r ib u t io n  to  

t h e  s t re a m .  F u rthe r  d iscussion on  th e  p a th w a y  con tr ib u t io n s  is p rov ided  in Section 6.5.

6.3 Cross checks with other methods

The resu lts  o f  t h e  chemical hy d ro g ra p h  s e p a ra t io n s  w e re  cross checked  w ith  ca lcu la t ions from  a 

range  of  o th e r  p a th w a y  e s t im a tio n  m e th o d s  to  im prove t h e  d e g re e  of  con f idence  in t h e  results. 

This w as  c o n s id e red  especially  im p o r ta n t  in t h e  Gortinlieve and  Glen Burn c a tc h m e n ts  as t h e  end  

m e m b e r  d a t a s e t s  w e r e  limited.

6.3.1 Recharge coefficients approach

For ea c h  of  t h e  s tu d y  c a tc h m e n ts ,  th e  to ta l  in terflow  a n d  over land  flow p a th w a y  con tr ibu t ions  

f rom  ea ch  e v e n t  using th e  chem ical hyd ro g ra p h  s e p a ra t io n  m e th o d s  w e re  c o m b in e d  to  give a 

quickflow c o m p o n e n t  (Table 6.9). This w as  th e n  c o m p a r e d  aga inst  t h e  quickflow e s t im a te  from  

t h e  rec h a rg e  coeffic ien t a p p ro a c h  as applied  by O'Brien (2013). The equ iva len t  NAM p a th w a y  

m odelling  results ,  which are  f u r th e r  d iscussed  in Section 6.5, a re  also prov ided  for  co n v e n ie n ce .  In 

g ene ra l ,  t h e  resu lts  fo r  th e  ch e m is try  p a th w a y  s e p a ra t io n s  c o m p a re  very  favourably  t o  th o s e  from  

t h e  rec h a rg e  coeffic ient app ro a ch .  The Gortinlieve c a tc h m e n t  w as  e s t im a te d  to  h av e  a slightly 

h igher g r o u n d w a te r  c o m p o n e n t  using t h e  chem is try ,  w hich  w as  n e v e r th e le s s  lo w er  th a n  th a t  

f rom  t h e  NAM. This m ay  b e  an  a r te fa c t  o f  t h e  rec h a rg e  coeffic ient ap p ro a ch  be ing  an  annua l 

ca lculation  in c o n t ra s t  to  th e  chem ical m e th o d s  which e s t im a te  con tr ib u t io n s  f rom  single even ts .  

It m ay  also  ind icate  t h a t  t h e  rec h a rg e  cap  o f  100 m m  app lied  in t h e  rec h a rg e  coeffic ien t ap p ro a ch  

( re fe r  to  Section  3.2.2) in th is  c a tc h m e n t  to  a c c o u n t  for  th e  poorly p ro d u c t iv e  aqu ife r  

charac te r is t ic s  m ay lead to  an  u n d e r -e s t im a t io n  of  recharge .
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Table 6.9. Comparison of the chemical hydrograph separation results with those from the recharge 
coefficient approach and the NAM pathways separation carried out by O'Brien (2013).

Chemical hydrograph 
separation %

Recharge coefficient 
approach %

NAM%

Catchment GW IF+OF GW Quickflow GW Quickflow
Mattock 18 82 23 77 17 83
Glen Burn 21 79 19 81 16 85
Gortinlieve 20 80 11 89 27 73

6.3.2 Groundwater flow calculations

Estimates o f the likely bedrock groundwater flow to the stream in Gortinlieve and Glen Burn were  

calculated by applying Darcy's Law (Section 2.3.2) with catchment-specific borehole data derived 

for aquifer thickness, hydraulic conductivity and groundwater gradients through the Griffith's 

Project (Comte et al., 2012). In the Glen Burn catchment, a bedrock groundwater contribution of 

2.5 to 4.8 I/s was estimated, which is small in comparison to the mean annual stream flow of 

70 I/s (3 .5 -6 .9% ), and is consistent with the small percentage of groundwater predicted by the  

chemical hydrograph separation method during the low flow  period prior to  the M ay event. The 

groundwater contribution was higher during the w inter event because when the aquifer is fully 

saturated, the saturated thickness and hydraulic gradients are higher. The extensive ephem eral 

drainage ditch network, which is estimated to be almost double the length of the main channel, 

also significantly increases the cross-sectional area through which shallow groundwater can be 

delivered. In the Gortinlieve catchment, the flow through the transition zone was estimated to be 

between 1.5 and 3 I/s in the upper catchment, a significant proportion of the 95th percentile flow  

of 3 I/s, which is consistent w ith the transition zone being the dom inant transport pathway.

6.3.3 Two-component mixing model

A tw o-com ponent mixing model was applied to stream flow  data in Gortinlieve to distinguish the  

proportion o f transition zone w ater versus bedrock groundwater in the stream at low flow. The 

average electrical conductivity of the upper catchment transition zone w ater from  the EPA 

monitoring borehole suite (211 nS/cm), i.e. the transition zone end m em ber used in the three- 

component hydrograph separations, was selected as one end mem ber; and the average of that 

from the bedrock groundwater (469 ^S/cm) was taken as the second. This returned an estimate  

of 58% of flow  from  the transition zone at low flow prior to  the December event, which was 

consistent w ith the three-com ponent model result (60%). The baseflow prior to the November 

event, however, was much lower in electrical conductivity, which gave a smaller estimated  

groundwater contribution of 18% in comparison to the 54% derived from  the three-w ay  

separation. The m id-catchm ent groundwater contribution provided a closer estim ate o f 39%. 

These results may indicate that the w etter antecedent conditions in Novem ber had diluted the
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upper soil w ater component in the lower catchment, which would have been included artificially 

with the transition contribution in the tw o-com ponent model.

6.3.4 Land drain flow contributions

In the M attock catchment, a w ater balance calculation was used to calculate whether the volume 

of flow estimated to be delivered to the stream via the interflow pathway using the chemical 

method was realistic based on field measurements o f land drain flow. The average of all 

measured land drain flows was 0.07 I/s. Taking an average interflow contribution to the stream  

based on all six events of 40%, there would need to be an average of 0.6 functioning land drains 

per hectare to deliver the interflow component to the stream, which is not considered to be 

unrealistic. During the summer months, when many of the land drains dry up, the interflow  

contribution is likely to be provided by the alluvial deposits near the stream.

6.4 Uncertainty

It is widely known that there is considerable uncertainty inherent in carrying out chemical 

hydrograph separation methods. Uncertainties are typically considered to include (a) sampling 

and laboratory analytical errors, and (b) spatial and tem poral variability in end mem ber 

concentrations (Bazemore et al., 1994). Some researchers rely on sensitivity analyses to  assess the 

degree of uncertainty where end m em ber concentrations are somewhat arbitrarily varied by a 

percentage defined based on the available data and results of multiple separations are compared 

(Neal et al., 1990, Soulsby et al., 2003b). Bazemore et al. (1994) developed a M onte  Carlo 

approach that incorporated both sorts of uncertainty, where end m em ber concentrations were  

randomly selected from  a predefined range of concentrations and used in the mixing calculations. 

Genereux (1998) used an uncertainty propagation technique where the uncertainty in each of the  

components in the mixing model is squared and summed, and the overall uncertainty is given by 

the square root of the total. This technique was reported to provide similar results to that of 

Bazemore et al. (1994) but was considered to be preferable because it was computationally more 

simple.

M odel uncertainty, which cannot be quantified statistically, was also considered by Joerin et al. 

(2002) who considered four different hypotheses of tem poral and spatial variability in end 

m em ber concentrations based on field data. For example, they identified that the hydrochemistry 

of the groundwater was not the same in all subbasins and they adapted the groundwater end 

m em ber concentrations accordingly. They found that the precision and coherence of hydrograph 

separations was greatly improved by incorporating information from the field about the tem poral 

and spatial variability of the end members.
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In order to assess the degree of uncertainty in the chemical hydrograph separation methods in 

this study, the mixing calculations for tw o of the M attock catchment events were carried out in a 

M onte Carlo fram ework, based on the method of Bazemore et al. (1994). Using the concepts 

outlined by Joerin et al. (2002), model uncertainty was also reduced by using different tracer 

concentrations for the summer and w inter overland flow end members, based on the field data. 

The tracer concentration data for each end m em ber w ere distributed in a non-uniform way, so 

the  data w ere first transform ed to a normal distribution using a M atlab  routine®. End mem ber 

signatures w ere then randomly selected from the data and were transformed back again before 

being inputted into the mass balance mixing equations described in Chapter 3. Just over 5000 

iterations of the model w ere run so that the outputs could be analysed in Excel within its file size 

constraints. Of the iterations, only 471 (9.4%) presented feasible separations in which the 

resulting end members bound the stream samples. The median values from  the feasible 

separations w ere selected to  represent the contributions from  each end mem ber. The 5th and 

95th percentile values w ere then identified to highlight the degree of certainty in the results 

(Figure 6.13).

The results highlighted that at this high confidence interval level, there w ere overlaps between  

the 5th and 95th percentile uncertainty bands among all pathway components. Using the method 

outlined in Hugenschmidt e t al. (2014), the uncertainty was taken to be the mean of the  

differences between the S*V95*'’ percentiles and the medians, expressed as percentages of the 

medians, at each tim estep, for each pathway. The calculated uncertainty surrounding the 

component contributions therefore ranged from  33 to 59% for the tw o selected events (Table 

6.10). There was greatest uncertainty in the groundwater end m em ber and least uncertainty in 

overland flow. This was not surprising given the smaller num ber of SAC samples for groundwater 

(n = 16) than overland flow  (n = 57). Nevertheless, the median values of the pathway 

contributions w ere readily distinguishable.

Similar uncertainty has been found by other authors using chemical hydrograph separation 

methods to separate the same three pathways. Hugenschmidt et al. (2014) for example, found 

that errors due to uncertainty across their end members varied from 3.6% to 35.2%. Bazemore et 

al. (1994) and Genereux (1998) found that the uncertainty for the end members from  one event 

both studies analysed ranged from  18% to 46%. In another event, Bazemore et al (1994) found 

the soil w ater contribution ranged from 48 -88%  at peak flow. However, all three of these 

research papers used a lower confidence interval of 68%, which would give the appearance of

* Assistance w ith  w riting the  M atla b  script was generously provided by Ronan O 'Brien, a Pathways Project 
colleague.
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6

Event 5Event 4

Figure 6.13. Pathway contributions for Events 4 and 5 based on the Monte Carlo results, (a) Overland 
flow; (b) interflow; (c) groundwater. Black lines = total flow; solid coloured lines = median values; broken 
coloured lines = 5th and 95th percentiles taken from the Monte Carlo simulations.
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Table 6.10. Mean and standard deviation of the relative uncertainty, at the 5th and 95th percentile 
confidence limits, of the separated components of two of the events in the Mattock.

Overland flow Interflow Groundwater
Mean % Standard Deviation % Mean % Standard Deviation % Mean % Standard Deviation %

Event 4 33.4 5.9 53.7 20.7 59.2 25.2
Event 5 36.4 11.2 43.1 13.6 48.0 13.5

better results. Soulsby et al. (2003b) found, using a sensitivity approach that varied just one end 

m em ber by one standard deviation, that the uncertainty was much low er at typically <10%. In a 

contemporaneous study by the same research group, much greater uncertainty of up to 75% was 

obtained for a comparative study based in a catchment in a similar setting but using a more 

rigorous uncertainty estimation method. The method incorporated a M onte  Carlo fram ework  

using the 5% and 95% confidence intervals (Soulsby et al., 2003a) and was similar to the one used 

in this research although considerably more complex. Thus, it appears that uncertainty estimates 

can vary, often greatly, depending on the method of assessment and the confidence intervals 

applied.

It is considered that the uncertainty estimates in this study compare favourably with those from  

other studies due to a combination of a num ber o f factors. First, strong sampling and laboratory 

analysis procedures kept sampling and analysis errors to a minimum. For example, the accuracy 

fo r the silica analyses carried out in this research was estimated at 6.9% (Table 4.2), which is much 

better than the 10% reported by Hugenschmidt et al. (2014). Second, a relatively large num ber of 

end m em ber samples were collected in the M attock, which kept the standard errors very small. 

For example, 132 samples of interflow  were collected in the M attock catchment, in comparison to 

20 reported by Hugenschmidt et al. (2014) and 52 by Soulsby et al. (2003a). In addition, a 

significant effort was made to  incorporate spatial variability by sampling around the catchment 

rather than restricting the sampling locations to a limited study site.

Comparison of the results from  the M onte Carlo approach with the results from the conceptual

model approach presented in Section 6.2.3.7 shows that the methods return similar findings in

relation to the relative pathway contributions and the pathway trends throughout both events

(Figure 6.14). For example, both approaches concurred in identifying that the overland flow

pathway was dom inant in the  first event peak, but was superseded in the second by the interflow

pathway. However, the M onte  Carlo approach estimated slightly higher proportions of

groundwater and less interflow than the conceptual model approach. This may be less realistic in

this instance given the presence of the palaeochannel and the known disconnect between the

m ajority o f groundwater w ithin the catchment and the river. As only feasible pathway separations

were selected as part of the M onte  Carlo approach, the results w ere less influenced by individual

samples not being bounded by the end members, and therefore there w ere no instances of
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pathways contributing zero flow , which is an issue with the conceptual model approach. Although 

the absolute percentages of the pathways may not be accurate based on the uncertainty analysis, 

the results suggest that there is reasonable confidence based on the conceptual model that the  

relative pathway contributions presented by both methods are realistic.

2 .5
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Figure 6.14. Comparison of the pathway contributions derived from the median values from the IVIonte 
Carlo approach (GWSO, IF50, OF50) with the results from the conceptual model approach (GW 
conceptual, IF conceptual, OF conceptual).

M onte Carlo simulations w ere not carried out for the Glen Burn and Gortinlieve catchment events 

because the end m em ber datasets were limited, the catchment dynamics were complex with  

intermixing in the near-surface pathways, and there was threshold behaviour in the stream  

chemistry driven by changes in groundwater levels in the Glen Burn. Selection of the end 

members and the pathways separations w ere considered best achieved by relying on the  

conceptual model. In general, it was found that the limited number of near-surface end members 

sampled did adequately bound the stream samples, but in the very worst case where they did 

not, such as for the upper catchment 6^H value in the Glen Burn and the groundwater 6^H in 

Gortinlieve, the extremes from  the stream chemistry w ere used to represent the end m em ber 

chemistry. This approach has been adopted as routine by some authors, particularly for the  

groundwater component, which it is often assumed is represented by the stream baseflow  

signature (Soulsby et al., 2003b). The standard errors for the  end members in the Glen Burn and 

Gortinlieve catchments were relatively small, which suggested that the end members have been 

adequately distinguished, but it is acknowledged that the level o f uncertainty in the percentage 

pathway contributions in both catchments is nevertheless high. In order to  reduce this
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uncertainty, the results from  the chemical separations w ere compared with results from other 

methods in Sections 6.3 and 6.5.

Although the uncertainties inherent in using chemical hydrograph separation methods could be 

conceived as being relatively high, they are not considered to detract from  the usefulness of the 

approach, so long as it is used within its limitations. At a well-respected catchment science 

summer school in Aberdeen in 2012, discussions with Rick Hooper, a presenter on the course who 

initially devised the end m em ber mixing analysis approach, revealed that he does not consider it 

appropriate to depend on the precise calculated percentage pathway contributions using EMMA, 

but rather that the strength of the method lies in determ ining the relative pathway contributions 

(Hooper, pers comm.). This research would support that assertion but would also contend that 

additional confidence in the assessment can be achieved by carrying out the analysis within the 

context of a well-founded, four-dimensional conceptual understanding of how the pathways 

operate in the field, and by combining the results from a num ber of different methods such as 

physical hydrograph separation techniques and w ater balance calculations (refer to  Sections 6.3 

and 6.5). Further discussion on the uncertainty issues are provided in Section 6.8.4.

6.5 Physical hydrograph separation

Physical flow pathways separation methods w ere applied to the available data for all four study 

catchments by a Pathways Project colleague, Ronan O'Brien. O'Brien used the NAM model, which 

was informed using a combination of master recession curves, digital filter algorithms and 

recharge coefficients (O'Brien, 2013, O'Brien et al., 2013, O'Brien et al., 2014) and his results were  

used in this research to  compare and contrast against the results of the chemical hydrograph 

separations. A brief summary o f the relevant results from  O'Brien's research are first provided, 

followed by a discussion on their implications for this research.

6.5.1 NAM pathway separation results

The contributions from  the four flow  pathways identified at the outset of the Pathways Project 

w ere quantified in each catchment in the same locations as the chemical analyses (Table 6.11), 

with the exception of the catchment outlet in Gortinlieve w here there had been issues with the 

rating curve at the tim e the w ork was carried out. In the M attock catchment, only one combined 

groundwater pathway could be derived in the upper catchment at the Diversion as the available 

dataset was relatively short. The pathways were separated based on the ir response times with 

the assumption that the deeper the pathway, the slower the response tim e. Deep groundwater 

therefore had the slowest response tim e, whereas overland flow  was the quickest.
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In general, the nnodelled outputs perform ed well when compared against the observed total 

discharges, with values of 0 .8 4 -0 .97 . The modelled data for the M attock catchm ent had the 

lowest value of all study catchments, which is attributed to a num ber o f complexities in the

Table 6.11. Contributions of the pathways to the streams in the four study catchments, based on the 
results of the NAM modelling (O'Brien, 2013).

Catchment
Area

(km^)

Deep
Groundwater

Shallow
Groundwater

Interflow Overland R̂ Bias

% % % %
Gortinlieve 0.9 12.9 14.5 50.8 21.8 0.9 0.89 0.0011
Glen Burn (Sub) 4.8 12.2 6.1 39.9 41.8 0.91 0.94 -0.0022
Glen Burn (Outlet) 5 4.9 7.8 43.6 43.7 0.95 0.93 0.0036
Mattock (DIv Weir) 7 16.1 51.2 32.7 0.84 0.96 -0.0028
Mattock (Collon) 11.6 6.2 11.8 48.3 33.7 0.88 0.86 -0.0153
Mattock (Berril's) 16.9 9.9 6.8 45.7 37.6 0.89 0.86 -0.0139
Nuenna (Castle) 10.2 30.6 44.6 15.4 9.4 0.97 0.95 -0.0003
Nuenna (Rocky) 19.9 31.9 47.8 13.2 12.1 0.96 0.9 -0.0077
Nuenna (Mon) 35 31.7 45.3 13.4 9.7 0.97 0.98 0.0046

w ater balance including a river offtake in the upper catchment and groundwater pumping at 

Collon for public w ater supply, and the influence of the palaeochannels causing a disconnect 

between the river and groundwater (see Section 5.1.3.2). Nevertheless, the R̂  values obtained for 

the M attock o f 0 .84 to 0.89 are still considered reasonable (O'Brien, 2013).

To reduce issues of equifinality, the individual pathway contributions w ere constrained using the  

autocalibration routine in the model, together with other methods such as the master recession 

curve, digital filtering routines and hydrograph separations using tem perature (O'Brien, 2013). 

The average level of uncertainty in pathway contributions across all catchments, expressed as the  

percentage difference between the NAM result and the average across all methods, ranged from  

9 to 30%. These uncertainties are lower than those achieved through the chemical hydrograph 

separation techniques, although they pathways modelled by each method are not directly 

comparable. Refer to  Section 6.8.2. for further discussion.

The results suggest that on an annual basis, the interflow pathway was dom inant in the Mattock 

and Gortinlieve catchments (46 -51% ), and that it was comparable with overland flow  in the Glen 

Burn (40-44% ). This is towards the upper end of the interflow range identified in Table 3.2 in 

previous Irish studies across all aquifer types (18-55% ) but is consistent w ith the poorly 

productive aquifer classification.
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6.5.2 Integration with the results of the chemical methods

The NAM pathways separations are compared on an event by event basis in each catchment with  

those from the chemistry results presented earlier. Modelled event data were not available for 

the 2011 event (E l) in the Mattock catchment.

In the M attock catchment at low flows in w inter at both catchment scales, the NAM model 

predicted that the majority of the flow had an 'interflow ' response signal (82-89% ), which is much 

higher than the interflow contribution estimated using the chemistry (Figure 6.15). The NAM  

model also predicted just half of the actual groundwater contribution based on the chemistry. 

This highlights that w ater with a groundwater chemical signature reached the stream more 

quickly than anticipated by the model. This is likely to be because in the field, the drainage 

network facilitates the delivery of groundwater to the streams from the upper parts of the 

catchment more rapidly than would otherwise be possible in their absence.

NAM Diversion 
E2 Jan 2012

% Pathway contribution
Low flow Peak flow Total

Overland flow 0 90 54
Interflow 89 8 34
Groundwater 11 2 12

Diversion
E2Jan 2012

*/• Pathway contribution
Low flow Peak flow Total

Overland flow 14 75 52
Interflow 57 9 24
Groundwater 30 16 24

NAIM Berrils 
E3Jan 2012

% Pathway contribution
Low flow Peak flow Total

Overiand flow 0 92 62

Interflow 82 6 31
Sh GW 5 0 3

DeepGW 13 1 5

Berrils
E3Jan 2012

% Pathway contribution

Low flow Peak flow Total
Overland flow 11 76 n/a
Interflow 50 6 n/a
Groundwater 39 19 n/a

NAM Diversion % Pathway contribution Diversion
---  ■

__ Va Pathway contribution ^
E4Jun2012 Low flow Peak flow Total E4Jun 2012 Low flow Peak flow Total
Overiand flow 3 94 76 Overiand flow 1 54 51
Interflow 82 4 14 Interflow 57 46 39
G roundwater 15 2 11 G roundwater 42 0 10

NAM Diversion 
E5Jun2012

% Pathway contribution
Low flow Peak flow Total

Overiand flow 0 88 55

Interflow 4 7 23
G roundwater 96 5 22

Diversion
E5Jun2012

*/• Pathway contribution
Low flow Peak flow Total

O veriand flow 0 40 33

Interflow 60 60 50

G roundwater 40 1 16

NAM Berrils 
E6Jun2012

% Pathwav contribution
Low flow Peak flow Total

Overiand flow 0 91 57
Interflow 22 6 25
Sh GW 33 1 8

DeepGW 45 2 10

Berrils
E6Jun2012

% Pathway contribution

Low flow Peak flow Total
O veriand flow 0 55 38
Interflow 60 34 42

G roundwater 39 11 20

Figure 6.15. Comparison of pathways separation from NAM (left) and chemical methods (right). Mattock 
catchment.
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During th e  s u m m e r  m o n th s ,  w ith  th e  excep t ion  of  E4, t h e  NAM pred ic ted  t h a t  t h e  s low est  

'g ro u n d w a te r '  r e sp o n se  p a th w a y  w as  th e  la rgest co n t r ib u to r  to  flow (78-96%), b u t  b a s e d  on th e  

chem is try  th is  slow flow c o m p o n e n t  w as  actually  m a d e  up  of  a co m bina t ion  of  g r o u n d w a te r  and 

in terflow  in t h e  ratio  of  2:3. This is b ec a u s e  t h e  land drains  also c o n t in u ed  to  d ra in  t h e  soils and  

subsoils  during  t h e  basef low  period, which r e p re se n ts  th e  a p p a r e n t  m ode lled  g r o u n d w a te r  

con tr ibu tion .  It is n o t  c lear  w hy th e  NAM p red ic ted  a low g r o u n d w a te r  co n tr ibu t ion  dur ing  E4 a t  

t h e  e n d  o f  a long dry  recess ion  per iod  t h a t  w a s  m o re  similar to  t h e  w in te r  e v e n t  a t  t h a t  location.

In high flows, t h e  NAM pred ic ted  th e  vas t  majority  of  flow in t h e  river to  be  de r ived  from  th e  

qu ickes t  re s p o n s e  p a thw ay ,  nom inally  'o v er lan d  flow ',  w ith  typically < 1 0 % com ing  f ro m  in terflow  

an d  g r o u n d w a te r  com b in ed .  C om paring th e s e  results  w ith  t h e  chem is try  highlights t h a t  th e  land 

drains, an d  a small c o m p o n e n t  of g ro u n d w a te r ,  can  re sp o n d  very  quickly in places du r ing  ev e n ts  

such  th a t  th is  w a te r  is being a c c o u n te d  for  w ith  th e  over land  flow p a th w a y  in t h e  m ode l.  This is 

d u e  to  t h e  d ra in a g e  n e tw o rk  h as ten ing  th e  delivery o f  w a te r  from  t h e s e  p a th w a y s  to  t h e  s t rea m .

Both t h e  NAM m ode l an d  t h e  chem is try  indicate t h a t  during  t h e  se q u en t ia l  ev e n ts  in June  2012, 

t h e  over land  f low c o m p o n e n t  w as  h igher  a t  peak  flows during t h e  first e v e n t  t h a n  t h e  second .  

This m ay  have  b e e n  d u e  to  t h e  drier a n t e c e d e n t  cond it ions  be fo re  t h e  first e v e n t  an d  t h e  h igher 

rainfall in tensit ies ,  which fav o u red  h igher over land  flow and  little flow from  th e  land drains, in 

co m p ar iso n  to  w h e n  t h e  soils w e re  m o re  s a tu ra te d  during  th e  se c o n d  e v e n t  and  t h e  land drain 

p ro p o r t io n  inc reased .  This w as  c o r ro b o ra te d  by o b se rv a t io n s  in th e  field during t h e  ev e n ts .  M ore  

o ver land  flow (as s h e e t  flow) w as  o b se rv e d  th a n  usual a t  th e  s ta r t  o f  th e  e v e n t  w hile  th e  land 

d ra ins  w e r e  still dry. It could be  a rgued  t h a t  th e  o rganic  m a t te r  on  t h e  land su r fa ce  m ight be 

e x p e c te d  to  be  h igher th a n  usual following a long dry per iod  d u e  to  w ash -o ff  f rom  grazed  

p as tu re s ,  w hich  w ould  give th e  a p p e a r a n c e  o f  an  artificially inc reased  e s t im a te  o f  over land  flow in 

t h e  chem ical mixing m o d e l  b ec a u s e  t h e  SAC2 5 4  is used  to  r e p r e s e n t  over land  flow. H ow ever,  th e  

fac t  t h a t  t h e  NAM m ode l also p red ic ted  an  increase ,  n o tw ith s tan d in g  th a t  it w a s  slightly lower 

t h a n  th a t  from  th e  chem is try ,  suggests  t h a t  th is  w as  n o t  a significant factor.

In t h e  Glen Burn c a tc h m e n t  a t  low flows prior  to  th e  M ay even t,  t h e  NAM m o d e l  p red ic ted  th a t  

95% of  th e  f low in th e  river re sp o n d e d  w ith  an  in terflow  re sp o n se  s igna tu re  and  t h a t  th e  d e e p  

g r o u n d w a te r  c o m p o n e n t  m a d e  up th e  rem ain ing  5% (Figure 6.16). The chem is try  w as  also 

co n s is te n t  b u t  could fu r th e r  subdivide t h e  in te rflow  in to  w a te r  f rom  th e  u p p e r  p e a ty  c a tc h m e n t  

an d  soil w a te r  f rom  e lse w h e re .  At peak  flow, th e  NAM resu lts  sh o w e d  th a t  70% o f  t h e  flow 

r e s p o n d e d  as over land  flow; how ever,  t h e  chem is try  ind icates  th a t  th is  'quick flow ' w a s  actually 

largely in terflow. The chem is try  also sh o w s th a t  t h e  g r o u n d w a te r  r e sp o n d e d  m o r e  quickly th a n
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es tim ated  by th e  NAM. Delivery of both th e  interflow and th e  shallow groundw ater  was 

expedited  by th e  extensive ditch and drain network.

NAM Outlet
May 2012

% Pathwav contribution
Low flow Peak flow Total

Overland flow 0 70 48
Interflow 95 29 50
Sh GW 0 0 0
DeepGW 5 1 1

Outlet
May 2012

*/• Pathway contribution
Low flow Peak flow Total

UDT catchment 72 8 21
Interflow 24 64 57
Groundwater 3 28 22

NAM Outlet
Nov 2012

% Pathway contribution
Low flow Peak flow Total

Overiand flow 0 86 67
interflow 88 10 25
Sh GW 4 3 5
Deep GW 8 1 2

Outlet
Nov 2012

% Paihwav contribution
Low flow Peak flow Total

Overiand flow 0 41 25
Interflow 8 54 54
Groundwater 92 5 21

Figure 6.16. Comparison of pathways separation from NAM (left) and chemical (right) methods, Glen 
Burn catchment.

The data  from th e  November event show th a t  th e  NAM model apparently  underes tim ated  the  

t ru e  groundw ater  contribution to  an even g rea te r  ex ten t  than  during th e  May event. At peak 

flows, th e  m ethods  were  consistent for the  groundw ater  contribution, but th e  NAM model was 

unable to  differentiate adequately  be tw een  overland flow and interflow.

In th e  Gortinlieve catchm ent, th e  NAM modelled pathways are consistent be tw een  th e  two 

events  and across scales and suggest th a t  at low flows th e  dom inant pathway is interflow (67-  

78%) with th e  rem ainder derived from th e  g roundw ater  pathway (Figure 6.17). This is similar to  

th e  transition zone contribution highlighted by the  chemistry (37-70%). As noted  in Sections 

6.2.3.5 and 5.5.1, th e  transition zone end m em b er  in th e  Gortinlieve ca tchm ent rep resents  w ater  

a t  th e  soil/bedrock interface in the  upper ca tchm en t groundw ater  recharge zone w here  it is 

influenced by w a te r  infiltrating from th e  surface through  th e  soils (Type (b) transition zone). It is 

considered therefo re  th a t  th e  NAM has identified th e  transition response time as the  'interflow' 

response. The chemistry suggested th e  transition zone contribution was slightly less a t  the  

ca tchm ent ou tle t  in favour of the  groundw ater  pathway, which can be explained by the  upward 

groundw ater  gradients.

At high flows, th e  NAM predicted th a t  th e  vast majority of th e  flow (84-95%) responded very 

quickly as 'overland flow'. However, th e  chemistry indicated th a t  this quickflow response was 

actually derived from a combination of the  overland and transition zone pathways. This highlights 

th a t  th e  re turn  flow and artificial drainage ditches play a significant role in rapidly transporting 

subsurface w a te r  to  th e  s tream .
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G6
Nov 2011

% Pathway contribution (NAM)
Low flow Peak flow Total flow

OF 0 95 58
IF 70 3 27
Sh GW 15 1 9
DGW 15 1 6

Mid catchment 
Nov 2011

% Pathway contribution
Pre event Peak flow Total

OF 6 24 22
Upp«r TZ 55 72 64
Bedrock 39 5 14

01 % Pathw ay contribution (NAM)
Nov 2011 Low flow P eak flow Total flow Catchment outlet % Pathw ay contribution
OF 0 93 61 Nov 2011 Pre event Peak flow Total flow
IF 67 4 25 OF 9 24 26
Sh GW 18 1 9 Uppnr TZ 37 77 52
DGW 14 1 5 Bedrock 54 0 22

G6 % Pathway •ontribution KAMI T
Dec 2012 Low flow Peak flow Total flow Mid catchment % Pathway contribution
OF 0 84 34 Dec 2012 Pre event Peak flow Total
IF 78 13 48 OF 1 85 19
Sh GW 11 2 10 Upper TZ 70 11 59
DGW 11 2 8 Bedrock GW 29 5 21

G1 % Pathw ay contribution (NAM)
Dec 2012 Low flow Peak flow Total flow Catchment outlet % Pathway contribution
OF 0 87 42 Dec 2012 Pre event Peak flow Total flow
IF 76 10 41 OF 5 53 16
Sh GW 13 2 10 Upper TZ 60 45 62
DGW 11 1 7 Bedrock GW 35 2 22

Figure 6 .17. Comparison o f NAM (left) and chem ical (right) pathw ays separations, Gortinlieve catchm ent.

The very high 'overland flow' predictions In th e  NAM model during peak flows in th e  November 

event, in contrast  to  th e  dominance of th e  transition zone pathway highlighted by th e  chemistry, 

supports  th e  hypothesis suggested in Section 6.2.3.7 th a t  subsurface w a te r  gained m ore rapid 

access to  th e  s tream  due to  th e  high-intensity rainfall than  w as th e  case in th e  D ecember event.

6.5.3 Discussion

The integration of th e  NAM modelled pathway response t im es with th e  results from th e  chemical 

hydrograph separation  m ethods  has provided additional information to  support th e  conceptual 

understanding of th e  near-surface pathway processes th a t  would not have been achievable using 

one  or o the r  m ethod  on its own. In all th ree  poorly drained catchm ents, it was identified tha t  

th e re  was intermixing in th e  near-surface pathways be tw een  th e  overland flow, interflow and 

transition zone pathways. This intermixing was at  its m ost dom inant in th e  Gortinlieve and Glen 

Burn ca tchm ents  w here  th e  low permeability subsoils w ere  shallow. The artificial drainage 

networks significantly enhance  th e  delivery of w a te r  from the  near-surface pathways and provide 

a m eans for subsurface w a te r  to  gain access to  the  stream  with response  times similar to  th a t  of 

overland flow. Moreover, in w e t te r  a n teced en t  conditions, th e  proportion of subsurface w a te r
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form ing the hydrograph peak increases relative to the fresher overland flow component. This has 

implications for the delivery o f nitrate, which are discussed in Section 6.6.

6.6 Implications for nutrient transport

The conceptual model has identified that in the catchments underlain by poorly productive 

aquifers, nitrate accumulates in the subsoils and transition zone and that the near-surface 

pathways, including artificial drainage are im portant for its delivery. The chemical hydrograph 

separation methods have established that the near-surface pathways are im portant for the 

delivery of flow , and potentially therefore nitrate, to  the stream at both low and high flow  levels. 

The relationships between nitrate and flow at the catchment outlet o f all three poorly drained 

catchments w ere reviewed to  consider this hypothesis (Figure 6.18). The equivalent data for the 

contrasting Nuenna karst catchm ent were also included fo r comparison.

35

—  25 m 
O 
Z

E 20

Glen Burn background 
Glen Burn winter 
Glen Burn sumn^r 
Gortinlieve background 
Gortinlievewvinter 
Gortinlieve summer 
Mattock background 
Mattock winter 
Mattock summer 
Collon 6-day event 
Nuenna background 
Nuenna winter 
Nuenna summer_______

0.001

I ■■ ■

0.8323

•  •
r

0.8626

0.01 0.1 1

Flow (log m 3 /s )

Figure 6.18. Relationship between flow and nitrate at the catchment outlet in all four catchments. 
Sample points are taken from background sampling and during the winter and summer events. 
Gortinlieve data are plotted in orange, Glen Burn in blue. Mattock in green and Nuenna in dark red. 
Linear regression trend lines for datasets where the coefficients of determination were >0.5 have been 
included as an aid for visual identification of the trends.

The data indicate that in the poorly drained catchments, at the lower flow levels, nitrate increases 

with flow until a point is reached when the concentration begins to consistently decrease. This 

was also demonstrated in Figure 5.10 in the n itrate /flow  hysteresis plot for the 6-day event at

192



Collon where nitrate typically increased in the baseflow between each successive event, but 

during the events the concentrations were readily diluted in the higher flows. As demonstrated in 

Figure 5.24, the point at which dilution becomes important in the Glen Burn catchment is at 

around 0.055 mVs when the overland flow pathway begins to become dominant. In the Mattock 

catchment, which is larger, it appears to be at a higher flow level of around 0.12 at Collon or 

0.15 mVs at Berrils. Additional nitrate samples from the streams in the three poorly drained 

catchments in the flow range 0.07 to 0.15 mVs would be advantageous in the future to more 

accurately determine the change point.

These findings support the hypothesis that in these poorly drained catchments, nitrate is 

delivered to the stream mainly via the near-surface and transition zone pathways. Minor 

contributions from the shallow groundwater may also possible where it can gain access to the 

stream. Mobilization is increased with higher water tables and wetter antecedent conditions but 

as these are 'flashy' catchments, dilution takes place quickly when soils become saturated and 

overland flow increases. It is suggested that the switch to saturated flow conditions occurs at the 

threshold points noted above.

This increase in dilution capacity in saturated conditions may be one of the reasons why the 

concentration of nitrate in the streams in these three poorly drained catchments is rarely more 

than 20 mg/l as NO3, unless there are point sources present at low flows as in the case of the Glen 

Burn. It must also be considered however, that there is also likely to be a natural control on the 

extent of the nitrate pressures in these low permeability soil settings, that is related to poor land 

suitability for agricultural practices. A brief review of the available stream chemistry data for three 

of the other EPA poorly productive aquifer monitoring sites, for 10 sampling rounds over 2 years 

between 2010 and 2012, confirmed that the concentrations of nitrate were also low in these 

catchments (Glencastle, 2 mg/l as NO3, New Village <0.6 mg/l as NO3, Ryewater, 5.3 mg/l as NO3 

and Dripsey, 14.09 mg/l as NO3).

In contrast, the pathways in the Nuenna karst catchment are dominated by groundwater (refer to 

Section 5.4.5) and the mean nitrate concentration from the project background sampling was 

higher at 25.5 mg/l as NO3. It was estimated as part of the Pathways Project however, that at 

peak flows during the events, approximately one-third of the water discharging at the major 

springs originated as surface runoff from the Namurian shales (Orr, 2014). This water, together 

with overland flow from hard surfaces and saturated soils in the groundwater discharge areas 

near the stream, had an important temporary dilution effect on the nitrate concentrations in the 

river. This is represented in Figure 6.18 by the Nuenna event data plotting with a much steeper 

slope than in the poorly drained catchments. It is hypothesized that the greater dilution occurred
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in th e  N uenna ca tchm ent because th e  source o f n itra te  w as th e  d eep  bedrock g ro u n d w ater and it 

was d ilu ted  by n ew er even t w a te r  th a t w as low er in n itra te . This is th e  m ore trad ition a lly  

understood n itra te  response (Tesorlero e t al., 2 0 0 9 ). In th e  poorly drained  catchm ents how ever, 

th e  source o f  n itra te  was th e  near-surface pathw ays and  this so u rce /p a th w ay  increased and  

becam e d om in an t during the events. Thus w h ile  th e re  w as a degree o f d ilu tion, it is ap p aren t th a t  

It did not have th e  d ilution capacity o f th a t in th e  N uenna.

The results fo r a sim ilar assessment o f phosphate tra n s p o rt are  less d efin itive  (Figure 6 .1 9 ), which  

is likely to  be because th ere  are m ultip le  sources and pathw ays fo r soluble phosphorus in these  

catchm ents. The relationships m ay re flect th e  d ilu tion  o f po in t sources a t low  flow s, and th e  

increased delivery o f phosphate via th e  overland p ath w ay, w ith  increasing flow s. This is consistent 

w ith  th e  findings in o ther studies (Jordan e t al., 2012 , M e lla n d e r e t al., 20 12 ).

1.00
4 additional high P values up to 2 mg/l in Glen Burn 
during background sampling, and one in Gortinlieve summer, 
at flows <0.04 m3/s

■ Glen Burn bacl(ground X Glen Burn w in te r
• Glen Burn sum iner ■ Gortin lieve background
X G ortin lieve w in te r • Gortin lieve summer
■ M attock background X M attock w in te r
• M attock summer ■ Nuenna background
X Nuenna w in te r • Nuenna summer

0.1
Flow (log m3/s)

Figure 6.19. Relationship between flow and phosphate at the catchment outlet in all three catchments. 
Sample points are taken from background sampling and during the winter and summer events. 
Gortinlieve data are plotted in orange, Glen Burn in blue. Mattock in green and Nuenna in dark red. 
Linear regression trend lines for datasets where the coefficients of determination were >0.4 have been 
included as an aid for visual identification of the trends.

It is w ell know n in th e  lite ra tu re  th a t n itra te  is delivered  via subsurface pathw ays (Schulte e t al., 

2006 , Kroger e t al., 2007 , Tesorlero  e t al., 20 09 ) and th e re  is ev idence th a t losses can be high in 

catchm ents w h e re  th e  soils are naturally  fre e  draining (Ryan e t al., 2 0 0 5 ) o r artificia lly drained  

(Royer e t al., 20 06 ). M elland  e t al. (2012b ) found th a t, con trary  to  expectations in a poorly  

drained Irish arab le  catchm ent, th e  concentrations o f to ta l oxidizable n itrogen (TON, i.e. N O 2 +
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NO3) increased with discharge during the w inter, in contrast to  a comparable well-drained site. 

This was attributed to nitrate leaching from  the root zone into perched subsurface w ater 

overlying a clayey subsoil layer between 0.5 and 3 m below ground level, and discharging via 

ephem eral ditches. It is interesting to note that the mean nitrate concentration at the catchment 

outlet in that poorly drained catchment was 22 mg/l as NO3, which was not too dissimilar to that 

found in the three catchments in this study, despite the arable land use that would likely have had 

higher nitrogen fertilizer application rates.

The findings in this research are in broad agreem ent with M elland et al. (2012b) but also show 

that a sufficiently low permeability layer, i.e. the poorly productive bedrock, that acts as a barrier 

to  vertical flow  and encourages lateral n itrate delivery, is more widely present around the three  

catchments in this study. It has also been ascertained that the change in nitrate delivery dynamics 

can be related to a change in the dom inant flowpath contributing to the stream hydrograph. This 

is consistent with a recent study by Tedd et al. (2014) who assessed the factors influencing the  

presence of nitrate in groundwater in the southeast region o f Ireland. They concluded that it is 

the pathway factors, not the pressure factors, that have the largest bearing on the delivery of 

nitrate to groundwater. Preliminary findings from this study suggest that the same may be true  

for nitrate in surface waters. Future collaborative work using the national river w ater quality 

dataset in a m anner similar to  the groundwater study would be beneficial.

6.7 Annual pathway separation estimates for use in SMART modelling

The disadvantage of applying chemical hydrograph separation methods using tracers that cannot 

be measured continuously is that it is not possible to generate an extended tim e series of the 

pathway separations and therefore to calculate the annual average contribution from  each 

flow path. Such estimates w ere required by the modellers for use for cross checking the pathway 

separations generated for each catchment, using the hydrological model (SMART) as part of the 

developm ent o f the catchment m anagement tool (see Section 3.2.3). An approach using the flow  

duration curve was therefore devised with the aim of estimating the average annual 

groundwater, interflow and overland flow contribution to surface w ater in each catchment based 

on limited observed data.

The concept involved the following for each catchment:

(a) The hydrograph was divided into high, medium and low flow bands using the flow  

duration curve. The conceptual model was used to guide the selection of the flow bands 

so that each flow band was dom inated by one pathway where possible.

(b) The available event data w ere assigned to the relevant flow  band and the ir chemical

hydrograph separation data w ere used to characterize that flow band. In some instances,
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th e  data  were  applicable to  m ore than  one flow band w here  they  spanned  a large range; 

for example, th e  pre-event low flow separations for th e  May event data in th e  Glen Burn 

w ere  used to  characterize th e  low flow band, w hereas  th e  high flows from the  sam e 

even t w ere  appropriate  for th e  medium flow band. W here  th e re  w ere  no event chemistry 

da ta  available for a flow band, th e  percentage flow contributions w ere  extrapolated on 

th e  basis of the  conceptual model.

(c) The proportions of each pathway in each flow band w ere  multiplied by th e  duration of 

th a t  flow band to  provide an estim ate  of th e  average annual flow.

The approach applied to  th e  Glen Burn ca tchm ent is provided in Table 6.12 as an example. Six 

pathway segm ents  w ere  identified on th e  flow duration curve in Figure 5.17. For th e  purposes of 

this exercise, bands 2/3, and 4/5  are grouped to  simplify th e  analysis.

Table 6.12. Annual estim ates for pathw ay contributions, Glen Burn catchm ent.

Flow regim e Very low flow Low flow M ed flow High flow Annual
estimateFlow band (from Fig. 5.17) 1 2/3 4/5 6

Conce pt ualisat ion Upper 
catchm ent and 

bedrock 
groundw ater

Aquifers 
unsatu ra ted , 

i nterfi ow 
dom inant

Aquifers 
sa tu ra ted , 

pathw ays well 
mixed

High overland 
flow

Flow range mV * <0,0045 0.0045-0 .027 0.027-0.2 >0.2 Full
Duration % 24 29 40 7 100
Pathw ay % Overland flow 0 0 10 40 7

Interflow 96 77 33 55 62
G roundw ater 4 23 57 5 31

The relatively high groundw ater  contribution in th e  m edium  flow band is a ttr ibu ted  to  the  

hydrogeology in th e  drumlin ca tchm ent (see Section 5.2.5). At th e se  flows when the  bedrock is 

fully sa tu ra ted , th e  w a te r  table rises in th e  inter-drumlin areas, and as th e re  is very little soil and 

subsoil, th e  ground readily becom es sa tura ted . These inter-drumlin areas  are natural collector 

basins for runoff from th e  surrounding drumlins, which mixes with th e  shallow groundw ater. High 

pressure heads  under th e  low permeability drumlin tills maintain s teep  groundw ater  gradients, 

and although the  contribution of g roundw ater  is limited by th e  low transmissivity, there  is 

significant mixing in th e se  areas giving rise to  a higher g roundw ater  contribution than  expected.

The approach needed  to  be basic as th e  chemical data w ere  limited to  typically tw o events per 

ca tchm ent over a 2-year period, and th e re  were  considerable uncertainties inherent in the  

pathway estim ates. The data  were, however, supported  by a strong conceptual understanding of 

th e  ca tchm ent functioning and nevertheless provided an independen t field-based comparison for 

th e  modelled hydrograph separation  techniques and optimized simulations of the  SMART model.
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The method was devised in an iterative process by this author and the modeller, a Pathways 

Project colleague Eva Mockler, and so should be considered as a combined effort. Testing and 

validation of the results in the context of the SMART model w ere carried out by M ockler and are 

reported on in the Pathways Project Final report Vol. 4.

6.8 Discussion

6.8.1 Importance of the conceptual model

In small, low-lying, poorly drained catchments, where rock is close to the surface and artificial 

drainage is common, such as in the Glen Burn and Gortinlieve catchments, the near-surface 

pathways dom inate stream flow  generation and nutrient transport. The permeability and storage 

in the soil and rock is low, and they saturate quickly, which results in significant rejected potential 

recharge and return flow. These conditions are also favourable for the developm ent o f overland 

flow  which mixes with the w ater from the saturated soils and shallow groundwater. W ater from  

the subsurface pathways can also be delivered to the river more quickly than anticipated via the  

artificial drainage network. Thus, there is considerable intermixing in the near-surface pathways.

In these types of hydrogeological environments, selecting appropriate end members for the 

mixing analysis is challenging. The m ethod of assigning end m em ber signatures that was 

developed for the Glen Burn and Gortinlieve catchments relied more heavily on the conceptual 

model and the understanding of the catchment dynamics, which was achieved through all the  

other techniques applied, rather than the data-rich, statistically based, traditional approach taken 

in the Mattock. Although the latter approach is certainly more statistically robust, it has the  

disadvantage that potential end members need to be indentified at the com m encem ent o f a 

study for regular sampling, in the hope that they will bound the stream chemistry during the later 

events. In practice, some samples typically get dismissed in the analyses at the end o f the study 

because they are considered to be mixtures that are non-representative of the extremes and do 

not adequately bound the stream chemistry (Garrett et al., 2012).

If chemical hydrograph separation is used within its limitations as a means to determ ine relative 

pathway contributions rather than absolute contributions, it is argued in this research that the  

approach to selecting end members adopted in the Glen Burn and Gortinlieve catchments is valid. 

It does depend, however, on having a robust, four-dimensional, catchment-based understanding 

of stream dynamics that has been rigorously assembled using a range of techniques. Such 

conceptual models have been typically lacking in the literature (McGlynn et al., 2002).
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The traditional approach to  chemical hydrograph separation of extensively sampling end 

members and applying a M onte  Carlo approach worked well in the M attock catchment. However, 

the subsoils in the M attock catchment are thicker, the catchment is larger, and there  is less 

intermixing between pathways. It is suggested therefore, that the statistical approach is perhaps 

better suited to larger catchments, while the conceptual model approach is more appropriate in 

small catchments w here the pathways are intermixed. Future studies could usefully carry out 

further end m em ber sampling in the Gortinlieve and Glen Burn catchments with a view to 

applying the statistical methods to determ ine if adequate pathways separation could be achieved 

w ithout the conceptual understanding in those hydrogeological regimes.

6.8.2 Origin versus delivery

There is a tendency in the literature to use the terms overland flow, interflow and groundwater to 

describe both the origin of w ater contributing to a stream and the pathway that delivers it. 

However, in these types of catchments, the origin of the w ater and the delivery pathway are not 

always one and the same, and w ater may start out in one pathway but transfer to  another before 

it reaches the stream. Chemical hydrograph separation methods using solutes provide 

inform ation on the origin o f the water, rather than its delivery pathway per se. Physical 

hydrograph separation methods provide better inform ation on the delivery pathways based on 

their response times, but are less useful in distinguishing the origin of the water. From a 

hydrological modelling perspective, the pathway response times are of greater interest for 

calibration purposes. From a nutrient transport perspective, however, the origin is more 

im portant, as nitrate and phosphate tend to accumulate in different geological layers; nitrate 

typically migrates to deeper levels, whereas phosphate often remains at the surface.

By way of an example, overland flow  that has originated from  a deeper horizon and has reached 

the surface as a groundwater seep or return flow is less likely to be high in phosphorus over the  

duration of an event than overland flow generated at the surface in variable source areas as 

saturation excess overland flow. This is because, after perhaps an initial flush, phosphorus 

concentrations in the upper soils in the return flow pathway are quickly diluted. In contrast, 

variable source areas keep expanding with additional rainfall, hence mobilizing new sources of 

phosphorus.

It is suggested on the basis of this research, that integration of the results of the physical and 

chemical hydrograph separation methods provided a stronger interpretation of catchment 

functioning and that it should be considered as a useful methodology in future studies. For 

example, mean event phosphate levels for the winter events in Gortinlieve were found to 

increase with increasing overland flow pathway contributions estimated using the chemical

198



hydrograph separation method (Table 6.13). In contrast, lower nnean phosphate levels were  

associated with the highest overland flow predictions from the NAM model. The chemical 

methods may have identified the fresher overland flow w ater that originated on the surface and 

delivered soil phosphorus to  the stream. The NAM quickflow response times, however, may

Table 6.13. Relationships between mean event phosphate and percentage overland flow contributions 
determined using the NAM model and the chemical hydrograph separation methods. Winter events from 
one catchment only were included in this assessment to avoid potential biases due to differences in land 
use between catchments and between seasons.

Event Location Mean event P04 

mg/l as P

NAM peak flow

%

Chemistry peak flow

%

Nov 2011 Catchment outlet 0.037 93 24

Nov 2011 Mid catchment 0.027 95 24

Dec 2012 Catchment outlet 0.102 87 53

Dec 2012 Mid catchment 0.143 84 85

better describe the quickflow responses from  the drainage channels w here there is greater 

dilution occurring during a w inter event. Combining the NAM modelled outputs with the chemical 

analysis therefore provided improved understanding in these catchments on both the origins of 

the w ater and the response times for the delivery pathways.

6.8.3 Principal components analysis

The PCA method was less useful than anticipated for segregating the different subsurface 

contributions. For example, in all catchments, the PCA identified that the principal component of 

variance in the stream chemistry was the process of dilution of subsurface w ater w ith overland 

flow. The percentage variance in the first component was the highest of all the events in the 

upper catchment in w inter in the M attock (81%), which is likely to be due to the w e t antecedent 

conditions and limited sources of contamination, which meant that a straightforward dilution 

process with rainfall was dominant. There was less scope for distinguishing the other flowpaths 

which is likely to be because they are glaciated terrains, in which the bedrock is the parent 

material for the subsoils. W here has been little glacial carry-over and the subsoils have been 

derived from  the same bedrock as that which underlies them , there is little to d ifferentiate them  

hydrochemically, and therefore they are not identifiable in the PCA.

Perhaps the greatest advantage of applying the PCA was in gaining insight into the contaminant

transfer processes within the minor constituents. PCA was used in a similar way by Gvozdic et al.

(2012) on 24 years o f w ater quality data for 15 variables sampled at three monitoring stations on

the River Drada in Croatia. The results w ere used to distinguish different pollution sources in each

of the three reaches. In all three study catchments in this research, it was apparent, for instance,
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that nitrate behaves very differently to phosphate, which supports the hypothesis that they are 

largely delivered to streams via different pathways during events. In this research, the smallest 

percentage variance in the first component was in the Glen Burn catchment in the driest 

conditions in M ay (39%), and in that event there were four main components. The results 

highlighted that stream flow  generation processes under those conditions in the Glen Burn are 

more complex, with less simple dilution and more mixing of the near-surface pathways, and 

greater influences from  point sources of contamination.

6.8.4 Temporal variability in end members

In considering the implications of the uncertainty assessment, closer inspection of w hat the 

uncertainty measured using the M onte Carlo approach actually is, is warranted. The method  

randomly selects end m em ber concentrations from a given range that is assumed to be normally 

distributed, and uses them  to quantify the proportion of a contributing component to the stream  

at each tim e step. However, it is known from observations in the field, and in this case the 

conceptual model, that the end m em ber concentrations at each tim estep are not random, but 

that they can change with antecedent conditions, river stage and rainfall conditions. For example, 

it is known that in the M attock catchment, the overland flow component increases in solute 

concentrations as sequential events progress. The concentration o f organic m atter in the summer 

months is also higher than during the winter.

There are also other examples from  the literature. Van der Hoven et al. (2002) found that the 6^*0 

content in their subsurface pathway end m em ber varied significantly between events because 

subsurface flow  was predom inantly via preferential flowpaths, and the 6^*0 content of previous 

events had a significant bearing on the end m em ber signature. Temporal variability was also 

identified by Ogunkoya and Jenkins (1993) in one o f the earliest applications of the three- 

component mixing model. They attem pted to account for this variability by fitting running means 

to end m em ber tracer concentrations to extrapolate concentrations at any tim e period. However, 

they concluded that although the results w ere in theory more appropriate, the efficacy of the 

method could not be confirmed because of difficulties in describing the timing of mixing and entry 

into the stream channel. Tetzlaff et al. (2010) tried to account for the influences of long-term  

tem poral variability in acidification on the end m em ber chemistries in a small upland catchment 

in Scotland. Non-linear relationships between alkalinity and flow , based on long-term datasets, 

w ere used to identify complex statistical distribution functions that described the end mem ber 

signatures, which could then be used in the end m em ber mixing analysis. The authors suggested 

that although their methodology was not a panacea, it did go some way towards improving 

previous methods, and not least, provided better conceptualization of the catchments studied.
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The M onte Carlo statistical m ethod , although currently widely used, incorporates th e  natural 

tem poral variability in the  end  m em bers  into the  uncertainty analysis which, it Is argued by 

Genereux (1998), is inappropriate because th e  tem poral variability is part of th e  hydrological 

signal th a t  should be assessed. This was one of th e  reasons why Joerin e t  al. (2002) introduced the  

model uncertainty element. Ideally, if, as was recognized by Ogunkoya and Jenkins (1993), the  

variability in concentrations of end m em bers  could be adequately  m easured  in th e  field at each 

tim e step, and th e  lag times in delivery of those  end m em bers  to the  s tream  could be adequately  

predicted based on transmissivities, velocities a n d /o r  m ean residence times, then  th e  actual 

contributions of each end m em b er  at each time step could be b e t te r  determ ined. To the  best of 

th e  au thor 's  knowledge, th e re  Is no published research th a t  has achieved this aim. Preliminary 

work into assessing th e  tem poral variability of the end m em bers  in th e  study catchm ents  has 

been  carried ou t as part of this research. However, fu rther field research and collaboration with 

o th e r  authors  with stronger expertise in statistical m ethods  is required to  progress th e  concept.
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7 Soil water dynamics -  evidence for interflow?

7.1 Introduction

An investigation into the soil w ater dynannics at a small subcatchment of the upper Mattock  

(Figure 7.1) was carried out to review the evidence for interflow  occurring at the site/p lot scale to 

support the catchment-scale studies. Soil moisture and matric potential were measured at 

different depths at four locations in a transect from the catchment divide to the river (Figure 7.2), 

at 15-m inute intervals between Novem ber 2011 and Septem ber 2013. Site 1 was closest to the 

stream but was located outside the riparian zone as the study was focussed on hillslope processes 

rather than the hyporheic zone. Site 4 was located close to the top of the subcatchment near the 

catchm ent divide.

Significant data collection and quality control issues with the matric potential data (Appendix 1), 

m eant that the available dataset was, unfortunately, limited. Nevertheless, there are sufficient 

data to make some initial observations on the dynamics of soil w ater in the different

More
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Figure 7.1. Location of the soil monitoring site (red line within the black rectangle) in the Mattock 
catchment and the palaeochannels (blue arrows, refer to Section 5.1.1). The catchment boundary is 
outlined in pink. The area within the hatched black rectangle is enlarged in Figure 7.2.
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Figure 7.2. Locations of the soil water monitoring sites. Site 1 to Site 4 (S1-S4). See Figure 7.1 for location 
within the catchment.

hydrogeological settings along the transect in different antecedent conditions, and to test the 

predictions from  the chemical hydrograph separation methods outlined in Chapter 6, that 

interflow contributes to the stream in baseflow conditions and during rainfall events.

7.2 Site characteristics 

7.2.1 Geological profiles

The geophysics, trial pits, drilling and field observation data corroborated that the soil and subsoil 

profile across the site has four distinct horizons (Table 7.1, Figure 7.3). Thin, clay-rich topsoils 

overly a stiff SILT/CLAY, and a very stiff CLAY (or SILT/CLAY at Site 4) with stones. The SILT/CLAY

Table 7.1. Site characteristics, soil monitoring site. Mattock catchment.

Site characteristics Site no.

Site no. 1 2 3 4 5
Distance from river (m) 9 38 87 167 56
Elevation (m OD) 121.43 124.28 131.47 138.97 125.72
Profile (cm bgl)
(a) Topsoil 0-35 0-30 0-35 0-40 0-20
(b) SILT/CLAY, stiff, no stones 35-70 30-65 35-40 40-60 20-40
(c) CLAY or SILT/CLAY, very stiff, with stones 70-365 65-180 40-130 60-230 40-310
(d) Sandy SILT^ sand/gravel*, bedrock* >365* >180’ >130* >230* >310*

Depth of soil monitoring instruments (cm bgl)
1. Shallow (topsoil) 20 20 20 30 n/a
2. Mid (SILT/CLAY) 50 60 n/a 75
3. Deep (CLAY) 80 120 n/a 157

Depth of piezometers (m bgl) 3.80 4.1 1.93 3.96 3.51
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Figure 7.3. Resistivity profile through the soil moisture dynamics transect perpendicular to the river which is 5 m to the north of the start of the profile. Red circles 
monitoring sites. The silty alluvium mapped here was identified as SILT/CLAY using the GSI methodology and the clayey alluvium was CLAY.
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horizon was generally free o f stones, contained rootlets in the upper part and was mottled, 

indicating that it was saturated on occasion. This horizon was interpreted as a m eltout till (Dr. P.. 

M eehan, pers. comm.). The CLAY layer® was between 90 and 295 m thick, was typically dry on 

drilling, over-consolidated, and contained nnanganese and sometimes iron staining around the  

fractures suggesting reducing conditions typical of low permeability subsoils. This horizon was 

interpreted as a lodgement till (Dr. R. M eehan, pers. comm.).

A saturated sandy SILT, SAND/GRAVEL or shallow bedrock horizon was present at depth in each of 

the five shallow boreholes, which was damp or w et on drilling and had a w ater table during at 

least some part of the monitoring period. The SAND/GRAVEL was rounded to subrounded at Sites 

1, 2 and 4 indicating that it was water-lain. At Site 3, it was angular and subangular which is more 

indicative of shallow bedrock. The depth to bedrock was found to be >4 m in all holes except Site 

3 where it was found to  be at 1.3 m based on the drilling returns. The geophysics (2-D resistivity -  

Figure 7.3) indicated that depth to rock was of the order of 1 -1 0  m across the site. The presence 

of some artificial fill (terracotta chips) beneath the soils on the steeply sloping ground at Site 3 

suggests that, historically, this may have been the location of a farm  track. This m eant that the 

soils at Site 3 w ere artificially dry but they were nevertheless considered to be representative of 

shallow soil conditions in upland catchment areas and so w ere a useful addition to the 

programme.

Using the Geological Survey of Ireland vulnerability mapping assessment method (Fitzsimons et 

al., 2005), it is considered that on the basis of the subsoil characteristics (Swartz et al., 2003) and 

the presence of the rushes (Figure 7.4), which are indicators of poor drainage (Lee, 1999), the 

permeability of the SILT/CLAY and CLAY horizons was low. The resistivity profile highlighted the  

presence of tw o east-west palaeochannels to the north and south that align with the Mattock  

river valley and Lambert's tributary (Figure 7.1), respectively, and, based on the borehole data, 

contain more permeable deposits at depth. This Is consistent with five other similar profiles 

measured across the river valley throughout the catchment (Wilson et al., 2012), as discussed In 

Section 5.1.1.

® Throughout the chapter, although the soils at the deepest level In the profile at Site 4 were classed as a 
SILT/CLAY texture in the field, they had the characteristics of the lodgement tills and are therefore referred 
to as CLAYs in the discussion for convenience so that they are correctly equated with the equivalent 
lodgement tills at the other sites.
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Figure 7.4. View looking northwards along the transect from Site 4, prior to installation. Rushes provide 
evidence that the soils are poorly drained.

7.2.2 Soil moisture content

The soil moisture sensors (S M 1-S M 3) w ere installed at the three measurement depths at Site 1 

from  Novem ber 2011 to Novem ber 2012. The data show that the soil moisture in the deeper CLAY 

horizon (SM3, 80 cm) remained relatively constant all year round, with a mean volumetric w ater 

content of 48% (Figure 7.5). W ater contents were typically highest and fluctuated most with 

rainfall in the topsoil (S M I, 20 cm depth; mean, 57%; range, 47 -64% ). The SILT/CLAY (SM2, 

50 cm) had a higher moisture content (51%) than the CLAY but was always less than the topsoil. 

The higher soil moisture content in the upper soils is likely due to higher organic content, which is 

more effective at retaining soil moisture (Hillel, 1982). During the recession periods, the SILT/CLAY 

drained sharply to an average of 44% but replenished quickly with the onset of rain. For example, 

on 25 March 2012, the soil moisture content drained by 4.26% in 13.25 h. Further discussion on 

the reasons for this change is provided in Section 7.3.3.

At Site 2, soil moisture was m onitored, again at the three depths, from  Novem ber 2012 to 

Septem ber 2013, which included a very dry summer period. The data show that the soils at all 

levels were generally lower in soil moisture content than at Site 1, as expected because the site is 

located further upgradient. Soil moisture content in the deepest monitoring point in the CLAY 

(SM3, 120 cm) remained relatively constant at an average of 46% until the extended very dry 

period between July and Septem ber 2013 when there was a dramatic reduction to 19%. This 

corresponded with a period of very low stream flow.
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In the SILT/CLAY layer at Site 2 (SM2, 60 cm), the soil moisture content responded quickly with 

rainfall and fluctuated from  14 to 65%, the largest range of all six monitoring points. In a pattern  

similar to  Site 1, the soil moisture content remained relatively constant for extended periods at 

30% and 64%. The sharp decline in soil moisture in the SILT/CLAY during the extended dry period 

in July 2013 occurred 1.5 days after the upper soils (S M I, 20 cm), suggesting a good hydraulic 

connection, but approximately 1.5 months before the underlying CLAY.

The upper soils at Site 2 (S M I, 20 cm) generally responded closely to rainfall, but remained at 4 3 -  

44% for extended periods. The lowest soil moisture content recorded at any o f the sites (11% by 

volum e) was in these soils in September 2013. This was confirmed by the gravimetric analyses 

carried out on 5 September (refer to  Section 4.3.2). Soil moisture was not recorded at Sites 3 and 

4.

7.2.3 Matric potential

Collection of a reliable continuous matric potential dataset was challenging. There were issues 

with the power supply, the logger and the set up of the equipm ent in the field, all of which 

contributed to an incomplete dataset that required extensive quality control procedures. As it was 

difficult to  separate good quality data from  data that w ere unreliable, a conservative approach 

was adopted and data were excluded for tim e periods for which there were any doubts as to their 

reliability. This has resulted in the functional dataset being less comprehensive than anticipated. 

The issues that arose are outlined in Appendix 1 and the lessons learned are summarized in 

Section 7.5.4.

The available matric potential data, although adm ittedly biased towards the lower tension values 

(i.e. higher matric potential), nevertheless suggest that the deepest horizons measured at Sites 1 

(S I Deep, 80 cm), 2 (S2 Deep, 120 cm) and 4 (S4 Deep, 157 cm) remained saturated, i.e. zero or 

positive matric potential, all year round (Figure 7.5, Figure 7.6), with the exception of a limited 

period in the dry summer o f 2013 when the deep subsoils at Site 2 dried out. This is consistent 

with the interpretation of these subsoils as low permeability lodgement tills.

In the mid-level SILT/CLAY layer at all sites, the soils w ere also largely saturated for most of the 

year. There were longer periods of unsaturated conditions and lower matric potentials in the drier 

summer months at Site 2 (S2 M id, 60 cm), however, which accompanied the reductions in soil 

moisture content and are likely due to the drainage.
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Figure 7.6. Matric potential at each of the soil monitoring horizons. Note the available data are biased 
towards the higher matric potentials because of quality control issues. The zero line representing 
saturation is highlighted.

The upper topsoil layers at Sites 2 (S2 Shallow, 20 cm), 3 (S3 Shallow, 20 cm) and 4 (S4 Shallow, 

30 cm) w ere typically unsaturated during the study period with mean matric potentials of -7 0 .2 , -  

54.5 and -1 5 .6  cm, respectively, based on the available data. At Site 1 (S I Shallow, 20 cm), 

however, the topsoils were largely saturated for the m ajority of the monitoring period, consistent 

with it being the most downgradient site near the river. The lower matric potentials generally at 

Site 2 are likely to be due to the effective subsurface drainage affecting the site. Site 3 had the  

lowest recorded matric potentials due to the presence of the well-drained, steeply dipping 

shallow bedrock layer at a shallow depth at the site.

7.2.4 Groundwater levels

Groundwater levels w ere measured at least monthly from 3 .5 -4  m deep piezometers at each site, 

except at Site 3 where a depth of only approximately 2 m could be achieved with the drilling rig. 

Continuous w ater level monitoring was also carried out at Sites 1 and 2 for a lim ited period using 

some borrowed w ater level monitoring equipm ent (Schlumberger mini divers).

Permanent w ater tables w ere evident in the piezometers at Sites 1 and 2 throughout the 2 years 

of data collection, reflecting their lower positions in the landscape (Figure 7.7). W ater was present 

at Site 3 on only tw o occasions during m id-w inter due to the steep slope and permeable zone at 

the base of the piezometer. The w ater level at Site 5 behaved consistently with Site 2, which is 

just 18 m downgradient, although it was dry between July and September 2013 due to its 

shallower depth. There was a slightly d ifferent w ater level regime at Site 4 near the catchment 

divide, however; there was a significant lag tim e in the recession in comparison w ith the other 

sites, and the piezom eter was dry for longer periods throughout the year. It is considered that this
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may be a consequence  of the  w a te r  level regime being controlled by the  palaeochannel to  the 

sou th  in the Lambert's  tr ibutary valley (Figure 7.3) In a m an n e r  similar to  th a t  described in th e  EPA 

monitoring holes in the  southern  part  of the  ca tchm ent (Section 5.1.3.2).

Piezometer w ater levels
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Figure 7.7. W ater levels (m OD) in th e  p iezom eters a t Sites 1 -S  during th e  study period. Fluctuations at 
Site 1 are show n on th e  secondary y-axis. Dashed lines indicate th e  bo ttom  of th e  piezom eters a t Sites 3, 
4 and 5 so th a t sam pling periods w hen th e  holes w ere dry are indicated. The dashed line for Site 1 is the  
dep th  of the  nearby stream  bed.

Comparison of continuous w a te r  level data for Sites 1 and 2, with river flow data, over a 1-month 

period in June 2012 (Figure 7.8), shows th a t  th e  g roundw ate r  level a t Site 1 corresponds more 

closely with th e  changes in river level. There was a lag t im e  of 3.5 h evident for th e  first of the 

th ree  m easured  events, which took place after several w eeks of dry w eather,  but for the  second 

and third events, the  responses were  essentially simultaneous. The g roundw ater  a t Site 1 

therefo re  appears  to  be very well connected  hydraulically to  th e  river, once th e  substra te  has 

been w etted ,  despite being som e 9 m distant. The m ean groundw ater  gradient be tw een  Site 1 

and th e  river is very low, of the  o rder of 0.001, reflecting th e  high permeability of the  sand and 

gravel deposits. In contrast, th e  m ean  gradient b e tw een  Site 5 and Site 2 away from the  river 

channel, is an o rder of m agnitude higher a t 0.013.
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Figure 7.8. G roundw ater level fluctuations a t Sites 1 and 2 w ith river flow a t  th e  Diversion just 
dow nstream .

7.3 Contribution o f soil w ater to  stream  flow

Soil moisture and matric potential data  w ere  used to  genera te  soil moisture characteristic curves 

for each soil dep th  a t  Sites 1 and 2 to  gain insights into the  drainage characteristics of th e  soils. 

These w ere  com pared  with th e  evidence of drainage obtained from measuring flows in th e  land 

drains a t  different an teced en t  conditions. The matric potential data  w ere  also converted to  total 

w a te r  potentials to  understand  th e  hydraulic gradients, and therefo re  w a te r  transfer be tw een  the  

soil layers, b e tw een  sites and to  the  stream.

7.3.1 Soil moisture characteristics

Soil moisture characteristic curves w ere  genera ted  using the  paired soil moisture and matric 

potential da ta  for th e  soils a t  th e  th ree  dep ths  a t Sites 1 (Figure 7.9) and 2 (Figure 7.10). The 

relationship be tw een  tension and soil moisture a t each site was complex, which is a reflection of 

th e  ex ten t of hysteresis due to  th e  differences in soil moisture con ten t  during wetting and drying 

(Hillel, 1982), and th e  limitations with the  da ta se t  as described in Appendix 1.

7.3.1.1 Porosity

The soil moisture characteristics show th a t  th e  soils a t dep ths  a t Site 1 were  frequently saturated, 

with high moisture content. The porosity, which is considered to  be equal to  th e  soil moisture
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Figure 7.9. Soil moisture characteristic for the three monitoring horizons at Site 1 (Shallow = 20 cm; Mid = 
SO cm; Deep = 80 cm). The black dashed line indicates the point of saturation. Note that the majority of 
data points are below the line indicating that water drains readily from the soils. The air entry tension or 
capillary fringe in the upper soil layer is indicated by the change in slope in the curve from vertical and 
corresponds to a matric potential of approximately - IS  cm.
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Figure 7.10. Relationship between soil moisture and matric potential at the three monitoring horizons at 
Site 2 (Shallow = 20 cm; Mid = 60 cm; Deep = 120 cm). Black dashed line = point of saturation.
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con ten t  a t zero tension (Hillel, 1982), ranged fronn 47-59%  in the  topsoil (SMI Shallow, 20 cm) to 

43-49%  in th e  SILT/CLAY (SMI Mid, 50 cm). The range in values in each horizon, and th e  relatively 

high upper limits in comparison with average clay soils (Dingman, 2002), is likely to  be due  to  the  

presence of m acropores increasing th e  porosity in excess of tha t  provided by th e  soil matrix. This 

dual porosity, which can som etim es also mean dual permeability, has also been observed 

e lsew here in o th e r  studies (Gardenas e t a!., 2006).

At Site 2, th e re  was a large range in soil moisture conten t at saturation at all dep ths , but 

especially in th e  mid-depth soils. Porosity ranged from 39-44% in the  CLAY (SM2 Deep, 120 cm) to 

29-64% in th e  SILT/CLAY (SM2 Mid, 60 cm), which again suggests dual porosity with a greater  

ex ten t of preferential flowpaths and drainage at th e  mid-depth. This is consistent with th e  rapid 

increases and decreases  observed in th e  soil moisture con ten t (Section 7.2.2).

7.3.1.2 Capillary fringe

A capillary fringe depth  of 15 cm was evident in the  topsoil a t Site 1 a t 20 cm depth , which is the  

point a t which th e  slope of th e  soil moisture characteristic curve near saturation  m oves away 

from th e  vertical, indicating a reduction in soil moisture with increasing tension. The capillary 

fringe depth  was within 5 cm of th e  ground surface indicating th a t  the  ex ten t of the  unsa tu ra ted  

soil horizon was typically small. This suggests th a t  overland flow is likely to  be com m on in these  

soils in the  lower landscape position. The data  for Site 2 were  less clear; this may be because 

th e re  was no capillary fringe due  to  b e t te r  drainage.

7.3.1.3 Field capacity and drainage

The distinctive changes in soil moisture con ten t  in the  topsoils and mid-level SILT/CLAY layers at 

both Sites 1 and 2 (Figure 7.11) were  reviewed with the  corresponding matric potential data  from 

th e  soil moisture characteristic curves, to  determ ine  the  drainage conditions (Table 7.2). The 

upper consistent soil moisture conten ts  occurred when th e  soils w ere  sa tu ra ted , i.e. matric 

potentials >0 cm. The lower consistent values all occurred when th e  matric potentials w ere  <0 cm 

and therefo re  the  soils were unsatura ted . These characteristics are considered to  rep resen t  the  

soil moisture conditions when th e  majority of th e  soil w a te r  in the  m acropores had drained away, 

and th a t  which remained was held against gravity, i.e. field capacity.

Field capacity was lowest for th e  SILT/CLAY at Site 2 (SM2 Mid, 60 cm) which is likely to  reflect 

b e t te r  drainage due to  the  presence of adjacent land drains. This would be supported  by the  large 

fluctuations in soil moisture content. Anecdotal evidence from the  landholder suggests th a t  this is 

th e  layer into which th e  field drainage was developed in th e  1950s, which would be supported  by
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Figure 7.11. Daily stream flow, soil moisture content, and flow in the land drain at LD SI, w ith  the SMD 
from the Schulte model (IVIet Eireann). Soil moisture content data are from the three measured depths at 
the soil water dynamics site at Site 1 (left) and Site 2 (right). The vertical dashed line indicates the period 
when the soil moisture monitoring equipment was transferred from Site 1 to Site 2 and therefore the 
datasets before and after reflect different soils. The horizontal dashed line represents zero stream and 
land drain flow, and zero SMD, i.e. field capacity. FC = field capacity estimated based on the soil moisture 
characteristic curves from the research site. Note the relationships between the measured soil moisture 
content and the modelled SMD; and land drain flow and SMD.

Table 7.2. Summary of the soil moisture characteristics at Sites 1 and 2 at saturation and field capacity.

Site Soil horizon Depth (cm) Saturation Field capacity

Soil moisture 
(%)

Matric 
potential (cm)

Soil moisture 
(%)

Matric 
potential (cm)

1 Topsoil 20 (Shallow) 58 Up to 25 54 -47
SILT/CLAY 50 (Mid) 52 20-171 44 -9

2 Topsoil 20 (Shallow) 51 56-70 44 -40

SILT/CLAY 60 (Mid) 64 15-70 30 -18

observations of the depths o f four o f the five monitored land drains in the field. The first set of 

holes drilled at Site 2 into this layer also had to be abandoned as a flowing land drain was 

encountered.

In the topsoils at both sites, the higher soil moisture content and lower matric potential at field

capacity, suggest th a t these soils retain more moisture, due potentially to  their higher organic

content. Although the field capacities of the topsoil at Site 2 and the SILT/CLAY at Site 1 were the

same, their matric potential at field capacity was very different which reflects their different

permeabilities and texture. The field drainage was also effective at quickly reducing the soil
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moisture con ten t  of th e  topsoil layers, as indicated by th e  rapid drainage response t im es and the 

similar duration of reduced soil moisture conten t as in th e  SILT/CLAY, which suggest a good 

hydraulic connection be tw een  them . The reduced fluctuations a t  Site 1 in comparison to  Site 2 is 

likely to  be due to  the  longer periods of saturation and grea te r  upward gradients  a t the  

lowermost end of th e  transect.  The deep e r  CLAY layers, a t 80 cm (SMI Deep) and 120 cm (SM2 

Deep) dep th ,  remained largely sa tura ted  for m ost of th e  study period. The data  thus suggest tha t  

th e  drainage is most effective in the  SILT/CLAY and topsoils, and th a t  Site 2 appears  be tte r  

drained than  Site 1.

7.3.1.4 Land drain flow and soil moisture characteristics

The spot flows m easured  in th e  land drains were  com pared  with the  soil moisture con ten t  data  

for th e  topsoils and SILT/CLAY at Sites 1 and 2 (Figure 7.12). The purpose of the  comparison was 

to  de te rm ine  w h e th e r  the re  was a relationship be tw een  land drain flow and field capacity, to  

support th e  es tim ates  of field capacity, and because as no ted  by Beven and Germ ann (2013), flow 

can be independen t of field capacity w here  m acropore flow is significant. The estim ates  of 

porosity and th e  large fluctuations in soil moisture con ten t  a t Site 2 suggested th a t  m acropore 

flow might be im portant in this catchment.
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Figure 7.12. Land drain flow and soil m oisture con ten t for th e  topsoil and SILT/CLAY layer a t Sites 1 and 2. 
Field capacity for each soil is highlighted by th e  horizontal dashed  line of th e  sam e colour. Vertical dashed 
line show s an increase in soil m oisture con ten t In th e  SILT/CLAY at Site 2 (60 cm) which corresponded to  
an increase in flow In th e  land drains. Zero land drain flow is taken  as 10 ° I/s for plotting purposes.
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The data suggested that the land drains did not flow  when the soils were below field capacity, 

which is consistent w ith the definition o f field capacity given by Schulte et al. (2005). The 

relationships between soil moisture content and land drain flow varied for each soil layer, 

however. There was a distinct increase in land drain flow  when the soil moisture content 

increased in the SILT/CLAY at Site 2 (Figure 7.12, red points) and, to a lesser extent in the 

overlying topsoils at that site (blue points). The soil moisture content/flow  relationships at Site 1 

however, w ere less clear, as there was a large variation in flows in the land drains at similar soil 

moisture contents (grey points). This may have been due to the soils at Site 1 being almost 

permanently saturated.

The land drain flows w ere also compared with matric potential data for each soil layer (Figure 

7.13). The data highlighted that that the soils at Site 1 at both depths w ere rarely unsaturated, but 

despite this, there was a large range in land drain flows, although higher land drain flows of more 

than 0.02 I/s did correspond with increases in matric potential at both depths. This suggests that 

it was not only the soils close to the stream that were governing the drainage. At Site 2, the soils 

were unsaturated at both depths more often. The land drains continued to flow, and often at 

relatively high flow  rates, when the soils at Site 2 had matric potentials that w ere lower than
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Figure 7.13. Land drain flows with matric potential data for the topsoils and SILT/CLAY layers at Sites 1 
and 2. Dashed lines highlight the matric potential at field capacity for each soil layer. Note land drains still 
flowed when the soils at Site 2 were at lower matric potentials than field capacity.
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those associated with field capacity. Despite soil moisture being tightly bound at Site 2, there  

were land drains still flowing which means either the land drains were being supplied from  soils 

with different types of soil moisture regimes in other parts of the catchment, and /o r there was 

macropore flow occurring; both are considered likely.

To review the relationships more closely, a statistical analysis of the correlations between the 

flow in each of the five land drains where flow  was monitored, and matric potential (Table 7.3) 

and soil moisture (Table 7.4) in each soil horizon. The locations and characteristics o f each land 

drain are discussed in detail in Chapter 8.

Table 7.3. Correlation coefficients for flow  In five different land drains (and all land drains together) and 
tension at each of the monitored depths at each site. The numbers In bold indicate the relationships that 
w ere statistically significant w ith  p values <0.05 (Student's tw o tailed t test). The grey cells indicate the  
strongest correlations that w ere statistically significant between flow  and tension fo r each land drain.

Land drain Land drain flow versus tension
Site 1 Site 2 Site 3 Site 4

Shallow Mid Deep Shallow Mid Deep Shallow Shallow Mid Deep
LDSl -0.286 -0.797 -0.518 -0.360 -0.265 -0.170 -0.005 -0.471 -0.145 -0.015
LD Forest -0.397 -0.714 -0.735 -0.577 -0,496 -0.459 -0.793 n/a n/a n/a
LD Track -0.275 -0.720 -0.531 -0.398 -0.675 -0.336 -0.250 -0.323 -0.683 -0.352
LD Hill -0.352 -0.670 -0.545 -0.175 -0.131 -0.231 0.291 -0.514 0.082 -0.045
LD pipe -0.398 -0.828 -0.685 n/a -1.000 -0.348 -0.952 n/a n/a n/a
LD all -0.244 -0.226 -0.468 -0.284 -0.309 -0.224 -0.041 -0.344 -0.250 -0.128

Table 7.4. Correlation coefficients for flow  in five different land drains (and all land drains together) and 
soil moisture content at each of the measurement depths at Sites 1 and 2. Numbers In bold indicate 
statistical significance w ith p values <0.05 (Student's tw o tailed t  test). The grey cells Indicate the  
strongest correlations that w ere statistically significant between flow  and soil moisture content for each 
land drain.

Land drain Land drain flow  versus soil moisture content
Site 1 Site 2

Shallow Mid Deep Shallow Mid Deep
LDSl 0.308 0.121 -0.087 0.697 0.901 0.399
LD Forest n/a n/a n/a 0.613 0.892 0.340
LD Track 0.180 0.322 -0.173 0.659 0.885 0.373
LDHill 0.391 0.174 -0.103 0.625 0.941 0.379
LD pipe n/a n/a n/a 0.572 0.941 0.289
LD all 0.229 0.151 -0.077 0.523 0.725 0.291

There were statistically significant, strong, negative correlations between flow in each of the land 

drains and the matric potential in all cases at at least one of the soil monitoring points (Table 7.3), 

i.e. the greater the tension (or the more negative the matric potential), the lower the land drain 

flow ‘°. The strongest correlations were typically w ith the soils at the mid (S I M id, 50 cm) and 

deep (S I Deep, 80 cm) horizons at Site 1, closest to  the stream. LD Forest, which is located in a

^°Note that tension, which is the matric potential expressed as a positive, has been used in this analysis for 
convenience in the calculations.
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mid-slope area, was correlated best with the tension in the shallow soils at Site 3 (S3 Shallow, 

20 cm), which is in a similar mid-slope position, but there was also a similarly strong significant 

correlation with the deep level soils at S I (S I Deep, 80 cm). The land drain flow at all sites was 

very well correlated with the soil moisture content at the mid-level at Site 2 (SM2 M id, 60 cm) 

(Table 7.4). These relationships suggest that the soil w ater dynamics at different locations in the 

landscape and at different depths influence the drainage in different ways. It is hypothesized that 

they may reflect in this catchment that the w ater in the drains are sourced from  environments 

such as that at S2 Mid, which fill and em pty most frequently, but that the rate of discharge is 

controlled by the hydraulic head in the mid and deeper level soils closer to the river. The 

relationships between the d ifferent land drains, and flow  and nutrient transport, is explored in 

further detail in Chapter 8.

7.3.1.5 Land drain flow and soil moisture deficits

To take a more general overview, the land drain flow  data w ere also compared with the estimates 

of the daily soil moisture deficit (SMD) for poorly drained soils generated by M e t Eireann using 

the Schulte Hybrid model (Figure 7.11). The Schulte modelled SMD data are widely available and 

applicable nationwide, so it was considered to be a useful exercise to determ ine w hether there  

w ere any relationships that could be applied more widely in the development of the catchment 

m anagem ent support tools.

In the Schulte model, the soils are assumed to be at field capacity when the SMD is zero (refer to  

Section 3.4.5). Based on the available data, it appears that the predictions of zero SMD from the 

model compare favourably with the estimates of field capacity provided by the soil moisture 

characteristics at the site (Figure 7.11), thus initially supporting the definition that no drainage 

occurs when the SMD is zero (SMDq), i.e. field capacity.

Review of the spot flows for the land drains in relation to the modelled SMD (Figure 7.14) showed 

that land drains still flowed, albeit at a low rate, when there was an SMD of up to 16 mm^^ which 

supports the hypothesis that macropores in the soils drain into the land drains. The maximum  

flow  when there was an SMD was approximately 0.025 I/s; this represents a general flow  

threshold between unsaturated and saturated flow conditions at these sites, whereas all flow  had 

ceased when the SMD was >16 mm . These flow thresholds are further explored in relation to 

nutrient transport in Sections 8.3 and 8.5.

It must be considered that the SMD data are daily values and the land drain flows are spot values, which 
means they are not directly comparable, but nevertheless there appears to be a consistent trend. The 
Schulte model has also been developed based on the climatic conditions at Dublin airport, some 40 km to 
the south, and although they are at a similar position in relation to the sea, and hence evapotranspiration 
would be expected to be similar, the timing of the rainfall events may be different by a few  hours.
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Figure 7.14. Land drain flow  (spot data) and daily SMD modelled using the Schulte model (M et Eireann 
data). Dashed lines represent the SMD lim it beyond which there is no land drain flow  (horizontal), and 
the maximum land drain flow  when there is an SMD (vertical). Note the log scale on the x-axis; zero flow  
was taken to be 10'° i/s for plotting purposes.

The highest flow occurred when there was excess soil moisture (SMD = -1 0  mm; SMDmm) as 

expected, but high flows w ere still possible when SMDmm had not yet been reached. There were 

also periods when the land drains flowed at low rates at SMD^in when conditions were apparently 

w et, but these measurements w ere taken in the morning before significant rainfall events which 

influenced the daily SMD estimate. Further discussion on the applicability of the SMD model is 

provided in Section 7.5.4.

7.3.2 Total water potential

Total w ater potential, or hydraulic head, was calculated for each layer at each site by adding the 

gravitational potential above an arbitrary datum to the matric potential (Figure 7.15). Ordnance 

datum was selected so that the data could be compared with the groundwater levels from the 

underlying saturated sands and gravels. Figure 7.16 shows the changes in head over time, 

together with the geological profiles at each o f the sites. Site 3 was not included as matric 

potential data were only available for the upper soil layer. Note that the groundwater hydraulic 

heads are much lower than those in the soils at Sites 1 and 4 so they are shown on the secondary 

y-axis; they do not therefore relate directly to  the geological profiles pictured.
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Figure 7.15. Total water potential (hydraulic head) above Ordnance Datum at Sites 1, 2 and 4.

The data show that at Site 1, the topsoil (S I Shallow, 20 cm) and SILT/CLAY (S I Mid, 50 cm) had similar 

heads during the study period, which fluctuated between the tw o horizons, supporting the hypothesis 

that they likely acted as a single hydraulic unit. The heads in the deeper CLAY (S I Deep, 80 cm) were 

slightly higher suggesting upward gradients from the CLAY into the SILT/CLAY and topsoil. There was 

evidence that the CLAY acted as a hydraulic barrier in the profile because the head in the underlying 

sand/gravel at Site 1 was much lower and was driven more by the stage in the stream (Section 7.2.4).

At Site 2, there was a similar pattern to Site 1: the hydraulic heads in the topsoil (S2 Shallow, 

20 cm) and the SILT/CLAY (S2 Mid, 60 cm) were comparable and there was also an upward 

gradient from the underlying CLAY (S2 Deep, 120 cm). During the drier periods, however, the  

heads dropped below the depth of the SILT/CLAY layer suggesting that the topsoils and SILT/CLAY 

may have been dewatered. Groundwater in the underlying sandy SILT was confined by the CLAY 

with upward gradients except during dry periods.

At Site 4, the available data tentatively suggest that the heads may have been the highest in the 

SILT/CLAY (S4 Mid, 75 cm) and that drainage of this layer was therefore less effective in the upper 

catchment. The monitoring point for the SILT/CLAY at Site 4 was deeper than at the other sites 

however, i.e. 75 cm, in comparison to 50 cm and 60 cm at Sites 1 and 2, respectively. It must also 

be acknowledged that the datasets are not entirely comparable because the particular difficulties 

with the mid-level tensiom eter at Site 4 meant that there w ere approximately 1.5 times few er 

data for the SILT/CLAY layer than for the shallow or deep soils/subsoils. The heads at all soil levels
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at Site 4 were frequently low er than the ground surface, which suggests that overland flow  was 

less im portant at this location, as would be expected in the upper catchment.

An estim ate of the median hydraulic gradients in the d ifferent soil horizons between Sites 1 and 2 

was made, taking as an assumption that they were hydraulically linked. The other sites were not 

considered as they were too far away, and a spring and a ditch cross the transect between them  

and Sites 1 and 2. The topographic gradient between Sites 1 and 2 was 0.1, which was the same as 

the median hydraulic gradient in the topsoil. The median gradients in the SILT/CLAY and CLAY 

layers, however, w ere slightly smaller at 0.09, which suggests that the lower soil layers cannot 

readily accept all the infiltration through the topsoil and that some is likely discharged as 

interflow , or return flow at the surface.

7.3.3 Estimates of flux

An estim ate of the flux through the soils can be made by applying Darcy's Law (Eqn. 2.1), taking 

representative values for the required parameters. The hydraulic gradient was taken to be the 

gradient between Sites 1 and 2 as calculated from  the total w ater potential (0.09). The cross- 

sectional area was assumed to  be the depth of the topsoil and SILT/CLAY layer (0.65 m) over the  

length of the stream channel in the upper catchment above the first monitoring point (3.12 km). 

An estim ate of the hydraulic conductivity was also required, however, because it was not 

measured directly in the field.

The subsoils at the site are classified as low permeability using the Geological Survey of Ireland 

methodology (Section 7.2.1), which suggests that the perm eability was less than 10'® m /s (Swartz 

et al., 2003). Permeabilities o f a similar range (2 x 10'^“ m /s) were measured in clayey lodgement 

tills in the United Kingdom (Cuthbert et al., 2010). This results in an estimated flux through the 

soils at the site of 4 x 10 ® to 7 x 10'^ mVs- This equates to  a contribution of 0.004 m Vs from  the 

soils on both sides of the river in the 3.12 km reach in the upper catchment, which is small in 

comparison to the median flow  of 0.082 m Vs at the Diversion flow gauge, the upper catchment 

monitoring point that is closest to  the soil w ater dynamics site (refer to Figure 7.1 for location). 

However, these permeabilities are m atrix permeabilities and there is sufficient evidence from the 

variability in soil moisture content that preferential flow is also occurring through macropores at 

the site. An alternative method using the rate of drainage was therefore applied.

During a low flow period on 25 /26  March 2012, as discussed in Section 7.2.2, the soil moisture 

content reduced dramatically in the SILT/CLAY layer at Site 1 by 4.26% over 12 h (Figure 7.17). The 

matric potential was greater than zero throughout the period, which indicates that the soils were  

saturated and that the moisture content loss was due to  drainage and/or evapotranspiration.
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However, the 12 hours was overnight so it is anticipated that the evapotranspiration was very 

small. There was a corresponding reduction in stream flow at the Diversion of 0 .003 m Vs over 

approximately the same period, from 0.005 to 0.002 mVs, which represents a reduction in stream  

flow  of 60%, or conversely, the soil moisture was providing 60% of the flow  in the stream at 

0.005 mVs im mediately before the reduction in soil moisture.
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Figure 7.17. Decreases in stream flow and soil moisture content at Site 1, 25/26 March 2012. Note: the 
apparent small fluctuations In the soil moisture data are due to sampling noise.

This is remarkably consistent w ith the results of the chemical hydrograph separation method, 

which estimated that 60% of the flow  during low flow periods is contributed to the stream via 

interflow (Section 6.2.1.7). There is an inherent presumption, however, that the reduction in soil 

moisture was responsible for the reduction in streamflow, so further exploration o f the  data was 

carried out to  determ ine w hether this volume of w ater could actually be delivered via the soils 

based on the available data.

A crude estim ate of the amount of w ater drained from the SILT/CLAY layer during the 4.26%

reduction in soil moisture content was made. If the saturated thickness is taken to be the

hydraulic head over the base of the SILT/CLAY layer at the tim e the moisture drop commenced

(0.287 m), then approximately 4.26% x 0.287 m, or 0.012 m of w ater was drained over the 12 h.

Assuming negligible evapotranspiration, the area that would be required to support the flow  of

0.003 mVs along the 3.12 km o f stream channel above the diversion, extends to  just 1.9 m either

side of the stream channel. This estimate assumes that the drainage takes place evenly through
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the  soils, but in reality it will be restricted to the areas surrounding the drainage channels. Taking 

the  area of influence around each drainage channel to  be 2 m (i.e. 1 m each side) and an average 

length of drainage channel affected of 10 m, which represents the distance between the river 

channel and Site 1 where there was evidence of a response, suggests that the  drains would need 

to  be spaced approximately 10 m apart to provide the required flow. This drain spacing is a little 

low er than is likely in practice; mole plough drains in Ireland are typically spaced at 1 -2  m, 

whereas piped collector drains, which would be the ones likely to be still flowing in low flow  

conditions, are placed approximately 15 m apart in clayey soils in Ireland (Tuohy et al., 2013). 

However, the first response in the reduction in stream flow commenced some 16 h prior to the 

response in the SILT/CLAY layer at Site 1, and 11 h prior to  that in the topsoils, suggesting that if 

the reduction in flow  was due solely to the elimination of the interflow contribution, the latter 

was being contributed from a wider proportion of the catchment, further from  the river or further 

upgradient, than the near-stream location at Site 1.

This is corroborated by field observations from tw o site visits before and after the event. On 14 

March 2012, it was observed that tw o of five main land drains being m onitored w ere still flowing 

at a steady trickle, whereas the other three were dry. Unexpectedly, the drains that were flowing 

w ere LD Hill located near the catchment divide, and LD Track which is in a mid-slope position at a 

break in slope, which are the farthest of the five that w ere being monitored from the river (refer 

to Figure 8.2 for the locations of the land drains). By 29 March, flow at all five monitored land 

drains had com pletely ceased. Further discussion on the land drains and how they operate is 

provided in Chapter 8.

Additional factors to consider include the likelihood of inefficiencies in some places where drains 

are blocked, and variations in the saturated thickness over the area. Consideration was also given 

to  w hether the soil moisture loss could have been due to an exceptionally w arm  day the day 

before giving rise to large evapotranspiration. However, the SMD for 25 March based on data 

from  M et Eireann and generated using the Schulte model (refer to Section 3.4.5) was only 

3.4 mm, which indicates that the period was not excessively dry. The SMD was also decreasing by 

just 1.9 m m /d , which is substantially less than the 12.2 mm of soil moisture loss over the 12 h as 

indicated by the soil monitoring data. Although the estim ate obtained is very crude, it is 

nevertheless in the right range. It therefore seems realistic that the soil moisture drainage could 

sustain 60% of dry w eather baseflow as estimated using the chemical hydrograph separation 

method (Section 6.2.1.7).

224



7.4 Soil water dynamics during events

An in-depth review of the soil w ater dynamics was carried out on the data for tw o sequential 

rainfall events in June 2012, the first from  June 7 to 10, and the second from  the June 14 to  20. 

These events w ere selected because they w ere also intensively monitored for stream and 

pathways chemistry and therefore have accompanying estimates o f the pathway contributions 

from  the chemical hydrograph separation methods (refer to Section 6.2.1). There were  

unfortunately no soil w ater data available for any of the events monitored in w inter; the  

equipm ent had not been installed at the tim e o f the 6-day event in February 2011, and there was 

a power supply and logger failure during the January 2012 event. Nevertheless, the two  

sequential June events, which took place under different antecedent conditions, i.e. very dry 

before the first event and w et before the second, provide useful insights into at least some of the 

variability that occurred.

The matric potential data w ere plotted in hourly time-series graphs to review how they changed 

with depth and tim e. The matric and total potential data w ere compared to rainfall, stream  

discharge, groundwater levels and the estimates o f the pathway contributions from the chemical 

hydrograph separations. The aim was to identify the hydrological conditions during the events 

under which interflow may have occurred, and to contrast the findings with the quantification of 

the pathways contributions derived from the chemical hydrograph separations.

7.4.1 June 7-10 event

The soil matric potential data for the first of the events for Site 2 and Site 4 are presented in 

Figure 7.18 and Figure 7.19, respectively. Data w ere not available for the upper tw o tensiometers  

at Site 1 due to  quality control issues, which m eant that the scope for analysis at that site was 

limited. The matric potential data are converted to total potential data in Figure 7.20 and 

compared with the pathways contributions and other catchment data. Six timesteps (T1-T6) 

when significant changes in the matric potential data occurred w ere identified, which, on review, 

generally coincided with significant changes in stream flow or pathway contributions. A summary 

of these relationships is provided in Table 7.5. The timesteps are also provided on the three  

corresponding graphs for cross referencing purposes.

At T1 as rainfall was starting, there was an upward gradient into the topsoils from the deeper soils 

at both Sites 2 and 4. There was a rapid rise in the head and a shift to saturation in the topsoils at 

Site 4 (S4 Shallow, 30 cm) however, which suggests that the topsoils may have been tension 

saturated.
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Table 7.5. Summary of key changes In soil moisture dynamics with concurrent stream flow and estimates 
of the pathways contributing to the flow from the chemical hydrograph separation methods.

ID Time Soil water dynamics Stream flow Pathways

T1
Rain start

7/6 at 
6:00

Site 2 and Site 4
Upward gradient into unsaturated topsoil. 
SILT/CLAY also unsaturated at Site 2

Low flow
0.062 mVs

IF dominant 
OF, 23%
IF, 55%
GW, 22%

T2 7/6 at 
14:00

Site 2
Higher matric potential at 20 cm than at 60 cm 
but still unsaturated. Saturation at ground 
surface occurred however, based on field 
observations, as OF was recorded. Infiltration 
occurring

Site 4
Similar matric potentials at 30 and 75 cm. 
Downward gradient

First peak 
flow
1.97 mVs

Switch to OF 
dominant 
OF, 64%
IF, 30%
GW, 6%

13 8/6 at 
9:00

Site 2
SILT/CLAY saturated and total potential 
increasing

Site 4
Similar matric potentials at 30 and 75 cm. 
Downward gradient

Recession OF reducing 
OF, 56%
IF, 34%
GW, 10%

14 8/6 at 
12:00

Site 2
SILT/CLAY at higher matric potential than topsoil. 
Highest total potential in SILT/CLAY, also higher 
than ground surface. Suggests return flow

Site 4
Similar matric potentials at 30 and 75 cm. 
Downward gradient

Largest peak 
flow
5.51 mVs

Higher relative 
IF content at 
peak flow 
than first peak 
OF, 51%
IF. 39%
GW, 10%

T5
Rain stop

8/6 at 
14:00

Site 2
Highest matric potential in SILT/CLAY. Total 
potential in CLAY higher than ground surface. 
System full. OF and IF dominant

Site 4
Similar matric potentials at 30 and 75 cm, until 
17:00 (5a) when they become greater at depth. 
Increasing total potentials in lower soils. IF 
backing up

Recession
just
commenced

IF increased 
further 
OF, 54%
IF, 47%
GW, 0%

T6 8/6 at 
21:00

Site 2
Matric potential decreasing slowly at all levels. 
Total potential increasing in the CLAY and lowest 
in the SILT/CLAY sustaining interflow. Total 
potentials decreasing uniformly in topsoils and 
SILT/CLAY suggesting they behave as a single 
hydraulic unit

Site 4
Total potential in the SILT/CLAY layer highest and 
above ground surface by 23:00, keeping IF high

Mid
recession

IF dominant 
OF, 41%
IF, 45%
GW, 14%

OF = overland flow; IF = interflow; GW = groundwater.
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At T2, during the first flow peak in the stream, the matric potential in the topsoil at 20 cm depth 

at Site 2 (S2 Shallow, 20 cm) increased sharply which corresponded with a switch to overland flow  

being dom inant in stream flow  based on the chemistry. The total potential increased above 

ground surface shortly afterwards. The saturated topsoils ensured the large overland flow  

contribution, despite the SILT/CLAY (S2 Mid, 60 cm) being unsaturated. At Site 4, there was 

downward infiltration and little change to the heads as a result of the ongoing rain.

T3 marked an increase in head and a switch to saturation conditions in the SILT/CLAY layer at Site 

2 (at 60 cm) due to  the continued rainfall, although the stream was in recession. The stream 

chemistry indicated that the proportion o f overland flow  was reducing in favour o f interflow  

which would be consistent w ith this finding. The head conditions at Site 4 remained unchanged.

At T4, at Site 2, the matric potential in the SILT/CLAY (S2 Mid, 60 cm) increased to levels higher 

than that in the topsoil, and the total potential increased higher than ground surface. This 

increase in head was coincident with an increase in the relative proportion of interflow in the 

second (and largest) event peak, in comparison w ith the first peak. Overland flow  was still 

im portant however, as the rainfall was only just beginning to ease.

By T5 when the rain stopped, the total potential was at its highest in the SILT/CLAY at Site 2 and at 

Site 4, the head in the SILT/CLAY in the mid-layer (S4 M id, 75 cm) had started to increase. The 

chemistry indicated that the interflow contribution to the stream continued to increase. By T6, 

the stream was in recession. The total potential in the deep CLAY layer at Site 2 (S2 Deep, 120 cm) 

was higher than ground level, and higher than the mid and upper level soils, suggesting an 

upward gradient. The heads in the SILT/CLAY and topsoil (S2 Shallow, 20 cm) drained uniformly 

suggesting they were hydraulically linked and w ere draining the soil water. The chemistry 

indicated that at this point interflow was dominant in the stream. The increased interflow was 

supported by the high head above ground level in the SILT/CLAY layer at Site 4.

There was no overland flow observed at Site 4 during the event (or at any stage during the 

research), which suggests that the soil was able to accept the infiltrating w ater and that it either 

discharged via the soil layers or was recharged to deeper levels. The w ater level in the piezometer 

was 4.08 m below ground surface during tw o  site visits on June 9 and 10 (T6+), which indicated 

that the deeper groundwater was disconnected (Figure 7.7). The increased heads in the CLAY and 

SILT/CLAY layers during the recession after the peak event (T6+), which caused the total potential 

of the SILT/CLAY layer to  rise above the ground surface, indicated that the deeper soil w ater had 

backed up and was likely released slowly during the baseflow period.
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Unfortunately, due to the missing matric potential data at the upper levels at Site 1, the full 

profile assessment is not possible. However, the total potential did increase slightly at 80 cm 

depth (S I Deep) at T1-T3  in the early stages of the event, at a tim e when there was little change 

at the deeper depths at the other sites. The total potential was also higher than ground surface 

even before the event began which, when considered with the soil moisture content data, 

suggests that the soils were likely to have been fully saturated, prior to  and throughout the  event, 

at all depths. This scenario presents favourable conditions for the development of overland flow, 

which would be supported by general observations in the field that the soils at this site w ere  

rarely visibly unsaturated. This was in contrast to the heads at the deeper levels at the other sites, 

which did not breach ground surface until the rain had almost ceased. A relatively large increase 

in soil moisture content of 1.5% was also recorded in the SILT/CLAY layer, which suggests that it 

may have been an im portant w ater transport layer.

7.4.2 June 14-20 event

At the tim e the rain commenced (T7) during the second event, the SILT/CLAY layer at Site 2 (S2 

M id, 60 cm) was saturated, the topsoils (S2 Shallow, 20 cm) w ere unsaturated (Figure 7.21) and 

there was an upward gradient from  the underlying CLAY (S2 Deep, 120 cm), which had a total 

potential higher than ground level (Figure 7.23). This suggests that, in contrast to prior to  the first 

event, discharge was likely through the SILT/CLAY. This was confirmed by the river chemistry, 

which indicated that interflow  was providing 60% of the flow in the stream at the same tim e  

(Table 7.6). At Site 4, the topsoils w ere also unsaturated (Figure 7.22) and the total potentials in 

the SILT/CLAY and CLAY w ere similar and below ground level, suggesting that discharge through 

the topsoils was an im portant pathway. As this is also the root zone, however, evapotranspiration  

was also likely to  have been a contributing factor.

During the first flow  peak (T8), the chemistry suggested that interflow was the dom inant pathway  

in the stream (50%). As the equivalent peak in the June 7 -1 0  event was dominated by overland 

flow , the soil moisture data w ere reviewed to consider why the differences arose. At Site 2, the 

total potential in the CLAY layer (52 Deep, 120 cm) were higher than ground level suggesting an 

upward gradient, but the total potential in the SILT/CLAY (S2 M id, 60 cm), which was saturated, 

was low and below ground surface suggesting that it remained an im portant discharge layer. At 

this stage during the first event, the SILT/CLAY was still unsaturated. The gradient between the 

topsoil and the SILT/CLAY layer was also approximately half that observed during the first event. 

This was because the rainfall leading up to the peak, although greater overall than during the first 

event at 24 mm versus 16 mm , was less intense (1.4 m m /h  in contrast to 3.8 m m /h). The lower
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Table 7.6. Summary of key changes in soil moisture dynamics with concurrent stream flow and estimates 
of the pathways contributing to the flow from the chemical hydrograph separation methods.

ID Time Soil water dynamics Stream flow Pathways

17

Rain start

14/6 at 
16:15

Site 2

Topsoils unsaturated. SILT/CLAY saturated in 
contrast to June 7 event. Total potentials below 
ground level. Upward gradient from the CLAY. 
Discharge through the topsoils and SILT/CLAY.

Site 4

Topsoils unsaturated and with the lowest total 
potential at the site, but wetter antecedent 
conditions at all depths than first event

Low flow 
0.074 mVs

IF dominant

OF, 0%
IF, 60%
GW, 40%

T8 15/6 at 
18:00

Site 2

Similar matric potentials at 20 cm and 60 cm 
suggesting a downward gradient and infiltration. 
Total potential in SILT/CLAY lower than topsoil or 
CLAY and below ground surface suggesting that it 
was an important discharge layer. Downward 
gradients from topsoil to SILT/CLAY less than 
during the first event

Site 4

Increase in matric potential at 30 cm. Similar 
total potentials at 30 cm and 75 cm. Downward 
gradient and infiltration

First peak 
flow

2.07 mVs

IF dominant in 
peak flow

OF, 39%
IF, 50%
GW, 11%

T9 16/6 at 
12:00

Site 2

Matric potentials at all levels at their highest 
during the event. Total potentials all above 
ground level. Similar heads in the topsoil and 
SILT/CLAY likely contributed to the similar OF/IF 
contributions.

Site 4

Matric potential reached highest levels in the 
topsoils and had a similar total potential as the 
SILT/CLAY layer, both higher than ground surface

Second peak 

1.56 mVs

IF still 
dominant 

OF, 40% 
IF, 45% 
GW, 15%

TIO 17/6 at 
12:00

Site 2

Matric potentials decreasing steadily at all levels; 
topsoil at 20 cm almost at zero tension. Total 
potential in the topsoil reduced below ground 
level and remained at the lowest head suggesting 
it was a likely discharge layer. Total potential in 
the CLAY layer remained high

Site 4

Higher matric potential in the SILT/CLAY layer 
which gave rise to the higher total potential 
above ground surface. Similar pattern as during 
the first event

Recession OF reduced, IF 
and GW 
increased 

OF, 16%
IF, 57%
GW, 27%

OF = overland flow; IF = interflow; GW = groundwater.
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intensity rainfall, lower gradients and the saturated SILT/CLAY layer, which would have resulted in 

higher hydraulic conductivities during the second event, are likely to have been the reasons for 

the increased relative proportion of interflow.

At Site 4 during the same period (T8), the topsoils became saturated and the total potentials at 

30 cm (S4 Shallow) and 75 cm (S4 M id) increased to similar levels that w ere higher than the CLAY 

layer (S4 Deep, 157 cm) but still below ground surface. This indicated that downward gradients 

and infiltration occurred. It was unlikely therefore that this part of the catchment had any role to 

play in the generation of the overland flow.

During the second peak (T9), the matric potentials at Site 2 at all levels were at their highest and 

the total potentials w ere all above ground level. Similar heads in the topsoil (S2 Shallow, 20 cm) 

and SILT/CLAY layer (S2 M id, 60 cm) probably contributed to the similar proportions of overland 

flow  and interflow in the stream. At Site 4, the matric potential in the topsoils (S4 Shallow, 30 cm) 

was at its highest, but the total potential in the upper tw o layers was similar, suggesting 

downward infiltration.

At T IO  at Site 4, in a pattern similar to the recession period during the first event, the total 

potential in the SILT/CLAY layer (S4 M id, 75 cm) was the highest of the three layers and was above 

ground level, which could indicate that there was discharge occurring through the topsoil layer 

that helped sustain the relatively high proportion of interflow (57%) as indicated by the chemistry. 

Some infiltration to the deeper soils may also have been occurring, but it was likely to have been 

slow based on the CLAY soil texture. At Site 2, the matric potentials were decreasing steadily at all 

levels and the topsoil at 20 cm (S2 Shallow) had almost returned to zero tension, which would 

have been a factor in reducing the overland flow. The total potential in the topsoil reduced below  

ground level and remained the lowest of all the layers at this site suggesting that it was a likely 

discharge layer.

7.5 Discussion

7.5.1 Evidence for interflow

This research has found that there is sufficient evidence in the soil w ater dynamics to consider 

interflow as an im portant pathway for the delivery of flow  in the M attock catchment. Rapid 

changes in soil moisture content, the range of soil moisture at zero tension, and flow in the land 

drains when there was a soil moisture deficit, all suggest that drainage occurs through 

macropores and preferential flowpaths. The flux through the soil matrix is otherwise a minor 

contribution to  stream flow. This is consistent with research carried out by Richards et al. (2005)
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in an Irish karstified limestone site who noted, using tracers, that there was both rapid 

breakthrough and slower matrix flow.

Uniform decreases in total potential in the topsoil and SILT/CLAY layers during the recessions, 

with coincident increases or stable high potentials in the CLAY layer, groundwater fluctuations at 

depth that do not respond well to rain, and high hydraulic heads in the CLAY layer corroborate the 

evidence from the trial pits that suggests that the CLAY is an effective barrier to infiltration. The 

head data at Site 4 suggest that there is some infiltration occurring through the CLAY layer but 

based on the delayed responses in the piezometer, it is likely to be slow. This is consistent with 

this subsoil being slightly more dilatant in field tests than the lodgement tills at the other sites. 

This suggests an interflow mechanism consistent with that described by Ahuja and Ross (1983) of 

downslope flow in soils above a low perm eability layer.

The mid-level SILT/CLAY is a key discharge horizon at Sites 1 and 2. The matric potential in this 

layer at Site 2 also reaches relatively low levels, which suggests that it is drier for longer than at 

the other sites. The topsoil appears more im portant as a discharge layer at Site 4 based on the 

head data but it must be considered that the instrumentation in the SILT/CLAY layer at Site 4 was 

installed at 75 cm depth in comparison with 50 cm and 60 cm at Sites 1 and 2, respectively, which 

may have a bearing on the apparent effectiveness of the SILT/CLAY as a drainage layer. The 

topsoil is also im portant at sites lower along the transect when the antecedent conditions are wet 

and the heads are high. The uniform reduction in heads during recessions in the topsoil and 

SILT/CLAY layers at Sites 2 and 4 suggest that they drain as single hydraulic units. Therefore, there 

is evidence from  this study that interflow occurs at greater depths in the SILT/CLAY layers (at 

60 cm and 75 cm), which are deeper than the key interflow developm ent zones found at 1 0 -  

45 cm depth in other studies (Tunney et al., 2000, Diamond and Sills, 2001). However, it is likely 

that the depth at which the drainage system is installed, and the proximity of the sampling site to  

that drainage system, are likely to  be key factors.

7.5.2 Near-surface pathway contributions from different positions in the landscape

On the basis o f the available data, it would seem likely that the soil w ater at Site 4 in the upper 

catchment played a lesser role in short-term overland flow  generation than at Site 2, but 

contributed more to the longer-term contribution of interflow after the event. This is because the  

hydraulic heads at all levels remained below the surface for much of the events, and the head in 

the SILT/CLAY layer remained high long after both events. This is consistent with its location 

towards the top o f the hill.
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Site 1 was saturated with relatively high matric and total potentials throughout the events, as 

expected due to its location towards the bottom  of the slope. However, it is anticipated that, 

because the soils are almost permanently saturated and the heads are frequently higher than  

ground level, the scope for increased interflow discharge with rainfall at this location is likely to be 

lim ited by the hydraulic conductivity, which will already be at its maximum due to the high 

moisture contents. These soils are likely to be more im portant as sources of overland flow while  

delivering a consistent but im portant background component o f interflow.

Site 2 showed the most variability and therefore scope to respond to the rainfall, and it is 

considered to have had the greatest bearing on the changing interflow dynamics at the scale of 

the event. This may be a consequence of its position in the landscape, being close enough to the  

downslope end of the transect to  have saturated soils at depth, but not so close that they were  

perm anently saturated. The drainage at the site, which would have facilitated the discharge o f the 

infiltrating w ater and created a better throughput, is also likely to have played a significant role. It 

is difficult to comment in detail on the role o f the soils at Site 3 as it was artificially dry and there  

w ere no head data at depth to compare gradients.

7.5.3 Conditions under which interflow occurs

In general, there was good support from the soil monitoring data for the pathways understanding 

derived from the chemical hydrograph separations, particularly from the data for Site 2 as 

described above. A stronger conceptualization of the development of interflow during events was 

achieved by combining the tw o approaches.

Peak flows were dom inated by overland flow  that originated at the surface when the topsoils 

w ere saturated, but the relative heads in the different soil layers also played a role. In dry 

antecedent conditions, the topsoil became saturated while the underlying SILT/CLAY was 

unsaturated, gradients between the layers w ere high and the head in the topsoil was higher than 

ground level. In w etter antecedent conditions, when the heads in the underlying soil layers 

increased above ground surface, the relative proportion of overland flow  decreased in the peak 

flows due to the increased proportion of interflow. The overland flow contribution still remained 

high, however, as the soils w ere fully saturated and the heads in the topsoils were high.

Interflow  contributed more to the peak flows in w et antecedent conditions when all heads were  

higher than ground surface and when the head in the CLAY layers was higher than in the  

SILT/CLAY and topsoils. Towards the later stages of the events, the topsoils and SILT/CLAYs 

drained at a similar rate suggesting they acted as a single hydraulic unit.
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Diamond and Shanley (1998) suggested that hourly rainfall intensity is a suitable indicator of 

overland flow. This may be true from  a delivery pathway perspective, in that more runoff from  

the catchment to the stream occurs during heavier rain, but the origin of the w ater may be 

predom inantly from deeper in the soils than surface w ater that cannot infiltrate due to  topsoil 

saturation. Although this is not im portant from  a flood risk perspective, it does have implications 

for nutrient management because nitrate and phosphorus tend to accumulate in different 

geological horizons, as discussed in Chapters 5 and 6.

Researchers in other countries have found that the initial soil moisture content, i.e. the 

antecedent conditions, is one o f the most im portant factors dictating stream flow generation 

processes (Hino et al., 1988, Zehe et al., 2005). Over much of Ireland, the soils and subsoils have 

been derived from the Lower Palaeozoic rocks and are clayey with low permeability. The Irish 

climate, w ith its long-duration, low-intensity rainfall (Rohan, 1986), means that these soils can be 

almost perm anently saturated fo r significant portions of the year (Diamond and Shanley, 1998), 

and when they are not, as in the first of the June events analysed in this research, they return to 

saturated conditions quickly. It was found in the Mattock catchment that the matric potential and 

hydraulic head data were more useful than the soil moisture content in distinguishing the 

different pathway responses.

7.5.4 Field capacity, soil moisture deficits and land drain flow

It has become apparent through the course of this research that, as noted by a num ber of authors 

(Hillel, 1982, Schulte et al., 2005, Cavazza et al., 2007, Doody et al., 2010), the term  field capacity 

is poorly defined and is used in different ways in the literature. Some take it to be the moisture 

content at a tension of 0.3 bar (Dingman, 2002); others consider a moisture content at 0.1 bar 

more appropriate (Haise et al., 1955, Shaw et al., 2011); some regard it as the moisture content 

2 -3  days after rain or irrigation ceases (Dingman, 2002); and others consider it to be the 

maximum am ount of w ater that can be stored in the soil when excess w ater has drained away 

(Veihm eyer and Hendrickson, 1949), although 'excess' is not defined. These definitions would 

appear to be inconsistent in the context o f the M attock catchment; for instance, on the basis of 

the available data, the clayey soils do not drain sufficiently after rain in 2 -3  days to reach a 

tension of 0.3 bar. This is perhaps because the rate o f drainage is also affected by other factors 

not considered in the definitions, such as antecedent moisture conditions, depth to an 

impermeable layer, type of clays and the presence of organic m atter (Hillel, 1982), and because of 

the low-intensity, long-duration rainfall patterns in Ireland (Rohan, 1986), which maintain 

saturated conditions for longer. Although the concept of field capacity is useful, it clearly means
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different things to different practitioners. It is perhaps a better approach to rely on the soil 

moisture accounting approach, or the soil moisture characteristic curve.

In this study, the Schulte soil moisture deficit model proved to be a useful tool in broadly 

categorizing the flows in the M attock catchment at d ifferent moisture levels, particularly as the  

data are readily available and can be used in ungauged catchments. However, it was found that in 

this catchment, the land drains still flowed at an SMD of 16 mm, whereas it is an assumption in 

the model that drainage only occurs when there is zero SMD. This highlights that the model 

should be used with caution in catchments that have been artificially drained. In addition, the  

SMD is calculated at a daily tim e step, whereas the flows in the land drains have been found to  

change significantly over a m atter of hours. This limits the use of the SMD as an accurate 

predictor of land drain flow, but it nevertheless proved useful within its limitations.

7.5.5 Lessons learned in relation to collection of matric potential data

Collecting continuous matric potential data rather than relying on manual measurements, an 

approach often used in Irish studies (Gill et al., 2009, Premrov et a!., 2010), was critical for 

analysing data on the scale of rainfall events, but the added complications that arose with the  

loggers and power supply w ere disappointing. The complications were accentuated because the  

160-m distance between Site 1 and Site 4 was very long in comparison to other studies where  

tenisometers are more usually placed in a small localized block. For example Diamond and Sills 

(2001) placed their tensiometers 50 cm apart in rows 7 0 -9 0  cm apart, and Cuthbert et al. (2010) 

and Kerebel et al. (2013) had study sites that were <12 m^ and 10 m^ respectively. Regrettably, 

much of the data logged at the lower matric potential levels had to be discarded as they were  

considered to be unreliable. Lessons learned for future studies include the following:

•  Short cable lengths should be maintained, with multiple loggers if necessary.

•  Cables should be buried if possible. (This would be more achievable with shorter cable 

lengths).

•  Tensiometer lengths should be kept to  a minimum to maintain the highest effective 

operating limits. A lternative methods could also be considered such as electrical 

resistance blocks.

•  Cheaper loggers should not be favoured over the more reliable brands.

•  A trickle charger and large solar panel(s) should be factored into the cost of establishing a 

site as a necessity.

•  During dry summers, the frequency of maintenance visits should be increased to every 

few  days, particularly if the effective limits of the tensiometers are short.
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7.5.6 Future research

This aspect of the research has focussed on comparing insights from the soil moisture dynamics 

with estimates of the pathways contributions from chemical hydrograph separation methods. A 

strong link between the matric potentials at Site 2 and the pathways derived from  the chemistry 

has been found. It is unfortunate that equivalent soils data for Site 1 w ere lacking and therefore a 

comparable assessment of the soils near the river was not possible. Although further sampling is 

not possible as the sites have to be dismantled shortly by agreem ent with the landholder, further 

exploration of the available matric potential data and the spot-sampled chemistry data that have 

already been collected could be carried out with a view to further analysis of the linkages 

between these data, both for Site 1 and for all sites in d ifferent antecedent conditions.

Additional exploration of the available soil moisture and matric potential data may also reveal 

further information about other aspects of the role of soil moisture dynamics in stream flow in 

this catchment, such as the role of the capillary fringe and the groundwater ridging effect (Sklash 

and Farvolden, 1979, Gillham, 1984, Waswa et al., 2013).

Further analyses to relate reductions in soil moisture drainage to  reductions in stream flows at 

different, especially higher, flow levels would also be useful. The 2 5 /2 6  March flow event was 

selected initially because the stream flow reduced to almost zero, which m eant that the spatial 

extent of the land drains and other preferential flowpaths contributing to the flow  was at a 

minimum. Investigations at higher flow levels would have the extra unknown variables of 

changing spatial extents and efficiencies of the contributing land drains, but it would nevertheless 

be an interesting exercise. D ifferent methodologies could also be applied, such as use of the 

Dupuit-Forchheimer equation for estimating unconfined flow  (Wooding and Chapman, 1966), and 

use of a local value for unsaturated soil permeability that could be estimated using the Brooks- 

Corey empirical relationship derived from the soil moisture characteristic (Milly, 1987).

This research was focussed on a hillslope which had been artificially drained and the results have 

demonstrated that the interflow pathway contributions are heavily influenced by the artificial 

land drainage network. It would provide an interesting contrast if the experim ent could be 

replicated in tw o adjacent fields with the same geological characteristics, but w here one was 

drained and the other was not. In practice, as was found in the Gortinlieve catchment, where land 

drains are not present in these poorly drained conditions, the soils and subsoils quickly fill to  

capacity and w ater is discharged at the surface as return flow. Interflow  is more likely to be 

significant in hydrological events where there is a land drain (or the transition zone) present to 

speed up the lateral transport processes.
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It is acknowledged that a large number of replicates are required in soil moisture flux studies 

before assumptions can be made about representivity and capturing the degree of variability 

(W estern et al., 1998). W ith the limited infrastructure used in this research, it is unlikely that 

these requirements have been satisfied. The installation did have utility, however, in adding 

confidence to the hydrograph separation methods and it has provided useful inform ation to  

further the developm ent of the conceptual model. Perhaps its greatest strength is as an indicator 

of when and how the soil moisture changed in different parts of the catchment with different 

hydro(geo)logical regimes, and in different geological units. In particular, it has provided insights 

into the mechanisms driving interflow in this catchment and the influence of artificial drainage. 

Further discussion on the role of artificial drainage is provided in Chapter 8.
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8 The role of artificial drainage

8.1 Introduction

From the literature review (Section 2.7), it was identified that there was a need to understand 

better the role of artificial drainage as a pathway in the delivery of flow and nutrients to  streams. 

It was highlighted that this should be carried out on drainage systems on working farms in their 

current state, so that their likely current impacts on the nutrient dynamics in streams could be 

assessed. To this end, a sampling campaign was carried out in land drains and ditches in the 

M attock catchment to complement the chemical hydrograph separation (Chapter 6) and soil 

w ater dynamics (Chapter 7) studies. A variety of land drains and ditches w ere sampled around the 

catchment, with a focus on the soil w ater dynamics site, to determ ine the spatial and tem poral 

variability in chemistry and nutrient concentrations in the drainage system, and understand their 

relationships with the hydrogeological setting.

For the purposes of this research, land drain is the term  given to describe buried subsurface in

field drains that are constructed with pipes or stones; they are often called tile drains or pipe 

drains (Figure 8.1). Artificially constructed open channels located around field boundaries, which 

may be ephem eral or permanent, are term ed ditches. These are also known as dykes by the 

farming community. They are distinguishable from  natural tributaries because the fields they 

bound have a regular shape and it is evident from the topographic maps that they were  

constructed around the fields, rather than the other way around (Figure 8.1).

Figure 8.1. Typical land drain (left) and ditch (right), Gortinlieve catchment.
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8.2 Characteristics of the land drains sampled

Eight land drains were sampled regularly. Four drained the sanne two interconnected fields in 

which the soil water dynamics transect was located (Figure 8.2): one was located in the upper 

part of the hillslope (LD Hill), one was in the mid-slope area (LD Forest), and two were located in 

the lower hillslope adjacent to the stream (LD SI, LD Usual). This ensured the following:
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Figure 8.2. Artificial drainage sampling sites. OF = overland flow; LD = land drain; D = ditch. The Collon 
flow monitoring site is indicated by the blue circle located in the river to the south of the village.
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(a) that findings from  the soil w ater dynamics site would be comparable;

(b) that a range of hydrogeological regimes were being sampled, including the upper, mid and 

lower hillslopes; and

(c) that all four land drains would be under the same land-use regime so that potential biases 

due to d ifferent nutrient m anagement practices could be eliminated.

Four additional sites in equivalent landscape positions but on a larger scale (LD T Site, LD Track, LD 

Pipe, LD Opp SST) were included from the northern side of the M attock catchment to bring a 

comparative spatial aspect to  the research. LD Pipe, LD Forest, LD Opp SST and LD T Site were  

added later in the project and so have few er available data, and LD Paulas was covered over in 

drainage works and so became inaccessible early in the project.

8.2.1 Construction

The drains were typically of clay pipe construction, which were commonly found in all the study 

catchments (Figure 8.3). There were no pipes evident at three of the sites, although pipes may 

have been present but hidden from view, and flow discharged through a bed of stones or a soil 

cavity. LD Track flowed through a 12-inch concrete culvert pipe buried into the hillslope, which 

was likely to have been just a protective cover. W ith the exception o f LD Usual and LD Pipe, which 

discharged directly into the stream channel, all land drains were connected to the stream via field 

boundary ditches.

Figure 8.3. (a) LD S I, collection of samples with the autosampler, (b) LD Hill. 

8.2.2 Drainage problem

Five of the drains were located in areas identified on the GSI maps as having thick low

permeability tills >5 m, which suggests that they w ere installed to alleviate a surface water

drainage problem in the soils and subsoils. In contrast, three o f the drains were located in areas

w here rock was close to the surface and therefore high w ater tables overlying the poorly

productive rocks w ere considered likely. The origin of the land drain w ater is discussed further in

Section 8.3.1. Table 8.1 summarizes the characteristics of the eight land drains.
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Table 8.1. Characteristics of the monitored land drains.

Land drain 
name

Landscape
position

Construction Hydrogeological setting Mean
flow*

(I/s)

Max
flow

(l/s)
Southern catchm ent
LD Hill U pper slope 2 inch clay pipe Low K soil and till, >10 m 0.03 0 .14

LD Forest M id slope 2 inch clay pipe Low K soil and till, >10 m 0.02 0.05
LD S I Lower slope 4 inch clay pipe Alluvium over low  K till, 8 m 0.12 0.75

LD Usual Lower slope Stones, no pipe visible DTB <3 m 0.14 0.5

Northern catchm ent

LD T Site Upper slope Stones, no pipe visible Low K soil and till, 5 -1 0  m n/a n /a

LD Track M id slope 12 inch concrete, likely 

to  be a protective cover
DTB <2 m 0.07 0 .32

LD Opp SST Lower slope Soil cavity Low K soil and till, 5 -1 0  m n/a n /a

LD Pipe Lower slope 2 inch plastic perforated  

pipe
DTB <2 m 0.02 0.05

*M e a n  flow  does not include zero flows. K = perm eability; DTB = depth to  bedrock. Flows could not be 

measured effectively at tw o  of the  drains due to  the ir construction.

8.2.3 Land drain flow

The flows in the drains varied over five orders o f magnitude from zero to 0.8 I/s (Table 8.1). The 

highest flows were measured at LD SI on 25 October 2011, the day after the heaviest rainfall 

event during the project, when 47 mm of rain fell in the catchment over 11 hours. This event was 

a 1 in 20-25 year event for daily rainfall in Dublin, but was a 1 in 80 year event with respect to 

rainfall intensity (MacCarthaigh, 2011). The measured flow is therefore likely to be towards the 

upper end of the likely flow range of the land drains monitored. (Further discussion on land drain 

flow  in relation to soil moisture content, matric potential and soil moisture deficits was provided 

in Sections 7.3.1.4 and 7.3.1.5).

8.3 Land drain chemistry

8.3.1 Origin of the land drain waters

During the chemical hydrograph separation exercise, it was determined that the silica and SAC of 

the land drain waters varied widely (Figure 6.1). There were some land drains that appeared 

similar to overland flow (high SAC, low Si), some that were more like bedrock groundwater (low 

SAC, high Si), and some that were more uniquely a subsoil signature (low SAC, low Si). Review of 

the data for individual land drains revealed that each drain had its own distinct signature (Figure 

8.4), and that all land drains could be loosely grouped into four different categories reflecting the 

origin of the waters they drain. For instance, LD Hill and LD Forest were typically more closely 

aligned with the signature of overland flow. Their mean electrical conductivity values of 

approximately 240 ^S/cm and their locations in organic soils in the upper and mid-slope areas, 

respectively, suggest that they drain rainwater infiltrating from the surface. In contrast, LD Pipe 

has a much higher mean conductivity (>400 nS/cm), high Si and low SAC which is a signature more
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closely linked to bedrock groundwater. This land drain is located in the lower slope area where  

rock Is close to the surface and it is likely that it drains shallow groundwater. During a rainfall 

event in March 2013, however, the Si was significantly reduced and the SAC increased, suggesting 

that infiltration from the soils and subsoils is also a factor in w et weather.

1.6

1.4

■  LDHill

- LD Forest

■  LD S l

•  LD T site
2  0.8 *  LDOppSST 

■ LDTrack

•  LD Usual

■  LD Pipe

0.4

0.2

0.0

Si (m g /l as Si)

Figure 8.4. Mixing model using the end member tracers to identify the origins of the land drain flow. 
Orange = upper soils; green = soils and subsoils; brown = transition zone from surface infiltration; pink = 
transition zone from groundwater upwelling. Symbol shape designates the relative importance of the 
land drain for delivery of flow In each category: square = highest flow; circle = medium flow; triangle = 
lowest flows. Refer to Figures 6.1 and 6.2 for comparison with the other end members and the river.

LD Track and LD Usual are both also located in places where rock is close to the surface, but they 

are higher up in the landscape; LD Usual is at a higher elevation than LD Pipe and LD Track is at a 

break in slope but is still some distance from the river. The chemistry at these sites is still 

relatively high in Si, but low in SAC and low in electrical conductivity, suggesting relatively short 

residence times with some filtration o f the organic m atter. It is considered likely that these land 

drains drain the transition zone. LD S I, LD Opp SST and LD T Site show the signature of the subsoil 

although, in this category, there is still a relatively wide variation reflecting their different 

positions in the landscape and the variability with antecedent conditions. The average chemistry 

of the land drains in their four categories is summarized in Table 8.2.
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Tab le  8.2 . Average chemical characteristics o f th e  eight regularly  m o n ito red  land drains.

Land drain EC Si 
as Si

SAC NO 3 

as N
SRP
asP

NO 3

load
SRP
load

Origin
(interpreted)

nS/cm mg/l Abs units mg/l mg/l mg/s mg/s

LD Forest 241 1 . 8 6 0.469 1 . 2 0 . 0 2 2 0.057 0 . 0 0 1 Soils
LD Hill 246 1.40 0.690 0.5 0.013 0.018 5 x 1 0 ^ Soils
LD S I 135 1.81 0.362 0.5 0.015 0.069 0 . 0 0 2 Subs
LD Opp SST 236 2.54 0.138 0 . 1 0.014 n/a n/a Subs
LD T site 263 2.13 0.258 0 . 2 0.035 n/a n/a Subs
LD Usual 83 2 . 2 0 0 . 1 1 0 1 . 1 0.014 0.430 4 x 1 0 '* TZ/Subs
LD Track 167 3.03 0.145 3.5 0.016 0.570 0 . 0 0 2 TZ/Subs
LD Pipe 409 4.00 0.136 0 . 2 0.003 0.006 7 x 1 0 '* TZ/GW
EC, electrical conductivity; SAC, spectral absorbance coefficient; TZ, transition zone; Subs, subsoils 

8.3.2 Nutrient delivery

N itra te  and soluble reactive phosphorus (SRP) levels in th e  land drains w ere  typically re latively  

low , w ith  m edian concentrations across all m easured land drains o f 0 .6 7  m g /l as N and 0 .0 0 8  m g/l 

as PO4 , respectively, although th e re  w e re  high SRP levels a t a lm ost all sites on occasion (Figure  

8.5 ). There w ere  som e d ifferences b e tw een  th e  individual land drain sites, how ever. Com parison  

o f th e  fo u r southern land drains, w hich w e re  subject to  th e  sam e re latively low  pressure land use 

and fe rtilize r application regimes, suggests th a t th e  origin o f th e  w a te r being drained was an 

im p o rtan t fac to r in th e  delivery o f n itra te . LD Usual, w hich drains th e  transition  zone, had 

consistently h igher n itra te  than  th e  o th e r sites draining th e  soils, subsoils and g ro un d w ater. The  

m edian  values o f SRP w e re  typically low  across th e  fo u r sites, w hich likely reflects th e  low  

intensity land use in these fields. LD Forest o ften  had h igher levels o f n itra te  and SRP th an  th e  

o th e r th ree  sites, w hich m ay be due to  its location near a highly tra fficked  crossing point betw een  

th e  tw o  fields.

On th e  n orthern  side o f th e  catchm ent, very high levels o f n itra te  (up to  alm ost 20 m g /l as N) 

w e re  observed in LD Track suggesting th a t a nearby co n tam in ation  source was likely. High SRP 

concentrations w ere  not observed, but n itra te  and SRP loads increased to g e th e r w ith  increases in 

f lo w  (R^ = 0 .9 3 ). This land drain is located 120 m d ow n grad ien t o f a row  o f fo u r single dw elling  

houses w ith  dom estic w aste w a te r  tre a tm e n t systems, and a farm yard  across th e  road. Review of 

th e  County Council planning files revealed th a t a t least one o f these has a secondary tre a tm e n t  

system; these are known to  be less e ffic ient in th e  rem oval o f n itra te  th an  phosphorus (Gill e t al., 

2 0 0 9 ). It is hypothesized th a t n itra te  fro m  these sources in filtra ted  to  th e  shallow bedrock /  

trans ition  zone, fro m  w h e re  it was transported  latera lly  and collected In th e  land drain w hich is 

located im m edia te ly  dow ngrad ient, a t th e  break in slope.
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Figure 8.5. Nitrate and soluble reactive phosphorus (SRP) in the land drains. Note the break in the y-axis 
for nitrate. Coloured boxes on the x-axis represent the origin of the water as per Table 8.2.

For the rem ainder of the sites on the northern side, nitrate values w ere very low at the two  

subsoil land drains (LD T Site and LD Opp SST), and at LD Pipe, the groundwater drain, which was 

especially low in both nutrients. SRP was high at the subsoil LD T Site, but not at LD Opp SST. 

Although the sample size was similar, the samples w ere taken at different times; the higher SRP 

values at LD T Site w ere taken during rain events, whereas the LD Opp SST samples were taken 

during recessions, which may be the reason for the differences.

8.3.3 Nutrient changes with flow

The concentrations of SRP (Figure 8.6) and nitrate (Figure 8.7) in the land drains increased when 

the saturated/unsaturated flow  threshold of 0.025 I/s, as illustrated in Figure 7.14 (Section 

7.3.1.5), was exceeded, although it was apparent that some land drains provided higher 

proportions of the load than others.

SRP concentrations increased dramatically w ith flow  in the soil and subsoil land drains, and in LD 

Track (transition zone), but not in LD Pipe (GW ). There w ere few flow data available for LD Usual
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Figure 8.6. SRP concentrations in land drains at different flow levels. Note the log scale on the x-axis. Red 
dashed line indicates the 0.025 I/s saturated/unsaturated flow threshold illustrated in Figure 7.14.
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Figure 8.7. Nitrate concentrations In land drains at different flow levels. Note the log scale on the x-axis. 
Red dashed line indicates the 0.025 I/s saturated/unsaturated flow threshold illustrated in Figure 7.14.

(transition zone) but it is clear from the chemistry data for sampling dates when flows in other 

land drains were high, that SRP did increase with flow. This suggests that the saturation of the 

soils had a significant impact on SRP delivery. The source of SRP was likely to be an influx of 

nutrients from the upper soils through macropores in the deeper soils and subsoils during w etter  

conditions, because it is known that much of phosphorus is bound in the upper soil horizons



(Sharpley et al., 1996, Tunney et al., 2000). The absence o f high SRP at high flows in the  

groundwater land drain may be due to a piston effect in the groundwater discharge zone where  

the w ater being discharged is not directly linked to the nutrient source at the scale o f the event. 

However, there are few data available for the groundwater pathway, so it is difficult to  be 

definitive.

The greatest increases in nitrate with flow  (Figure 8.7) w ere in LD Track (transition zone), which 

appears to be affected by domestic waste w ater treatm ent plants, and LD Forest, which is derived 

from  the soils but may be being affected by increased loads in the heavily trafficked area between  

fields, although adm ittedly there w ere only tw o relatively high values. This suggests that rainfall 

had flushed stores of nitrate from within the soil horizons. This would be consistent with the  

finding in Chapter 5 (Section 5.1.5) that there were significant stores of nitrate in the subsoil 

boreholes. Similar flushing effects w ere observed by Schilling and Helmers (2008) who likened the 

delivery of nutrients in tile drains to  that o f a karst system, with nitrate being delivered with the 

diffuse flow and phosphorus via the conduits. In the intervening periods between rainfall events, 

denitrification may be a contributing factor in keeping nitrate levels reduced overall in the poorly 

drained and frequently saturated soils and subsoils, because the sources of carbon (and hence 

electrons) in the w ater infiltrating from the surface should present favourable conditions for 

denitrification to occur (Jahangir et al., 2012).

The data Indicate that there are strong positive power law relationships between land drain flow  

and nitrate load (R  ̂ = 0.84), and SRP load (R  ̂ = 0.85) (Figure 8.8). The relationships improve 

further when the land drains are considered separately, but even as a group, the relationships are 

still strong. This is despite the influence of the small point source at LD Track (R  ̂ = 0.92), which 

would have been expected to be diluted in high flows because it is a point source. Further 

discussion on small point sources is provided in Section 8.7.3.

These results support the findings in Chapter 5 that the transition zone is a key pathway for the 

transport and delivery of nutrients, particularly nitrate. The land drains draining infiltrating 

surface w ater were found to be generally relatively low in nitrate, except in areas where there  

was a higher input load (e.g. LD Forest), but nitrate increased with flow  during rainfall events. 

These land drains were also high in SRP during rain events. This is consistent with infiltration of 

nutrients through macropores in w ette r w eather but removal o f much of the nitrate in these 

poorly drained soils through plant uptake and denitrification. There is reasonable evidence to 

suggest from the land drain data, therefore, that the type of drainage has a bearing on the likely 

potential for nutrient delivery.
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Figure 8.8. Increases in nitrate and SRP loads with flow in all land drains. Trend lines indicate the strong 
power law relationships across all land drain types. Nitrate loads in LD Track, which are suspected to be 
affected by domestic waste water treatment systems, are highlighted separately to indicate their high 
contributions to the load.

8.4 Contribution from the ditches

8.4.1 Introduction

Ten ditches around the catchment w ere visited regularly during the study period, although some 

flowed more regularly than others so the sample frequencies are not the same. The m ajority of 

the ditches selected w ere also the receiving waters for the land drains that were sampled (hence 

the similarity in the names), which facilitated comparison of d ifferent delivery mechanisms at the 

same sites. Overland flow  was also collected at tw o of these paired sites and the data are included 

in the comparative analysis in Section 8.4.3. Flows in the ditches w ere not measured.

8.4.2 Origin of the ditch waters

Signatures of waters from  different origins were also evident in the ditches, and it was possible to  

differentiate them  on the same basis as the land drains into waters predominantly from  the soils, 

subsoils, transition zone and groundwater (Table 8.3, Figure 8.9). In general, the ditches draining 

the shallow soils and subsoils (D Hill and D S I) had the lowest electrical conductivity values, 

indicating the shortest residence times, and they ceased to  flow first in dry periods. For example, 

D Hill was located in the upper catchment area and consequently rarely flowed, which resulted in 

just three samples being taken. W hen it did flow , the average conductivity was just 96 |iS/cm [7 3 -  

108 |iS/cm ], which indicates that it was supplied predom inantly by overland flow and soil water.



In contrast, and as would be expected, ditches that were supplied by groundwater sources with  

longer residence tinnes had the highest electrical conductivity values (>400 |iS/cm on occasion) 

and remained flowing the longest. For exannple, D Hickeys and D Track were the only ditches still 

flowing in July 2013.

Table 8.3. Average chemical characteristics of the regularly monitored ditches. The standard deviation is 
given in brackets.

Ditch Number

samples

EC Si SAC N03 SRP Origin

uS/cm mg/l Si Abs units mg/l as N mg/l as P

OHIII 3 96 (20) 1.2 (0.7) 0.670 (0.043) 1.3 (0.4) 0.088 (0.003) Soils

D S l 26 174 (53) 2.0 (1.0) 0.567 (0.224) 0.7 (0.4) 0.021 (0.017) Soils

DTSite 10 191 (79) 1.8 (0.6) 0.377 (0.111) 0.4 (0.3) 0.038 (0.013) Subsoils

DWest 6 209 (78) 2.7 (0.7) 0.245 (0.135) 0.4 (0.1) 0.043 (0.010) Subsoils

P Plantation 7 215 (67) 2.8 (0.7) 0.448 (0.205) 1.0 (0.8) 0.023 (0.015) Subsoils

D Opp SST 6 351 (108) 2.4 (1.2) 0.319 (0.121) 0.8 (0.6) 0.039 (0.013) Subsoils

D Road 10 356 (39) 2.8 (0.4) 0.062 (0.059) 8.9 (5.5) 0.007 (0.003) TZ/Subs

0 Paulas 7 313 (111) 4.8 (2.1) 0.248 (0.223) 1.1 (0.3) 0.065 (0.025) Groundwater

D Hickeys 25 341 (72) 3.7 (1.1) 0.246 (0.215) 3.4 (1.5) 0.081 (0.107) Groundwater

D Track 25 349(112) 4.3 (1.6) 0.268 (0.256) 2.0 (0.7) 0.063 (0.024) Groundwater
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Figure 8.9. Signatures of the water sampled from the ditches. The river mixing model triangle is also 
included for reference. Pink ditches originate from sources dominated by groundwater; green from 
subsoils, and orange from soils. Note the degree of overlap in the ditch chemistries in the interflow  
region of the mixing triangle.

The tem poral changes in ditch chemistry w ere much greater than in the land drains, which m eant 

there was significant overlap In their signatures using the end m em ber tracers (Figure 8.9),

particularly in the interflow region of the triangle. This is because during rainfall events, the
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ditches collect w ater from different pathways as they traverse the landscape on their way to the  

stream. For example, the tem poral variations in chemistry of the w ater in D Track are shown in 

Figure 8.10. During dry conditions, the ditch had a signature very close to that of the bedrock 

groundwater. In w etter antecedent conditions, there was an influx of w ater from LD Track, which 

is supplied by the transition zone, as well interflow and overland flow sources. This resulted in 

mixed w ater w ith a signature that was as dilute as overland flow on occasion.

1.400 j

1,200
I Overland flow
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—  Stream
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Figure 8.10. Evolution of the chemistry of the water in Ditch Track. In dry antecedent conditions, the 
water is predominantly of groundwater origin. In wetter conditions, LD Track (transition zone) flows into 
the ditch, where it, and other dispersed sources of water from the soils and subsoils, dilute the ditch 
water. The influence of overland flow is also evident at other times. The progression of the stream 
chemistry at the catchment outlet and the end member mixing triangle are also shown for reference.

8.4.3 Nutrient delivery

There were large variations in nutrient concentrations in the ditches; nitrate ranged from close to 

zero to more than 22 m g/l as N, whereas SRP concentrations ranged from  0.004 to 0.35 mg/l as P. 

Similar to  the land drains, however, there were trends in individual ditches that were consistent 

with the origin o f the waters supplying them  (Figure 8.11).

In the soil and subsoil ditches, nitrate was typically low at <2 m g/l as N, and SRP was consistently 

between 0.01 and 0.06 mg/l as P, except in the small num ber of samples from  D Hill where it was 

much higher. As mentioned above, this ditch rarely flowed and when it did, it was mostly supplied 

by overland flow  from the upper catchment area, which would have delivered SRP from the
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Figure 8.11. Nitrate and soluble reactive phosphorus (SRP) in the ditches. Note the break in the y-axes. 
Coloured squares on the x-axis represent the origin of the water as per Table 8.3.

surface. In addition, the ditch was shallow and in the shade, and was accessible to the sheep so 

they congregated there on occasion, hence increasing the load.

In D Road in the transition zone, nitrate concentrations were very high but SRP was very low. This 

site is located in the upper catchment area on the northern side of the catchment, in the vicinity 

of a num ber of houses with older style septic tanks and newer package treatm ent plants. Samples 

w ere taken in the ditches on both sides of the road at this site and combined to reduce the  

likelihood of sampling a direct discharge but both sides w ere similar. It is considered likely that 

this site operates in a m anner similar to LD Track and transports effluent that has collected at the 

top of the bedrock that is washed through with rain.

The three ditches fed by groundwater w ere all typically higher in nutrients than the others. D 

Paulas is a road-side ditch which is upstream of, and flows into, D Track, and it may be being 

influenced by the domestic waste w ater treatm ent units from the houses located along the road. 

Nitrate concentrations are slightly higher in D Track suggesting there may be general increases in 

diffuse nitrate concentrations moving downgradient, but the SRP was reasonably similar. D 

Hickeys is located adjacent to , but slightly downstream of, a farmyard and is almost certainly 

being affected by farmyard activities. The highest concentration of SRP of all sampling sites was
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measured in this ditch at the end of September 2012, following the first major rainfall event after 

the summer suggesting that there was a first flush effect from  the yard. The w ater quality 

observed in the three groundwater-fed ditches may therefore reflect impacts from  small point 

sources. It is unclear w hether this is as a result of direct discharge pipes, which could be 

rem ediated to improve w ater quality, or whether, being relatively perm anent, the ditches 

discharge more widely spread diffuse contaminants from  these and other sources. Stream and 

ditch profiling from  other parts of the catchment suggest that it is likely to be both (Finn, 2012).

8.4.4 Comparison of nutrient delivery from ditches and land drains

Comparison of the median land drain and ditch w ater quality at five paired sites shows that the 

w ater quality in the ditches was always poorer than in their associated land drains, for both 

nutrients (Figure 8.12). Overland flow at the tw o paired sites w here it was also sampled (and in 

other locations where it was sampled -  not shown) was lower in nitrate and higher in SRP than 

either the land drain or the ditch, except D Hill where the SRP was very high as discussed above 

but there w ere a limited number of samples. As expected, this highlights that the SRP is from the 

upper soils, whereas nitrate is primarily from  subsurface pathways.

On occasion, SRP concentrations w ere higher than the 0.035 m g/l as P threshold limit, which 

represents the boundary between Good and M oderate status, in all land drains except LD Forest 

and LD Opp SST. These land drains had the smallest num ber of samples and SRP spikes may simply 

have been missed. Median SRP concentrations were >0.035 m g/l as P in 7 of the 10 ditches. 

Nitrate was generally only higher than the interim surrogate level of 1.8 mg/l as N in land drains 

and ditches supplied by the transition zone or groundwater. This highlights that the artificial 

drainage network is an im portant contributor of nutrients to the stream, both from diffuse 

sources and small point sources.

8.5 Responses In the river

The river flows, and nutrient concentrations and loads, under each of the three land drain flow  

scenarios described in Section 7.3.1.5, i.e. land drains dry (SMD >16 m m /d), unsaturated flow  

(SMD 0 -1 6  m m /d ) and saturated flow (SMD <0), were reviewed to  determ ine w hether there were  

any significant associated changes in the river that might be attributed to  changes in land drain 

contributions.

8.5.1 Flow

The daily flow  data for Collon (Figure 8.13, refer to Figure 8.2 for the location of the gauge within 

the catchment) show that there also appeared to be equivalent flow thresholds in the river. When  

the land drains were dry, the flow in the river was typically <0.07 mVs- W hen the land drains were
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Figure 8.12. Comparison of n itrate and SRP concentrations in pairs o f ditches and land drains, i.e. at the  
same location, w ith  overland flow  where measured. Note the concentrations o f both nutrients are higher 
in the ditches than in the land drains, and overland flow  is low in nitrate but high in SRP. LD Hill and LD 
Forest both flow  into D Hill. Dashed lines indicate ecological w ater quality threshold limits, i.e. 0.035 m g/l 
as P for SRP and 1.8 m g/l as N for nitrate.

flowing under unsaturated conditions, the river was typically flowing at <0.12 m Vs at Collon (or 

0.15 mVs at the catchment outlet). At these flow levels, the subsoils in the upper borehole in the 

transect w ere also dewatered (Figure 5.4). As expected, when the land drains were flowing under 

saturated conditions, the flows in the river w ere at their highest.

These flow thresholds are also evident on the flow duration curve (Figure 8.14). Although the land 

drains cease to flow at about the 57% flow  exceedance level in the stream, there is still a 

contribution from the soils and subsoils as slower interflow. The additional significant change in 

slope on the curve at the 70% exceedance level (0.025 mVs) is the flow  level at Collon at which a 

significant reduction in soil moisture content in the SILT/CLAY layer at Site 1 at the soil moisture 

monitoring transect occurred on 2 5 -2 6  March 2012 (Section 7.3.3.). The moisture data indicated 

that at this level, the interflow ceased and the groundwater pathway became dominant.
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Figure 8.13. Daily flow at Collon (Nov 2011 to  Oct 2013) with daily modelled SMD, highlighting the 
coincident flow conditions in the land drains from Figure 7.14. Two river threshold flows are identified; 
vertical dashed lines a t 0.07 and 0.12 m^/s, which represent maximum flow when the land drains are dry, 
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Figure 8.14. Flow duration curve for the Mattock at Collon indicating the changes in the land drain 
pathway contribution as determ ined by the significant changes in slope on the curve. At the additional 
change point a t approximately 70% exceedance, the interflow pathway ceases to  flow in the upper 
catchment as determ ined by the soil moisture data.
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8.5.2 Nutrients

It was previously highlighted in Section 6.6 that there was a discrete change in nitrate 

concentration dynamics in the river at flow levels at this same flow threshold of 0 .12 mVs at 

Collon. At lower flows, the concentration of nitrate increased with flow, whereas at higher flows, 

nitrate concentrations were diluted with increasing flows. Maximum nitrate concentrations in the 

river were reached at this threshold point (Figure 6.18). This was attributed to the increasing 

dominance of overland flow at high levels diluting the subsurface contributions. However, it was 

also demonstrated in Section 6.2.1.7 (Figure 6.4) that the proportion of overland flow  in the event 

peaks decreases (and interflow increases) as antecedent conditions become w etter. So how then 

can these be reconciled?

Review of the nutrient data as loads instead of concentrations, with flow, revealed that both the 

nitrate (Figure 8.15) and SRP (Figure 8.16) loads increase with increasing flow in the river, with 

strong power law relationships (R  ̂= 0.85 and R̂  = 0.91, respectively). This suggests that although 

there is dilution when overland flow is occurring, the loads are still increasing as the proportion of 

interflow increases. This is consistent with the power law increases in nutrient loads In the land 

drains. It was also noted that the loads of n itrate in the river were very low when the land drains 

w ere dry, and that they only started to increase significantly once the land drains had crossed the  

0.025 I/s flow threshold, signifying that the soils were becoming saturated and interflow was 

becoming significant. The response in the SRP loads was later at higher flow  levels, when the soils 

were fully saturated, confirming that the largest contribution of SRP came from overland flow.

8.6 Land drain contributions during events

The changes in land drain flow and chemistry, and the ditch chemistry, w ere reviewed for the tw o  

June 2012 events to consider how artificial drainage contributes to stream flow during rainfall 

conditions (Figure 8.17). Spot sample data for LD Hill (soils), LD S I (subsoils) and LD Track 

(transition zone), for flow, nitrate and phosphate, were available at d ifferent stages during the 

events. Nitrate and phosphate data w ere available for three of the ditches: D S I (soils) and tw o of 

the groundwater ditches, D Hickeys and D Track. Phosphate data were limited to the second 

event only for logistical reasons.

8.6.1 First event, dry antecedent conditions

During the first of the storms, the soil land drain (LD Hill) was the first of the land drains to  

increase in flow. The increase occurred in im m ediate response to  the rainfall and coincided with a 

rapid increase in hydraulic head in the shallow soils at 30 cm depth at Site 4, at the top of the
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hillslope. This change in head was due to  a large change in matric potential of over 110 cm 

between tw o  measurement periods which were 15 min apart. This suggests that the soils were  

likely to have been tension saturated, i.e. there was a significant capillary fringe. The addition of 

rainfall almost instantaneously reduced the tension, which resulted in the rapid increase in head, 

and subsequent release of flow into the land drains.

This was followed shortly afterwards by an initial increase in flow in LD S I in the subsoils. The 

rising limb of the stream hydrograph started to increase, corresponding with large increases in 

head in the shallow soils (20 cm) at Site 2 and in flow at LD S I. LD 51 is located at the bottom  of 

the slope and has a larger contributing area upslope than LD Hill which resulted in the higher 

flows at that site overall during the event.

LD Track (transition zone) was much slower to respond to the rain than the other tw o land drains, 

and reached its highest flow level after the rain had stopped, when the river and the other land 

drains w ere in recession. The flow  response was more closely aligned with the changes in head in 

the mid and deep soils at Sites 2 (60 and 120 cm) and 4 (75 and 157 cm). This is consistent with  

the source o f the w ater being deeper in the soils at the transition zone.

Nitrate concentrations generally increased with flow in all land drains, although there were  

exceptions in the early stages o f the event at all three sites. Nitrate concentrations remained low  

during the first small increases in flow in LD Hill and LD S I. This may be because there was a 

piston effect with pre-event w ater that had been denitrified, being pushed out of the land drains 

first before the nitrate-rich w ater from  the soils was flushed in. In LD Track, the nitrate  

concentration increased slightly, despite a negligible increase in flow, but once the flow increased 

significantly, so too did the nitrate, and to a very high level of 19.6 m g/l as N. W hile there was 

clearly a larger source of nitrate in the soils and transition zone at LD Track, the conditions in the  

transition zone were not likely to have been favourable for denitrification to occur prior to  the  

event. LD Track was dry prior to the rain, in contrast to  LD Hill and LD S I, and the higher 

permeabilities in the transition zone in these rock types than in the clayey tills derived from them  

(Comte et al., 2012) suggest that it was likely that it would have been too aerated for 

dentrification to  occur. In the river, the nitrate concentration increased with flow which suggests 

that there was a first flush effect after the long dry period. The push from aerated environments 

such as the transition zone may therefore have been dom inant at the catchment scale.

The nitrate concentration in LD Hill (soil) reduced with the decrease in flow, but at LD S I (subsoils) 

it remained high for a period during the land drain flow recession. This is consistent with a greater 

source of nitrate gaining access to LD S I over its larger contributing area. In the later stages of the
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ev en t ,  th e  n i t ra te  in LD Track re sp o n d e d  closely with flow which is likely to  re f lec t a close 

re la t ionsh ip  b e tw e e n  th e  expand ing  and  con trac ting  s a tu ra te d  a r e a  an d  n i t ra te  s to r e s  in th e  

subsoils.

In D SI,  t h e  soils ditch, th e  ch anges  in n i t ra te  co n c en t ra t io n s  re f lec ted  t h e  ch a n g es  in t h e  soil and  

subsoil land drains, in th a t  n i tra te  inc reased  with  flow. In t h e  tw o  g r o u n d w a te r  d i tc h es  h ow ever ,  

t h e  p a t te rn  w as  d iffe rent.  N itrate  w as  a t  a h igher  c o n c en tra t io n  to  begin with, and  w ith  t h e  o n s e t  

o f  rain th e  n i t ra te  w as  d iluted. At D Track, n i t ra te  rem a in ed  a t  t h e  d ilu te  level fo r  t h e  re m a in d e r  

o f  t h e  ev en t ,  suggesting  th a t  sou rce  of  n it ra te  w as  d e e p e r  p a th w a y s  t h a t  w e r e  being d i lu ted  with 

over land  flow. At D Hickeys, h ow ever ,  n i t ra te  co n c en t ra t io n s  in c reased  with  increasing f low  as  th e  

e v e n t  p rog ressed ,  highlighting th a t  n ew  sou rces  w e re  being a d d e d  to  t h e  ditch w ith  rainfall; th e s e  

m ay  have b e e n  c o n tr ib u ted  by th e  a d ja c e n t  farm yard .

8.6.2 Second event, wet antecedent conditions

During th e  se co n d  ev en t ,  th e  a n t e c e d e n t  condit ions  w e r e  w e t t e r  and  t h e  rainfall w as  less in tense .  

The p a t te r n  of ch a n g es  in flows a t  th e  th r e e  land drains w as  similar to  during t h e  first e v e n t ,  with 

inc reases  in flows being la te r  a t  LD Track th a n  in LD Hill o r  LD SI,  an d  low er  inc reases  a t  LD Hill 

th a n  a t  LD SI.

Despite  similar flow levels in LD Hill, t h e  n i t ra te  c o n c e n t ra t io n s  w e re  low er  suggesting  t h a t  th e  

so u rc e  w as  b ecom ing  e x h a u s te d  with  its limited a re a  of  supply, b u t  n e v e r th e le s s  t h e  loads a t  all 

land drains still inc reased  with  flow. LD Track inc reased  significantly in n i t ra te  o n c e  again 

indicating th e  d ischarging w a te r s  had  access  to  con t in u ed  n ew  n i t ra te  s to re s  in t h e  trans i t ion  

zone .  T here  w e re  limited d a ta  available for  th e  d itches  b u t  n i t ra te  c o n c e n t ra t io n s  a p p e a r  

c o m p arab le ,  if slightly low er  th a n  th e  first even t.

The n i t ra te  co n c e n t ra t io n s  in th e  river w e r e  d ilu ted  w ith  t h e  e v e n t  w hich  is t h e  m o r e  typical 

n i t r a te  re sponse ,  and  a l though  th e  loads inc reased  in a similar p a t te r n  as  during  t h e  first even t,  

th e y  w e re  a lm o s t  tw o  o rd e rs  o f  m a g n i tu d e  less. While th is  is u n d o u b te d ly  re la ted  to  t h e  low er  

rainfall in t h e  se c o n d  ev en t ,  it also highlights th e  im p o r ta n ce  of  t h e  first flush effec t  a f te r  a per iod  

of  dry  w e a th e r .  Similar first flush effec ts  w e re  o b se rved  in th e  Gortin lieve c a tc h m e n t  during  th e  

A ugust 2010  e v e n t  (Section 5.3.4.2).

P h o sp h a te  w as  s a m p le d  in LD Hill, LD S I  and  D SI (which all drain  t h e  soils an d  subsoils) during  

th e  se co n d  e v e n t  and  d if fe ren t  r e sp o n se s  w e r e  o b se rv e d  to  th o s e  for  n itra te .  P h o sp h a te  

co n c e n t ra t io n s  in t h e  land drains  p e a k e d  w ith  th e  h ighes t  land drain  flows, b u t  th e n  rapidly 

d e c re a s e d  suggesting  t h e  so u rce  h ad  b e e n  w a sh e d  ou t.  The low er  co n c e n t ra t io n s  in t h e  land
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drains coincided with increases in phosphate in the ditch. This is consistent with a source from the 

upper soil layers in the field, which infiltrated with the rainfall through preferential flowpaths into 

the land drains and then into the ditches. This source was reduced with the decrease with rain.

8.7 Discussion

8.7.1 Contributions of artificial drainage to nutrient delivery

It has been determ ined through this research that the interflow pathway, and particularly the 

artificial drainage as a transport mechanism for interflow, contributes significantly in terms of 

flow  during events. For example, the proportion of interflow  was higher than overland flow at 

peak flow during the second of the June events. The research has also found that nutrient loads in 

the drainage network increase with increasing flow. This results in interflow providing a significant 

contribution to  the overall load in the stream. However, this research has also provided evidence 

that the origin o f the drainage water, specifically its hydrogeological setting, has a significant 

bearing on the dynamics of the nutrient contributions.

Drainage waters collected nitrate from  stores that w ere perched above a lower permeability 

layer, for example, in LD Hill from the soils above the SILT/CLAY layer; in LD Track from the 

transition zone above the more com petent bedrock; and in MK Subs 1 and 3 in the borehole 

transect site, in the subsoils overlying the bedrock. These nitrate stores were high when there was 

a significant load above the low permeability barrier, such as the domestic waste w ater treatm ent 

units at LD Track, and animals congregating at the field crossing at LD Forest. High nitrate stores 

w ere also observed in the transition zone boreholes in the middle cluster at Gortinlieve (Figure 

5.31), which is next to a farmyard. Away from the higher nutrient loading points, the soils and 

subsoils were better able to cope with the level of n itrate in the landscape from  agricultural 

practices and nitrate concentrations were generally low. Denitrification may have assisted in this 

process as the low permeability soils present favourable conditions. However, the first flush effect 

was significant and led to  increases in nitrate with flow in the river. Nitrate loads also increased in 

all land drains, with increased land drain flow, only becoming exhausted in w et antecedent 

conditions at the land drain with the smallest contributing source area but remaining high 

elsewhere.

Phosphorus was high in all land drains and ditches on occasion although the mechanisms of its 

delivery were very different. There was evidence that it was washed through the soils and subsoils 

from  the surface into the drainage system, via preferential flow paths, and that it was delivered 

from  small point sources directly into ditches or via the transition zone. Phosphorus was less 

im portant where the drainage intercepted rising groundwater.
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Thus, understanding the nature of the drainage problenn should help to predict the likely nutrient 

dynannics and will be a useful addition to the toolbox in delineating the critical source areas for 

managennent purposes. Three categories of drainage have therefore been identified that 

summarize the links between the hydrogeological setting and nutrient transport: surface water 

drainage in the soils and subsoils, transition zone drainage and groundwater drainage. These are 

discussed further in Section 8.8.3.

8.7.2 End member signature selection for the interflow pathway

As discussed in Chapter 5, the ditches are an im portant delivery mechanism for w aters from  

different origins, but they are not considered to have a discrete signature of their own; they are 

simply extensions of the stream network delivering the same mixtures of w ater otherwise 

observed in the stream. The mixture of chemistries in the ditches in the interflow region of the  

mixing triangle is replicated in the land drain mixing triangle, although there it is biased slightly 

more towards the overland flow end m em ber reflecting their shallower depths. This highlights the 

difficulties in identifying a discrete signature for the interflow pathway for chemical hydrograph 

separation and emphasizes the need for a strong conceptual model to  identify the origins of the 

near-surface samples being used in the analyses.

The signature for the interflow pathway that was used in the end m em ber mixing analysis in this 

research was the median of the tracer data for all land drains sampled, but LD Hill was excluded 

because it was very high in SAC and was considered to be unrepresentative of the w ider interflow  

conditions around the catchment. The dataset thus included samples from land drains from the 

soils, subsoils and transition zone. W ithout the conceptual model to highlight the range in 

hydro(geo)logical environments contributing to interflow, which enabled the confident selection 

of a diverse set of land drains that encompassed that variability, it is plausible that the end of the 

study may well have been reached with a land drain dataset that would only have been 

representative of one hydro(geo)logical setting. The mixing triangle would not then have bound 

the samples and the mixing analysis would have been incomplete. Alternatively, a different 

interflow end m em ber signature might have been selected, or it might have been concluded that 

there were only tw o significant end members (overland flow  and groundwater; refer to Section 

6.2.1.5), which would have resulted in a very different interpretation of the role o f the interflow  

pathway.

As there is a certain degree of subjectivity in the chemical hydrograph separation approach, from  

initially choosing the right end members to sample in the field, to  selecting the right tracer 

concentrations to represent the pathway or source of interest, it is im portant that the results are 

tested using a range of d ifferent and supplementary techniques. However, this is rarely carried
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o ut in practice in the literature. For example, Garrett e t al. (2012) collected data for five end 

mem bers and subsequently discarded data for tw o of them  on the basis that they did not 

consider them  to represent the extremes. However, the resulting end members did not bound the 

stream  samples which they attributed to end m em ber variability. They concluded that 

incorporating pre-event sampling and associated w ater chemistry into the EM M A calculations 

would produce more accurate results. Soulsby et al. (2006) suggested that combining spatially 

distributed soil and topographic information with tracer data had huge 'potential utility' in 

understanding catchment hydrology. The application o f several different techniques in this 

research, including the development of the conceptual model, the flow modelling, chemistry 

analyses and soil moisture w ater dynamics, has been found to be im portant for properly 

conceptualizing the catchment and confirming the interflow  contributions determ ined from the 

end m em ber mixing analysis.

8.7.3 The contributions from small point sources

It is a fundam ental assumption of load-apportionm ent models that point source loads are 

relatively fixed and are independent of rainfall, such that their impacts are diluted in w inter but 

are more prom inent in summer baseflow (Bowes et al., 2008). Loads from diffuse sources, on the 

other hand, are known to increase with rainfall as variable source areas expand connecting new  

sources of contaminants (Thompson et al., 2012). However, small point sources, such as septic 

tanks and farmyards, fall into an interm ediate category between point and diffuse. They are 

typically poorly understood and are rarely modelled because of their tem poral and spatial 

variability (Edwards and Withers, 2008). In the River Chitterne catchment in the United Kingdom, 

which has relatively low agricultural and population densities, Jarvie et al. (2006) found that SRP 

and boron (an indicator of sewage) both increased with flow, which was in contrast to the 

m ajority of the 54 lowland monitoring sites studied w here there was significant dilution of these 

parameters. They attributed this effect to  the flushing of sewage into the river as groundwater 

levels rose and intercepted septic tank soakaways. However, the catchment was underlain by a 

chalk aquifer w here the pathway would most probably have been groundwater, and the study did 

not look at the contribution of nitrate.

This research has provided evidence from the land drains and ditches in the M attock catchment 

that the concentrations and loads from  small point sources delivered via the subsurface pathways 

in poorly drained catchments increase with flow, and that they therefore do not behave as point 

sources. In fact, the load increases in LD Track were at a higher rate than land drains draining the 

diffuse agricultural sources, perhaps because of the higher point source loading beneath the 

contam inant site(s) which w ere only flushed through during the heavier rainfall events. This

264



research therefore supports the inclusion of a third category for small point sources in poorly 

drained catchments for the management of nitrate as well as phosphorus. However, further 

conclusive evidence that the loads in LD Track and D Road are from human sources, using for 

example, human-specific tracers such as caffeine, pharmaceuticals or personal care products 

(Lapworth et al., 2012), or microbial source tracking (M urphy et al., 2013), would be useful to 

support this recommendation.

8.8 Development of a land drain map for Ireland

8.8.1 Introduction

This research has identified that artificial drainage plays an im portant role in the delivery of 

nutrients to Irish streams, yet the majority of the drainage schemes have been in place for many 

decades and there are no maps available indicating their locations. Similar findings and mapping 

problems have also arisen in other countries and there are several reports in the literature of 

attem pts to predict and map their locations using GIS and rem ote sensing, e.g. Germany (Hirt et 

a!., 2005), m id-western United States (Naz et al., 2009) and the United Kingdom (Davison et al., 

2008).

The first draft of tw o national land drain maps has been developed as part of this research, in 

conjunction with a fellow Pathways Project student (Eva Mockler), and a retired land drainage 

expert from Teagasc (Tim Gleeson). The purpose of the maps was two-fold: to  inform the 

pathways separations in the hydrological modelling in the catchment m anagement tool; and to 

apportion pathway nutrient transport factors in the catchment characterization tool. The maps 

were tested in three of the four study catchments and have been used in the first version of the  

catchment m anagement support tools. However, they are considered to  be a work in progress 

that will evolve with further developm ent of the catchment management support tools. A full 

description of the maps, the developm ent process and the testing that has been carried out, 

highlighting the contributions of this researcher, is provided in Appendix 2. A brief summary is 

included here.

8.8.2 Presence/absence map

The presence/absence map predicts the areas of Ireland where there are likely to be land drains. 

A decision tree was used to develop to guide a set of GIS rules or algorithms to highlight the  

drained areas, based around num ber o f assumptions relating to soil drainage, slope and land use. 

The presence/absence map predicted that the total area of land drained in Ireland was 44% of 

agricultural land, or 29.4% of the Republic of Ireland, which compares very favourably with  

previous published estimates based on representative land surveys (Bruton and Convery, 1982).
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It is acknowledged that the map presents the lands that are likely to be drained, rather than 

actually drained, so a land drain efficiency factor has been introduced for the purposes of the 

hydrological modelling to allow for overestimates, uncertainties and blockages. On the basis of 

the catchment results, validation exercises and the hydrological modelling, the efficiency factor is 

currently set at 0.8, which means that 80% of the land area needing to be drained is likely to be 

drained effectively. Ongoing research may revise this estim ate in the future.

8.8.3 Land drainage problem map

This research has found that the type of land drainage problem, i.e. the hydro(geo)logical 

pathways that deliver the w ater that needs to be drained, has a significant bearing on nutrient 

delivery from  land drains. Three categories of drainage with specific implications for nutrient 

m anagem ent have been identified based on this research, and are presented on the land drainage 

problem map:

(i) Surface w ater drainage due to poor infiltration in poorly drained soils and subsoils. An 

example of this occurs in the soil and subsoil land drains in the M attock catchment, where  

SRP can be high with rainfall events, but nitrate is typically low except where nutrient 

loads are increased (Section 8.3.2).

(ii) Transition zone drainage  which is often high in nitrate, and occasionally high in 

phosphorus. Examples of this occur in the Gortinlieve catchment in the transition zone 

boreholes (Section 5.3.4) and in the M attock in the transition zone supported land drains 

(Sections 8.3.2) and ditches (Section 8.4.3).

(iii) Groundwater drainage, where nutrient concentrations depend on the hydrogeological 

regime. In Regionally Im portant aquifers, drainage is high in nitrate but low in 

phosphorus. This is because in these environments, deeper bedrock groundwater 

pathways dominate, and phosphorus infiltrating through the overlying permeable soils 

and subsoils is often attenuated (unless the depth to rock is very shallow), yet nitrate  

does infiltrate. An example of this type was found in the upper Nuenna catchment 

(Section 5.4.3.3). In poorly productive aquifers, drainage will be low in nitrate and 

phosphorus because in these environments, groundwater is confined under the low 

perm eability tills and much of the nitrate that does infiltrate is attenuated. These are of 

course generalizations; there will be exceptions where rock is at or near surface and 

therefore there is no effective protective soil/subsoil cover, where there are point sources 

of contamination, and where the soil and subsoil parent material is not the underlying 

bedrock due to glacial carryover.

266



The land drainage problenn nnap (Figure A2.4) has been generated for Ireland and tested in three  

of the four study catchments. Preliminary results are encouraging but further testing and 

validation is required. The map has immediate application in the Pathways catchment 

management support tools, and more widely from a nutrient management perspective as Ireland 

moves forward to m eet its Food Harvest 2020 objectives. The methodology will likely also be of 

interest in other countries where similar mapping and nutrient management issues arise.
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9 Discussion and conclusions

9.1 Introduction

M anagem ent of pollution from diffuse agricultural and small point sources remains a significant 

challenge worldwide. Targeting the most hydrologically sensitive, highest-risk areas within a 

catchment for nutrient m anagement purposes, i.e. the CSAs (Haygarth et al., 2005, Heathwaite et 

al., 2005), is an efficient means of prioritizing resources to achieve good environmental outcomes 

(Doody et al., 2012, Daly, 2013). Understanding and quantifying the contribution of each 

hydro(geo)logical pathway to the receptors o f interest, in terms of flow and nutrient transport, is 

an im portant part of identifying CSAs.

A generic four-pathway flow model had previously been identified by the Irish Groundwater 

Working Group (Daly and Hunter Williams, referenced in RPS (2008)) as being appropriate for 

Ireland; this model incorporated overland flow, interflow, shallow groundwater and deep 

groundwater (Section 1.4). In glaciated catchments, such as those in Ireland and much of Europe, 

the diverse soils and subsoils ensure that the  interflow pathway plays a significant role in w ater 

and contam inant transport processes, but its role is poorly understood, particularly in low-lying 

agricultural catchments (Kennedy et al., 2012, Klaus and McDonnell, 2013).

The overall aim of this research was to develop an improved conceptual understanding of the 

near-surface pathways in the delivery o f flow and nutrients to streams in these types of 

catchments. The research outcomes have contributed to a larger project, the Pathways Project, 

which has developed a suite of national catchm ent m anagement support tools that identify the  

CSAs and will be used by regulatory and resource management agencies as part of 

im plem entation of the W ater Framework Directive (Archbold et al., 2014).

9.2 Research philosophy

The underlying philosophy in this research was to apply a range of research techniques and 

methods at different scales (Blume et al., 2009, Hrachowitz et al., 2013), within a conceptual 

model fram ework, as a means of limiting the dependence on any one particular method and 

therefore reducing the levels of uncertainty. An integrated approach that recognized that nutrient 

transfer processes are part of a dynamic flow  pathway continuum was considered im portant for a 

robust understanding of catchment nutrient transport.
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Field investigations were carried out in four study catchnnents, Gortinlieve, Glen Burn, Mattock  

and Nuenna, ranging in size from 5 to 35 km^. Conceptual models w ere developed to provide a 

four-dimensional hydro(geo)logical fram ework for understanding catchment dynamics. A 

programme of background and event w ater quality sampling was carried out in each catchment 

to  gain insight into the pathways transporting flow and nutrients to streams. Chemical 

hydrograph separation methods quantified the proportion of flow through each pathway, and the 

results were integrated with results from  physical hydrograph separation methods, NAM  

hydrological modelling, and other methods to achieve a deeper understanding.

A field-scale soil moisture dynamics study was carried out in one of the study catchments, the 

Mattock, to investigate the soil w ater conditions under which interflow occurred. This evidence 

was used to refine the conceptual model and corroborate the quantitative estimates from  the 

chemical hydrograph separation methods. A programme o f field sampling within the near-surface 

pathways was also conducted, which provided supporting evidence as well as insights into 

nutrient transfer. This approach had the advantage of gaining process understanding at the field 

scale, while reducing the limitations regarding representivity and scaling up that are inherent in 

conducting field-scale studies by incorporating catchment-scale methods.

The Mattock catchment is underlain by poorly productive aquifers, low permeability subsoils and 

poorly drained soils, and was selected for the intensive study as these types of catchment 

conditions comprise over 70% of the land area in Ireland. Similar hydrogeological regimes were  

present in tw o of the other study catchments, which was useful for comparative purposes; the  

fourth catchment was underlain by a karst aquifer with free-draining soils and subsoils, which 

provided suitable contrast. This integrated approach has helped to broaden the findings so that a 

conceptual understanding of the near-surface pathways could be developed that had applicability 

at the national scale for inclusion in the national models.

Five research objectives were outlined in Chapter 1 which are considered in turn in the following  

sections. The first objective, to  provide a critique o f the existing conceptual model on the basis of 

the research findings, and the last objective, to develop an improved conceptual model for the 

near-surface pathways, are combined towards the end of this discussion in Section 9.6.

9.3 Quantification of pathways contributions to streams

9.3.1 Introduction

Quantifying the contribution of each pathway to the stream in the three poorly drained

catchments was a central aspect of this research, and the Pathways Project in general, so that the

flow  and contaminants could be realistically apportioned in the hydrological model underpinning
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the catchm ent management support tools. Similar chemical hydrograph separations were not 

carried out in the Nuenna catchment as the contribution of the interflow pathway was estimated 

to  be negligible because the soils and subsoils are so permeable, and their chemistry is 

indistinguishable from groundwater in the underlying bedrock, both being of strong CaCOs type 

(Section 5.4).

9.3.2 Chemical hydrograph separations

The chemical hydrograph separations (Section 6.2) showed that at low flows, the interflow  

pathway was the dominant pathway contributing to the stream in the Mattock catchment (60%) 

w ith the rem ainder coming from  bedrock groundwater. Interflow was also dominant in the Glen 

Burn catchm ent in summer (96%), but in the w inter months, the w ater tables were higher in the 

inter-drum lin areas and shallow groundwater was dom inant in the stream (92%). In Gortinlieve, 

the transition zone was the dom inant contributing pathway at low flows (55-70% ), except in the 

low er catchm ent in the groundwater discharge area in w e tte r antecedent conditions, when w ater 

tables w ere high and the proportion of groundwater increased.

During the events, the overland flow pathway contributed the largest proportion of flow  overall in 

the M attock catchment (33-52% ), followed closely by interflow (39-50% ); the groundwater 

pathway contributed least (10-28% ). Overland flow was highest in peak flows following drier 

antecedent conditions but interflow became increasingly more dom inant in event peaks with  

increasingly w et antecedent soil moisture conditions.

During the summer event in the Glen Burn catchment, interflow provided the highest proportion 

of flow  as w ater tables were low. During the w inter event, however, although the initial peak was 

overland flow, interflow became dominant as the catchment w etted up. In this catchment, the  

depth to the low permeability bedrock is shallow in the inter-drumlin areas and w ater from the 

soils and subsoils is delivered very effectively to the stream via the artificial drainage network.

In Gortinlieve, the transition zone delivered a very high proportion of stream flow during the high- 

intensity rainfall event (up to 77%) due to rapidly changed heads with the influx of rainfall, but a 

more typical pattern otherwise emerged of higher overland flow in the upper steeper part of the 

catchment, and similar transition zone/overland flow contributions (45-50% ) in the lower 

catchment.

In summary, these results highlight that the interflow component in the poorly drained 

catchments was typically high in baseflow conditions, and became increasingly greater than 

overland flow during rainfall events as the soils became more saturated. This finding, which is
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counter-intuitive, was supported by the soil w ater dynamics, and the sampling in the land drains 

and ditches in the Mattock, and it is consistent with recent research by Kennedy et al. (2012) who 

found that as the catchment became w etter, pools of subsurface soil w ater and groundwater 

were the dom inant sources of streamflow. They suggested that a more quantitative  

understanding of soil w ater and groundwater transport via tile drains would be an im portant step 

forward. This research provides such quantification and sheds new light on the importance of the 

interflow pathway in these types of catchments underlain by poorly productive aquifers, at all 

flow levels. It improves on previous Irish estimates, for example, M ellander et al. (2012) reported  

that just 2 -15%  of flow was delivered via the interflow pathway in four Irish catchments ranging 

from  poorly drained to well drained.

9.3.3 Integration of the chemistry with the NAM modelling

Integration of the results from  the chemical hydrograph separation with those from  the NAM  

modelling presented four im portant findings that provided further insights into the conceptual 

model (Section 6.5). First, at low flows in w inter in the Mattock, the NAM model predicted that 

the proportion of slow flow 'groundwater' in the stream was approximately only half of that 

estimated using the chemistry. This indicated that w ater with a groundwater chemical signature 

reached the stream more quickly than simulated by the NAM model. This is likely to be because, 

in the field, the drainage network delivered w ater with a bedrock groundwater signature to the 

streams from the upper parts of the catchment more rapidly than would otherwise have been 

possible in their absence.

Second, the NAM model predicted that the slowest 'groundwater' response pathway was the  

largest contributor to  flow in the summer months in the Mattock, but based on the chemistry, 

this slow flow component was actually made up of a combination of groundwater and interflow in 

the ratio of 2:3. This was likely to be because the land drains continued to drain the soils and 

subsoils during the baseflow period. This finding was supported by the soil moisture dynamics and 

the sampling in the land drains and it provides an improved understanding of the concept of 

baseflow in catchments underlain by poorly productive aquifers.

Third, at low flows in the Gortinlieve catchment, the 'interflow ' pathway contribution predicted 

from  the NAM model was well matched proportionally with the transition zone component based 

on the chemistry. This suggests that the transition zone behaved more like interflow than  

groundwater in terms of its response tim e to the stream. Further discussion on the transition 

zone is provided in Section 9.6.4.
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Fourth, in high flows in all three catchments, the NAM predicted the vast majority of flow  in the 

river to be derived from the quickest response pathway, nominally 'overland flow ', but the 

chemistry indicated that much of this w ater was actually derived from  the interflow pathway, or 

the transition zone pathway in the case of Gortinlieve. This highlights that the land drains 

responded very quickly during events, such that this w ater was being accounted for with the 

overland flow pathway in the model.

In summary, the integration of the NAM modelling results with the chemistry showed the 

importance of artificial drainage system in transferring groundwater and interflow to the stream  

with quicker response times than would otherwise be expected. As outlined by Ogunkoya and 

Jenkins (1993), chemical hydrograph separation approaches provide insights into the source of 

the water, but not the delivery pathways. Integrating the results from the chemical hydrograph 

separation methods with the NAM modelling results, in the context of the conceptual models, 

provided an improved comprehensive understanding of the pathway dynamics in each catchment 

during events. These findings contributed to the conceptualization of flow for modelling purposes 

in the catchment management support tools, as outlined in Section 9.8.

9.4 Insights from the soil moisture dynamics

The soil moisture dynamics study was carried out in the M attock catchment and proved useful for 

providing process understanding to conceptualize interflow, and to support the quantification of 

the interflow pathway from  the chemical hydrograph separation approach. In general, it was 

found that the tension and hydraulic head data were more useful than the soil moisture content 

for distinguishing the d ifferent pathway responses, because the low permeability soils and 

subsoils were frequently fully saturated, or returned to saturated conditions very quickly with the 

onset of rain.

9.4.1 Evidence for interflow

This research has found that there is evidence from  the soil w ater dynamics to confirm the 

findings from the chemical hydrograph separation approach that interflow is an im portant 

pathway for the delivery of flow in the Mattock catchment (Section 7.5.1). Rapid changes in soil 

moisture content, and a large range in soil moisture content at zero tension, suggested that there 

was preferential flow in the upper soils and underlying SILT/CLAY layer. Slow drainage occurred 

through evapotranspiration and seepage through the matrix, whereas there was rapid drainage 

through macropores, preferential flowpaths and the land drains. The dual flow mechanism has 

been observed previously in other research (Seiler et al., 2002).
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The hydraulic head data indicated that the deeper underlying CLAY layer was an effective barrier 

to  downward percolation and that the upper soils and SILT/CLAY acted as a single hydraulic unit, 

which supported lateral interflow above the low permeability barrier, in a similar mechanism to 

that found in other studies (Ahuja and Ross, 1983). Results provided evidence for interflow at 

depths of up to  75 cm, which is greater than that found in other Irish literature (Burke et al., 

1974a, Tunney et al., 2000, Diamond and Sills, 2001), but this study suggests that interflow is 

highly dependent on the drainage system and the depth at which It has been installed. The 

perm anent w ater table was present in a permeable sandy SILT or SAND/GRAVEL layer under the 

CLAY.

9.4.2 Comparison with chemical hydrograph separation data

The proportion o f interflow in stream flow at low flows predicted by the chemical hydrograph 

separation method (60%) was consistent w ith estimates of interflow based on calculations of the 

soil drainage using the soil moisture characteristics, as well as field observations of land drain 

flows (Section 7.3). During the events, the time-series matric potential data provided explanatory 

information to support the chemical hydrograph separation estimates (Section 7.4). For example, 

the chemistry predicted that the first peak flow in the first of tw o intensively monitored events in 

June 2012 was predominantly overland flow, whereas the first peak flow  in the second event was 

dominated by interflow. This was contrary to the results from the NAM  modelling, which had 

suggested that very high proportions of the stream flow were derived from  overland flow in both 

events. The matric potential data indicated that the soils were unsaturated at depth during the 

first event, which supported the interpretation from the chemistry that the  majority of the stream  

flow  was running off the catchment w ithout significant interaction with the soils. During the 

second event, there was an upward hydraulic gradient from the deeper soils, suggesting that 

significant interflow discharge was likely. These data were further supported by measurements of 

land drain flows during the events.

This event analysis highlights the importance of combining methods as outlined by (Blume et al., 

2009). For example, had the results from  the NAM modelling been used on their own to  

determ ine the pathway contributions for the June events, w ithout the chemistry and/or the soil 

matric potential data, as has been the case in previous studies (refer to  Table 3.3), the prediction 

of the proportion of overland flow  would have been too high, and could have led to an 

overestimation of the phosphorus load in the stream, because the transport o f phosphorus is 

usually linked to the overland flow pathway in catchment contaminant transfer models (Wade et 

al., 2002).
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9.4.3 Landscape position

The soil w ater dynamics data also highlighted that there were different flow  generation processes 

operating in different landscape positions during the events, which when combined with the  

near-surface pathways sampling results, was found to  have implications for nutrient transfer 

(Section 7.5). For example, the soils at all levels in the most down gradient cluster in the soil 

monitoring transect were almost perm anently saturated, which was surprising given that the site 

had been purposely selected to  be outside the likely extent of the riparian zone. These soils are 

im portant areas for overland flow generation, while delivering a consistent but im portant 

background component of interflow. The permanently saturated conditions suggest the nitrate  

content in the interflow derived from this landscape position will be low. However, these areas 

are im portant critical source areas for the management of nutrients applied at the surface, 

particularly phosphorus. This will be an im portant consideration when assessing the necessary 

extent of buffer zones, for example, to protect the stream from phosphorus runoff (Dahlke et al., 

2012, Doody et al., 2012). These findings are likely to be replicated in other catchments.

Site 2, which was upgradient of Site 1, showed the greatest variability in soil moisture contents 

and hydraulic heads, which highlighted both the effects of the soil drainage and the location of 

the site upgradient of the permanently saturated areas. The soil moisture dynamics at this site 

corresponded best with the predictions from  the chemical hydrogaph separation, highlighting 

that the artificially drained soils were most im portant for interflow generation at the event scale. 

This site was less im portant for overland flow , and would therefore appear at first glance to be 

less sensitive to phosphorus losses. However, the land drain sampling indicated the importance of 

the first flush effect and how sometimes high levels o f phosphorus were washed through the soils 

into the drainage system in the early stages o f an event. These areas therefore also require 

management o f excess phosphorus application.

At Site 4, near the catchment divide, the head responses in the soils and subsoils were slower 

than further downgradient, suggesting a slower release of interflow during the recession periods. 

This was supported by flow measurements in land drains in these areas.

In summary, the soil moisture dynamics research provided direct, hillslope-scale, process 

evidence for interflow, as it occurred in different parts of the hydrogeological landscape, which 

was related to measured drainage through land drains, and catchment-scale estimates of 

interflow from the hydrograph separations. This research therefore bridged the im portant scale 

gap (Hrachowitz et al., 2013) and was consistent with a recommendation by Kirchner (2006) that 

designing new data networks, field observations, and field experiments, w ith explicit recognition
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of the spatial and tem poral heterogeneity of hydrologic processes was a promising direction 

forward.

9.5 The role of artificial drainage

A suite of eight land drains and ten ditches around the Mattock catchment w ere sampled 

regularly as part of this research, to determ ine the spatial and tem poral variability in chemistry 

and nutrient concentrations in the drainage system. Flows were measured regularly in five of the 

land drains (Section 8.2).

Land drain flows varied over five orders of magnitude from 0 to 0.8 I/s. It was found that land 

drains continued to flow under unsaturated conditions, corroborating the evidence from the soil 

dynamics study that flow through macropores was important. The chemistry o f both the land 

drains and the ditches highlighted that the origin o f all drainage waters could be assigned to one 

of four different hydrogeological drainage regimes: soils, subsoils, transition zone or groundwater. 

The drainage regimes were found to have a significant bearing on nutrient transport (Section 8.3).

Drains and ditches collected nitrate from stores that were perched above lower permeability 

layers in the landscape (Section 8.7.1). N itrate stores were found to be highest in the drains 

draining the transition zone in the groundwater recharge areas, where conditions were  

unfavourable for denitrification. Nitrate stores were also found to be high where there were high 

loads, such as from  small point sources (e.g. domestic wastewater treatm ent plant, areas highly 

trafficked by animals) above a soil or subsoil low permeability barrier to flow. Nitrate was 

otherwise generally low in the soils and subsoils and in the groundwater due to low infiltration 

and/or attenuation.

Soluble phosphorus was high in all land drains and ditches on occasion, although the mechanisms 

of its delivery were different to  nitrate. There was evidence that phosphorus was washed through 

the soils and subsoils from the surface into the drainage system via preferential flow paths and 

that the supply became exhausted as the event progressed. This was in contrast to  nitrate loads, 

which increased with increasing land drain flow. Phosphorus was also delivered from  small point 

sources directly into ditches, or the transition zone where the depth to rock was shallow. 

Phosphorus was low, however, where the drainage intercepted rising groundwater. A first flush 

effect for both phosphorus and nitrate was seen in land drains following dry periods.

These findings highlight that the drainage networks contributed significantly to the flow and 

nutrient transport processes in the catchment. The increasing nitrate loads as land drain flow  

increased and the high proportion of interflow in the stream during high flows, as highlighted by
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the pathways separations methods, indicate that interflow provided a significant contribution to  

the overall load in the stream. This is consistent with other research in the literature that suggests 

that the artificial drainage network can be a significant source of nutrients (Haygarth et al., 1998, 

Tesoriero et al., 2009, Rozemeijer et al., 2010, Cuadra and Vidon, 2011). However, this research 

has provided new evidence that the origin of the drainage water, specifically its hydrogeological 

setting, has a significant bearing on the dynamics of nutrient transfers in drainage waters at the 

catchment scale. First attem pts have also been made to generate a national map that summarizes 

these relationships, which will be useful for the purposes of delineating CSAs. Initial results are 

encouraging but further testing is required (See Appendix 2).

9.6 Improved conceptual model for the near-surface pathways

The literature review and the review of the available catchment data highlighted that further 

research was needed to better conceptualize the near-surface pathways, i.e. interflow, artificial 

drainage, and the transition zone where the depth to bedrock was shallow. These pathways are 

especially important in Ireland as much of the country is underlain by less than 3 m of soils and 

subsoils, however the research also has application in similar environments elsewhere.

In the Nuenna karst catchment, there w ere few  land drains present (except in the limited upland 

areas on the Namurian shales) and any that were observed were for the purpose of relieving high 

groundwater levels, as evidenced by their hydrochemistry, which was the same as the 

groundwater. Interflow as a direct pathway to the stream was thus not considered to be a 

significant pathway as soil and subsoil w ater recharged first into bedrock before it was 

transported laterally into the stream (Section 5.4).

The improved conceptual model for the transport of n itrate and soluble phosphorus in the near

surface pathways in catchments underlain by poorly productive aquifers is summarized in the  

following paragraphs and illustrated in Figure 9.1. As identified in Chapter 2, the near-surface 

pathways are only one part o f a continuum of flow components that make up the stream  

hydrograph, and it was a principle in this research that w ere addressed in the context of all the 

other pathways. A brief summary of the findings in relation to the overland flow and shallow and 

deep groundwater pathways is therefore provided for completeness.

9.6.1 Overland flow

The overland flow pathway was considered in this research, and in the Pathways Project, to  

comprise flow on the land surface to depths of 20 mm (Archbold et al., 2010). This research found 

through the pathways sampling, however, that overland flow  had a range of d ifferent chemistries.
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winter Summer

Overland flow 

Interflow
Transition zone flow 
Groundwater flow

Subsoils

Figure 9.1. Conceptual model for winter (left) and summer (right) flow in the near-surface pathways in catchments underlain by poorly productive aquifers. Blue arrow, 
rainfall; broken blue line, water table; horizontal white rectangles, land drains; vertical white rectangles, ditches. Colour of flow arrows identify the source of the water, e.g. 
pink arrows flowing at the surface in winter indicate that water with a groundwater signature can be delivered via overland flow. Drains and ditches can be a significant 
delivery pathway for water with an interflow, transition zone and/or groundwater signature, as represented where the arrows intersect the white rectangles. Flow in the 
transition zone can have a subsoil/interflow, transition zone or groundwater signature. Arrows at the surface indicate overland flow. Length and numbers of pathway arrows 
indicate relative importance of flow.
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highlighting that, in some parts of all the catchments, it had originated from the subsurface and 

was often return flow or rejected recharge from the soils, subsoils or bedrock. Integration of the 

results from  the chemical hydrograph separation methods with the NAM modelling highlighted 

that the return flow  mechanism provided a means for w ater w ith a subsurface origin to reach the 

river with a quickflow response that was more typically associated with overland flow. Overland 

flow  with a hydrochemistry similar to that of groundwater was also observed in the Nuenna 

catchment, which emphasizes the role of groundwater flooding in karst catchments (Hughes et 

al., 2011).

These findings have implications for catchment modelling; from a hydrological modelling 

perspective, the pathway response times derived from the NAM are of greater interest for model 

calibration purposes; whereas from a nutrient transport perspective, the origin is more im portant 

because nitrate and phosphate tend to accumulate in d ifferent geological layers. It was identified 

therefore, that for nutrient modelling purposes in the catchment management support tools, it 

was im portant that overland flow was distinguished on the basis of its origin and chemistry, 

rather than just its response time.

9.6.2 Interflow, stream flow and catchment dynamics

During summer baseflow conditions, when w ater tables w ere low, the majority of flow  in the 

streams was derived from the soils and subsoils, and was delivered to the stream via the drainage 

network, preferential flowpaths and the slower flow soil matrix. Under these conditions, the 

concentrations of nutrients from  diffuse sources were relatively low, but the influence of small 

point sources was significant in places.

During summer rainfall events, once the soils became fully saturated, which happened relatively 

quickly based on the matric potential data, the hydraulic heads increased sufficiently to  increase 

the flow in the land drains. The land drains delivered nitrate from stores in the subsurface 

overlying lower permeability horizons, which increased w ith increasing land drain flow. This 

caused corresponding increases in loads in the stream, which w ere relatively high because of the 

high proportion o f interflow contributing to the total flow, as determ ined by the chemical 

hydrograph separation. The concentration of nitrate in the stream was diluted in high flow due to  

dilution of the interflow with overland flow, although the loads delivered via the land drains 

continued to increase.

Phosphorus was initially washed into the land drain system from  the surface via macropores and 

preferential flowpaths until the sources of the loads began to  be depleted. By this stage, the soils
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were becoming saturated leading to saturation excess overland flow, and a greater emphasis on 

the overland flow pathway for the delivery o f phosphorus.

During w inter baseflow conditions, when w ater tables increased, so too did the proportion of 

shallow groundwater and transition zone w ater. The interflow contribution rem ained high 

however, w ith continued high nitrate loads. During w inter events, nitrate sources in the  upper 

soils began to be depleted, as happened in the upper catchment area of the M attock, but there  

was no equivalent depletion in the stores at the bedrock-subsoils boundary. Higher loads from  

small point sources contributing nutrients to the transition zone may have been a factor. 

Phosphorus loads increased due to the generation of overland flow.

9.6.3 Artificial drainage

The interflow pathway contributions are heavily influenced by the artificial land drainage network 

and in reality are only likely to be significant in hydrological events w here there is a land drain (or 

the transition zone) present to  speed up the lateral transport processes. W here the drainage 

network is present, the interflow contributions have been found to be relatively large. The land 

drains may drain the soils and subsoils, as in the M attock catchment, or may drain the transition 

zone as in the case of Gortinlieve and Glen Burn. W here land drainage is absent, as in parts of the 

Gortinlieve catchment, the soils and subsoils quickly fill to capacity and w ater is discharged as 

return flow.

Sampling in the land drains highlighted that there was a first flush effect for both nitrate and SRP 

in interflow with the onset of rain: nitrate being delivered from stores above low permeability 

horizons and SRP being washed in through macropores. Flushing effects for nitrate in the 

subsurface have been widely observed, but few  studies have tried to explain the hydrological 

dynamics of the phenomenon at the hillslope and catchment scale (Ocampo et al., 2006).

As described in Section 2.4, it is widely reported from  other countries that field drains are 

im portant for the delivery o f nutrients to streams, but there is little in the literature to describe 

the processes or to link hillslope-scale findings with catchment-scale impacts, such as have been 

achieved in this research. This research has provided a mechanistic explanation for the increased 

nitrate in ditches and seeps that were reported in M ellander et al. (2012), and suggests that the  

impacts of low permeability clayey layers are often more widespread in poorly productive 

catchments than reported by Melland et al. (2012b). The findings highlight that the common 

understanding that the dilution of nitrate in streams at high flows is because it is delivered via a 

groundwater pathway (Soulsby et al., 2003a, Tesoriero et al., 2009) is not always appropriate in 

poorly drained catchments. It is acknowledged, however, that differences in the use o f the term
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groundwater between scientists of d ifferent disciplines, e.g. w ater below the perm anent w ater  

table versus tem porary perched saturated areas in the subsurface, may also be a factor (Barthel, 

2014).

This study has also newly identified that the hydrogeological setting into which the drainage has 

been developed is a major driver for drain nutrient dynamics, and may be a useful predictor for 

drain m anagement in the future. The role o f field drainage in the delivery of nutrients will be an 

im portant consideration In the coming years as Ireland seeks to m eet its Food Harvest 2020  

objectives by bringing more marginal land into production through further developm ent of 

agricultural drainage (Ibrahim et al., 2013, Tuohy et al., 2013).

9.6.4 Transition zone

It was highlighted in the literature review (Section 2.5) that there was little information available 

about the role o f the transition zone, as it is defined in Ireland. W ith the exception of alluvial 

deposits, the transition zone has been identified as the most permeable geological horizon in the  

subsurface in catchments underlain by poorly productive bedrock aquifers (Comte et al., 2012). 

The transition zone was found to operate differently in tw o different hydrogeological scenarios in 

these catchments. In groundwater recharge zones, w ater in the transition zone was perched, and 

its chemistry and hydrological response tim e was more similar to  interflow than bedrock 

groundwater. The underlying com petent bedrock acted as a barrier to the downward infiltration 

of flow and nutrients ensuring that it was an im portant lateral transport pathway. The transition 

zone contained nitrate and SRP w here it was overlain by thin soils and subsoils; elsewhere nitrate  

was more im portant. If the fill and spill flow  mechanism (Tromp-van M eerveld and McDonnell, 

2006) is applicable in Ireland, it is likely that it will occur in this scenario. Further research would 

be required to confirm.

In contrast, in groundwater discharge zones in stream valleys where there were upward hydraulic 

gradients from the bedrock, the transition zone was better connected hydraulically to the shallow 

groundwater, and the differentiation between them , in terms of their contribution to the stream, 

was less im portant. In these environments, the signature of the transition zone flowpath was the  

same as the shallow groundwater and in essence, the transition zone was simply a discharge 

pathway for the deeper bedrock groundwater. In the poorly productive aquifers, groundwater in 

this type of transition zone was typically low er in nutrients than that in the transition zone in the  

groundwater recharge zones, which is likely to be because of the lower transmissivity in the  

bedrock in the first instance, which lim ited the infiltration of flow  and nutrients and potentially 

provided opportunity for attenuation.
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Although the transition zone may not be universally present in all catchments in the form al sense 

as a relatively high transmissivity layer (as in the lower Mattock and Glen Burn catchments), it still 

marks an im portant permeability boundary between the subsoils and the bedrock that presents a 

barrier to  downward infiltration and acts as a store for nutrients. In these cases, return flow  is 

likely to develop when rock is close to the surface and the subsoils are fully saturated; these 

environments are also typically suited for the installation of artificial drainage networks, as was 

found in the Glen Burn, which in turn deliver the nutrient stores (and waters with the transition 

zone chemical signature) to  the stream. A partial, barrier-type transition zone was also identified 

in the Nuenna karst catchment, but due to the high permeability of the underlying karst bedrock, 

it was not laterally continuous and therefore did not act as a significant delivery pathway to the 

stream (Section 5.4).

9.6.5 Shallow and deep groundwater

The shallow and deep groundwater pathways were less of a focus in this research although were  

considered as part of the development o f the conceptual models and in the hydrograph 

separation techniques. These pathways were largely researched by another Pathways Project 

colleague (Alison Orr) and a discussion of her findings, which is also reported in the final project 

report (Deakin et al., 2014), is provided here for completeness.

In practice, in the catchments underlain by poorly productive aquifers, the shallow and deep 

groundwater pathways were found to operate mainly as a single interconnected hydraulic unit 

that had slightly lower transmissivities with depth, but with similar chemical signatures and 

nutrient concentrations (Orr, 2014). Although this is im portant from a groundwater resource or 

groundwater receptor perspective, it was found to be less of a factor in the delivery o f nutrients 

to  streams. Interactions with the stream depended on there being a connection via a fault or 

other major geological structure. In the karst catchment, the deep groundwater was very similar 

chemically to the w ater discharging at the springs, which in turn supplied the vast majority of 

w ater to  the stream (Deakin et al., 2014).

This suggests that the bedrock structure may play a greater role in deep groundwater pathway 

functioning than the depth, when the stream is the receptor of interest. The Pathways Project did 

not include a catchment underlain by a locally im portant aquifer, however, and it is anticipated  

that the shallow groundwater pathway is likely to be more significant in these environments.

9.7 Pathways modelling framework

This research has provided new insights into the near-surface pathways, and has informed the  

pathways hydrological and contaminant modelling at the core of the Pathways Project catchment
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m anagem ent support tools. The modelling must by necessity be a simplification of the conditions 

found in the field, and must represent what is in reality, a hydro(geo)logical pathway continuum. 

The degree of complexity that can be incorporated is therefore limited, but yet it must be fit for 

purpose to adequately separate the pathways for the purposes of modelling the dom inant 

contam inant transport mechanisms, to enable the resource management efforts to be focussed 

on areas of greatest impact. The following section summarizes very briefly how these research 

outcomes have influenced the modelling. Although the author contributed to  the 

conceptualization in the work described, ultimately the methods used in the modelling were  

determ ined by Pathways Project colleagues developing the models, so only a brief summary is 

presented for completeness to  highlight the relevance of this research.

9.7.1 Flow modelling

The overland flow pathway was modelled in a w ater balance fram ework as predominantly a soil 

moisture excess hydrological process. The interflow pathway was subdivided in the model into a 

slower flow contribution from  the soil and subsoil matrix, and a quicker flow component from  the 

soils and subsoils via the drainage network. The contribution from the bedrock groundwater was 

modelled as tw o separate pathways, with the deep groundwater having a slower response than  

the shallow groundwater.

In practice in the poorly productive aquifers, the different bedrock groundwater response times 

identified through the hydrological modelling may actually represent quicker flow from the larger 

hydraulically active fractures and the upper few  metres of bedrock (the transition zone), versus 

much slower flow through the smaller diffuse fractures, rather than a differentiation based on 

depth. A similar differentiation arises in the karst catchment where the tw o pathway response 

times are likely to be governed by a quicker component via the conduits and a slower component 

via the diffuse fracture network. However, from the perspective of the stream, the spatial 

orientation of the slower and faster transport networks in the bedrock is less im portant in the 

model than the fact that they are present and that they contribute flow and contaminants to the 

stream at different rates than the rest o f the bedrock.

Modelling the transition zone was a little more complex given the two subtypes that have been 

indentified in this research. In groundwater discharge zones, the transition zone was found to be 

essentially part of the quicker bedrock groundwater flow  component, and it was therefore  

recommended that it be incorporated with the shallow groundwater pathway. In the 

groundwater recharge zones, the transition zone was found to comprise w ater that had infiltrated 

from  the soils and subsoils, and therefore more closely resembled interflow. The higher hydraulic 

conductivity within the transition zone layer suggested it was best included with the quicker flow
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drainage network within interflow. This was not ideal as the response tim e in the drainage 

network is likely to be quicker than in the transition zone, but nevertheless, the transition zone 

horizon is often targeted in poorly productive aquifer settings for drainage purposes, and 

therefore this approach was considered adequate as a first approximation.

9.7.2 Contaminant modelling

In catchments underlain by poorly productive aquifers and low permeability soils and subsoils, it 

was recommended that nitrate transport be modelled with the quicker component of interflow, 

i.e. incorporating the drain flow  and transition zone pathways, and with the shallow groundwater 

pathway where the rock is close to the surface. It is probable that in the catchments underlain by 

the locally im portant aquifers, nitrate in shallow groundwater is also important. It was also 

recommended that phosphate be modelled as being delivered primarily via overland flow , with a 

contribution from the shallow groundwater w here rock is close to the surface, and in field drains 

elsewhere.

In catchments underlain by more permeable bedrock aquifers, soils and subsoils, nitrate is more 

frequently delivered via the shallow and deep groundwater pathways, as the interflow pathway is 

typically less significant. In these catchments, phosphate can be present in shallow groundwater 

where rock is close to the surface, and in overland flow on saturated soils in groundwater 

discharge areas. It can also be present in deeper groundwater in karst areas where there is direct 

recharge of phosphate-rich surface waters via swallow holes or other point recharge locations.

9.8 Novel aspects of this research

9.8.1 Development of the concepts of near-surface pathways

This research has provided new insights into the role of the interflow, artificial drainage and 

transition zone pathways, and has further developed the generic conceptual model previously in 

use in Ireland. The research has been carried out in representative catchments with relatively low 

agricultural intensity rather than in controlled hydrologically isolated plots, which is often the  

norm, so that direct relationships could be made with catchment stream flows and the results 

would be representative of the wider conditions in the field. Although this research has been 

carried out in four catchments on the island of Ireland, this improved understanding will also be 

applicable in other countries with comparably complex geology, rich glacial history and tem perate  

climates, such as the United Kingdom and other parts of western Europe.
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9.8.2 Integration of several different methods

The application of several d ifferent techniques in this research, at several scales and in different 

catchments, has provided a comprehensive improved understanding of the nature of the 

interflow pathway, as well as its role in nutrient transport. This was consistent with the 

recommendations from several studies that different methods should be combined (Haygarth et 

al., 2005, Doody et al., 2012, Beven and Germann, 2013, Bracken et al., 2013), especially 

hydrograph separation methods (Burns, 2002), although it is rare that it is carried out in practice 

(McGlynn et al., 2002). To the best of the author's knowledge, with the exception of one study 

carried out in a very different type of hydrogeological regime — in a steep-sided, non-glaciated, 

forested catchment in New Zealand (McDonnell et al., 1991) — corroboration of results of 

pathways separations using soil moisture dynamics has not featured in the literature. Similarly, no 

reports of research integrating pathways separations derived from hydrological modelling with  

the results of the chemical hydrograph separations w ere found. The integration of all three  

methods, as well as the direct sampling in the near-surface pathways, has integrated field-scale 

process understanding with catchment-scale generalizations to provide a robust understanding of 

the near-surface pathway dynamics in these types of hydrogeological settings that has not been 

achieved before.

9.8.3 Modification of the chemical hydrograph separation approach

A new modification of the EM M A  approach (Christophersen et al., 1990) was developed for use in 

this research that recognized the differences in data availability in the study catchments. The 

approach was a conceptual model-based, stream-focussed approach, which was used in the  

catchments where the end m em ber sampling data w ere limited. The approach took the stream  

chemistry as the starting point and used the available end m em ber samples, in the context of the  

conceptual model, to try to explain what was happening at different points in the hydrograph, 

rather than initially determining the end members independently based on spot samples from  the 

catchment, as is the more traditional approach. This approach was found to be robust, although 

depended on a strong conceptual model being developed.

9.8.4 Use of the flow duration curve for pathways identification

Although flow  duration curves (FDCs) have been widely used to infer different pathway 

contributions using various indices (Smakhtin, 2001), no previous studies were found that had 

identified the different pathways using the changes in slopes of the curve on a long-linear plot, 

and subsequently verified them  using independent field methods, as was demonstrated here for 

the Glen Burn and Mattock catchments. The separated FDCs were subsequently used successfully
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to support the generation o f annual estimates for the chemical hydrograph separations for 

comparing with modelled outputs.

9.8.5 Use of the conceptual model as a framework for catchment management

The development and use of catchment conceptual models^^ that consider a full hydro(geo)logical 

profile has been a fundam ental part of this research in all catchments. The models have helped to 

provide a consistent framew/ork, within and between catchments, and for relating results from  

one method to those of another. It is argued on the basis of this research that, as the hydrological 

and hydrogeological regimes are part of the same continuum, it is no longer adequate to consider 

catchment hydrological and processes and nutrient management approaches from the traditional 

top-down perspective; rather a bottom-up approach incorporating the full geological profile from  

the deep bedrock upwards is the only justifiable approach.

The development of conceptual models is fundamental in groundwater studies (Freeze and 

Cherry, 1979), but they are not commonly reported in the catchment science and hydrology 

literature. Hydrological studies often tend to  be carried out in isolation, which, it is acknowledged, 

leads to limitations in their outcomes (McGlynn et al., 2002). Allen et al. (2014), for example, 

suggested that groundwater conceptual models should inform the design of effective 

programmes of measures in catchments where the baseflow index (BFI) is >0.5, because of the 

greater influence of groundwater in the travel times of pollutants from source to receptor. It is 

contested here, however, that the subsurface flowpaths are also im portant where the BFI is <0.5. 

For example, the interaction of shallow groundwater and the near-surface pathways in the inter- 

drumlin areas in the Glen Burn catchment is a primary driver in stream nutrient dynamics; and the 

different processes in the transition zone in the Gortinlieve catchment in groundwater recharge 

areas, versus groundwater discharge areas, are a critical factor in nitrate transfer because of the 

transmissivity, residence times and attenuation potential in the bedrock in the different settings.

A new approach to defining the landscape that is analogous to the use of the conceptual model in 

this research has been recently proposed by Zehe et al. (2014). They suggested that different 

parts of the landscape operate in functionally similar ways because they have been exposed to 

similar flows of energy, w ater and nutrients in the past and present, and have likely therefore  

adapted in the same self-organizing manner. The authors argue that if 'type sites' from each 

m ajor landscape unit, or elem entary functional units (EFU), are examined in detail, it should be 

possible to predict the overall catchment functioning. However, although factors such as

It is important to recall here that the term conceptual model has been used In this research in the 
hydrogeological sense, i.e. a simple three-dimensional understanding of how a catchment functions, rather 
than the hydrological definition used by Beven (1993), i.e. a lumped hydrological model. The differences in 
the definitions are further discussed in Barthel (2014).
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radiation, bedrock topography and geology are included, the EFUs are differentiated mainly on 

the  basis of their soils and vegetation communities.

It is suggested here that the EFUs could be improved by placing the deeper three-dimensional (or 

four-dim ensional) hydrogeological fram ework used in this research more at the core of their 

approach. This is because the soils and vegetation communities are fundam entally established on 

the basis of the underlying bedrock and its hydrogeological regime. However, it is acknowledged 

that the incorporation of vegetation and climate aspects is potentially a very useful addition to 

the developm ent of conceptual hydrogeological models.

In a similar vein, in another recent paper, Schulte et al. (2014) described the concept of functional 

land m anagement (FLM), in which they consider land use and soils as the driving factors in a 

fram ew ork for balancing ecosystem services with the sustainable intensification of agriculture. 

They highlight, for example, that some soils have further capacity for denitrification and are 

therefore suitable for agricultural intensification, while other soils may be better suited to 

improving biodiversity values. It is suggested here that their approach could also be improved by 

integrating a deeper conceptualization of the hydrogeology, because it is the pathways that 

deliver the nutrients in the soils to  the streams that are the critical factor, not necessarily the soils 

alone. For example, denitrification can also take place in the bedrock, and soils that are 

considered to be favourable for denitrification in a lower landscape position in a groundwater 

discharge zone, may not attenuate to the same degree in an upper landscape position in a 

groundwater recharge zone.

A com m itm ent to a deeper integration of the full hydrogeological profile in catchment studies, in 

a conceptual model fram ework, would go a long way towards addressing the problem identified 

recently by Barthel (2014) that groundwater and surface w ater disciplines are still not truly 

integrated. Until such tim e as that is addressed, it is the conclusion of this researcher that 

significant further breakthroughs in catchment science will not be achieved.

9.9 Recommendations for further research

Ten recommendations for further work are proposed which are described below.

1. Policy solutions for management of artificial drainage

This research has identified that land drains and ditches are an im portant pathway for the  

contribution o f flow and nutrients to streams. Artificial drainage is however, an intrinsic part of 

the farming landscape to the extent that in some areas, grant schemes have been made available 

in the past to farmers to develop drainage networks to make farms more productive (Bruton and
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Convery, 1982). Development of new drainage systems is highly likely in Ireland in the coming 

years with the lifting of the dairy quota and the Food Harvest 2020 objectives (Ibrahim et al, 

2013). Further research is required to look at practical ways of managing nutrient losses via 

artificial drainage schemes. Edge of field wetlands for example, have been shown to be effective 

in reducing phosphorus loss from drains and ditches in the United Kingdom (Ockenden et al, 

2012). The use of permeable reactive interceptors in drains for reducing nitrate losses, which have 

added benefits in relation to reduction of greenhouse gas losses, are also currently being trialled 

in a major Irish study (Fenton et al, 2014).

However the issue is complex. A recent Irish study in tw o contrasting catchments found that 

ditches were typically over-engineered which, it was suggested, was likely to lead to a reduction 

in nutrient transfer (Shore et al, 2014). Removal of fine sediment from the ditches was also 

considered in that study to be a useful nutrient reduction strategy, as well as the somewhat 

contradictory strategy of maintaining vegetation to encourage nutrient uptake. Ditches are also 

considered to provide im portant ecosystems habitats in agricultural landscapes (Herzon and 

Helenius, 2008). In any event, effective solutions will need to be acceptable to farmers and will 

need to be developed in such a way that farm productivity is not compromised. New research 

programmes should therefore incorporate both scientific and stakeholder engagement 

components.

2. Locally Important aquifer

This research has provided insights into how the near-surface pathways operate in catchments 

underlain by poorly productive aquifers where significant intermixing occurs, and in permeable 

karst settings where their role is limited. To complete the understanding, further research should 

be carried out in a catchment underlain by a locally im portant aquifer, with m oderate to low 

permeability subsoils, which would represent an interm ediate type hydro(geo)logical flow  regime. 

It is anticipated that in these types of catchments, the shallow groundwater pathway may be 

more im portant than in the catchments underlain by poorly productive rocks, there may be less 

intermixing in the near surface, longer residence times, and therefore greater opportunity for 

nutrient attenuation. Such a catchment was not included initially in this research because there  

was none that had been previously instrumented with the appropriate borehole monitoring 

infrastructure.

3. Residence times and nutrient lag times

Previous reports in the literature have suggested that nutrient residence and transfer times in the  

landscape may be significant, and that the lag tim e between when a management measure is 

implemented and when positive effects may be recognized, may exceed current WFD
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expectations (Schulte et al., 2010, Fenton et al., 2011, Ward et al., 2013). However, this research 

has found preliminary evidence that the residence times in the near-surface pathways In poorly 

drained catchments may be relatively short; for example, phosphorus was quickly washed 

through the soils and subsoil land drains as the events progressed. This has been corroborated by 

a recent trial in Austria to determine whether monitoring water quality in land drains could be an 

appropriate means of achieving a more rapid and representative indication of the effectiveness of 

programmes o f measures (Gabriel et al., 2013). This may also be a useful approach to consider in 

the poorly drained catchments in Ireland.

Future work should consider the issue of lag times for nitrate and phosphate in the near-surface 

pathways in Irish catchments in different hydrogeological settings. This would provide evidence to 

support realistic expectations for when ecological benefits might be achieved in response to 

management measures in the Irish context. It could also be used to develop a set of 

recommendations for use of the drainage network as part of catchment-scale monitoring 

programmes where measures have been, or are to be, implemented.

4. Temporal variability in end members

Preliminary work on assessing the temporal variability of the end members in the mixing model 

fo r the Mattock catchment in particular, has been carried out as part o f this research. Further 

field research and data analysis would be useful to try to develop a robust statistical means of 

incorporating the natural temporal variability in the end members into the mixing analysis 

approach. This may provide more dynamic pathways separations that could potentially be used to 

provide further insight into the first flush effect.

5. Transition zone dynamics

Further investigation into the hydrological role of the transition zone in stream flow generation 

would be beneficial to support the conceptual model, both in the study catchments already 

studied, but also perhaps in some of the other EPA poorly productive aquifer monitoring sites 

where the borehole infrastructure has already been installed (i.e. the Ryewater, New Village, 

Glencastle and Dripsey catchments). Higher resolution water balance and chemistry data should 

be collected in the transition zone and in the river to contrast with the available continuous 

groundwater level data.

6. Delivery mechanisms for impacts of small point sources

The monitoring data for the ditches, land drains and boreholes in the transition zone in the 

Mattock and Gortinlieve catchments all indicated that the transition zone is an important nutrient 

storage and transport pathway in catchments underlain by poorly productive aquifers. The
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question remains, however, as to the relative innpacts of small point sources versus diffuse 

sources on water in this zone, which is an important consideration from a nutrient management 

perspective. Further collaborative work with an ongoing project in Trinity College Dublin to look at 

the impacts of wastewater treatment systems on rivers and wells would be beneficial to consider 

the importance of the transition zone and/or the artificial drainage networks as possible pathways 

and delivery mechanisms.

7. Hyporheic zone

In the three poorly productive catchments, the alluvial deposits near the stream channels are 

important sources of nitrogen. Whether or not that nitrogen is delivered to the stream through 

the alluvium (as opposed to through artificial drainage) depends on complex biogeochemical 

interactions and nutrient cycling in the hyporheic zone (Zarnetske et al., 2011). The hyporheic 

zone was not considered as part of this study, but future research into its dynamics in the four 

study catchments, particularly its role in controlling attenuation processes in Irish conditions, 

would be a useful addition to  the existing Pathways Project body of knowledge. It would be 

interesting to determine, for instance, whether the importance of the land drains for the delivery 

o f nitrate in the poorly drained catchments outweighs the influence of the hyporheic zone, 

because the latter is largely bypassed in high flows when the majority of the nitrate is transferred 

via the drainage network.

8. Land drain problem map

Further development of the land drain problems map is required to test the model hypotheses in 

other catchment settings (refer to Appendix 2).

9. Landscape management units

Future thought could be given to framing an alternative and more robust landscape management 

unit approach that combines the conceptual model approach used here with the additional 

vegetation, ecosystem and biodiversity factors raised by Zehe et al. (2014) and Schulte et al. 

(2014), as discussed in Section 9.8.5. These units would encompass all the elements of sustainable 

environmental management, and would be fully grounded in hydro(geo)logical, soil science, 

agricultural production and ecological disciplines. They could be used as a landscape management 

unit that encompasses all these values, and would serve as a 'one stop shop' fo r environmental 

management.

10. Other research

Recent research by Tayfur et al. (2014) found that significant improvement was made to their 

rainfall-runoff models by incorporating soil moisture information at depths of 10, 20 and 40 cm.
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Further collaborative work could consider using the soil moisture and tension data for the 

Mattock to further constrain the catchment modelling tool.

The conceptual model for the Glen Burn drumlin catchment could be improved further by 

continuously monitoring the near-surface pathways in the inter-drumlin areas using shallow 

piezometers, soil moisture monitoring equipm ent and chemistry sampling. Drumlin landscapes 

are common in Ireland so this would be a useful extension to the current dataset.

Further exploration of the available soil moisture dynamics data may yield additional information  

on, for example, soil drainage characteristics at higher flows, the role of the capillary fringe and 

the groundwater ridging effect in Irish soils.

9.10 Concluding remarks

At the end of this thesis, it is appropriate to recall the Gillham-McDonnell public discourse 

referred to in Chapter 2 about their d ifferent perspectives on the role of the capillary fringe 

versus macropores in stream flow generation, which stemmed from their different experiences in 

different catchments. Although three of the four Pathways Project study catchments were  

selected in poorly drained catchments, such that they would be representative of catchments in 

Ireland, it has transpired that they are all spectacularly unique. As outlined by Hrachowitz et al. 

(2013), It is only by finding the common attributes, using different techniques across multiple 

scales, rather than dwelling on differences, that we can begin to generalize within catchments, 

which is the first step towards bringing the science into the political decision-making arena. It is 

hoped that this thesis has contributed to this first step by achieving a better understanding of the  

near-surface pathways and their role in nutrient transfer to  streams, especially in catchments 

underlain by poorly productive aquifers. Yet it is clear that it has raised even more questions... and 

that there is much more work to do.
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Appendix 1: Quality control issues with collection of the matric 
potential data

Significant quality control issues arose in the collection of the matric potential data, which are 

summarized in the following sections.

A l.l  Power supply

Power supply to the site was maintained with a 12 V heavy duty car battery and tw o solar panels 

(100 W  and 40 W ) with a trickle charger. During the w inter months, when there was an additional 

drain on the system due to the cold weather, two car batteries were alternated and w ere fully 

charged on the domestic mains system in the intervening periods. The logger, battery and 

transducers were also insulated in an effort to reduce the impact. Despite these measures, and 

the significant and sustained efforts with the assistance of one of the Department's technicians to 

reconfigure the loggers, the power set up and the wiring to the transducers, it became apparent 

during the second w inter that the power supply to the site was simply inadequate and there were 

often lengthy periods in the darker w inter months when data were not being recorded.

A1.2 Logger reliability

The soil moisture data were logged using a separate older Campbell Scientific logger (CR23X) as 

there were not enough channels on the new, but cheaper Measurem ent Computing logger 

purchased for use with the tensiometers. However, it transpired that the CR23X was far more 

reliable and robust than the Measurem ent Computing datalogger. The M easurem ent Computing 

datalogger randomly switched to logging at 42-s intervals instead of every 15 min, which used up 

significant power resources and ultimately led to site power failures within a few  days. These 

switches may have been related to minor dips or fluctuations in the power supply because they 

did not occur during the summer months when the solar panels were adequate to maintain high 

battery voltages. The CR23X was capable of a self restart after a power supply cut, whereas the 

Measurem ent Computing datalogger needed to be manually restarted. This resulted in significant 

periods when soil moisture data were recorded w ithout corresponding matric potential data.

A1.3 Length of wiring

All tensiometers w ere wired to  the same logger to facilitate synchronizing of the datasets. This 

required a 160-m length of cable to cover the extent of the site, only some of which was buried 

near the lower end at Site 1. Theoretical calculations of the impact of the cable length on the  

current suggested that it should have been minimal, but in practice, changing tem peratures and 

the impact of wildlife chewing the cable appear to have had a significant effect. It was particularly 

challenging to maintain adequate power supply to Site 4, the uppermost site. W hen the power
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dipped slightly below the optimum level, the transducers at Site 4 continued to record data that 

appeared plausible during the downloads on site. However, during the subsequent analysis when  

the  calculated matric potential data were compared with the groundwater level, rainfall, soil 

moisture data and the catchment conceptual model, it became apparent that they were too low  

and fluctuated more than was probable In reality.

A1.4 Effective limits of the tensiometers

The tensiometers used in this study were relatively long (up to 96 inches or 2.44 m) so that soil 

moisture monitoring could be carried out at depth in the subsoils below the root zone, where  

they might be more usually installed. The equipm ent was also pre-purchased in set lengths with  

short and mid-sized extensions, on the basis of the findings in the trial pits. However, the 

configurations were modified slightly on the day of installation to take account of the drilling 

returns at each site, which resulted in some tensiom eter assemblages being longer than optimal 

for their respective sites.

The longer the tensiometer, the greater the additional vacuum the w ater column creates in the 

tube, which means the practical limit of the tensiom eter is also reduced. In the Jet Fill model of 

tensiom eter used in this study, the manufacturer states that for every foot of tensiometer, there  

is 3 cbar of additional vacuum created; the effective limit of a 6-foot tensiom eter is therefore  

reduced from 85 cbar to approximately 6 2 -6 7  cbar. It was observed in the analysis of the data 

that when the effective limit was exceeded, the transducer continued to measure data that 

appeared reasonable at first glance, but again on analysis it became evident that they were  

unreliable.

The relatively low effective limit for the longer tensiometers was exceeded often, especially 

during the summer in 2013 when the matric potentials w ere high. W hen effective limits are 

exceeded, the manufacturer indicates that cavitation occurs, i.e. a small air bubble expands to a 

larger air bubble. The evidence from the data suggests that these bubbles interfered with the 

transducers and they continued to record unreliable data until they w ere purged at the next 

maintenance visit.

A1.5 Frequency of the maintenance scheduling

The monthly maintenance schedule, which was devised based on the first 6 months of the 

programme, was with hindsight, too infrequent. The spring and summer of 2012 were relatively 

w et and were not representative of the conditions that arose the following year. However, it is 

probable that with such low effective limits due to the long tensiom eter lengths used in this 

study, even weekly visits may have been inadequate during the dry summer months.
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Appendix 2: Development of a land drain map for Ireland 

A2.1 Introduction

The results of this research have identified that artificial drainage plays an im portant role in the 

delivery of nutrients to Irish streams, yet the majority of the drainage schemes have been in place 

for many decades and there are no maps available indicating their locations. Similar findings and 

mapping problems have also arisen in other countries, e.g. Germany, mid-western United States 

and the United Kingdom, and there are several reports in the literature of attempts to predict and 

map their locations using GIS and rem ote sensing for w ater management purposes. For example, 

(Davison et al., 2008) used agricultural land-use data and the Hydrology Of Soil Types class to infer 

the presence o f land drains for use with the PSYCHIC phosphorus and sediment model. Naz et al. 

(2009) used land cover, soil drainage class and surface slope to map land drains in Indiana, and 

study in Germany used soil and land-use mapping data, including soil type, soil w ater and 

substrate characteristics, hydromorphic characteristics and area of grassland (Hirt et al., 2005).

A2.2 Objectives

The first draft of a national land drain map has been developed as part of this research, in 

conjunction with a fellow Pathways Project student (Eva Mockler), and a retired land drainage 

expert from Teagasc (Tim Gleeson). The purpose of the map was two-fold: first to inform the 

pathways separations in the hydrological modelling in the catchment management tool, and 

second to apportion pathway nutrient transport factors in the catchment characterization tool. 

Thus, the map needed to be digital, to  have applicability throughout Ireland, and to be based on 

GIS algorithms that used the readily available GIS layers. The relevant available layers included soil 

drainage (Teagasc), bedrock geology (GSI), aquifer classification (GSI), subsoil permeability (GSI), 

land use (Corine data), slope (OSI), and rainfall (M et Eireann).

The map was tested in three of the four study catchments (Section A2.6) and has been used in the  

first version of the catchment management support tools. It is considered to be a work in 

progress that will evolve with further development of the catchment management support tools. 

The next step is to publish it in the Irish literature with a view to seeking feedback and 

improvements from other researchers with detailed knowledge of land drains in other Irish 

catchments. In this respect, the map is considered to be in draft form at present.

The development of the map has been a jo int effort. The role of this researcher in the process was 

to generate the technical assumptions and the decision tree based on the findings of this 

research, discussions with Tim Gleeson, and the literature; and to compare the results with field 

data and observations from the catchments. Mockler carried out the GIS processing and



hydrological model optimization, produced the maps and did the statistical analysis for the  

validation. Gleeson provided advice and expert opinion prior to the development of the map and 

has kindly agreed to critique the outcomes in additional selected catchments.

A2.3 Currently available relevant Information

There are currently maps available in Ireland of arterial drainage improvem ent works that were  

carried out by the State in the 1900s on the main river channels. Although land drainage schemes 

w ere dependent on arterial drainage in certain catchments, and were supported by 

accompanying government-aided grant schemes, there was no general direct link found in this 

study between arterial drainage improvements and the area of land drains across the country 

(Mockler, pers. comm.).

Several estimates of the percentage of land needing drainage, or that had been drained, have 

been made by various authors on the basis of surveys over the years, which serve as a useful cross 

check on estimates derived through the current research. For example, a survey carried out under 

the Land Drain Project, a major Departm ent of Agriculture scheme of field drainage and land 

reclamation in 1949, estimated that 44% of farmland, or 29% of the Republic of Ireland, required 

land drainage (Bruton and Convery, 1982). It was estimated by those authors that by 1980, 

3 million acres (or 27% of farmland) had been developed by the Land Drain Project.

Another land drainage survey covering 490 km^ or approximately 1% of farmland, was 

undertaken in the 1960s (July 1964 to June 1968) to gain an overall picture of drainage conditions 

and practices in Ireland (Galvin, 1966, Galvin, 1969, Galvin, 1971). The drainage schemes surveyed 

were mostly located in grassland (86.9%), with mineral subsoil (93.9%), in areas with low or 

m oderate subsoil permeability (92%). Old broken drains w ere found on 43.2% of the area 

surveyed. Tile drains were used on 71% of the total acreage, open drains on 15% and stone drains 

on 11.7% (Galvin, 1969).

A third major drainage scheme, the W estern Drainage Scheme, funded by the European Union, 

was to deliver a further 325,000 acres of drainage between 1979 and 1983, primarily in the w etter  

counties in the west of Ireland (Bruton and Convery, 1982). Land drainage in these counties had 

been developed more slowly because of their dependence on the associated arterial drainage 

works being completed first in order to make the schemes viable. There is no information  

available in the literature on w hether these works were progressed.

Two relevant maps are currently available in paper form  at a small scale (i.e. single A4 page) 

which have been used to inform the development of the map in this research. The first is a land
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dra inage  p rob lem  m ap  (Galvin, 1971), which w as c re a te d  from  analysis o f  his survey  d a ta  and  th e  

expe r iences  of  t h e  field su rveyors  (Figure A2.1). The m a p  identified 10 ca tego r ie s  o f  d ra inage 

p rob lem s m o s t  f requen t ly  found  across  Ireland a l though  it did no t  indicate a re a s  th a t  had  actually 

b ee n  drained .  The th r e e  m ain  dra inage  p rob lem s e n c o u n te re d  w e re  s e e p a g e  an d  springs 

occurring a t  t h e  b o t to m  of s lopes  overlying poorly draining bedrock  (37.8%), im perv ious subsoils 

(31%) and  high w a te r  ta b le s  (23.8%). The main d ra inage  p rob lem s in a re a s  of  h igher subsoil 

perm eabil i ty  w e re  cons idered  to  be  (i) g r o u n d w a te r  flooding, (ii) hollows, (iii) high w a te r  tab le  

and  (iv) s e e p a g e  and  springs.

A su rface  w a te r  runoff  risk m a p  w as  also deve loped  by Gleeson (Gleeson, 1996, G leeson, 1992), 

which divided th e  coun try  into e igh t su rface  w a te r  runoff  risk ca tegories  (with subca tego ries )  th a t  

w e re  b ased  on  rainfall, soil type ,  slope, geology and  to p o g ra p h y  (Figure A2.2). This m a p  also 

inheren tly  cons iders  th e  d ra inage  prob lem s, b u t  th e re  w e re  inevitably so m e  inconsis tencies  

b e tw e e n  th e  tw o  m aps  a t  th is  scale.

A2.4 Drainage categories

This resea rch  has  found ,  b ased  on th e  c a tc h m e n ts  s tud ied ,  th a t  th e  p a th w a y s  and  th e  land 

d ra inage  p rob lem  have a significant bear ing  on  n u tr ie n t  delivery f rom  land drains. T hree  

ca tego r ie s  o f  d ra inage  have  th e re fo re  b ee n  identified th a t  a re  re levan t  in diffuse n u tr ien t  

t r a n s p o r t  in Irish c a tc h m en ts .  The ca tego rie s  are  b ased  on th e  d o m in a n t  hydro(geo)logical 

pa thw ays ,  and  are  similar, b u t  n o t  identical, to  th o s e  identified by Galvin an d  G leeson:

(i) Surface w a te r  dra in age  d u e  to  p o o r  infiltration in poorly d ra ined  soils and  subsoils. An 

exam ple  of  this  occurs in th e  soil and  subsoil land drains in th e  M attock  ca tc h m en t ,  w h e re  

SRP can be high with  rainfall even ts ,  b u t  n i t ra te  is typically low excep t  w h e re  n u tr ie n t  

loads a re  inc reased  (Section 8.3.2). This ca tego ry  is similar to  G leeson 's  ca tego r ie s  2 and  

3b (soils o f  low hydraulic conductivity) and  Glavin's ca tegory  5 ( im pervious subsoil).

(ii) Transition zo n e  dra in age  which is o f ten  high in n itra te ,  an d  occasionally high in 

phosphorus .  Examples of this  occur  in th e  Gortinlieve c a tc h m e n t  in t h e  trans i t ion  zone 

b o reh o le s  (Section 5.3.4) and  in t h e  M attock  in t h e  transition  zone  su p p o r te d  land drains 

(Sections 8.3.2) and  d itches  (Section 8.4.3). This ca tego ry  is similar to  G leeson 's  ca tegories  

3a, 3c and  5, and  Galvin's ca tego ry  2 (seeps  and  springs a t  th e  b o t to m  of slopes), bu t  

th e re  is least a g r e e m e n t  b e tw e e n  th e ir  definitions in this ca tegory ,  particularly in th e  

no r th  e a s t  o f  th e  country .
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IRELAND
la n d  d r a in a g e  problems

Figure A2.1. Land drainage problem map modified from Galvin (1971). Red (1) = high water table; yellow 
(2) = seepage outbursts and springs at the bottom of slopes; blue (5) = impervious subsoil.

(iii) Groundwater drainage, where nutrient concentrations depend on the hydrogeological 

regime. In Regionally Im portant aquifers, drainage is high in nitrate but low in 

phosphorus. This is because in these environments, deeper bedrock groundwater 

pathways dominate, and phosphorus infiltrating through the overlying permeable soils 

and subsoils is often attenuated (unless the depth to rock is very shallow), yet nitrate 

does infiltrate. An example of this type was found in the upper Nuenna catchment
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Figure A2.2. Runoff risk map developed by Gleeson (1992,1996).
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(Section 5.4.3.3). In poorly productive aquifers, it will be low in nitrate and phosphorus 

because in these environments, groundwater is confined under the low permeability tills 

and much of the nitrate that does infiltrate is attenuated. This category combines Galvin's 

high w ater table category, which applied in poorly productive aquifers, and Gleeson's 

categories 6, 7 and 8 (dry soils). These are o f course generalizations; there will be 

exceptions where rock is at or near surface and therefore there is no effective protective 

soil/subsoil cover, where there are point sources of contamination, and where the soil 

and subsoil parent material is not the underlying bedrock due to glacial carryover.

A2.5 Assumptions and decision tree

The fundam ental assumption that formed the basis of the CIS algorithms is that where  

agricultural soils are w et, farmers will have drained them  to get the best out of their land, so long 

as it was worth their tim e and effort, and it was safe to do so. The factors that have driven the 

developm ent of the map and the assumptions are described in the following sections.

Soil drainage

It is presumed that where agricultural soils are w et and poorly drained, artificial drainage has 

been developed. W here the soils are classified as well drained, it is presumed that there are no 

land drains present. It is likely that some land drains are not well maintained and may be currently 

ineffective, however, as there is no way of knowing w here the poorly functioning land drains are, 

all poorly drained soils have been included. A separate land drain efficiency function has therefore  

been added to the w ater balance calculations in the hydrological modelling, which is discussed 

further in Section A2.7. The data source is the Teagasc soil mapping, which identifies w et/d ry  soil 

drainage in a manner similar to  the UK HOST scheme (Boorman et al., 1995).

Land use

The first version of the map is restricted to predicting land drainage in agricultural areas. It is 

acknowledged that much of Ireland's forestry is also drained, but as there is less information 

available about it at present, and as the map is being produced primarily for use in agricultural 

areas, the land-use category is being restricted to agricultural at this tim e. All non-agricultural 

land as identified on the Corine maps is therefore excluded.

Altitude

Land above 300 m is considered to be upland in Ireland from  an agricultural perspective (Rath and 

Peel, 2005). Temperatures are cooler, growing conditions are less favourable and the grazing 

conditions are classified as 'rough', which makes it less likely that a farm er has invested in land

316



drainage. Thus, all land above 300 m is considered to  be not drained. Note: 96% of agriculture in 

Ireland is a t altitudes <200 m OD based on th e  Corine data.

Slope

At slopes >12 degrees, t ractor safety is a concern for operators (Tillapaugh, 2009) so it is less likely 

th a t  drains have been installed in these  areas. Experience from Ireland suggests tha t  the  safe limit 

is a slope of 1:5 (Gleeson, pers. comm.), which is a slope of approximately 11 degrees. A second 

slope threshold of 3 degrees is used to  subdivide lands into those where there  is little gradient 

and a high w a te r  table is likely and those  w here  th e  gradient ensures th a t  there  are springs and 

seeps mainly a t the  bottom  of the  slopes. This threshold is based on categories used by 

(Hammond and Gleeson, 2003) to  subdivide soil drainage classes in Co. Offaly.

Rainfall

Two rainfall classes were included to  represent high and low rainfall. A relatively arbitrary 

threshold of 1200 m m /a was selected to  differentiate the w ette r  conditions in the  w est from the 

drier conditions in the  east based on long-term average data (Logue, 1971).

P aren t m ateria ls

The soil parent material, including the  bedrock and subsoils, is a dominant factor in determining 

the  nature  of the  drainage problem. For th e  purpose of this assessment, the  Geological Survey of 

Ireland's simplified rock units have been categorized into th ree  groups with similar drainage 

characteristics based on their aquifer properties and shale conten t (Table A2.1). Group 1 rock 

units contain a high proportion of fine-grained shale, which gives rise to  shale-rich soil parent 

materials, and consequently very low permeability soils. Group 2 rock units are dom inated  by 

in terbedded sandstones and shales, such as the  Ordovician and Silurian rocks, and although they 

also genera te  relatively low permeability subsoils and soils, th e  sand fraction ensures be tte r  

drainage than  the  purer shales. Group 2 rocks also tend  to  have a well-developed transition zone 

be tw een  th e  subsoils and th e  top  of the  bedrock, which is often up to  tw o orders of magnitude 

g rea ter  than  th e  subsoils (Comte et al., 2012). As outlined in Chapter 5, the  transition zone can 

transm it a significant quantity of subsurface flow and in the  lower slopes in these  areas, springs 

and seeps are common w here  th e  groundw ater  re-emerges at th e  break in slope. Group 3 rocks 

comprise the  m ore permeable limestones in the  low-lying plains in the  midlands and in the  south 

be tw een  the  Old Red Sandstone hills, w here  if there  are drainage problems, they are due to  high 

w ater  tables.
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Table A2.1. Subdivision of the Geological Survey of Ireland's simplified rock units into three groups that 
give to rise to different types of catchment drainage. Group 1, surface water drainage; Group 2, transition 
zone drainage; Group 3, groundwater drainage.

Rock Unit Description Drainage Group

BV Basalts and other Volcanic rocks 2

CM Cambrian Metasediments 2

DKS Devonian Kiltorcan-type Sandstones 3

DORS Devonian Old Red Sandstones 2

DESSL Dinantian (early) Sandstones, Shales and Limestones 2

DDL Dinantian Dolomitized Limestones 3

DLIL Dinantian Lower Impure Limestones 2

DMSSL Dinantian Mixed Sandstones, Shales and Limestones 2

DMSC Dinantian Mudstones and Sandstones (Cork Group) 2

DPBL Dinantian Pure Bedded Limestones 3

DPUL Dinantian Pure Unbedded Limestones 2

DS Dinantian Sandstones 2

DSL Dinantian Shales and Limestones 1

DUIL Dinantian Upper Impure Limestones 2

Gil Granites and other Igneous Intrusive rocks 2

NSA Namurian Sandstones 1

NSH Namurian Shales 1

NU Namurian Undifferentiated 1

OM Ordovician Metasediments 2

OV Ordovician Volcanics 2

PTMG Permo-Triassic Mudstones and Gypsum 2

PTS Permo-Triassic Sandstones 2

PM Precambrian Marbles 2

PQGS Precambrian Quartzites, Gneisses and Schists 2

SMV Silurian Metasediments and Volcanics 2

WSA Westphalian Sandstones 1

WSH Westphalian Shales 1

On the basis of these assumptions, a decision tree was developed (Figure A2.3), from which the 

GIS algorithms were generated and a national map was produced (by IVIockler). The map (Version 

1) highlighting land drain presence and the type of land drainage problem is presented in Figure 

A2.4.

The new land drain map predicts that land drains cover an area of 20,680 km^ or 44% of 

agricultural land, as identified using the Corine dataset. The results suggest that 57% of drained 

agricultural land has been drained because of high w ater tables, 28% of drainage is due to the  

presence of impermeable soils/subsoils, and 15% is related to the presence of seeps and springs 

on lower slopes. A breakdown of areal predictions by county indicates that Cavan and Leitrim 

have the highest percentage areas of land drained (66% and 51%), amounting to 84% and 89% of
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those counties' agricultural land, respectively; Wicklow and Cork have the lowest percentage 

areas of predicted land drains (21% and 24%) in their respective agricultural areas.

Forestry

Wet soil Dry soil

Slope > 1:5Slope < 1:5

Not drained

Agricultural <300m Agricultural >300m

Land drainage presence and problem decision tree

Subsoil < 3m Low K subsoil Mod K subsoil High K subsoil

Group 1 rocks 
shale rich

Group 2 rocks 
low K

T
Group 3 rocks 
high K

SW Drainage Rainfall Rainfall
>1200 <1200

I

GW drainage

Slope >3°

~ ~ T

Slope <3°

Transition Zone drainage

Figure A2.3. Decision tree to decide on the presence and type of land drainage. K = permeability; GW = 
groundwater; SW = surface water. Forestry is greyed out because It is not Included in this first version of 
the map.
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Legend

I I County boundaries 
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Figure A2.4. Land drain presence and drainage problem map (V I).
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A2.6 Comparison of results with available data

The resulting nnap was compared with published and field data at national, county and catchment 

scales.

National scale

The current map predicts that the total area of land drained in Ireland is 44% of agricultural land, 

or 29.4% of the Republic of Ireland, which compares very favourably with the 1949 Land Drain 

Project estimates of land required to be drained (also 44% and 29%, respectively). This highlights 

that the methodology is, in the first instance, correctly identifying the proportion of lands that 

need to be drained on the basis of the starting assumption in the model that all lands that need to 

be drained, have been drained. The unusually high level of agreement between the results is 

considered to be because the geology has such a significant bearing on the drainage capacity of 

landscapes that it provides a clear and replicable basis for identifying poorly drained lands, 

despite more than six decades having elapsed between the tw o estimates.

Galvin (1969) reported national estimates of the percentage area o f the dominant drainage 

problems: 37.8% seepage and springs occurring at the bottom of slopes, 31% impervious subsoils, 

and 23.8% high w ater tables. Although his drainage categories and the current categories are not 

identical, it is nevertheless useful to  compare the results. The current estimates, in the same 

order, are 15% transition zone drainage; 28% surface w ater drainage and 57% groundwater 

drainage. Thus, although the impervious subsoils/surface w ater drainage categories would seem 

to be relatively consistent, it appears that the transition zone drainage may be too low, and the  

groundwater drainage too high. This was further reviewed at the catchment scale.

County scale

It is more difficult to compare different estimates of the actual areas of land that have been 

drained because they have been derived using different methodologies and for different 

purposes. Galvin and colleagues surveyed 1% of agricultural land and focussed only on w hat they 

term ed the low and medium subsoil permeability areas. Bruton and Convery (1982) used Galvin's 

data as part of an economic analysis of the costs and benefits of government land drainage grant 

payment schemes. In that respect, they considered only drainage schemes that were supported 

by public funds, so it is highly probable that their figures underestimate the true percentage of 

lands drained. However, their figures are also likely to be offset by a proportion of publically 

funded drainage schemes that have now fallen into disrepair. Nevertheless, a comparison of the 

modelled and reported areas of land drains county by county is useful (Table A2.7).
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T able A2.2. C om parison of p red ic ted  a rea  of d ra ined  lands b ased  on  th e  cu rren t resea rch  a n d  th e  a rea  
rep o rted  to  be  d ra in ed  by B ruton and  C onvery (1982).

County Agri Area 
(Corine)

Predicted Drained Area Reported Drained Area 
(Bruton and Convery, 1982)

(km2) (km2) (% of 
County)

(% of Agri 
Land)

(km2) Difference
(%)

Carlow 781 255 29% 33% 277.4 -9%
Cavan 1520 1275 66% 84% 410.3 68% *

Clare 2069 1164 34% 56% 351.9 70% «

Cork 5733 1378 18% 24% 1102.8 20%
Donegal 1843 1343 28% 73% 435 68% *

Dublin 473 182 20% 38% 126 31%
Galway 3331 1194 19% 36% 725 39% *

Kerry 2243 1340 28% 60% 692.6 48% *

Kildare 1380 580 34% 42% 520 10%
Kilkenny 1857 609 29% 33% 437.4 28%
Laols 1382 736 42% 53% 499.8 32%
Leitrim 910 806 51% 89% 144.2 82% *

Limerick 2289 1176 43% 51% 569 52%
Longford 815 400 37% 49% 149.4 63% *

Louth 704 268 33% 38% 132 51%
Mayo 2369 1227 22% 52% 606.3 51% r¥

Meath 2202 829 35% 38% 593.7 28%
M onaghan 1183 716 55% 60% 288.4 60% *

Offaly 1384 667 34% 48% 288.4 57%
Roscommon 1815 1111 44% 61% 302.5 73% *

Sligo 1129 504 27% 45% 162,4 68% *

Tipperary 3511 1191 28% 34% 960.3 19%
W aterford 1342 356 19% 27% 377.9 -6%
W estm eath 1455 391 21% 27% 485.2 -24%
Wexford 2143 751 32% 35% 703.5 6%
Wicklow 1081 229 11% 21% 353,2 -54%
Total 46945 20679 29% 44% 11694.4 43%
* Counties marked for Future Development in 1982

Drained areas predicted by th e  current methodology are  typically g reater  than  th e  reported  area 

of benefitting lands in 1980, with nearly double th e  total drained area estim ated for the  whole 

country. However, the  grea test  differences be tw een  predicted and reported  values are for 

counties in the  w est and northw est of Ireland th a t  w ere  marked for future developm ent in 1980 

because  they remained poorly drained and there  is no evidence in the  literature on w hether  or 

not this work was progressed.

Only four counties have a lower estim ated area of drained land (Carlow, Waterford, W estm eath  

and Wicklow), all of which are dom inated  in th e  current estim ates by groundw ater  drainage 

problems due to  high w ater  tables. This suggests th a t  th e  current version of th e  map may be 

overpredicting high w ater  tables.
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Catchment scale

At the catchment scale, the results were compared with the drainage maps generated from the 

land-use surveys for the Mattock and Gortinlieve catchments, and field survey data (not shown) 

for the Nuenna catchment from McAleer (2011); the equivalent GIS layers are not available for 

Northern Ireland so direct comparison with the Glen Burn catchment was not possible.

The resulting maps compare favourably with the data and field observations in the Gortinlieve 

and Nuenna catchments, but less so in the Mattock. Comparison of the Gortinlieve catchment 

outputs is provided as an example in Figure A2.5. The results show that the predictions have 

performed well in the upper catchment area to the north where the altitude is high, the soils are 

peaty and the land is not farmed. In the lower catchment area, the predicted high w ater table is 

consistent with the finding in Chapter 5 that this a groundwater discharge zone. The new map has 

also correctly identified that seeps and springs are an issue in the mid-upper catchment. However, 

it appears that there may be an over-estimation in the percentage of the area actually drained 

when compared with the drainage survey. This is likely to be due to a number of reasons.

Legend ^

I I County boundaries

Surface w ater drainage ^  

Transition zone drainage ^  

Groundwater drainage

Animal Acess Points and Drainage

1?5 3S0

Animal A c c m s  Points

■  Anifnal scctss poirtfs

■  Acccu points (Only vrtien in grass) 

' Surfac« Land Drains

[ ] F iM s  with subsurfacc drainage

□  Catchfnant Boundary 

— —  R»v*r

Figure A2.5. Comparison of the Gortinlieve predicted (left), and actual (right) lands drained.

First, the drainage survey may be incomplete because it is not clear from the student project 

whether all landholders were successfully contacted and confirmed that there was no drainage
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present on their lands, or that the information was not, or could not be provided. A follow-up  

survey would be beneficial in this catchment. Second, from experience in the Mattock catchment, 

not all landholders are always precisely aware of the actual drainage on their farms because 

drains were often installed at least one, if not tw o generations previously, and the information 

has not been passed down. Nevertheless, the results do appear reasonable.

In the M attock catchment (Figure A2.6), the predicted map has correctly identified the well- 

drained lands in the upper catchment areas and an area of gravels in the mid-catchment, and that 

transition zone drainage is im portant over the majority of the catchment. Similar issues arise with  

the reliability of the drainage map based on land-use surveys, but based on the conceptual model 

of the catchment and field observations, the extent of the predicted drained lands appears 

reasonable. However, the map appears to over-predict the groundwater drainage due to high 

w ater tables and no areas with surface w ater drainage have been identified but are known to be 

there from field observations. Further discussion is provided in the next section.

Legend
I 1 County boundaries 

I B  Surface water drainage 

Transition zone drainage 

1 ^ 1  Groundwater drainage

Figure A2.6. Comparison of the Mattock predicted (top), and actual (bottom) lands drained.
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A2.7 Discussion

On the basis o f the available information, the land drain map appears to be predicting well the 

total area of lands requiring drainage. Thus, if it is assumed that all lands that need to be drained 

have been drained, the map would appear reliable. However, this assumption is likely to 

overestimate the actual drainage in any given catchment, because even if all relevant lands have 

been drained, there will be blockages and inefficiencies that could affect the w ater balance. The 

approach nevertheless is conservative from a nutrient management perspective, because 

interflow has been found to be a key nutrient transport pathway, and it is therefore considered to 

be a reasonable starting point until further information becomes available.

To counterbalance the overestimate from a w ater balance perspective in the Pathways 

hydrological model, a land drain efficiency factor has been introduced to allow for overestimates, 

uncertainties and blockages. On the basis of the catchment results, validation exercises and the 

hydrological modelling, the efficiency factor is currently set at 0.8. Early indications from the 

modelling are that this may be a bit high and that 0.6 might be more appropriate, which would be 

more consistent with the 43% less drainage reported by Bruton and Convery (1982). It is hoped 

that this can be improved during the public review process. It may be appropriate, for instance, to 

apply the Bruton and Convery factors on a county by county basis.

Review of the land drainage problem categories in the catchments, and nationally, suggests that 

the current methodology may be overpredicting the proportion of groundwater drainage, 

particularly in the midlands where it is predicted to be the dominant issue. This may be due to the 

presence of poorly drained peat deposits overlying permeable limestones in low-lying areas, 

which although likely affected by high w ater tables, may not be drained due to inadequate 

gradients. The current map also appears to be underestimating the areas where surface water 

drainage is dominant in the Mattock catchment, although on a national basis it appears consistent 

with previous estimates. This is probably because the surface w ater drainage category in the 

model has been too tightly constrained to the very shaley bedrock lithologies and it therefore  

currently only represents the extreme end of the category. This will be reconsidered in the next 

version of the map. The transition zone drainage predictions appear to be reasonable in the study 

catchments but may be too low on a national scale. Further refinements should be possible when 

the maps are reviewed at catchment scale in other areas with Tim Gleeson, and if, and when 

feedback is received from other agricultural scientists.

In conclusion, it is considered that the map developed as part of this research has useful 

application in highlighting the areas where drains are likely to occur, and, with further refinement

after comparing with other catchment data, the type of drainage problem that is likely to occur.
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The type of drainage problem is im portant from a nutrient management perspective, whereas the 

total lands drained are of greater interest for hydrological modelling purposes. The map has 

immediate application in the Pathways catchment management support tools, and more widely 

from a nutrient management perspective as Ireland moves forward to m eet its Food Harvest 2020  

objectives. The methodology will likely also be of interest in other countries where similar 

mapping and nutrient management issues arise.
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