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Summary
In this thesis, hydrochemical methods are used in combination with hydrologic analysis to 

characterise and model the Gort Lowlands catchment in western Galwav, specifically focussing on 

an interlinked chain of ephemeral lakes (known as furloughs). The Gort Lowlands is a relatively 

unique karstic system, both hydrologically and hydrochemicaUy, and lies within the pure 

Carboniferous lowlands of western Ireland. The primary source of water to the catchment is 

derived from the largely impermeable Devonian sandstone catchment found on the Slieve Aughty 

Mountains. Three rivers draining from these mountains (the Owenshree, Ballycahalan and Beagh 

Rivers) discharge down into the karst lowlands allogenically, imparting the catchment with a 

distinct hydrochemical flux.

The Gort Lowlands catchment has been monitored and sampled for over three years, focussing on 

five turloughs in particular, Blackrock, Coy, Coole, Garryland and Caherglassaun. These turloughs 

form an interlinked chain, joined by subterranean conduits which ultimately drain at a series of 

intertidal springs at Kinvara. The turloughs are known to act as surcharge tanks, filling with excess 

water when the underground conduit network has reached capacity. Over the study period, these 

turloughs as well as rivers, groundwater and outlet springs were sampled monthly in an effort to 

characterise the hydrochemical behaviour of the entire catchment. The hydrologic behaviour of the 

karst lowlands was found to be dominated by an active conduit network. This network is fed by the 

Beagh, Owenshree and Ballycahalan Rivers which contribute 55.3%, 24% and 20.7% of the total flow 

respectively. The flow through this conduit network is supplemented by input from the epikarst 

system which surrounds it. Hydrochemical and modelling studies found this epikarstic 

contribution to add approximately 10-17% extra flow to the system.

With this improved hydrological understanding of the catchment, the numerical model of Gill et al. 

(2013a) could be recalibrated for better accuracy. Based on the findings of physical modelling and a 

sensitivity analysis, the re-calibrated model could be used for a range of studies and analytical 

purposes. One such study involved the prediction of likely future flooding patterns based on the 

most recent climate change projections. This found that turlough flooding patterns are likely to 

become more extreme in the future, displaying dryer summers and more severe flooding in the 

winters. For instance, IPCC (2007) scenario A2 predicts that by 2080, a typical winter flood will 

reach the levels of the l-in-500 year floods of November 2009.



The alkalinity of the furloughs was found to be closely related to the alkalinity of the allogenic 

rivers feeding the catchment. The upper two turloughs in the network, Blackrock and Coy, showed 

very similar concentrations to their feeding river whereas the lower three turloughs displayed 

higher alkalinity concentrations, most likely due to the contribution of high alkalinity water from 

the epikarst as water moved through the system. Using alkalinity and EC measurements, the 

contrasting water retention behaviour of the turloughs was investigated. Blackrock and Coole 

turloughs both exhibit flow-through behaviour whereas Coy and Caherglassaun present surcharge 

tank behaviour. The behaviour of Garryland changes depending on water level; at lower water 

levels, it acts as a surcharge tank and at higher water levels, it hydraulically joins with Coole and 

acts more like a flow-through system. Alkalinity measurements also showed an influx of diffuse 

groundwater into the turloughs over the flooding season, particularly during a recession period. 

The volume of water entering the turloughs amounted to between 1 and 10% of the entire volume 

that drained from a turlough during a recession period.

Analysis of nutrient concentrations (nitrogen, N, and phosphorus, P) within the catchment found 

that as water moves through the conduit network, it gains N and loses P. The gain in N is due to 

contribution from the N-enriched epikarst. As a result of this enrichment, the N load at the tidal 

spring at Kinvara was shown to be approximately 17% higher than that of the combined river input 

into the system. This load is lower than would be expected (based on model results) due to N losses 

within the turloughs. It was postulated that the primary mechanism of N loss within the turloughs 

was denitrification. Unlike N, P loads decrease as water moves through the system. The P load 

discharging at Kinvara was found to be approximately 8% lower than the combined input from the 

rivers. This reduction was due to the minimal contribution of P from the epikarst and P losses from 

the turloughs. The primary mechanism of P loss within the turloughs was deemed to be 

sedimentation. Overall, the turloughs apfjear to act as nutrient sinks over flooded periods, 

particularly the surcharge tank turloughs. Blackrock and Coy turloughs, however, were found to be 

nutrient sources, primarily due to the presence of an abattoir at Blackrock (enhancing N and P) and 

a high degree of grazing during dry periods (enhancing P).

Finally, isotopic analysis of the catchment revealed that the '*6 signature of water becomes slightly 

enriched as it moves through the catchment due to frequent interaction with the atmosphere 

(causing slight evaporative effects). Overall however, the effect of evaporation within the catchment 

is quite minor. Within the turloughs, evaporation tends to only takes place during the summer 

when the turlough water levels are low. Thus the evaporative effect on turlough water volumes 

was negligible.

iv
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1 INTRODUCTION

1.1 Background

In this thesis, hydrochemical m ethods are used in combination w ith hydrologic analysis to 

characterise and model the Gort Lowlands catchm ent in w estern Galway.

The Gort Lowlands catchm ent is a relatively unique karstic system, both hydrologically and 

hydrochemically. The catchm ent lies within the pure Carboniferous lowlands of western Ireland. 

This lowland nature of the catchm ent provides a som ew hat different hydrologic setting to many 

other karst regions. Most of the catchm ent is located less than 30m above sea level, and as a result, 

there is significant interaction between groundw ater and surface water. The other defining feature 

of the Gort Lowlands is that half of the catchm ent is underlain by largely impermeable non- 

calcareous rocks. These non-calcareous rocks are primarily Devonian sandstone and are found on 

the Slieve Aughty M ountains to the east. These m ountains are the prim ary source of water to 

western Lowlands, and feed the karst catchment via three main rivers. This allogenic recharge 

nature of the karst lowlands offers the catchm ent a distinctive hydrochemical flux. Parameters such 

as alkalinity and electrical conductivity can be used to great effect to exploit this hydrochemical flux 

and identify the source of water w ithin the catchment.

The low lying nature of this karst landscape and the resultant groundw ater-surface water 

interaction promotes the developm ent of furloughs, a virtually unique feature of the Irish karst 

landscape. Turloughs are depressions in karst, which are interm ittently flooded on an annual cycle 

via groundw ater sources and have substrate a n d /o r  ecological communities characteristic of 

wetlands. Turloughs in Ireland have been the focus of research for m any years, with the main 

interest being twofold. Firstly, they often contain unique flora and fauna and are protected areas as 

a result. Under Annex 1 of the EU Habitats Directive (92/43/EEC) (EEC, 1992), turloughs are 

designated as Priority Habitats and many are further designated as Special Areas of Conservation 

(SAC). Also, under the EU Water Framework Directive, turloughs are considered as G roundw ater 

Dependent Terrestrial Ecosystems (GWDTE). The m ost com prehensive study to date on turlough 

eco-hydrology was that of the Conservation Status of Turloughs Project. This m ultidisciplinary study 

was funded by the National Parks and Wildlife Service (NPWS) and was carried out in order to 

provide a robust scientific foundation for assessing the conservation status of turloughs, integrating 

hydrology, land-use and catchm ent management. The final report from this project is yet to be
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published. The second reason for research interest in the Gort Lowlands is due to the risk of 

localised flooding. The Gort Lowlands area experienced four major flood events within six years 

between 1989 and 1995. The damage caused by these floods combined with ecological importance 

of the area prompted the commissioning of an extensive investigation known as the Gort Flood 

Studies Report (Southern Water Global, 1998). At the time, the report was considered the largest 

regional interdisciplinary investigation of a karstic environment carried out worldwide. Further 

flooding within the region occurred in November 2009, causing widespread damage.

For this thesis, the Gort Lowlands catchment has been monitored and sampled for over three years, 

focussing on five turloughs in particular, Blackrock, Coy, Coole, Garryland and Caherglassaun. 

Tliese turloughs form an interlinked chain, joined by subterranean conduits which ultimately drain 

at a series of intertidal springs at Kinvara. The turloughs are known to act as surcharge tanks, filling 

with excess water when the underground conduit network has reached capacity. Over the study 

p>eriod, these turloughs were sampled and monitored for a range of hydrochemical parameters. 

Other catchment features such as rivers, groundwater and the outlet springs at Kinvara were also 

sampled in an effort to characterise the hydrochemical behaviour of the entire catchment. 

Hydrochemical analysis of karstic aquifers is a commonly used method to provide insight into the 

functioning of karst aquifer systems. Hydrochemical studies typically use chemical compounds as 

natural tracers, providing information on the dynamics of a karst aquifer. Alternatively, 

hydrochemistry can be used to analyse contaminant transport through a karst aquifer.

1.2 Aims and objectives

The overall aim of this thesis is to characterise the hydrology and hydrochemistry of the Gort 

Lowlands and of the individual turloughs within the Gort Lowlands; in particular, the transport of 

and fate of nutrients through the conduit network.

This has been achieved through the following objectives:

HYDROLOGICAL

> To monitor the hydrological behaviour of the catchment over a 3-4 year period. This was 

carried out using rain gauges and depth gauges located in rivers, turloughs, boreholes and 

wells.
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> To improve upon the rating curves of the three rivers feeding the catchment. In particular, 

the collection of stage-discharge data for high flow situations.

> To successfully apply a reservoir routing methodology between the inflow and outflow of 

Lough Cutra.

M O D E L LI N G

> To improve to accuracy of the hydrological model constructed by Gill et al. (2013a). This 

recalibration shall be aided by the application of a sensitivity analysis and construction of a 

physical model.

> To use this recalibrated model for analysis purposes such as prediction of future flooding 

patterns based on projected rainfall patterns according to the latest climate change models.

HYDRO CHE MICA L

> To investigate the hydrochemical relationship between turloughs and the rivers feeding 

them.

> To investigate the contribution of diffuse/epikarst water into the active conduit network 

and the turloughs.

> To investigate the hydrochemical processes occurring within the turloughs over the course 

of a flooded period.

> To further develop the conceptual model of turloughs as flow-through systems and as

surcharge tanks.

V To use the hydrological model in an effort to compare conservative nutrient flow behaviour

(as required for the model) against the observed nutrient behaviour within the catchment.

V To carry out an isotopic study of the catchment in order to compare against the findings of

other hydrochemistry methods as well as to investigate the significance of evaporation 

within the catchment.
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2 LITERATURE REVIEW

Literature Review

2.1 Overview of Karst Hydrology

Karst can be defined as terrain comprising of distinctive hydrology and landforms that arise from a 

combination of high rock solubilit}' and well developed secondary (fracture) porosity (Ford and 

Williams, 2007). Karst aquifers are characterised primarily by open conduits which provide low 

resistance pathways for groundwater flow and which often short-circuit the granular or fracture 

permeability of the aquifer (White, 2002). An estimated 20% of the Earth's land surface is covered 

bv karst terrains (Figure 2.1) and the aquifers in karst rocks act as a water resource for 

approximately 25% of the world's population (Ford and Williams, 2007).

'.i\ i f  
T

V -

Figure 2.1: Global distribution of major outcrops of carbonate rocks (dark blue: pure, 

continuous, light blue: impure, discontinuous) (Williams and Ford, 2006)

Research on the topic of karstic geology and geomorphology has been carried out for over a 

century. However early publications such as those by Grund (1914) and Cvijic (1924) were more 

closely related to geomorphology than to hydrology. Geomorphology remained the focus of 

research for decades. During the 1970s the emphasis then shifted to the hydrology of karst 

landforms as indicated by Monroe (1970), Herak and Stringfield (1972) and Jennings (1972). Interest 

in the study of hydrology of karst had been encouraged by actions of the International



Chapter 2 Literature Review

Hydrological Decade, particularly in the Mediterranean region and in the United States. Further 

studies have also been promoted by The International Association of Hydrogeologists (LeGrand 

and Stringfield, 1973).

The disciplines of hydrology and speleology have been the major contributors to the understanding 

of karst hydrology although historically there have been major differences in the way the two 

disciplines view the carbonate aquifers that they study. Speleologists have traditionally been 

primarily concerned with the formation of caves and presumed karst aquifers were dominated by 

conduit flow (Sasowsky, 2000). Hydrologists on the other hand were more concerned with finding 

water and assumed that the aquifer behaved equivalently to a porous medium and considered the 

conduits insignificant, being viewed as water filled cavities separate to the flow field (Thrailkill, 

1968). Technological advances in the fields of hydrology and speleology the 1970s and 1980s such as 

cave exploration, tracer studies and physical and chemical studies of karst springs have led to a 

more combined approach between the views. The combined viewpoint meant researchers were 

now talking about conduit flow, fracture flow, matrix flow and the relationship between them 

(Quinn et al., 2006). Karst hydrology also combines both surface water and groundwater hydrology 

concepts as conduit flow has more in common with surface water and engineered hydraulic 

networks then it does with the classical study of groundwater.

2.2 Karst Aquifers

All aquifers evolve over time (on the scale of hundreds of thousands of years), as rivers downcut 

into lower base levels, tectonic forces shift elevations and soils thicken or are eroded away. The 

permeability of silicate rock aquifers, for example, changes slowly with dissolution or precipitation 

of minerals within the pore spaces or along the fractures. In contrast, the permeability of karst 

aquifers is due primarily to the enlargement of joints and bedding plane partings as circulating 

groundwater removes the carbonate bedrock. Due to this, the evolution of karst aquifers is a very 

rapid process occurring over periods of (only) thousands ot years (White, 20U2).

The main characteristic of karst aquifers is the existence of irregular networks of pores, fissures, 

fractures and conduits of various size and forms. Such structure with a significant physical and 

geometrical heterogeneity causes complex hydraulic conditions and spatial and temporal 

variability of the hydraulic parameters (Denic-Jukic and Jukid, 2003). Karst areas are indicated by a 

general absence of p>ermanent surface streams and the presence of swallow holes or enclosed 

depressions. The water is usually all underground in solutionally enlarged channels, some of which
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are large enough to be termed caves (Karst Working Group, 2000). Due to the complexity of karst 

aquifers, it is difficult to explain them easily but attempts have been made in the past such as White 

(1969) and LeGrand and Stringfield (1971).

In both classifications, three types of karst aquifer have been recognised due to their varying 

permeability development. White (1969) classified the aquifers in three ways: diffused flow, free 

flow or confined flow (see Table 2.1). Another method which corresponded closely to that of White 

(1969) was proposed by LeGrand and Stringfield (1971) who classified aquifers as; fine textured 

systems, coarse textured systems and reactivated systems. More recently, the classification of karst 

aquifers has been refined into the triple permeability concept which describes a karst aquifer as 

being comprised of three independent p>ermeability components: matrix, fracture and conduit. This 

concept will be discussed in more detail in Section 2.2.2.

The conceptual model of a karst aquifer can be drawn in various forms but the essential features 

remain the same. White (2002) provided the conceptual model shown below in Figure 2.2. The 

features of this model shall be discussed in the subsections that follow.

DIFFUSE
INFILTRATION

ALLOGENIC
STREAMS

INTERNAL EPIKARST
RUNOFF

SURFACE STREAM

Qc 'If
FRACTURES ABOVE 

^  BASE LEVEL ^
 ̂ CONDUIT SYSTEM

T T4' 'i'
FRACTURES BELOW BASE 

LEVEL

S. BASE LEVEL
SPRING STREAM

Figure 2.2; Conceptual model for a carbonate aquifer (White, 2002)
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Table 2.1: Hydraulic classification o f carbonate aquifers (W hite, 1969)

Diffuse Flow Gross Lithology.

Shaley limestones; crystalline dolomites; high 

permeability porosity

Caves rare, small, have irregular patterns

Free Flow Thick, massive soluble rocks. Integrated conduit cave systems

Perched Karst system underlain by impervious rocks near or Cave streams perched -  often have free air

above base level surface

Open Soluble rocks extend upward to level surface Sinkhole inputs: heavy sediment load; short 

channel morphology caves

Capped Aquifer overlain by impervious rock Vertical shaft inputs; lateral flow under 

capping beds; long integrated caves

Deep Karst system extends to considerable depth below 

base level

Flow is through submerged conduits

Open Soluble rocks extend to land surface Short tubular abandoned caves likely to be 

sediment-choked

Capped Aquifer overlain by impervious rocks Ixjng, integrated conduits under caprock. 

Active level of system inundated

Confined Flow Structural and stratigraphic controls.

Artesian Impervious beds which force flow below regional base 

level

Inclined 3-D network caves

Sandwich Thin beds of soluble rock between impervious beds Horizontal 2-D network caves.

2.2.1 Recharge

A characterisation of hydrology in karst lands is high infiltration and low  surface runoff. For 

instance, in the Pamasos-Ghiona area in Greece, infiltration into the lim estone aquifer has been 

calculated to be 45.2% w hile surface runoff is only 3.6% (Burdon and Papakis, 1961). This 

infiltration from rainfall can be divided into two components; allogeiiic recliarge and autogenic 

recharge.

Allogenic recharge occurs w hen runoff from the neighbouring or overlying non-karst rocks drain 

into the karst aquifer through swallets (or sw allow  holes). A llogenic recharge can be considered to 

occur as concentrated point-inputs to the karst aquifer. Two main types of sw allets exist; vertical 

inputs from perforated overlying beds and lateral point inputs from adjacent im pervious rocks 

(Ford and Williams, 2007).
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Autogenic recharge is the recharge that enters the aquifer directly from the overlying soil. It can be 

separated, as suggested by Gunn (1983), into two components: Diffuse Infiltration and Internal 

Runoff. Diffuse infiltration can be considered as comparable to any other hydrological setting. The 

initial precipitation is absorbed by the soil until the soil becomes saturated at which point the water 

percolates dow n through the matrix porosity or along fractures in the bedrock until it reaches the 

w ater table (Shaw, 2011). It should be noted however that in karst, the infiltration rate is much 

higher than in other hydrological settings due to the high permeability of rock and the fact that 

flow mainly crosses soil vertically rather than horizontally. Internal runoff is storm flow and is 

equivalent to overland flow in the usual hydrological cycle. Storm flow runoff flows into closed 

depressions (dolines) where the storm water enters the aquifer quickly through sinkhole drains 

(White, 2002).

Autogenic and allogenic recharge styles differ in terms of recharge per unit area and water 

chemistry with considerable consequences on the scale and distribution of the developm ent of 

secondary permeability (Ford and Williams, 2007). The differences between autogenic and allogenic 

recharge are presented in Figure 2.3.

point infiltration

"matnx*

Figure 2.3: Illustration  d isplaying duality  of recharge (allogenic vs. autogenic) and  infiltration 

(point vs. diffuse) (G oldscheider and  Drew, 2007).

One com ponent of karst aquifers that differs from typical aquifers is the existence of an epikarst (or 

subcutaneous zone) in which the soil-carbonate rock interface is very sharp with the weathered 

rock zone (or C-horizon) often missing. The karst soil tends to be very well leeched with little 

carbonate material surviving and the bedrock is often highly irregular with deep crevices dissolved
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along fractures ('grikes' or 'cutters'). Water can be forced to move laterally for considerable 

distances before being able to descend into the bedrock. Thus the epikarst provides a temporary 

storage with water requiring days or weeks to reach the groundw ater system (Williams, 1983).

The volume of recharge entering the karst aquifer is regulated by the capacity of the input passages 

or catchment control (Palmer, 1984). If the inflow from surface streams is too great then the system 

wiU start to back up and ponding will occur, giving rise to surface stream s or surface flooding. If 

the carrying capacity is not sufficient to carry even the m inim um  surface flow, this will result in a 

perm anent surface stream. Localised flooding may also occur if the infiltration capacity of a 

swallow-hole is not sufficient due to a constriction or obstruction at the input point.

2.2.2 Flow System s

W ater in a karst aquifer moves dow n-gradient through the aquifer using a combination of three 

distinct tyjjes of porosity (triple permeability) models (White and White, 2005):

• Matrix permeability: The intergranular permeability of the unfractured bedrock.

• Fracture permeability: Mechanical joints, joint swarm s and bedding plane partings, all of 

these possibly enlarged by solution.

• Conduit permeability: Pipe-like openings with apertures ranging from 1 cm to a few tens of 

meters.

These three elements of permeability carry different roles w ithin the karst aquifer, with differing 

aperture sizes, distributions and flow mechanisms defined for each type. See Table 2.2 for a 

sum m ary of their essential characteristics.

Table 2.2: Essential characteristics of triple permeability model (White and White, 2005)

Matrix nm to mni Long
Darcian flow field, 

lam inar

Cube Law. Mostly

Continuous

medium

Localised but

Fracture 10 |im to 10 mm Intermediate laminar; may be non

linear components 

Darcy-Weisbach. Open

statistically

distributed

Conduit 10 mm to 10m Short channel and pipe flow. 

Turbulent.

Localised
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M A TR IX

Matrix flow through a karst aquifer is not fundam entally different from ground water flow in any 

other aquifer. The guiding equation is Darcy's Law (Darcy, 1856). However the hydraulic 

conductivity of the rock (for use w ith Darcy's law) is difficult to ascertain as the usual technique, 

pum p tests on wells, is dom inated by the fracture flow com ponent (White and White, 2005). 

Though matrix porosity (2-11%) is shown to be much larger than the sum  of fracture and conduit 

porosities (0.5 and 0.2%), its contribution to the hydraulic conductivity is practically negligible 

(Zuber and Motyka, 1998). As a result, matrix flow is often ignored. Matrix flow is assum ed to 

follow in a lognormal distribution (Ford and Williams, 2007).

FRACTURES

The term  'fracture' (or 'fissure') is used to encompass single joints, joint swarm s and bedding plane 

partings. Fracture apertures normally range between 50 - 500 nm. When fractures reach a w idth of 

1cm, they are deemed as conduits (White, 2002). Under the assum ptions of parallel walls and 

uniform  aperture, fracture permeability can be modelled using the cubic law (derived from the 

Navier-Stokes equations) (White and White, 2005) which states that:

wpqb^ dh  „ . ,
Q = --------- .—  Equation 2.1

12^l dl

and.

^  _  Pdb Equation 2.2
12\i

w here b is the full aperture of fracture, n is the dynam ic viscosity of water, w is the fracture w idth, 

dli/dl is the hydraulic gradient and K is the hydraulic conductivity. Fracture apertures are also 

assum ed to follow a lognormal distribution.

CONDUITS

C onduits are solutionally enlarged pathw ays through the carbonate aquifer. Water flow through 

conduits is predom inantly turbulent (non-Darcian behaviour occurring when the aperture exceeds 

1cm). As much as 80% of the flow through a karst aquifer occurs in the conduit netw ork (Palmer, 

1991). When a conduit is large enough for hum an exploration it is deemed to be a cave. The 

m inim um  size of conduit is 0.01m and m inimum size of conduit needed for direct exploration is 

approxim ately 0.5m. This leaves any conduit w ithin the range of 0.01 - 0.5m out of reach of direct
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investigation. However spring hydrochemistry and tracer tests (as discussed in Section 2.4) can 

prove their presence. Conduits are typically elliptical in shape since corrosion is equal in all 

directions bu t concentrates along the guiding bedding planes (Ford and Williams, 2007).

C onduit flow in a single conduit with radius r in the laminar regime can be described by the 

Hagen-Poiseuille equation:

npqr* dh ^ ^
0   -------- .—  Equation 2.3
^  8n dl '

When the flow regime is turbulent, the Darcy-Weisbach equation can be used (assuming circular 

cross section). This gives:

Q = 2n rt Equation 2.4

However the use of this equation relies on a value for the Darcy-Weisbach friction factor, f, which 

m ust be determ ined empirically. It can be determ ined either by directly investigating the wall 

roughness of the conduit in question or can be back-calculated when all other param eters in the 

equation are known.

Friction factors have been calculated for num erous karst aquifers by different investigations such as 

Gale (1984), Atkinson et al. (1983) and Jeannin (2001) among others. The friction factors obtained 

cover a large range (0.039-340). Some studies such as Atkinson et al. (1983) and Lauritzen et al. 

(1985) calculated f by both approaches (investigation of conduit and back-calculation) and found 

that back-calculation tends to give dramatically higher results of f. However, as the friction factor is 

square rooted in the Darcy-Weisbach equation, the effect of different values is dam pened. The 

study carried out by Lauritzen et al. (1985) was on an active phreatic conduit in Norway. The study 

found that the Darcy-Weisbach friction factor, f, decreases dramatically as discharge increases but 

levels out wlieii discharge reaches 10 mVs.

A num ber of studies have been carried out investigating storage and flow in karst aquifers. Einsiedl 

(2005) carried out one such study using environm ental and chemical tracers on the Bohming spring 

catchm ent in south Germany. This study found that only 6% of the total water volume is stored in 

the soil zone and epikarst and that storage capacity of the conduits was negligible. The author 

concluded that the rock matrix (phreatic zone) represented the major storage system zone of the 

karst aquifer with a porosity of 5.5%. O ther studies on karst aquifers in Kentucky (W orthington et
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al., 2000b), Canada, England and Mexico (Ford and Williams, 2007) have found similar results with 

approxim ately 95% of storage within the rock matrix. It should be noted how ever that some 

aquifers have a relatively small phreatic zone com pared to the epikarst and vadose zones. In these 

aquifers, the storage in the epikarst and vadose zones can be significant, possibly more than in the 

phreatic zone (Perrin et al., 2003)

2.2.3 Discharge

G roundw ater from karst aquifers is usually discharged back to surface routes through large 

springs. In fact most of the largest springs in the world are from karst aquifers. They represent the 

end of underground river systems and mark the point at which surface processes become more 

dom inant (Ford and Williams, 2007). The largest spring in the world is the Tobio spring in Papua 

New Guinea with a mean flow of between 85-115 m ’/ s  (Maire, 1981). White (2002) categorised 

springs into 5 types:

i. Open conduit gravity springs where water emerges from an open cave mouth.

ii. Alluviated conduit springs where w ater emerges from a rise pool formed by a blockage of

glacial or alluvial material.

iii. Rise pools discharging w ater from shallow flooded conduits.

iv. Artesian springs where water rises from considerable depths.

V .  Springs that discharge from solutionally w idened fracture swarms.

There is great variety in the physical forms and rates of discharge from different springs. 

Sometimes spring clusters can form where the discharges from m ultiple drainage basins can have 

springs in the same general area. Over the last decade, useful information on spring discharge 

system s has been provided by cave divers particularly for spring types (iii) and (iv) (White, 2002).

The type (v) spring has historically been known as a diffuse flmv spring, being labelled as such by 

Shuster and White (1971). This is because these springs have a constant tem perature and chemical 

composition seemingly independent to surface storm s com pared with conduit flcfiv springs where 

w ater varies in tem perature and chemical composition. More recently, the distinction has been 

changed to underflmv springs carrying the baseflow from groundw ater basins and  overflaio springs 

w hich only carry part of the discharge or become active only during storm flow (W orthington, 

1991). In some cases, springs can reverse and act as sink points or 'estavelles' as is the case w ith the 

turloughs that form the basis of this thesis (as show n in Figure 2.4).
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The flow behaviour, turbidity and chemistry of springs are considered to strongly reflect the 

aquifer from which the spring is draining and, as a result, are extensively used as gauging points, 

sampling points and monitoring points for karst aquifers.

Figure 2.4: Estavelle at Coy Turlough. Acting as sink in summer (a) and a spring in w inter (b) 

2.2.4 Chemistry

The chemistry of the dissolution of calcite and dolomite reached an advanced formulation in the 

1980s with the publication of reliable values for equilibrium constants (Plummer and Busenberg, 

1982). This study identified the pertinent complexes and their role in the chemistry and established 

useful parameters such as hardness, saturation index and calculated carbon dioxide partial 

pressure. These chemical calculations can now be carried out using several speciation and reaction 

path computer programs such as WATEQ4F, M1NTEQA2 and PHREEQE (available from the US 

Geological Survey and the US Environmental Protection Agency) (Langmuir, 1997).

The development of a karst aquifer is mostly a matter of the dissolution reactions rather than the 

final equilibrium state of these reactions. A paper by Plummer et al. (1978), was the first tn attempt 

to classify the different chemical reactions. The individual rates of these reactions are summed to 

provide an overall dissolution rate for calcite. The reactions are set out below:

CaCOj +  ^  C a^-^  +  HCO3

CaCOs +  H2CO3 + 2HCO3

CaCOs +  H2O ^  +  HCO3 +  0 H~

Equation 2.5  

Equation 2.6 

Equation 2.7
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Each reaction is described for a forward reaction term in the rate equation:

Rate =  kyUyi* + k 2 Cifi ĉo3 + ~  Equation 2.8

TTiis rate equation is known as the PWP equation (after Plummer, W igley and Parkhurst (1978)). 

The first term is m ass transfer-controlled but the second and third terms are reaction rate-controlled 

so  that, in the pH range com m on to karst ground waters, the dissolution rate is only slightly  

dependent on flow regime.

Further investigations of reaction rates (Dreybrodt and Buhmann, 1991) have made use of a generic 

rate equation:

A dC /  C \ ” ^
Rate =   ̂ Equation 2.9

where, A = area, V = volum e of solution, k = reaction rate constant, C = concentration of dissolved  

carbonate, Cs = equilibrium saturation concentration for the d issolved carbonate and n = reaction 

order.

The reaction order can be determined empirically and show s that there is a break in the reaction 

rate at about 85% saturation (White, 2002). It was found that w hen the water is less than 85% 

saturated with CaCOs the reaction is approximately first order causing rapid dissolution but 

approaches a slower fourth order reaction rate as saturation reaches 85% (Svensson and Dreybrodt, 

1992). This break is very significant in the developm ent of conduit permeability as it stops the water 

from becom ing overly saturated which w ould prevent further conduit developm ent.

Further investigations (Liu and Dreybrodt, 1997, Svensson and Dreybrodt, 1992) of dissolution  

kinetics under turbulent flow  and near equilibrium conditions have revealed additional controls.

•  The hydration reaction of aqueous CO2 to H2CO3 is show n to be rate-controlling when the 

A /V  ratios are high and under some conditions of turbulent flow.

• Adsorption of ions on the reactive surface becom es rate-controlling under near-saturation 

conditions.

• A diffusion boundary layer becomes important under conditions of turbulent flow.
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2.3 Karst Network Development

Significant changes to a karst aquifer in terms of flow paths and conduit network can take place

over thousands of years which, on a geologic timescale, makes it a very rapid process. The fractures

are solutionally enlarged by flow under laminar flow conditions into conduits where turbulent flow 

conditions prevail (Ford and Williams, 2007).

2.3.1 Energy Supply

The developm ent of a flow network in a carbonate aquifer depends on the energy supply available 

and its spatial distribution. Ford and Williams (2007) describe how this is mainly from:

i. The throughput volume of water.

ii. The difference in elevation between the recharge and discharge areas (i.e. hydraulic

gradient).

iii. The spatial distribution of recharge, i.e. on whether it is evenly distributed (autogenic 

recharge) or is focused (allogenic point recharge).

iv. The chemical aggressivity of the recharging waters.

If the aquifer is close to a volcanic or hot spring region, the geothermal heat flux may also be 

important. Dissolution is a key factor in the developm ent of a karst aquifer (and is directly related 

to the am ount of rainfall) but in addition to this chemical energy, the primary forms of fluid energy 

are potential, kinetic and internal energy.

Most of the potential energy is realised as kinetic energy as water descends down through the 

vadose zone where a large am ount of mechanical work can be done by fluvial processes.

The velocit}' of v.^ater (kinetic energy) in karst aquifers varies substanHally both between and within 

aquifers. Within an aquifer the velocity can vary over several orders of m agnitude between the 

matrix, fractures and conduits as indicated by hydraulic conductivity values ranging from IxlO"'® 

for matrix to 4x10 ' in a conduit system (Worthington, 1999). Water velocity can also vary 

considerably within conduits in different aquifers. A study by W orthington et al. (2000a) of 2877 

tracer tests in different conduit systems shows a variance of greater than four orders of m agnitude 

and a global average channel flow velocity of 0.022ms-’. Another form of kinetic energy within the 

conduits can be caused during recharge when a recharge pulse from heavy rain reaches a sink. The
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pulse travels dow n the cave passage as a kinematic wave until the saturated zone is reached and a 

pressure pulse is forced through the phreatic conduits giving a hydrograph peak at the spring. This 

is know n as piston flow (Ford and Williams, 2007).

Internal energy, best represented by rock and water tem perature, is another significant form of 

energy in an aquifer. Tem perature is im portant because of the effect it has on the dynamic (and 

kinematic) viscosity of water which is more than twice as viscous at 0°C as at 30°C. Thus the lower 

viscosity at higher tem peratures allows greater discharge through capillary tubes (Poiseuille's law) 

and increases hydraulic conductivity. This influence of tem perature is therefore a good explanation 

for the differences between karst in cool tem perate and more tropical zones.

2.3.2 Fracture Enlargement

Carbonate aquifers are not the only type to experience fracture flow. For example, there are 

fractured quartzites, granites and basalts, all of which can be effective aquifers. The difference 

between these types and carbonate aquifers is that, in carbonate aquifers, the fractures enlarge 

much quicker with time and ground water circulation. Once water has entered the aquifer, the 

various forms of energy mentioned above are used up  in the enlargem ent of prim ary pores and 

fractures into secondary conduit networks. White (2002) has described how, in the early stages of 

this process, there are three thresholds that appear when the aperture exceeds about 0.01m, these 

are: hydraulic, kinetic and transport.

H YD R A U LI C  THR E SH O LD

The hydraulic threshold perm its the breakdow n of laminar flow and the onset of turbulent flow. In 

principle it is quite straightforward. Flow in the fractures will be lam inar and follows Darcy's Law 

until the Reynolds num ber reaches the range of approxim ately 500 and turbulent flow starts to take 

over.

KINETIC THRE SH OLD

This threshold marks the shift in dissolution rate from fourth order kinetics to linear kinetics. W hen 

unsaturated water enters a fracture, there is a rapid reaction and uptake of dissolved carbonate. If 

the kinetics are linear, the water will quickly become saturated, dissolution will cease and there will 

be no dissolutional enlargem ent of fractures deep within the aquifer. However, as the rate shifts 

from first order to fourth order at 85% saturation, the rate of dissolution slows dow n significantly 

(Svensson and Dreybrodt, 1992). This allows the dissolution to continue as slow (unsaturated)
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laminar flow penetrates deep into the aquifer. This water continues to slowly dissolve its way 

through the aquifer until 'break-through' occurs. This is the point at which an aperture/pathway 

has enlarged enough to allow water with less than 85% saturation to penetrate the entire aquifer. 

When this occurs, the kinetics shift from fourth order back to first order and the rate of dissolution 

dramatically increases causing a runaway process which allows the chosen pathway to enlarge 

rapidly. This threshold explains why the number of fully developed conduits is usually much 

smaller than the number of fractures.

TRANSPO RT THRESHOLD

The transport threshold enables flow velocities to be sufficient for the transport of clastic material. 

These particles can range in size from colloids to boulders either as bed load or suspended load. 

Transport of these particles is not completely understood but it is known that the critical velocities 

for sediment movement are very similar to the velocities at the onset of turbulence. Thus the 

transport threshold occurs at near the same aperture as the other thresholds.

The coincidence of these three thresholds at 0.01m provides a natural division between fractures 

and conduits as well as separating the process of conduit development into an initiation phase 

where fractures grow to critical threshold and an enlargement phase as the conduit then expands to 

the size of a typical cave passage.

2.3.3 Development of Vadose Zone and Epikarst

Unkarstified crystalline carbonate rocks typically have very low primary porosity (=2%). Thus 

when fresh water first meets the rock, the standing water level in the rock is close to the surface. 

Porosity and permeability of the karst increases over time and consequently more void space 

becomes available to store and transmit groundwater. As a result, the water level gradually falls 

and so the aerated zone becomes deeper. As this is happening the surface level also drops due to 

denudation which means the resultant tiiickness of tlie vaJose zone depends on its upper (surface) 

and lower (water table) boundaries. The vadose zone in well-karstified rock can extend to as much 

as 2 km below the surface (Ford and WilUams, 2007).

The epikarst (or subcutaneous zone) is located at the top of the vadose zone. It usually consists of a 

weathered zone of limestone that lies immediately at the top of the bedrock, gradually merging into 

the main body of the vadose zone comprising mostly unweathered bedrock. It is typically 3-lOm 

deep. Williams (1983) describes how the subcutaneous weathering pattern is a result of solutional
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erosion. With percolation water available, solution is greatest near the surface because of the 

relative abundance of carbon dioxide and thus carbonic acid in the soil. As the water percolates 

downwards, there is less CO2 available to the solution and thus the capacity for continued corrosion 

is diminished as the solution approaches equilibrium. This is illustrated in Figure 2.5. The amount 

and depth of solution varies with rainfall, time, lithology, soil composition, soil thickness, the 

partial pressure of CO2 and the nature of the solution system (i.e. 'open' or 'closed').

b o l u t i c n  R c t e  o t  L i m e s t o n e

F i s s u r i n g  
D i m i n i s h e s  

W i t h  
( \  D e p t h

Figure 2.5: Relationship between soil CO2, rate of limestone solution and fissuring beneath the

soil. (Williams, 1983)

Due of the diminishing corrosive capacity with depth, the extent and frequency of the fissures 

through which the percolation water passes diminishes with depth. As a result, permeability also 

diminishes with depth. Porosity in the epikarst is typically > 20% and the unweathered rock 

beneath is commonly < 2% (Ford and Williams, 2007). As a consequence, water tends to accumulate 

at the base of the epikarst because it cannot drain as freely as it arrived. Some fissures do remain 

however and it is through these that the water can eventually pass downwards into the vadose 

zone. Water stored in the epikarst (i.e. an epikarst aquifer) has a significant influence on the overall 

karst hydrology. By detaining recharge, it moderates floods and attenuates discharge. The water 

stored in the epikarst provides a habitat for aquatic fauna and a store of water that sustains
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percolation into cave systems over dry periods. These aquifers are also used as water supplies with 

many epikarstic springs being used to supply local water-schemes, especially in China (Williams, 

2008). An excellent example of epikarst is the Barren in County Clare as the bare, crystalline, 

carboniferous hills have been stripped of protective cover during the Pleistocene to reveal a 

glacially-polished limestone surface containing solutionally enlarged fissures (or 'grikes').

Unlike the majority of karst aquifers found around the globe, the karst aquifers found in Ireland 

(such as in the catchment under study in this thesis) are predominantly lowland regions. As such, 

the vadose zone in Irish karsts can be relatively shallow which often results in epikarst occurring 

within the phreatic or epiphreatic zone. Due to this, a significant quantity of diffuse flow through 

an Irish karstic aquifer can be flowing through the epikarstic zone, i.e. horizontal flow occurring 

within epikarst rather than (the more typical) vertical flow.

2.3.4 Conduit Network Development 

I N I T I A T I O N

The main concept for the initiation of conduit permeability is that of an initial pathway connecting 

the recharge area to the (future) drainage area by means of joints, joint swarms and bedding plane 

partings. Water is driven through the sequence of fractures due to the head difference between inlet 

and outlet. As mentioned above, the apertures increase slowly under fourth order kinetics until 

they become wide enough to allow the total penetration of under-saturated water from entry to 

exit. After the relatively short time of 5000-10,000 years, turbulent flow may be first encountered. 

This is known as 'breakthrough' (Dreybrodt, 1990). Groves and Howard (1994b) concluded that, 

due to the sensitivity of breakthrough time to the initial aperture, breakthrough would not occur in 

apertures below a few hundred micrometres and thus, conduits would not form.

One sigmficant result from modeiiing of this initiation phase is tlie bpecial case of wide ii'Jtial 

fractures with short path lengths and high hydraulic gradients. In these cases, breakthrough can 

occur in as little as 100 years (Dreybrodt, 1992) which is significant as this is within the design life of 

dams and related hydraulic structures. Previously, it had been assumed that dissolution rates are 

too slow to impact the bedrock beneath or around a dam over the lifetime of the structure but 

Dreybrodt's calculations now imply that leaks due to dissolutional enlargement are possible. Such 

leaks around dams on gypsum terrains have already been documented (White, 2002).
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With models constructed for single fractures, the next step is to extend the calculations to multiple

which started on a hypothetical grid of fractures at very wide spacings. Siemers and Dreybrodt 

(1998) then developed a model with smaller fracture spacing which introduced a probability that 

any given fracture segment on the grid could be connected to other fractures and thus could 

contribute to the flow path. Many of these modelling attempts assume a simple geometry of plane 

parallel fractures, fixed apertures and uniform cross-section. As a result, the flow through the 

fracture is proportional to the cube of the aperture. However, in reality a correction to the cube law 

is required as fractures have rough walls, and variable aperture sizes (Oron and Berkowitz, 1998). 

These models validate what is seen in nature that karst networks developing very few large conduit 

channels with diffuse flow through numerous small fractures.

CO N D U I T  E N L A R G E M E N T  A N D  I N T E G R A T I O N

When the optimum flow path has been determined and the aperture size has reached the value of 

approximately 0.01m, the under-saturated water now traverses the entire width of the aquifer and 

the dissolution kinetics shift into a more or less linear regime. Palmer (1991), showed that the rate of 

retreat of conduit wall depended only on the degree of saturation and is described by equation 2.10:

where S = rate of wall retreat (cm/yr), ki = 1®' order reaction rate constant, C = concentration of 

dissolved carbonate, Cs = saturation concentration of dissolved carbonate, n = reaction order and pR 

= density of bedrock.

Values of ki and n have been determined experimentally by Palmer (1991). It has been found that 

the maximum rate of wall retreat is from 0.01 to 0.1 cm /yr. At this dissolution rate, an active 

conduit can enlarge from a threshold conduit (0.01m) to the diameter of a meter within a few 

thousand years.

There has been little success in trying to model the actual pattern of the conduit system. Howard 

and Groves (1995) determined that the enlargement phase is marked by fairly uniform conduit 

growth. However the distinction between single conduit, branchwork caves, network maze caves 

etc. must be derived from the geological constraints and the arrangement of recharge and discharge 

areas.

fractures which make up a flow path in an aquifer. Groves and Howard (1994a) developed a model

Equation 2.10
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2.4 Investigative Techniques

As discussed previously in Section 2.1, karst aquifers are extremely heterogeneous and complex 

groundwater flow systems. For this reason, they can be difficult to characterise or model with 

accuracy. An important and simplifying asp>ect of a karst aquifer is the fact that most of the 

groundwater resurfaces at a single or limited group of springs. White (2002) thus describes karst 

springs 'like a perfectly placed well in other aquifers' which carry an imprint of everything 

upstream within the aquifer. Due to this, springs are a key component amongst the wide variety of 

characterisation techniques that can be applied to karst aquifers. The use of an individual technique 

on its own reveals a limited amount of information about a karst aquifer. It is the combination of 

several methods being used on the same aquifer that can provide a wealth of information. For 

example, separate studies on the lowland karst of western Ireland by Southern Water Global (1998) 

and Hickey (2010) both used at least five separate techniques to establish a conceptual model of the 

region. These characterisation methods are discussed below but for a more detailed description see 

Goldscheider and Drew (2007) and Ford and Williams (2007).

2.4.1 Geomorphology and Speleology

When studying karst groundwater systems, an understanding of their geology and geomorphology 

is essential. It would be impossible to characterise a karst aquifer without considering the lithology, 

stratigraphy, fracturing and faulting as well as topography and landscape history (Goldscheider 

and Andreo, 2007).

The evaluation of karst features in the context of their geologic setting can aid in the understanding 

of groundwater flow in karst aquifers (Sasowsky, 2000). The most reliable indicators of the presence 

of a karst aquifer are landforms related to point recharge and discharge (swallow holes, estavelles 

and large springs). These landforms indicate an active conduit network exists. However, these 

surface features give no indication of any deeper or confined karst aquifers and may be misleading 

if karst landforms have formed in the geological past (paleokarst) and are no longer connected to 

the active conduit system (Goldscheider and Andreo, 2007).

Geomorphological mapping is a useful aid in the hydrological modelling of karst flow systems. 

Zibret and Simunic (1976) used mapping on a local scale to delineate zones of groundwater flow 

within a polje basin using the presence and location of active karst features. On a much larger scale, 

a study by Butscher and Huggenberger (2007) of the Gempen plateau in northern Switzerland used 

mapping of aquifers, aquitards and fault lines to generate a 3D geological model which was then
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used to develop a hydrological model. This hydrological model was then used to delineate spring 

catchment areas and determine dominant flow processes.

On a smaller scale, a conduit that is large enough for human exploration can be observed directly 

allowing for measurement and sampling of major flow paths. The shape of the conduit can help 

determine whether the cave was formed in the phreatic of vadose zone. Also, the cross-sections of 

dissolution scallops have been used to estimate discharge and velocities in conduits (Gale, 1984).

The mapping of an individual cave system is mainly carried out by amateur speleologists using a 

combination of GPS, underwater compass and tape, dive computers and digital depth gauges. 

These studies contribute greatly to the understanding of conduit flow networks in karst catchments 

by mapping out the actual pathway that the groundwater takes. For example, the University of 

Bristol Spelaeological Society has carried out mapping of the cave systems in the Galway karst 

region including those under study in this thesis. These studies (catalogued by Mullan (2003)) are 

discussed further in Section 3.3.

2.4.2 Boreholes and Test Wells

For most aquifer types, drilling test wells is a standard technique. For karst aquifers it is less useful 

and often pointless due to the highly heterogeneous nature of karst groundwater flow. It is highly 

unlikely that a test well will penetrate the main conduit unless there has been extreme care and 

good luck in its placement. A study by Worthington et al. (2000b) carried out on the central 

Kentucky karst found the chances of a borehole penetrating the main conduit system to be 0.4 to 

4%. A borehole that has penetrated a conduit can be used to install instrumentation to monitor 

temperature and specific conductance etc. The application of a transducer can allow a borehole to 

be used as a piezometer to measure pressure head in the conduit under flood flow conditions 

(White, 2002). Wells drilled on fractures and fracture intersections can be pump-tested to provide 

the hydraulic conductivity of the fracture system. Packer and slug tests can provide additional 

information but data must be interpreted with caution. Borehole tests such as these are discussed in 

greater detail by Kresic (2007).

In some cases, if surface karstic landforms are deemed inadequate to characterise an aquifer, an 

investigation into the underground karst via boreholes and piezometers may be appropriate. 

Bonacci and Roje-Bonacci (2000) used such techniques in a study of the Dinaric karst in Croatia 

whereby the groundwater levels were monitored in four catchments over varying lengths of time
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(up to 16 years) and evidence of salt water intrusion was observed and the direction of 

groundw ater flow estim ated. However, the authors concluded that this m ethod of field sam pling is 

not an accurate spatial or time representation of a karst aquifer and thus should not be used for 

modelling.

A study carried out by Mace and Hovorka (2000) used several different techniques to characterise 

porosity and permeability of the Edwards karstic aquifer in Texas and dem onstrated the strengths 

and weaknesses of the techniques. Seven m ethods were used and their results com pared and 

contrasted. Tliese techniques included using core and outcrop plug samples, geophysical logs and a 

three dim ensional geocellular model am ongst other methods. The authors concluded core plugs are 

useful for defining the relationship between matrix porosity and permeability to stratigraphy and 

geophysical log response. Outcrop m easurem ents w ere seen to be useful for estimating secondary 

porosity due to fractures and dissolution features although they tend to be biased tow ards higher 

values due to unloading effects and weathering, but w ere still felt to be better than estimates based 

on core plugs or poor resolution geophysical logs. Another study assessing the usefulness of 

borehole logs found them to be beneficial for providing representative data on the developm ent of 

karst so long as several conditions are met such as sufficient num ber of logs, adequate length of 

logs and sim ilar am ount of data from each examined section of a vertical profile (Urban and 

Rzonca, 2009).

2.4.3 G eophysical M ethods

Due to the heterogeneous nature of karst aquifers and their flow paths, it is difficult to predict w hat 

features may lie underground within an aquifer. Geophysical m ethods are a way of helping w ith 

this problem. It is the science of 'seeing' into the earth w ithout digging or drilling (Bechtel et al., 

2007). Applications commonly involve helping the siting of boreholes, determ ination of soil 

Uucknesb and  the detection and characterisation of w ater bearing fractures or conduits. Geophysical 

m ethods can be broken into 3 distinct groups; seismic, gravimetric and clectrical/electroniagneiic.

SEISMIC

Seismic techniques involve an array of listening devices or geophones that measure the travel time 

of seismic energy from 'shots ' (e.g. a weight drop) through the subsurface. The seismic w ave is 

reflected and  refracted off a distinct density contrast underground and both the reflection and 

refraction waves can be detected separately (the waves return to surface level a t different times). 

Each w ave has its advantages; reflection is more suited for deep karst targets whereas refraction is
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more useful for shallow karstic zones. The use of both waves combined can be even more beneficial 

as seen by Sumanovac and Weisser (2001) w ho combined reflection and refraction to determ ine 

faulted and fractured zones at surface level and at greater depths.

GRAVIMETRIC

This method (microgravity) is based on the principle that the Earth is not a hom ogenous sphere and 

thus gravitational acceleration is not constant a t various locations. This is of use for investigations 

in karst as voids or conduits will exert a relatively lower gravity pull than the surrounding more 

dense material. Therefore theoretically the m apping out of karst features is straightforw ard with 

the right instrum entation. The maps created by this process are known as Bouguer anomaly m aps 

(Rodriguez, 1995). Many studies use this technique in conjunction with another (resistivity, GPR 

etc.) to locate well defined targets or anom alous zones such as dolines (Mochales et al., 2008, 

McGrath et al., 2002).

ELECTRICAL/EL ECR TOMA GNETIC

There is a w ide variety of electrical and electromagnetic m ethods which may differ in terms of 

operational principle but are all based on their sensitivity to the electrical properties of the 

subsurface (porosity, degree of saturation etc.) (Bechtel et al., 2007). Two common applications of 

this principle are G round Penetrating Radar (GPR) and Electrical Resistivity Tomography (ERT).

• GPR is similar to seismic m ethods but uses an electromagnetic rather than an acoustic 

signal. It has been strongly develop>ed in recent years and provides probably the most 

direct information about subsoil geometry (Mochales et al., 2008).

• ERT m easurem ent employs an artificial electrical field created by driving a known electrical 

current between two electrodes. It can be used to find the location of cavities and water 

filled bodies underground. When m ultiple parallel profiles are carried out, it is possible to 

see the approxim ate path of an underground conduit. Such a study has been implemented 

on Caherglassaun turlough (which is under observation in this thesis) by O'Connell et al. 

(2012). Using ERT, O'Connell identified two prom inent conduits, of approx. 25-30m in 

diameter, coming in from the west which appeared to join up  on the eastern side of the 

turlough (Figure 2.6). A similar ERT study was carried out on Blackrock turlough and is 

discussed in Section 7.2.3.1
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Each geophysical technique has its merits but the best practice is an integrated geophysical 

approach using multiple methods which enables the building of an accurate 3-D hydrological 

model. Rodriguez (1995) suggests the best procedure is a strategic reconnaissance stage first 

involving a microgravity study cind a resistivity survey followed by a second stage or 'tactic 

exploration' by means of high resolution seismic method. Care should be taken to select the 

appropriate geophysical technique that is sensitive to the expected physical property of the feature 

of interest and its contrast with surrounding features. Also, the method must be insensitive to local 

sources of interference (Bechtel et al., 2007).

Figure 2.6: Resistivity study of Caherglassaun furlough (overlaid with topography plot),

(O'Connell et al., 2012).

Some surface geophysical methods have been adapted for use with boreholes by placing a signal 

receiver at depth. This down-borehole technique has extended tlie scope of geophysical methods 

into areas inaccessible by humans. This technique aids the mapping of subsurface features and can 

be used to estimate the physical characteristics of subsurface karst systems. Borehole cameras can 

now also be used to get real time images of a fracture or conduit system as seen in a study by 

Worthington et al. (2000b).

It should be noted that while geophysical methods are not used as part of this thesis, they are well 

suited to the lowland catchment under study. The catchment is characterised by shallow large
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conduits which are relatively easy to detect. In more typical upland karst catchments, geophysical 

methods are more limited in determining the presence, position and characteristics of karst 

conduits.

2.4.4 Artificial Tracers

Tracer tests can be used in all types of hydrological environments to obtain information about 

water movement and contaminant transport but are most commonly used in karst where 

groundwater flow paths are not obvious (Goldscheider et al., 2008). It is a powerful technique 

which can delineate the catchment areas and identify hydraulic connections within a karst aquifer.

The first known tracer study was carried out more than 100 years ago using uranine. Since then the 

search for additional dye tracers has been on-going (Leibundgut et al., 2009). For a tracer to be 

suitable, it must be conservative and exactly mimic the water movement (Goldscheider et al., 2008). 

A tracer is deemed appropriate if it satisfies the following criteria; it must be unreactive, absent but 

ready soluble in water, easy to detect, non-toxic, invisible, inexpensive and easy to handle 

(Benischke et al., 2007, Kass, 1998). Within the past few decades, many new tracer techniques have 

been introduced resulting in both improved sensitivity and reliability and fluorescent tracers have 

emerged as the most popular and widely used of all tracers (White, 2002).

Tracing involves injecting a conservative substance into a known upstream point and measuring 

the presence and /o r concentration at the output points, usually springs. Qualitative tracing simply 

involves trying to establish a hydrologic connection between input and output points, i.e. the tracer 

is injected and its presence is detected (or not detected). Quantitative tests involve monitoring the 

varying concentration of tracer through a system to allow for more detailed information to be 

obtained. This process is made easier by technological advances such as auto samplers and in-situ 

fluorometers allowing for detailed dye breakthrough curves to be produced. Smart (1988) is an 

example of a quantitative test. In this test rhodamine w t  was used to estimate the conduit storage of 

the Maligne karst in Alberta, Canada. Many studies use both quantitative and qualitative tests at 

the same time such as Baedke and Krothe (2000) who used rhodamine w t  and Ionic Bromide to 

estimate a conduit velocity in the Beech Creek karst aquifer in Indiana where a velocity of 286 m /h r 

was recorded.

There is a wide variety of artificial tracers available and most operate by being dissolved into the 

water body being studied. These dyes include; fluorescent dyes, salt dyes, radioactive tracers (e.g.
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tritium activatable tracers (e.g. bromide) and advanced tracers such as the gases or heavy

water. Some comparison studies have been carried out (Harden et al., 2003, Atkinson et al., 1973) to 

compare the merits of different tracers. Fluorescent tracers generally come out as favourites and 

are the tracer of choice for hydrologists. This is because of their relatively easy handling, simple 

analysis, high sensitivity of the analysis, low detection limit and consequently, the small quantity of 

tracer needed for an experiment (Benischke et al., 2007). They are also (mostly) ecotoxicologically 

safe (Behrens et al., 2001). Although it should be noted that fluorescent tracers do have drawbacks 

such as sorption onto particles and photolytic decay (uranine has a half-life of approximately 11 

hours when exposed to light (Leibundgut et al., 2009). Due to these dependencies, care should be 

taken in considering what fluorescent tracer to use for a particular study. For example if the water 

channel being traced is exposed to sunlight, uranine should not be considered; a rhodamine dye 

would be better suited. Typically, the goal of a tracer study is to build a time-concentration 

breakthrough curve which represents the behaviour of the injected tracer in the flow route. For 

example, Bames (1999) used tracer breakthrough curves in the cretaceous chalk aquifer in Northern 

Ireland to characterise the aquifer. The study used uranine (or fluorescein) to calculate water 

velocities of up to 2838 meters per day and thus concluded flow to be through a conduit system 

rather than through fractures. Einsiedl (2005) and Morales et al. (2007) provide examples of similar 

studies using breakthrough curves on European karstic aquifers. See Figure 2.7 for an illustration of 

the use of uranine dye.

Figure 2.7; Injection of uranine dye into a small stream.
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Another group of artificial tracer, known as drifting particles operate differently to soluble tracers 

as discussed above. These tracers are engineered micro-organisms that are used for special 

applications particularly hygiene related issues such as the flow patterns of micro-organisms in 

surface water systems (Leibundgut et al., 2009). Tracers that have been used include lycopodium 

spores (Atkinson et al., 1973) and bacteriophages (Maurice et al., 2010, Drew et al., 1997). As these 

tracers do not dissolve into the water body being studied, they do not allow for the creation of a 

tracer breakthrough curve and thus only semi-quantitative analysis is possible.

For large studies with many objectives, it is necessary to use more than one tracer to avoid 

interferences. These studies must be well planned, with the most conservative and easily detected 

tracers being assigned the longest and most diluted trajectory (Benischke et al., 2007). For instance, 

Einsiedl (2005) used a combination of tritium (^H), uranine, bromide and strontium to characterise 

slow and preferential water flow in a karst aquifer of the Franconian Alb, Germany. The use of 

multiple tracers allowed for the determination of flow velocities in two flow paths (100 and 91 

m /h) and for the estimation of mean transit time (57-67 years). A multi-tracer experiment has also 

been carried out in the catchment under study by this thesis (the Gort Lowlands). Eighteen tracer 

experiments were carried out using the tracers rhodamine wt/ uranine, leucophore, salt and 

bacteriophage (types Psf2, T7, H6, 114 and H40). This study established a number of groundwater 

flow routes (Figure 2.8) and revealed the rapid speed at which water moved through the catchment 

(Southern Water Global, 1998). This study is described further in Section 3.5.1.1.

A tracer study may be enhanced by the use of activated charcoal bags. These bags can be placed 

into a water body to absorb the tracer. The tracer will subsequently be extracted from the bags in a 

laboratory. This technique can only be used qualitatively or semi-quantitatively as there is no 

strong correlation between volume of water and adsorption onto the charcoal (Leibundgut et al., 

2009). Charcoal bags have several advantages: they are efficient, cheap, immune to vandalism and, 

importantly, can amplify the ambient signal by up to ten times (Smart and Simpson, 2002). For 

example. Farmer and Blew (2010) used charcoal bags effectively in a tracer study in the Malad 

Gorge State Park, Idaho. Fluorescent dyes were released into a domestic well with the objective of 

detecting them at a gorge 900m away. Charcoal bags were placed at springs along the gorge and a 

two phased tracer test carried out. In the first phase, uranine was injected first and the charcoal 

bags were used to delineate the spatial distribution of the dye cloud. The second phase used 

rhodamine w t  and additional charcoal bags to increase the resolution of the first test. The average 

linear water velocity between the well and gorge was calculated as 800 feet per day.
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Figure 2.8: Tracer tests in the Gort Lowlands catchment carried out as part of the Gort Flood

Studies Report (Drew, 2003).

2.4.5 Environmental Tracers (Isotopes)

With the development of mass spectrometers in the 1950s and the improvements in accuracy and 

efficiency since then, isotopic measurements have become commonplace and are a critical tool in 

current groundwater studies (Sanford et al., 2011). These environmental tracers are defined as the 

properties or constituents of water that have not been induced as a result of an intended experiment 

and which can provide qualitative or quantitative information about the hydrological system 

(Leibundgut et al., 2009).

34



Literature Review

Isotopes of an elem ent have the same atomic num ber but different atomic weights due to variance 

in the num ber of neutrons within the nucleus. For example, m ost oxygen has 8 protons and 8 

neutrons giving an atomic mass of 16 ( '^ ) .  H ow ever 0.035% of oxygen has 9 neutrons (’^O) and 

0.2% has 10 (’®0). The range of variance is limited by the instability created by having too many or 

too few neutrons (Clark and Fritz, 1997). Some isotopes will be stable and others will be unstable (or 

radioactive) and will decay over time. Stable Isotopes (e.g. ’®0, -H, ^S) can be used as tracers of 

water and Radioactive Isotopes (e.g. ’^C, *̂C1) offer the possibility to determ ine water age due to

their decay. The m ost commonly studied isotopes are the stable isotopes of w ater ( ' ^ ,  and ^H). The 

principles behind the use of stable isotopes in hydrology are discussed further in C hapter 8.

The international Atomic Energy Agency (IAEA) has played a crucial role in isotope hydrology 

since its inception in the 1950s. One of the m ost im portant duties it carries out is the Global 

Network for Isotopes in Precipitation (GNIP). This is a netw ork of currently 185 stations in 53 

countries that contribute monthly samples to be tested for '®0 and as well as tritium  (Aggarwal 

et al., 2011). This data is invaluable to isotope studies w orldw ide including the studies in this thesis 

which make use of GNIP data from Valentia weather station in Kerry.

Environmental tracers can be of great use in karst studies just as artificial tracers have been proven 

to be (and even greater advantage if both are used together (Einsiedl, 2005)). Stable isotopes were 

used in a study by Perrin et al. (2003) to conceptualise the epikarstic storage of a karst aquifer in 

Switzerland. The system was sam pled weekly over a period of two and a half years and tested for 

and The results indicated the im portance of the epikarst as a storage elem ent which 

separates w ater into either a base flow com ponent or a quick flow com ponent depending on 

recharge. Long and Putnam  (2004) used to model the distinct responses and relative 

proportions of the conduit, interm ediate and diffuse flow com ponents in karst aquifers. C onduit 

flow was described by linear system m ethods w hereas diffuse flow was described by mass-balance 

methods. The results of this study could also be used to indicate relative proximity of a weO to a 

main conduit flow-path and to help predict the m ovem ent and residence times of potential 

contaminants. A general finding of O and H isotopic studies is that m ost karst waters are derived 

from local meteoric w ater, with the spatial and tem poral variations in these paren t meteoric waters 

being inherited but imp>erfectly hom ogenised in the karst reservoir (Criss et al., 2007).

Lakes are well suited to isotope analysis, the only prerequisite being that isotopic variations can 

occur as a result of natural processes w ithin the w ater bodies (Gonfiantini, 1986). The investigations 

most frequently carried out on lakes deal w ith water dynam ics and w ith the w ater balance. To
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carry out a water balance study, it is crucial to understand if the lake under observation is steady or 

non-steady. A steady state system is one in which there is little variability of the lakes properties 

(depth, tem perature, salinity etc.). If the lake is deemed steady state, the water balance can be 

relatively simply carried out using the mass balance equation below (see Figure 2.9):

dV,
- T ^ = I s +  Ig + P -  Os -  Og - E
dt Equation 2.11

E, 5

Jjr,

V _  _

V , 6

Figure 2.9; Hydrological and isotopic budget of a lake system  (Mook, 2001)

Such studies using this mass balance principle have been carried out on Lake Edward in Uganda- 

Congo (Russell and Johnson, 2006), Lake Garda in Italy (Longinelli et al., 2008) and Lake Titicaca in 

Peru-Bolivia (Fontes et al., 1979).

In situations where the system is evolving in time, both hydrologically and isotopically, the lake is 

non-steady and tlie steady state version of the mass balance equations cannot be used. Ephemeral 

lakes such as turloughs are examples of non-steady state systems. To carry out a w ater balance on a 

non-steady state lake (d V /d t ^0), Equation 2.11 can still be used so long as all other variables are 

known. Non-steady mass balance m ethods have been carried out on alpine lakes (Gurrieri and 

Fum iss, 2004), shallow arctic lakes (Gibson, 2002) and the hypersaline, O w en's Lake in California 

(Phillips et al., 1986). However, uncertainty is a problem w ith this m ethod, w ith best fit models 

having an accuracy of ±30% (Gonfiantini, 1986, Zimmerman, 1979).
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A small number of isotopic studies have been carried out on lakes and surface waters in Ireland. 

Deifendorf and Patterson (2005) sampled 144 lake and river locations in Ireland over a three week 

period to give a snapshot of stable isotope values for one season. Surface water 5'* values ranged 

from -7.4 to -2.4%o, averaging -5.4%o, and 5̂  values ranged from -53 to -17, averaging -37%o. 

Turloughs were not sampled in this study as they were dry during the sampling period. However 

in a study on sea-water/groundwater interaction by Einsiedl (2012), a furlough was incorporated 

and values of -3.5%o and -26%o were recorded for 5'® and 5̂  respectively. Similar isotopic values of 

surface waters were found in a study of the British Isles (Darling et al., 2003). The most relevant 

study for this thesis is that of Bowen and Williams (1973) who carried out an isotopic study on the 

Gort Lowlands and the adjoining River Fergus catchment using '*0 and tritium (-'’H). In this study, 

28 sites were sampled on two occasions and the results used to broadly determine the groundwater 

circulation from an isotopic perspective. Bowen and Williams concluded that due to the substantial 

amounts of tritium found within the catchment, the groundwater undergoes relatively rapid 

circulation. Also, the "*0 results showed how the groundwater variability and its isotopic signature 

are determined by the rapidity of water throughput and the season of recharge. These conclusions 

are in accordance with what would be expected from a karstic region such as the Gort Lowlands.

2.4.6 Spring Hydrographs

The temporal variation in spring discharge, as expressed by the spring hydrograph, can provide 

great insight into the storage and transport characteristics of a karst aquifer. The spring hydrograph 

can provide information about internal structure and geometry of karst aquifers, storage volumes 

of different aquifer components and transfer times (Groves, 2007). In this manner, the karst conduit 

network can be thought of as a transfer function, transforming the input function (precipitation) 

into an output function observed in the form of a spring hydrograph.

A number of factors affect the response time of a karst aquifer and thus the spring hydrograph. 

These factors include the contribution of allogenic recharge and internal runoff, the carrying 

capacity and internal structure of the conduit system, and the catchment area of the spring (White, 

2002). Depending on these factors, spring hydrographs vary in sensitivity, some showing 

individual storm pulses while others only displaying seasonal trends. An aquifer with a fast 

response time shows individual storm pulses similar to a surface stream hydrograph. This indicates 

a system with a well-developed conduit network dominated by allogenic recharge. A slower 

response time may indicate that the aquifer is recharged by diffuse infiltration rather than sinking 

streams or internal runoff (White, 1988). It should be noted however that a slow response
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catchment can give a misleadingly fast response hydrograph if there is a sinking stream located 

close to the spring (Quinlan et al., 1991).

Boussinesq (1904) and Maillet (1905) were the first to apply quantitative analysis to hydrograph 

recessions. They proposed that the discharge of a spring is a function of the volume of water held in 

storage (Ford and Williams, 2007). Maillet put forward a simple exponential relationship to 

describe the recession limbs of a hydrograph:

Qt =  E quation  2 .1 2

where Qt is the discharge at time t, Qo, is the initial discharge at time zero and t is the time elapsed. 

This relationship implies that a semi-log plot of time versus spring discharge for the recession 

period yields a single straight line with slope a. However, springs often diverge from this 

exponential behaviour and display two or more straight Une segments (for an example, see Figure 

2.10). One line represents the portion of the aquifer that drains quickly and the other line displays a 

more slowly draining portion. Atkinson (1977) referred to these portions as 'quickflow' and 

'slowflow', where 'quickflow' represents the portion of the catchment draining quickly via conduit 

flow and 'slowflow' represents the purely Darican response of the drainage from the fractures into 

the conduit system. However, more recent studies such as Kovacs et al. (2005) have found this 

'quickflow' and 'slowflow' hypothesis to be an over simplification. Instead, Kovacs et al. (2005) 

suggest that spring flow can be described in terms of matrix-restrained flow regime (MRFR) and 

conduit-influenced flow regime (CIFR).

Big Spring, MO 

2 Components

9  days

a
c

t f  = 2 5  doys

tima (doys)

Figure 2.10; Storm hydrograph from Big Spring MO, showing quickflow  

and slow flow  components (From White (1993)).
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The analysis of spring hydrographs has been developed further to provide a method of estimating 

hydraulic and geometric parameters of karst systems. For example, Bonacci (1993), used the 

recession coefficient, a, from Equation 2.12 to derive storage and transportation characteristics of 

an aquifer. Kovacs and Perrochet (2008) describe the use of two dimensional analytical solutions for 

diffusive flux from symmetric and asymmetric rectangular blocks. These solutions are used to 

analytically simulate spring hydrographs of shallow karst systems for constant recharge conditions. 

This method enabled the estimation of hydraulic parameters and conduit network geometry of 

karst aquifers.

A good example of a study using spring hydrographs to solve a hydrological problem is that of 

Fiorillo (2009). In this study, hydrographs were used to provide a forecast for an oncoming drought 

in Southern Italy. Hydrographs with no peak (or flat spring hydrographs) signify insufficient 

recharge due to poor annual rainfall. This results in deep aquifer emptying and is considered an 

indicator of drought for an entire karst system. Using a flat hydrograph, the author determined 

that, if cumulative rainfall exceeds the threshold value of 740 mm, no drought will occur. This 

conclusion is an important tool for water management in the region with more frequent droughts 

likely to occur due to global warming.

2.4.7 Spring Water Chemistry (Hydrochemistry)

While some features of karst aquifers can be determined from hydrographs (retention times, 

volumes etc.), these methods yield no information concerning the actual transit or residence time 

and on location of storage (epikarst, unsaturated or saturated zone). Hydrochemical methods can 

provide answers to these questions if enough parameters are measured (Hunkeler and Mudry, 

2007) In carbonate aquifers, the chemical composition is usually dominated by products from 

dissolution of carbonate minerals such as calcite, aragonite and dolomite. Minor amounts of Fe- or 

Mn-carbonates may also be present. Throughout European carbonate aquifers, trace element 

concentrations in groundwater are generally low (Hunkeler and Mudry, 2007, Kilchmann et al., 

2004).

The most obvious chemical effect on the behaviour of a carbonate aquifer is carbonate dissolution 

as it controls groundwater flow. Hardness (the amount of divalent cations Ca^^ and Mg2+), 

temperature and calcite saturation index are some of the most commonly used hydrochemical 

indicators as they fluctuate seasonally and respond to storm water inputs into the catchment. For 

example, Shuster and White (1971) used variation in hardness to classify springs as diffuse-flow
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feeder system types or conduit feeder system types. It was concluded that a high coefficient of 

variation was an indication that the spring was draining into an open conduit system. This is 

because a conduit flow system would be more affected by a surge of low-hardness storm water, 

thus diluting the overall hardness of the spring. Springs with low coefficients of variation are 

usually close to saturation with resp>ect to calcite or dolomite and are thus believed to come from 

interangular porosity reflecting the long residence time in the rock. Worthington et al. (1992) 

however, points out that a low coefficient of variation does not imply an absence of conduits, only 

that the recharge is mainly from diffuse infiltration rather than allogenic recharge or internal runoff. 

Similar to hardness, variations in specific conductance of a spring is a good indicator of the 

proportion of allogenic and internal runoff water compared with the proportion of diffuse 

infiltrations (White, 2002). A study on the cretaceous chalk aquifer in Northern Ireland used these 

principles (as well as a tracer test) to characterise the aquifer. Measurements of conductivity, 

temperature and total hardness were recorded and due to the high variability of these parameters, 

it was concluded that the springs met conduit flow criteria (Barnes, 1999). L6pez-Chicano et al. 

(2001) however warns that hydrochemical variability on its own is not enough for the structural 

characteristics (diffuse or conduit) of a karst aquifer to be established. The hydrodynamic aspects of 

the aquifer must also be considered.

Another way of using these parameters is a more focused approach that targets individual storm 

events. If done correctly, this method can provide information about the arrival of different water 

types at a spring and the mixing between them. During the initial phase of flood, the concentration 

of limestone-dissolution related parameters can stay constant or even increase indicating that 

highly mineralised water is pushed out of the system (piston effect). This piston-flow water may 

have spent long residence time in contact with the limestone and thus have high concentrations of 

ions. After time, the concentration of limestone-dissolution related parameters decreases due to the 

mixing of pre-event water with storm derived water (Hunkeler and Mudry, 2007). If concentrations 

of dissolved ions Ca^*, Mg^+, and HCO3 are continijously monitnred at a spring, they can be used to 

separate the pre-event water from the storm water based on the premise that there is a significant 

difference in ionic concentration of old and new water. An example of such a study is that of Ryan 

and Meiman (1996) which was carried out on the Big Spring basin in the south-central Kentucky 

karst. In this study, it takes a full day after a storm event for the piston flow water (with its 

limestone-dissolution related parameters) to move through the system to be replaced with low- 

hardness storm water. A dye-trace was used also in this test to successfully back up hydrochemical 

data. Dreiss (1989) carried out a similar piston flow experiment in south-eastern Missouri. See 

Figure 2.11 for an example of piston flow observed at Coy furlough estavelle (taken from an
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electrical conductivity survey of Blackrock and Coy furloughs, see Section 7.2.3 for more 

information). In this figure, the black line represents the furlough stage and the blue line represents 

the electro-conductivity (EC) recorded at the furloughs spring. The EC can be seen to peak and then 

dip as the furlough starts to fill before recovering to its normal concentration.

■Spring EC

l& ^Jan 1 8 -Ja n  2 0 -Ja n  2 2 -Ja n  2 4 -Ja n  2 6 -Ja n

Figure 2.11: Piston flow behaviour in Coy furlough, January 2013. Blue line is EC, Black line is

Stage.

A study by Valdes et al. (2006) in the Haute-Normandie region of France observed the response of 

conductivity and turbidity at 5 outlets (2 wells and 3 springs) after rainfall events to separate out 

slow and fast flow. Autocorrelation functions and turbidity conductivity (T-AC) hysteresis curves 

were used to analyse the responses. The results display how the memory effect of conductivity can 

indicate whether water was stored in the system or not based on the principle that stored water will 

deposit its suspended solids. The (T-AC) curves also demonstrated the difference between transport 

of dissolved solids and suspended solids, as suspended solids can undergo suspension and 

deposition.

Some studies use a technique known as Principal Component Analysis (PCA) in conjunction with 

hydrochemical data to estimate mixing proportions of water among different sources within a karst 

system. PCA is a multivariate statistical technique used to reduce the complexity of and decipher 

patterns within large data sets by determining a small number of principal components that 

account for the greatest variance in all the original variables (Wold et al., 1987). It can be used to 

identify which of the measured components provide the greatest variation in the composition of the 

water. For example, a study by Moore et al. (2009) compared variations in surface/ground water 

chemistry to physical conditions (stage, precipitation, evapotranspiration) and used PCA to 

determine where the water was sourced. PCA suggested that mixing of two shallow sources 

(diffuse and allogenic recharge) and one upwelling deep-water source explained 91% of the
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chemical variation in the sink rise system. The author noted however, that even in a system 

dom inated by allogenic recharge and conduit flow, the deep source provided m ost of Na'^, Mg^+, 

K*, Cl' and 5 0 4 “ to the system and thus is the prim ary influence on major-element chemistry. 

Another study by Doctor et al. (2006) used PCA combined with End Member Mixing Analysis 

(EMMA) to estimate mixing proportions am ong three sources, allogenic, autogenic and epikarst in 

the classical karst (kras) region of Italy/Solvenia. Using this PCA/EM M A m odel, it was determ ined 

that a com ponent derived from shallow vadose-zone storage is expressed immediately following 

intense rainfall, and is gradually replaced by a second epikarst water com ponent influenced by 

anthropogenic activities.

An interesting study by Perrin et al. (2007) in the Swiss Jura describes the impact of tributary 

mixing on chemical variations at a karst spring. A simple transient flow and transport numerical 

model was created which could reproduce chem ographs and hydrographs observed at a spring. 

This model was then subject to a sensitivity analysis which showed that it is possible to produce 

chemical variations at the spring even if all tributaries have constant (but different for each) solute 

concentrations. This process is known as tributary mixing. This study led to two im portant 

conclusions concerning transport of chemicals in the phreatic zone: (1) transport is mainly non

reactive, even during flood events and (2) no significant mixing com ponent with water stored in the 

low permeability volumes occurs in the phreatic zone.

Acid Neutralization Capacity (ANC) is a param eter sometimes used for hydrograph splitting of 

rivers. It is useful because it is easily m easured, behaves conservatively on groundw ater-soil-w ater 

mixing and provides a clear m arker between soil and groundw ater zone. ANC decreases with 

increased flow in a river due to the dilution with w ater of low base cation concentration (Neal et al., 

1997, Robson and Neal, 1990). In karst catchments, it can be assum ed that the contribution of weak 

organic acids, phosphates, silicates, borates etc. to the ANC of the system is minimal, thus reducing 

A.NC to a function of the carbonate systenr

ANC «  [HCOJ] + 2[C 0|“] +  [0H“] -  [H+] Ecjuation 2.13

This corresponds to the definition of alkalinity and therefore the study of alkalinity can be 

reasonably represented by ANC. Chandler and Bisogni Jr (1999) used alkalinity in this way to 

calculate contact time of w ater with a limestone aquifer. The responses of the alkalinity saturation 

ratio and the runoff depth to increasing rainfall depth  were used to affirm the hypothesis that 

epikarst infilling and changing soil structure creates throttles to percolation and infiltration.
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2.5 M odelling Karst Aquifers

Mathematical models of groundwater flow have existed since the late 1800s and have evolved 

rapidly during the second half of the 20*'' century. The development of computer technology since 

the 1960s facilitated the creation of complex numerical models which could solve detailed 

hydrogeological problems (Kovacs, 2003). However, due to the highly heterogeneous nature of 

karst groundwater flow, specially adapted modelling methodologies are required for modelling of 

karst aquifers. Teutsch and Sauter (1998) describe how the most appropriate modelling approach 

for karst aquifers depends on whether the inputs to the aquifer are point or diffuse and whether the 

observation point is point (e.g. a well) or diffuse (e.g. a spring). Scanlon et al. (2003) lists another 

four important factors in choosing a particular modelling approach:

• Degree of karstification: A predominantly diffuse aquifer can be successfully modelled as 

an equivalent porous medium. A similar approach can be used for a conduit dominated 

system if the conduits are uniformly distributed and well interconnected (although Kovacs 

(2003) disputes this). A poorly distributed but well understood conduit system can be 

modelled by a discrete channel network model such as that of Gill et al. (2013a) and 

Peterson and Wicks (2006).

• Objective of the modelling study: The objective will dictate the conceptual structure of the 

model. Examples of objectives include evaluation of groundwater flow for water 

management, analysis of contaminant transport and assessment of aquifer vulnerability to 

contamination.

• Data availability: The more data you have, the better the chance of achieving an accurate 

calibration for a model. Some models are based on spring discharge alone compared to 

other models which may have detailed information on the flow system such as water 

levels, flow velocities, tracer results, spring temperature and chemistry.

• Availability of codes; The relevant numerical codes are imperative to a good simulation. 

For example, a karst model must include numerical codes for turbulent flow which are not 

included in regional scale models even for karst systems.

Developing an appropriate conceptual model is the most important part of the entire modelling 

process (Ford and Williams, 2007). The conceptual model is the theoretical representation of a real
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system and consists of representative parameters such as flow-describing differential equations, 

geometry of the aquifer, a set of flow parameters, initial conditions and boundary conditions 

(Kovacs and Sauter, 2007). A good conceptual model of a karst system includes the heterogeneity 

and interlinked nature of the flow processes such as infiltration, storage, groundwater flow and 

discharge processes. An aquifer can be conceptually broken into three zones in the vertical 

direction. These zones are typically: soil and epikarst, unsaturated or vadose zone and phreatic 

zone. An early example of a conceptual model of a karst system is that of Drogue (1980) (see Figure 

2.12) which consisted of fissured blocks separated by high-permeability low storage units. This 

system contained 3 main porosity systems:

(A) A highly permeable upper zone (epikarst) with closely spaced fissure.

(B) Largely unweathered blocks with low-permeability cracks that permit slow flow.

(C) High-permeability conduits that permit rapid flow.

Overall, two distinct approaches of mathematical modelling have been developed for karst 

hydrological systems, global models and distributive models. Global models (or lumped parameter 

models /  spatially lumped models) derive a relationship between input and output. When using a 

global model, the karst system is being considered as a transducer that transforms input signals 

(recharge) into output signals (discharge). Distributive models, on the other hand, use theoretical 

concepts such as aquifer structure and hydrodynamic flow equations to simulate the hydraulic 

behaviour of a karst aquifer (Ford and Williams, 2007).

Figure 2.12: Double fissured porosity system (Drogue, 1980)
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2.5.1 Global Models

Global models transform an input signal (generally rainfall or allogenic recharge) into a spring 

hydrograph signal by representing the karst aquifer as a transfer function. Thus the monitoring of

can supply significant information regarding the global functioning of the karst system. However 

they lack spatial predictive power as they do not consider spatial heterogeneity of the aquifers 

(Kovacs, 2003). Global models can be used for example, to make predictions about the spring water 

quality based on recharge and spring data. They are not capable however, of assessing the spatial 

distribution of the water quality (Ghasemizadeh et al., 2012). Two distinct typ>es of transfer function 

analysis methods can be distinguished, single event methods and time series analyses. Single event 

methods deal with the global hydraulic response of the aquifer to a single rainfall event and time 

series analyses deal with the global hydraulic response of the karst system to a succession of rainfall 

events (Kovacs, 2003). Time series analysis is also known as 'black-box modelling' as it does not 

rely on the specification of the size, shape or location of the internal structure of the aquifer whereas 

single event modelling is often based on simple or sometimes more complex reservoir systems and 

involve physical phenomena which makes it appropriate to call them 'grey-box models' rather than 

'black-box models' (Kovacs and Sauter, 2007).

The transfer function of a lumped parameter model can be represented by a single mathematical 

function or a time series although usually there is no simple method to derive the transfer function 

used to model an individual storm event or more long-term series. To identify transfer functions, 

two distinct methods can be distinguished. The first is to determine parametric transfer functions 

(e.g. an instantaneous unit hydrograph determined from a conceptual model) and then optimise the 

parameters to fit the data. The second method uses numerous different numerical methods for the 

determination of non-parametric transfer functions which include Fourier transforms, least squares 

approaches and statistical method (Denic-Jukic and Jukic, 2003).

If a system is assumed to be linear and time invariant, the relationship between input and output is 

represented by the convolution equation:

spring discharge from a karst aquifer makes the characterisation of the hydraulic behaviour of the 

entire system possible. As these lumped parameter models are based on physical phenomena, they

0
Equation 2.14
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where y(t) is the output time series, h(t-t') is the transfer function, x(t') is the system input time 

series and (t-t') represents the delay between input and output (Long and Derickson, 1999). So if the 

input x(t') and output y(t) functions are known, the transfer function h(t-t') can be derived using 

deconvolution methods such as linear programming (Neuman and De Marsily, 1976). It should be 

noted however that the assumption of a karst system being linear and time invariant is an 

erroneous one. As such, transfer function models of karst systems are always very approximative. 

The shape of the transfer functions can be characterised by the known physical structure of the 

karstic system. A delay in response can be due to delay in the non-karstic soil and sub-soil during 

surface infiltration and runoff or due to exchange of water between micro and macro fissure 

systems (Gill, 2010).

Irregularities in transfer functions are common due to the unavoidable errors in input and output 

time series and the simplifications made by assuming the system is linear and time-invariant. These 

irregularities, which cause unstable oscillatory functions, are pronounced in the tail of the transfer 

functions. As a consequence, the transfer function is not suitable for simulating the recession part of 

a karst spring hydrograph and should only be used on the quick-flow component (Denic-Jukic and 

Jukid, 2003, Dreiss, 1982). A new form of transfer function for karst aquifers, known as a Composite 

Transfer Function (CTF), has been developed to avoid this irregularity. These functions use the 

superposition of two transfer functions adapted for the quick flow and slow flow hydrograph 

components (Denic-Jukic and Jukic, 2003). Jukic and Denic-Jukic (2005) also derived a kernel 

function for karst aquifers from the time-invariant and non-anticipatory Volterra series. Another 

method was presented by Padilla and Pulido-Bosch (2008) whereby the karst Tocal de Antequera 

aquifer in Spain is divided into three zones: surface zone, unsaturated zone and saturated zone. 

Each of these zones being described by its own transfer function that determines the water supplied 

from the overlying zone.

Global models based on a set of linked reservoirs have also been developed such as the empirical 

reservoir model developed for the Fontaine de Vacluse aquifer in southern France which used three 

reservoirs to simulate the high and low spring discharge rates (Figure 2.13). The first soil reservoir 

simulates the infiltration through the soil using effective rainfall and a transfer function. This 

infiltration is then split between two parallel reservoirs, one representing slow flow (fracture flow) 

and the other representing rapid flow (conduit flow). The slow flow reservoir transfer function was 

determined by hydrodynamic analysis of the spring hydrograph while the rapid flow reservoir was 

a fitted parameter. The discharge from each reservoir was proportional to the water level within the 

reservoir (Fleury et al., 2007).
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Figure 2.13: Conceptual model of Fontaine de Vacluse system (Fleury et al., 2007)

2.5.2 Distributive Models

Distributive models of a karst aquifer split the hydrogeological system into homogeneous sub-units 

in which groundwater flow can be described by basic physical laws (Kovacs and Sauter, 2007). 

These models may consider both spatial and temporal variations in recharge, hydraulic parameters 

and in the discharge and thus can represent the complete quantitative characterisation of the flow 

systems in karst aquifers (Kovacs, 2003). These models are preferable if groundwater quality 

parameters are to be assessed at many different locations within the aquifer, such as the simulating 

the development of a contaminant distribution (Ghasemizadeh et al., 2012). Distributive models 

however may require detailed information on aquifer geometry, hydraulic parameter fields and 

recharge conditions, details of which are often difficult to ascertain.

Distributed models can be partitioned into two principal concepts: a single continuum representing 

the effective overall parameters of the aquifer or a discrete set of fractures and conduits with flow 

only considered within those discrete flow paths. Kovacs (2003) combine these two concepts into 

five distinct modelling approaches (based of earlier classifications by Teutsch and Sauter (1998)). 

These approaches are the following:

• Discrete Fracture Network approach (DFN)

• Discrete Channel Network Approach (DCN)

• Equivalent Porous Medium Approach (EPM)

• Double Continuum Approach (DC)

• Combined Discrete-Continuum Approach (CDC).

47



Chapter 2 Literature Review

Each method has its advantages and disadvantages, and the selection of an appropriate modelling 

approach is crucial with respect to the desired output of the model. The approaches are displayed 

visually below in Figure 2.14.

EPM DC DFNCDC DCN

Figure 2.14: Classification of distributive karst modelling methods (Kovacs and Sauter, 2007)

The terminology for these modelling approaches varies across the literature. Ghasemizadeh et al. 

(2012) created a useful table for comparing these model names as can be seen below in Table 2.3.

Table 2.3: Varied terminology for modelling approaches found in the literature

(Ghasemizadeh et al., 2012)

Equivalent porous medium 

approach (EPM)

Single continuum porous equivalent approach (SCPE) 

I leterogeneous continuum approach 

Di.stributed parameter approach 

Smeared conduit approach 

Single continuum approach

Distributed

Double porosity model (DPM) Double continuum  approach (DC)

Double Continuum porous equivalent approach (DCPE)

Distributed

Discrete fracture network approach 

(DFN)

Parallel plate model 

Two types:

Discrete singular fracture set approach (DSFS) 

Discrete multiple fracture set approach (DMFS)

Distributed

Dis-:reto channel network npproach 

(DCN)

Discrete channel netivork approach (PCN) Distributed

Hybrid model (tlM) Combined discrete-continuum approach (CDC)

Combined single continuum-discrete fracture set approach (SCPE-DSFS)

Distributed

Hydrograph-chemograph analyses Single event methods Lumped

Linear storage models Rainfall-discharge models Time series analyses 

Box models

Lumped

Soft computing methods Computationally intelligence methods Lumped
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2.5.2.1 Discrete Fracture and Conduit Network approaches (DFN and DCN)

Discrete fracture (or conduit) models describe flow within individual fractures or conduits but 

ignore matrix characteristics by assuming negligible permeability. Flow within the fractures and 

conduits is modelled using hydraulic equations that govern laminar and turbulent flow (Hagen- 

Poiseuille and Darcy-Weisbach laws). It should be noted that these models are of limited use at the 

scale of an aquifer due to the computational power needed to account for every fracture or conduit 

but this limitation is disappearing with improvements in technology and the use of supercomputers 

(Ford and Williams, 2007).

DISCRETE FR ACTURE N E T W O R K  (DFN)

The DFN approach considers only certain sets of fractures within an aquifer to be permeable. It 

simplifies a fissured system into a network of two dimensional, and sometimes three dimensional 

(Long et al., 1985), fracture planes. Fracture networks are generated stochastically by applying a 

Monte Carlo process. According to this process, probability density functions are fitted to field data 

describing the spacing, length, direction and aperture of fracture sets identified on stereonets. 

Parameters are then sampled from these statistical distributions and assigned to individual 

fractures in the model (Kovacs and Sauter, 2007). The major advantage of DFN models is the 

capacity to model the compartmentalisation phenomenon of some karst aquifers whereby 

compartments of adjacent rock can have significant differences in hydraulic heads (Sawada et al., 

2000).

DISCRETE C O N D U I T  N E T W O R K  (DCN)

The DCN approach simulates flow in networks of pipes that represent karst conduits. The first 

documented successful attempt at a pipe-network approach was by Thrailkill (1974) for an aquifer 

in Kentucky. Since then, many aquifers have been modelled in this way with the more recent 

models being called 'discrete' models and containing an explicit conduit system based on actual 

exploration or by estimation as to where the conduits should be (Mohrlok and Sauter, 1997, White, 

2002, Jeannin, 2001). A good example of a DCN study was carried out by Jeannin (2001) in Europe's 

longest cave, the 185 km Holloch cave network in Switzerland. This model accurately simulated 

the turbulent flow in the variably saturated, conduit flow-dominated karst system (see Figure 2.15).

Springer (2004) developed a one-dimensional closed conduit model of a discrete cave segment of 

Buckeye Creek Cave, West Virginia, using Bernoulli's energy equation and the assumption that 

energy' losses in the segment are generated by large-scale flow separation associated with 

expansions and bends. The study used paleostage indicators and passage geometry to estimate the
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total head loss across the 1.6 km conduit. Channel roughness was estimated using pipe-based 

equations and a skin friction factor was also estimated. Discharge was then varied until calculated 

head loss matched observed head loss. Using this information, the discharge from Buckeye Creek 

cave was able to be estimated. Another aspect of this study was the estimation of a conduit friction 

factor (f) of 0.4-0.7 which Springer found reasonable as it lay between f values for large uniform 

passages from Norway (f = 0.116) (Lauritzen et al., 1985) and significantly obstructed passages (f = 

24-340) (Atkinson, 1977). The choice of friction factor is important in constructing a pipe flow model 

and care should be taken due to the wide range of derived friction (0.039-340) factors found by 

various researchers as seen previously in Section 2.2.2. Some numerical models use Manning's 

equation as part of the calculation for flow rate in conduits. For this reason, the Manning's 

roughness coefficient (n) is sometimes needed to be estimated. Typical values for this roughness 

parameter are 0.035 (Peterson and Wicks, 2006) and 0.04 (Thrailkill et al., 1991).
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Figure 2.15; DCN model of downstream part of Holloch cavc (Jeanr.in, 2001)

Peterson and Wicks (2006) carried out a study on the sensitivity of a pipe network model using the 

U.S. Environmental Protection Agency's Storm Water Management Model (SWMM) software. The 

model was applied to the Devil's Icebox-Connor's Cave System in central Missouri. The study 

found that 10% changes in the length or width of the conduits produced statistically different 

outflows in the calibrated baseline model. The model was also extremely sensitive to changes in 

Mannings n but was relatively insensitive to changes in slope and infiltration rates.
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The most relevant DCN studv to this thesis is the conduit network model created for the Gort 

Lowlands turlough system (Gill et al., 2013a). This model simulated the behaviour of turloughs 

along a major conduit flow system using a conduit network with surcharged tanks. The diffuse 

contribution from the epikarst was included in the model by using a series of Darcian soil stores 

draining into permeable pipes. This recharge was then fed via these pipes into the main conduit 

network (discussed further in Chapter 6).

2.S.2.2 Equivalent Porous Medium Approach (EPM)

Equivalent porous medium models largely ignore conduit flow within an aquifer and assume 

Darcian flow' conditions on the basis that, at a large enough scale, the aquifer behaves as an 

isotropic, homogeneous medium. TTiis modelling technique is only appropriate for well-connected 

porous media or fractured systems at a fairly large scale (Ford and Williams, 2007) and as a result 

has generally only been applied to aquifers characterised as predominantly diffuse (Teutsch, 1993). 

Such an approach obviously does not adequately represent the complex flow patterns in well 

karstified aquifers and has been shown to produce fundamentally different temporal and hydraulic 

behaviour from karst media (Kovacs et al., 2005). Consequently, the use of EPM models is limited 

and is inadequate for modelling karst systems over a large range of applications.

EPM models can use either single continuum or double continuum approaches. The single 

continuum approach has proved adequate for simulating regional groundwater flow in lesser 

karstified aquifers (Scanlon et al., 2003, Greene et al., 1999, Keeler and Zhang, 1997). For more 

karstified aquifers a dual continuum approach can also be used whereby one continuum represents 

a diffuse zone of low conductivity and another zone represents a high conductivity, highly 

karstified zone (Teutsch, 1993). Flow in both zones is assumed to be laminar.

A study by Scanlon et al. (2003) carried out in the Barton Springs Edwards karstic aquifer in Texas 

compared two different EPM approaches: lumped and distributed parameter. The lumped 

parameter model described five connected reservoirs, each representing a major river in the study 

area and was calibrated using spring discharge. The distributed parameter model used MODFLOW 

modelling software and comprised of 14,400 cells, each cell representing all types of flow (conduit, 

fracture and matrix). Both models resulted in fairly accurate simulations of spring discharge which 

led Scanlon to conclude that either approach would be adequate for this purpose. However for 

detailed evaluation on a more local scale, a distributed parameter model is recommended.
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In 2000, the misuse of the EPM technique contributed to a pollution incident in Walkerton, Canada. 

After the water supply became contaminated with E. coli, MODFLOW was used to delineate a 30- 

day capture zone, outside of which water would be safe to drink. However, the MODFLOW 

assumes Darcian flow and ignores the rapid movement of water through fractures/conduits in a 

karst aquifer. Subsequent tracer tests demonstrated travel times of less than a day to pass the 

supposed 30-day capture zone. Seven people died and 2300 became ill as a result of the 

miscalculation (Goldscheider and Drew, 2007).

2.5.2.S Double Continuum Approach (DC)

The double continuum approach is currently the most useful modelling technique for simulating 

observed aquifer conditions in karst (Ford and Williams, 2007). As mentioned previously in Section 

2.5.2.2, the double continuum approach separates an aquifer into two zones: a diffuse zone of low 

conductivity and high storativity and more karstified zone with high conductivity and low 

storativity. It is best applied to karst aquifers that can be considered adequately represented by dual 

matrix-fissure, matrix-conduit or fissure-conduit groundwater systems. The two zones are treated 

as two separate overlapping continua, each with its own hydraulic and geometric parameters and 

flow equations (Ford and Williams, 2007). The two continua are joined by a source-link term in each 

equation and exchange of flow is governed by local differences in potentials.

DC models have been shown to simulate spring discharges adequately when compared to field 

observations (Mohrlok and Sauter, 1997) and have been used successfully in real world applications 

such as studies in the Swabian Alb in southern Germany (Teutsch, 1993, Sauter, 1992). A 

disadvantage of DC models is the inability to model the temporal delay of diffuse infiltration since 

both subsystems are coupled directly at each node. In order to incorporate diffuse infiltration, a 

retention function is necessary (Kovacs and Sauter, 2007). DC models provide meaningful results 

from a functional point of view, but as of yet no study has successfully demonstrated that they 

adequately describe tlie structural and spatial behaviour of a real karst system (case studies nave all 

been carried out in regions where the conduit networks are mostly or completely unknown).

The next logical step from the DC approach is a triple porosity model incorporating matrix, fracture 

and conduit systems. Such a model has not yet been developed due to difficulties in model 

calibration, availability of required data and computing capability. The development of a realistic 

triple porosity model for a karst aquifer represents the frontier in karst hydrogeological modelling 

(Ford and Williams, 2007).
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2.S.2.4 Combined Discrete-Continuum Approach (CDC)

The CDC approach is a method that is capable of handling the discontinuities that exist at all scales 

in a karst system (fractures, fault zones, karst channels etc.) by representing them as networks of 

different orders of magnitude embedded in each other (Kovacs, 2003, Kiraly, 1975). This method 

uses the finite element discretion method and allows the use of one, two or three-dimensional 

elements. High conductivity karst conduits can be simulated by one dimensional finite elements, 

which are set in a low permeability matrix represented by three dimensional elements. Also, the use 

of two dimensional elements can make the simulation of fractures and fault zones possible (Kovacs 

and Sauter, 2007). This approach enables the testing of conceptual models of karst systems as it 

facilitates the direct application of observed hydraulic parameters from an aquifer.

The SHETRAN physically-based distributed hydrological model has been used to model karstic 

groundwater movement as a combined system (Adams and Parkin, 2001), coupling surface and 

subsurface processes together into an integrated 3-D model of water flow and transport (Ewen et 

al., 2000). Flow in the sub-horizontal cave network in the saturated zone was modelled using the 

VSS-NET component of the model, originally developed to simulate groundwater rebound in 

abandoned mines (Adams and Younger, 2001). Also, recently MODFLOW software has been 

upgraded to include different conduit processes into its modelling suite. TTiis upgrade enables the 

modelling of conduit flow and matrix flow in the single MODFLOW software package.

CDC models are the most appropriate models for simulating the actual physical processes of 

interacting matrix and conduit flow. However, due to the large data requirements, modelling 

efforts and computational costs of this approach, its use is limited (Ghasemizadeh et al., 2012).

2.6 Summary

In this chapter a literature review was conducted to provide an overview of karst systems and to 

review the studies conducted on these landscapes to date. This revievk  ̂discussed the fundamental 

elements of karst hydrology (recharge, chemistry etc.) and karst network development. This 

chapter also introduced typical 'investigative techniques' employed in the monitoring and analysis 

of these systems and discussed the various modelling techniques (global and distributive) which 

have been applied to karst systems globally.

This literature review highlighted that the research conducted in this thesis into the hydrological 

behaviour of a lowland karst system would provide a valuable insight into a scarce form of karst
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hydrology for the global karst hydrological knowledgebase. Several 'investigative techniques' 

discussed in this chapter were identified as suitable methods for carrying out research as part of 

this thesis. These techniques and their contribution to knowledge include:

• Offering an overview of the geological and speleological background of a lowland karst 

catchment. In particular, the most recent sjjeleological investigations have been described 

and detailed in Section 3.3.

• The use of environmental tracers and general hydrcKhemistry techniques are fundamental 

to the findings of this thesis. This research offers the first published isotopic study of a 

furlough system and one of the most detailed hydrochemical studies of a lowland karst 

system (the hydrochemical work of the Gort Flood Studies Report was wider in scope but 

took much fewer measurements from each turlough).

This thesis describes the application of a discrete channel network model to a lowland karst system. 

Such lowland systems are rarely modelled (or investigated in general) and as such, the model 

provides a relatively important contribution to global karst modelling literature. Furthermore, the 

numerical model is combined with hydrochemical measurements in order to characterise the 

transport and fate of nutrients as they travel through the system.
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Chapter 3 Background and Site Description

3 BACKGROUND AND SITE DESCRIPTION

3.1 Irish Karst

Carboniferous limestone is the most common rock type in Ireland. It underlies almost half the land 

surface in Ireland (making it the primary aquifer in the country) and is often heavily karstified. 

Consequently, karst landforms and karst features are a significant aspect of the Irish landscape. 

Karst features such as dolines, bare rock exposures, collapsed conduits, springs and furloughs have 

been documented in 80-85% of limestone outcrops indicating that most and possibly all 

carboniferous limestones in Ireland have some degree of karstification (Drew et al., 1996).

j' j Pure Carboniferous
•------- 1 Limesiorie

impure Carbontlerous 
Limestof^e

I I N0n-cartx>08le rochs

Upiand (plateau) 
karsts

■  Ma}or a ties

Figure 3.1; Distribution of carboniferous lim estone in Ireland (Drew, 2008).
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With very few exceptions, Irish limestones belong to two periods of geological history: the 

Carboniferous (approx. 300-340 million years ago) and the Cretaceous (70-120 million years ago) 

(Karst Working Group, 2000). More recently, karstification has taken place in the Holecene (10 ka to 

present) which has resulted in the development of a weathered zone of limestone near the soil- 

carbonate rock interface known as epikarst (Section 2.3.3) as well as active karst features such as 

stream caves in the Burren (Drew and Jones, 2000). The degree of karstification on limestones in 

Ireland is spatially inconsistent as it dep>ends on the purity of the limestone. In the east and 

midlands of the country, the limestone is impure and large areas of limestone can be found absent 

of any karst features. In these areas, there is little interaction with the underlying karst aquifer and 

normal surface drainage systems are present. The purest limestones are found west of the River 

Shannon with extensive areas such as eastern Co. Galway, south Co. Mayo and Co. Roscommon 

completely devoid of any surface drainage systems. The distribution of limestones and their purity 

is displayed Figure 3.1.

The unusual aspect of Irish karst is that, unlike the situation in the remainder of Europe, Irish karst 

terrain is primarily lowland. Over 90% of the limestones are below 150m above sea level (asl) and 

much of it less than 100 masl. Due to the lowland nature of the karst, it often underlies some of the 

most productive agricultural land in the country as well as some major centres of population 

(Drew, 2008). Upland karst is only found in the Burren, Co. Clare and the north-west of Ireland.

Lowland karst is characterised by considerable interaction between ground and surface waters. The 

exchange of water between these two systems is made evident by certain karstic features including 

losing and gaining streams, swallow holes, estavelles, springs and turloughs. These complex 

interactions between surface and groundwater boundaries make it difficult to delineate boundaries 

of contributing areas or accurately quantify recharge for karst aquifers. Lowland karst in Ireland 

has relatively low hydraulic gradients, estimated at 0.01-0.001, and groundwater flow velocities 

recorded between 5 and 250 m./h. Upland karst tends to have hydraulic gradients an order ot 

magnitude higher but velocities of 20-300 m /h  similar to lowland karst (Drew, 2008).

As mentioned in Section 2.3.3, due to the lowland nature of Irish karsts, the vadose zones of these 

aquifers are relatively shallow which results in epikarst occurring within the phreatic or epiphreatic 

zones. As such, a significant quantity of diffuse flow through an Irish karstic aquifer can flow 

through the epikarstic zone. Thus in aquifers such as these, diffuse flow and epikarst flow can be 

thought of as roughly equivalent. Thus in terms of the Gort lowlands catchment, the terms diffuse

58



Chapter 3 Background and Site Description

flow and epikarstic flow are often interchangeable and shall be treated as such throughout this 

thesis.

3.2 The Gort Lowlands: Geology and Hydrogeology

The subject area of this research is the Gort Lowlands region, a 500 km^ catchment located in south 

Galway (see Figure 3.2). The area is bounded to the east by the low lying Slieve Aughty Mountains 

and to the west by the northern edge of the Burren (one of the largest karst landscapes in Europe) 

and drains north-west from the mountains across the Gort Lowlands to the sea at Kinvara. The 

catchment is a good example of low lying karst limestone in Ireland but has one differing feature; 

approximately half of the catchment is underlain by largely impermeable non-calcareous rocks. 

These non-calcareous rocks are primarily Devonian sandstones and underlay the Slieve Aughty 

Mountains to the east. The western side of the catchment is mostly flat and underlain by pure 

carboniferous limestone. As a result, the three primary surface rivers which drain the mountains 

run along an impermeable substrate surface until they reach the western karst region where they 

sink underground providing allogenic recharge to the karst aquifer.

This significant contribution of allogenic recharge to the low lying karst plain provides the 

catchment with unique hydrological and ecological characteristics. Furthermore, the catchment has 

seen relatively little human impact on the natural drainage system giving the region and its karst 

features an important conservation status. Consequently, the area has historically been the subject 

of intense research by hydrologists and ecologists (e.g. Kinahan (1865), Praeger (1932) and Williams 

(1964)). Since the 1980's, the area has also become a popular location for speleologists due to its 

well-developed karst conduit network offering many kilometres of unexplored underwater cave 

systems. In fact, the Gort Lowlands may be one of the longest underground cave networks in 

Europe (Siggins, 2010).
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Slieve Elva
F^lacapple Carran

depression
— More

Slieve Aujhty 
Mountains joo

CrusheenFanore

Old Red Sandstone 
365-360 million years old rrr

Carboniferous Limestone 
360-335 million years old

Clare Shales
330-320 million years old

Figure 3.3: East-West sketch section through the Burren and Gort Lowlands (Simms, 2001). The 

location of the section X-X can be seen in Figure 3.4

Figure 3.4: Bedrock geology of the Gort Lowlands 

(Karst features on the GSI database are shown as pink symbols).
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The Slieve Aughty uplands extend over some 640 square kilometers spread over County Galway 

and County Clare. They consist of two ridges rising to 300-360 meters separated by the 

Owendalulleegh River and are covered by bogs and some forested areas. Due to the lack of tree 

cover, lack of cultivation and poor drainage provided by the Devonian Sandstone, the area has 

substantial bog coverage. TTie region suffers from erosion problems which are exacerbated at 

present by extensive plantations of coniferous trees which accelerate the rate of run-off (Nugent, 

2006). Three main rivers run down from the mountains and into the carboniferous lowlands: the 

Owenshree, the Ballycahalan (or Ballylee/Boleyneedonish) and the Owendalulleegh (or Derry wee).

These three rivers supply chemically-aggressive waters derived from non-carbonate catchment 

areas into the lowlands: the Owenshree to the north-east, the Ballycahalan to the east and the 

Owendalulleegh to the south-east. The allogenic recharge supplied by these rivers has rapidly 

influenced karst development in the region, whereby the relatively acidic waters (mean pH: 7.2) 

derived from the peaty catchment of the Slieve Aughty Mountains has contributed to the 

development of a complex network of sinking streams, conduits and furloughs (carbonate aquifers 

typically have pH's closer to 7.9, Chapman (1996)). A further two rivers drain the extremities of the 

Gort Lowlands, the Cloonteen River to the south and the Aggard Stream to the north (Figure 3.14). 

The Cloonteen River system originates in Lough Bunny and flows northwards until it sinks 

underground in all but high flow conditions which occur during the winter (Southern Water 

Global, 1998). During such periods the river continues northwards, flowing into Hawkhill Turlough 

on the southern boundary of the Coole-Garryland complex. The Aggard Stream rises in sandy till 

on the northern boundary of the Gort Lowlands and flows into the Dunkellin River (Figure 3.14) 

arterial drainage scheme, and so is not thought to contribute significantly to the hydrology in the 

Gort area. The conceptual ojjeration of the three rivers and their conduit linkages are described 

below (see Figures 3.2 and 3.6 for reference maps).

OWENSHREE RIVER -  BLACKROCK TURI OUGH -  COY TURI OUGH -  BALLYLtE  

The Owenshree River drains the northern extremity of the Slieve Aughty Mountains, flowing 

north-west initially before turning south-west towards the limestone plain. The majority of the river 

continues to flow overland along the carboniferous limestone plain for approximately 13 km until it 

reaches Blackrock turlough, whereupon it sinks underground. The water then moves south, either 

surcharging into Lough Coy turlough or bypassing it completely along its path towards Ballylee. At 

Ballylee, the path of the river water is determined by the prevailing flood conditions. In dry 

weather, flow remains underground emd it is presumed to join up with water from the Ballycahalan 

River after it has sank at Ballylee sink south (Figure 3.2). In wet weather conditions (when the levels
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of the turloughs exceed the level of Ballylee), flow from the O w enshree re-emerges at the estavelle 

known as Ballylee sink north  and continues overland, joining up  with w ater from the Ballycahalan 

before entering the subterranean system via the southern sink.

It should also be noted that a series of swallow holes exist along the river bed of the Owenshree. 

These swallow holes drain  a proportion of river w ater either transm itting the flow underground 

tow ards Blackrock turlough or via a separate deep karst conduit link directly tow ards Kinvara. This 

separate conduit system is know n as the northern flow route (Southern W ater Global, 1998).

BALLYCAHALAN RIVER - BALLYLEE

The Ballycahalan River flows dow n from the western flank of the Slieve Aughty M ountains until it 

reaches Ballylee, to the south of Lough Coy, w here it splits into tw o branches. The southern branch 

conveys the majority of the river discharge towards a swallow hole (Ballylee sink south), while the 

northern branch links to Ballylee sink north. At the Ballylee sinks, the Ballycahalan River starts to 

interact with the O wenshree. During dry periods Ballycahalan River drains into both the northern 

and southern sinks, m erging underground with discharge from the Owenshree. During wet 

periods, the entirety of the Ballycahalan (along with a contribution from the Owenshree from the 

northern estavelle) drains into the southern sink. From here, the collective flow from both rivers 

travels through an underground conduit tow ards Polldeelin rising. The conduit runs for an 

estimated 3.5-4 km, m aking it, one of if not the longest, underw ater caves in Britain and Ireland 

(Kozlowski and W arny, 2009). Tracer studies have also show n evidence of a second flow path from 

Ballylee sink south w hereby water bypasses Polldeelin, instead flowing directly tow ards 

Caherglassaun turlough to the west (Southern Water Global, 1998). See Figure 3.5 below for photos 

of Ballylee sink north discharging (A) and em pty (B) (note: for (B), w ater sinking into estavelle out 

of view).

Figure 3.5; Ballylee sink  north discharging (A) and em pty (B).
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OW E N DA L U LL EE G H  RIVER -  L O U G H  CUTRA -  DEVIL'S P U N C H B O W L  -  P O LL D U A G H  

RISING -  G O R T  T O W N  -  P O LL A TO O PH I L  S INK

The largest river feeding the Gort Lowlands, the Owendalulleegh River, rises in Derrybrien East 

approximately 15 km due east of Gort town. TTie Owendalulleegh flows westward towards Lough 

Cutra, fed by a dendritic network of surface channels on the southern slopes of the Slieve Aughty 

Mountains. The Owendalulleegh discharges into Lough Cutra, where it combines with further flow 

from a smaller river, the Gorteenboy, which drains a sub-catchment on the south-western side of 

the Slieve Aughty Mountains. Lough Cutra acts significantly to attenuate the Owendalulleegh 

flows, dampening peak discharges of the river as it exits the lake in the north-west comer as the 

Beagh River.

From Lough Cutra the river flows westwards before sinking first at the Devil's Punchbowl, 

temporarily emerging as a 200m stretch known as the Blackwater (Figure 3.7), before rising from 

Pollduagh Cave. From here the river flows northwards through Gort for approximately 6 km until 

it sinks again at Polltoophill (Castletown) sink. From here, the river flows towards Polldeelin rising 

via a 2.4 km long underground conduit, sinking 62m below ground level before re-emerging at the 

spring to the west of the N18 at Kiltartan along with the combined flow from the Owenshree and 

Ballycahalan Rivers. From here, flow is over-ground for around 500m before sinking at the 

Kiltartan sink (Tommy Murray's sink), only to rise again 400m to the west as the Coole River.

COOLE RIVER -  C O O L E - G A R R Y L A N D  CO M P L E X  -  C A H E R G L A S S A U N  -  

K I N V A R A / C O R R A N R O O

The majority of the Coole River flows into Coole turlough, the largest turlough in the Gort 

Lowlands system and part of the Coole-Garryland complex Special Area of Conservation (SAC). 

This SAC is made up of Coole and a number of other surrounding turloughs including Garryland, 

Doo (not shown on map), Newtown and Hawkhill. These turloughs are group>ed together as one 

SAC based on their similar ecological behaviour rather than their hydrologic behaviour wliich is 

more varied.

The northernmost turloughs (Coole, Doo and Garryland) are fed predominantly by water from the 

Coole River. During low to mid-range water levels, the southern turloughs (Newtown and 

Hawkhill) are chiefly fed from the Cloonteen River to the south which keeps them hydrologically 

(and hydrochemically) separate from the northern turloughs (Southern Water Global, 1998). 

However, during high water level periods, a shallow epikarst system connects the northern and
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southern turlough systems. In extreme flood events, overland connections are established between 

the two systems causing extensive flooding which can last several months.

As the water drains from the Coole-Garryland complex, it flows northwest towards Kinvara via 

Caherglassaim turlough (Figure 3.6). This turlough is the last in the Gort Lowlands chain of 

furloughs and has no surface water inputs (except during extreme flood events). The most 

significant feature of Caherglassaun turlough is that, due of its proximity to sea-level, it is subject to 

tidal effects. The drainage area between Caherglassaun turlough and Kinvara Bay is completely 

subterranean. The landscape is flat and featureless and completely devoid of surface water. The 

most distinctive landforms are a series of large enclosed depressions which are a result of collapses 

into a major water filled karst conduit (up to 25m in diameter). TTie collapses follow a line from 

Caherglassaun Turlough to Corranroo (an inlet approximately 4 km west of Kinvara). Corranroo is 

the ancient outlet for the conduits, which most of the modem drainage now short-circuits, flowing 

instead towards a series of intertidal springs in Kinvara. Kinvara is thus the focal point for the 

underground drainage system with a total catchment area of 483.41 km^ (Environmental Protection 

Agency, 2011) where two major (and some more minor) intertidal springs on the coastline 

discharge water at flows typically between 5-20 m^/s. Studies by Drew (2003), Cave and Henry 

(2011) and Jennings O'Donovan & Partners (2011) have suggested maximum flows of up to 80-100 

m?/ s.

The two springs at Kinvara (Kinvara East and Kinvara West) discharge chemically contrasting 

water. It is understood that Kinvara West is the main outlet for the Gort lowland conduit system 

whereas Kinvara East discharges water from more diffuse epikarst-type sources within the 

catchment (discussed in more detail later in Sections 7.1.3 and 7.2.4). The Kinvara springs are part 

of a chain of intertidal springs along the south Galway Bay coast. Ballyvaughan, Bellharbour, 

Corranroo and Kinvara are all funnel shaped sea inlets with springs located at the head of each bay. 

These inlets are possibly the result of glacial erosion from the last ice age but also may be due to 

preferential solution of the limestone. The mixing of fresh and saline waters produces subsaturated 

water which is known to accelerate enlargement of the karstic fissures causing subsequent collapse 

of overlying strata a headward migration of the spring (Drew, 1990).
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Figure 3.6: Schematic map displaying the distribution of flow within the Gort Lowlands.

Superficial deposits in the catchment vary in thickness from nothing (bare rock) up to possibly tens 

of meters, but they play a relatively minor role in the overall hydrological response of the 

catchment. They could however be locally important in providing groundwater storage and 

slowing the runoff rate. Depending on the character of the deposits, the effect could be to confine 

the limestone aquifer, or, at the other extreme, to function as an interangular aquifer with high 

storage feeding water into the highly transmissive limestone aquifer beneath (Drew, 2008).

3.3 Speleological Investigations

The Gort Lowlands has been an area of intense speleological investigation for many years due to its 

well-developed conduit network system. In contrast to the Burren with its elevated karst and dry 

cave passages, the Gort L.owlands lie much closer to sea level with the majority of cave passages 

being phreatic. Many of the explorable cave passages are still part of an active hydrological conduit 

system and consequently are only accessible to experienced cave divers.
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Cave diving in the region started in the early 1980s but it was not until the Dark Shamrock 

Expeditions of 1991-1994 that the potential of the region was truly explored. These expeditions 

targeted the western cave system between Gort and Kinvara with up to 3 km of passages 

successfully being traversed (Kozlowski and Warny, 2009). Since the Dark Shamrock expeditions, 

the region has continued to be explored with existing traverses being expanded upon and a number 

of major hydrological linkages being established such as that of Polltoophill to Polldeelin in 2010 

(see Figure 3.7).

The region is a popular destination for cave divers due to the sheer length of underwater passages 

and the technical difficulty involved in exploring them. The cave passages are amongst the longest 

explored cave systems in Britain and Ireland with possibly one of the longest siphons in Europe 

(Siggins, 2010). The region also offers some rare technical challenges such as tidal influence (up to 8 

km inland), strong currents and poor visibility within the conduits.

Figure 3.7: Map displaying locations of speleological sites of interest and explored cave systems

(red lines).
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The explored underground cave network of the Gort Lowlands can be described in terms of three 

broad systems; the Devil's-Ptinchbmol to Polldnagh linlaige, the Kiltartan/Coole system and the Western 

Cave system. Each of these systems contain an im portant water carrying conduit for the Gort 

Lowland hydrological netw ork and is described in some detail below:

D E VIL 'S-PU N C H BO W L TO  P O L L D U A G H  L IN K A G E

The Devil's Punchbowl is a major sink characterised by a steep sided gorge cut into a thick layer of 

boulder clay. As mentioned in Section 3.2 the Beagh River sinks into the Punchbowl, re-emerging a 

short distance later as the Blackwater River only to sink again and rise a t Pollduagh (Cannahowna 

Cave).

In 1982, the connection between Pollduagh and the Blackwater was the first cave passage to be 

explored within the Gort Lowlands. N um erous advances were made over the following years with 

connections to two karst collapse features, the Churn and the Ladle, being established until the 

complete 1062m Pollduagh-Blackwater traverse was m ade in 2009. The connection between the 

Devil's Punchbowl and the Blackwater has not been explored due to the dangerously high flow 

volumes passing through the passage.

K IL T A R T A N /C O O L E  SYSTEM

Kiltartan is the focus point of the three main rivers w ithin the Gort Lowlands. Water from the three 

rivers arrives at Kiltartan via two large conduits, both emerging at Polldeelin before flowing east 

towards Coole turlough. Both upstream  passages of Polldeelin have been explored to some extent, 

primarily by the late Polish cave diving enthusiast, A rtur Kozlowski. Polltoophill-Polldeelin was 

successfully connected in 2010 while Polldeelin-Pollindre has yet to be established. The 

Polltoophill-Polldeelin linkage was first explored during the 1990's but it was not until 2008 that it 

was intensively dived. After two years, the connection was finally m ade by diving from both 

upstream, and dow nstream  ends However nn through trip has yet been made. The 2400m passage 

conveys the entire Gort River towards Kiltartan, dropping to a depth of 62m en route. The other 

inflow into Polldeelin rising derives from the com bined flow of the Owenshree and Ballycahalan 

Rivers. The passage can be accessed from the dow nstream  end via Polldeelin or a nearby collapse 

feature known as Pollacapple. By 2009, the passage had been traversed up  to 1.5 km reaching a 

depth of 71m (Kozlowski and Warny, 2009). In 2010, an upstream  access point to this passage had 

been found near Ballylee sink south. This new access point, given the nam e Pollindre, was explored 

up to 1 km downstream  (towards Polldeelin) reaching a maximum depth of 82 m. Currently the 

passage, estimated to be over 4 km long (Boycott et al., 2011), remains unconnected. There have
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been no recorded explorations upstream  of Pollindre cave. It should be noted that near the 

entrances of Pollindre and Pollacapple caves, conduit constrictions (or boulder-chokes) have been 

observed. Aside from hindering cave exploration, these constrictions validate the concept of a 

conduit throttle w hich is a key com ponent of the hydrological pipe-netw ork m odel as discussed in 

Chapter 6.

D ownstream  of Polldeelin, the river travels for a few hundred  meters before entering another major 

sink at the foot of a drum lin know n as Tommy M urray's sink. The water re-appears less than 300m 

dow nstream  at Coole River rising (or Lug Na Cum ar). This passage has been explored 

approxim ately 150m from both ends but no connection has been reported.

Some other features in the area include the dry Coole cave and the mostly dry Pollonora holes. The 

PoUonora holes are a series of nine interconnected depressions, lying north of the Coole River, 

probably formed by collapse into an underlying cave passage (Mullan, 2003). It is quite conceivable 

that the cave passage was form ed by the G ort (Beagh) River, as before the present east-w est 

underground connection was established, the Gort River would have been forced by a drift hill to 

flow northw ards (Williams, 1964). Tracer studies have show n these caves to be linked to 

Caherglassaun, bypassing Coole turlough entirely (Kozlowski and Warny, 2009). In 2008, a tenth 

Pollonora hole w as discovered and explored up  to a distance over 800m and a depth  of 52 m. 

Interestingly, unlike the brow n peaty waters of the Slieve Aughtys, the cave consists of clear water 

until approxim ately 700m inside the passage when the w aters turn  f>eaty suggesting a linkage into 

the active conduit network. D uring w inter high water levels, the p>eaty w ater has been seen at the 

cave entrance. These findings suggest that the Pollonora holes were once part of an active conduit 

system fed by the G ort River that d id  not link with Coole turlough. The system has since become an 

inactive paleokarst system  but still retains a link to the active conduits. This link enables the 

paleokarst system to become back flooded with Slieve Aughty w ater during w et periods.

W ESTERN CAVE SYSTEM

The Western Cave system encapsulates a num ber of cave and access points, all of which are 

associated w ith the main active conduit between Caherglassaun turlough and the intertidal springs 

at Kinvara. The system was first explored during the Dark Shamrock expedition which established 

the linkage between Pollbehan and Pollaloughabo caves. This phreatic passage know n as 'the Dark 

Shamrock Traverse' is heavily influenced by tide and should only be traversed during suitable tidal 

periods. It is along the passage between Pollbehan and Pollaloughabo that the main flow path 

changes direction from the ancient outlet at Corranroo tow ards Kinvara (Drew, 2003). Downstream
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of Pollbehan, the explorable route comes to an end when the passage reduces to low wide bedding 

caves with huge quantities of silt (Mullan, 2003). Upstream of Pollaloughabo, the passage continues 

2870m towards Moran's Cave (connected in 2010) with conduits recorded at up to 18m wide. The 

passage has been explored a further 1.5 km upstream of Moran's cave but no connection has yet 

been made to the upstream end near Caherglassaun.

3.4 Turloughs

3.4.1 Definition and Origin

Turloughs are a virtually unique feature of the Irish karst landscape. They are ephemeral lakes that 

typically flood in winter and empty in summer. Their flooding results from a combination of high 

rainfall and consequently high groundwater levels in topographic depressions in karst. Turloughs 

are described by the Working Group on Groundwater (Environmental Protection Agency, 2004) as 

topographic depressions in karst which are intermittently inundated on an annual basis, mainly 

from groundwater, and which have substrate and /o r ecological communities characteristic of 

wetlands. Turloughs usually flood through underground conduits and springs in autumn when 

rainfall exceeds evapotranspiration, form a lake for several months in winter and empty 

underground through swallow holes or estavella in the springtime (Sheehy Skeffington et al., 2006). 

There may be occasional flooding at other times in response to high rainfall with a furlough filling 

by up to 9m in 48 hours (Johnston and Peach, 1998). Coxon (1987b) defined what constituted a 

turlough based on these hydrological criteria:

• The area must flood seasonally, i.e. it must consist of open water to a minimum depth of 

0.5m for part of the year, and must be dry (except for any small residual pools occupying a 

small % of the area) for part of the year.

• There must be evidence of em.pt}'ing to groundwai'er, which gpnf>raUy means that there 

must be no surface water outlet.

The origin of turloughs is still not firmly understood. They were originally considered hollows in 

glacial till with underlying karst drainage systems (Williams, 1964) but alternatively. Drew (1976) 

insisted that turloughs in fact lie within bedrock hollows. There are two main theories of how these 

hollows formed: they are glacial in origin (Williams, 1964) or that they are pre-glacial developing as 

a result of Tertiary dissolutional processes (Coxon, 1986). Since not enough time has passed since
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the last glaciation for a well-developed network of karst depressions to develop, it is likely that the 

turloughs are pre-glacial (Coxon et al., 2005). Coxon (1986) suggested that while glacial deposition 

mav have an influence on the area and slope of turloughs, solutional rather than glacial processes 

may be the determining factor in furlough formation. This concept of pre-glacial influence on 

furlough origin is supported by evidence found in the Pollnahallia townland, Co. Galway, where 

dating of organic sediments in both shallow and deep depressions to the late Pliocene implied a 

limestone land surface of Pliocene or pre-Pliocene age (Coxon et al., 2005). The lines of high 

permeability associated with turloughs may thus represent the re-use of remnants of karst drainage 

systems created during Tertiary dissolution but partially blocked by glacial drift, rather than post

glacial dissolutional pathways (Naughton, 2011)

Post glaciation, it is thought that most turloughs have not always acted as ephemeral lakes. Coxon 

(1986) carried out a study of 90 sites and found at least 51% contained calcareous marl or lacustrine 

chalk indicating that at one point, they were permanent lakes (marl deposition indicates a 

permanent water body). It is not fully understood why a permanent water body would change to a 

seasonal lake. However Sheehy Skeffington et al. (2006) suggest a combination of factors: silting up 

of the depression or increased karstification in postglacial times, resulting in the development of 

swallow holes and a zone of higher permeability.

A study by Coxon and Coxon (1994b) surveyed the deposits in the turloughs relevant to this 

research project and concluded that Blackrock and Coole had no marl deposits while Coy, 

Garryland and Caherglassaun contained significant amounts. This indicates that Blackrock and 

Coole have always been turloughs. This is unsurprising in the case of Blackrock, but for Coole 

(which is closer to sea level and normally slow to empty), this indicates that it was at one time not 

hydraulically connected to Caherglassaun. This finding lines up with the speleological evidence 

from the PoUonora holes which indicate an old conduit system that used to transmit Slieve Aughty 

river water directly towards Caherglassaun without passing through Coole. Tracer studies carried 

out as part of the Gort Flood studies report indicate that a portion of this Coole bypass system is 

still active with bacteriophage tracer injected at Ballylee reaching Caherglassaun but not Coole 

(Southern Water Global, 1998).

3.4.2 Distribution

Turloughs are a rare karstic feature as they require a moist climate and low-lying karst limestone 

which is not commonly found (Drew, 1990). They are often thought to be a uniquely Irish feature
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although examples of similar karst features have been reported in Wales, Slovenia, Spain and 

Canada (Sheehy Skeffington and Scott, 2008, Blackstock et al., 1993). The GSI database records more 

than 400 furloughs in Ireland although not all have been verified (GSI, 2011). The greatest density of 

furloughs is in the West of Ireland with highest concentrations in Galway, Clare, Mayo and 

Roscommon (see Figure 3.8). The largest recorded furlough in Ireland was Turloughmore in Co 

Galway which was approximately 400 ha in area until it was drained in 1847 (D'Arcy, 1983). The 

largest surviving furlough is Rahasane in Co. Galway which measures 260ha at maximum 

inundation (Sheehy Skeffington et al., 2006).
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Figure 3.8: Turlough distribution in Ireland (Sheehy Skeffington et al., 2006).

The most comprehensive work on the pattern of turlough distribution was carried out by (Coxon, 

1986) who explored the distribution of furloughs based on geology, topography and drift cover. 90 

sites of area greater than 10 ha were located using primarily the 1:10560 Ordnance Survey maps of 

areas underlain by carboniferous limestone. At the time there was no consistent bedrock mapping 

available for the area in which furloughs are located and so Coxon could only conclude that the 

majority of furloughs occur on well-bedded, pure grey calcarenite lithologically but not necessarily
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stratigraphically similar to the Burren limestone. Since then, work carried out to facilitate the 

implementation of groundwater body delineation for the Water Framework Directive has reduced 

the 1200 Irish geological formations to 27 Rock Unit Groups based on hydrogeological criteria 

(Working Group on Groundwater, 2005) and when these new classifications were applied to 

Coxon's 90 sites, all but two w’ere found to lie on Rock Unit Group 11: Dinantian pure bedded 

limestone. This is thought to be due to the greater purity of this rock type rendering it more soluble 

and susceptible to a greater degree of karstification (Tynan et al., 2007).

3.4.3 Turlough Hydrology

As discussed previously, furloughs are linked hydrologically to groundwater via swallow holes or 

estavella that typically flood in autumn and empty in spring. Coxon (1986) identified swallow holes 

in 80 out of the 90 sites studied. Most of which were located around the outskirts of the basin where 

b>edrock is close to ground surface. In some cases, swallow holes occur in the centre of the turlough 

or are scattered over the base of the turlough in the form of depressions or collapses (Sheehy 

Skeffington et al., 2006, Coxon, 1987b). In most cases, furloughs are exclusively groundwater fed, 

but some are fed primarily by surface water streams. For example, Blackrock turlough is fed by the 

Owenshree River. In dry periods the entire flow of this river sinks into the riverbed several 

kilometres upstream of the turlough and there will be no turlough input via surface or 

groundwater. After a rainfall event, the river reaches the turlough and sink straight into the 

swallow hole ('A' in Figure 3.9). After persistent surface water input the swallow hole starts to 

backup and fill the turlough ('B' in Figure 3.9). Direct precipitation and surface run-off also 

contribute to turlough flooding.

Figure 3.9: Blackrock turlough surface input variations. A: sinking straight into spring, B:

turlough starts to back up.
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The flooding of a turlough is a function of the climactic regime and of the hydrological functioning 

of the turlough (Tynan et al., 2007). The west of Ireland, where the majority of turloughs occur, 

receives high levels of rainfall (approximately 1000 mm per annum) with a seasonal pattern. This 

pattern of rainfall is strongly em ulated in the pattern of flooding within the turloughs which 

typically flood in autum n and empty in spring. Although, due to differences in the hydrological 

functioning of individual turloughs, flooding patterns of turloughs within the same climactic 

environm ent can be vastly different. These differences in turlough flooding patterns reflect the 

nature of the karst aquifer beneath the turloughs and the resulting flow system. A shallow epikarst 

flow system has little storage and supports low volumes of flow. As a result a turlough on this 

system reacts slowly, showing long duration flood events with an extended recession limb within 

each hydrological year. This is due to the low storage capacity of the receiving system which 

impedes outflow. A conduit floio system with its discrete flow and interconnected pathways has high 

storage and supports large volumes of flow. This large storage capacity allows for rapid discharge 

from turloughs once the hydraulic head has dropped in response to dropping water levels in the 

conduit system (Tynan et al., 2007). TTie Gort Lowlands chain of turloughs lies within a conduit 

type flow system and as a result, the turloughs react rapidly to rainfall and transfer large quantities 

of water. This is reflected in a study by Naughton et al. (2012) in which 21 turloughs were selected 

which represented a broad hydrological spectrum. Of these 21 turloughs, the 4 turloughs with 

highest flood depths were all part of the Gort Lowlands system. The highest depth recorded was by 

Blackrock which reached 15.4m within the monitoring period. In fact changes in water level at 

Blackrock have been observed at up to 9m in 48 hour 0ohnston and Peach, 1998). These values are 

dramatically higher than the average turlough flood depth of 0.5 - 6m with median 1.5m (Coxon, 

1987b).

One of the most im portant factors in determ ining how a turlough operates is its hydraulic 

functioning. This concept is a key aspect of a turloughs hydrological and hydrochemical behaviour 

and is discussed thjoughoijt this thesis. The two conceptual models for the hydraulic functioning of 

turloughs, as described by Naughton et al. (2012) are the flmo-through system and the surcharge tank. 

In the flow-through model, both inflow and outflow occur simultaneously and largely 

independently within the turlough basin. G roundw ater flow through the turlough would be 

constant resulting in lower residence time than the surcharged tank model. Flow-through systems 

can be further broken into diffuse flaio through and river flaio-through systems (as discussed later in 

Chapter 7). In the surcharged tank model, the turlough can be viewed as a pressure release point 

along an underground pipe network. It provides overflow storage for the excess groundw ater that 

cannot be accommodated due to insufficient capacity. In this instance, there is no outflow from the
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turlough during  filling periods. These conceptualisations are presented graphically in Figure 3.10 

and are discussed further in chapter 7. The Gort Lowlands system appears to support the 

surcharged tank model (as well as the river flow-tliroiigli model) and has been successfully modelled 

predom inantly as such (Gill et al., 2013a).

Flow-through Surcharge-tank

t V

Figure 3.10: Flow -through and surcharge tank  conceptualisations of tu rloughs (N aughton, 2011).

Hydrologically, turloughs are often com pared to poljes as both are periodically flooded karst basins 

displaying interior drainage and lacustrine sedim ent deposition. However, in terms of 

geomorphology, the two karst features vary considerably (Coxon, 1986). Poljes are a more obvious 

karstic feature than turloughs as they are larger and show a distinct topographic boundary between 

area of inundation and the sides of the polje whereas turloughs tend to be more gently sloping. 

Turloughs are influenced by glaciation and solutional processes whereas poljes are more clearly 

influenced by tectonic movement. As such, turloughs are only found in areas of glacial deposits 

while poljes exist in a w ide range of climactic zones, including the tropics (Gunn, 2006). Possibly 

the most well researched turlough-polje comparison is that of the Slovenian poljes (Coxon, 1986, 

Sheehy Skeffington and Scott, 2008). These studies have concluded the larger poljes are 

considerably different to turloughs. H owever the sm aller tem porary and seasonally flooded lakes 

found in the Pivka valley can be likened to turloughs (although they differ in term s of flooding 

duration, land use and plant communities) (Cunha Pereira, 2011, Sheehy Skeffington and Scott, 

2008).

3.4.4 T urlough Ecology

Turloughs are unique wetland ecosystems that provide a habitat for many protected flora and 

fauna species of national and international importance. W etlands such as these are increasingly rare 

across Europe due to land drainage and intensification of land use (Sheehy Skeffington et al., 2006). 

As a result, turloughs have been designated a Priority H abitat in Annex 1 of the EU Habitats
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Directive (92/43/EEC) (EEC, 1992). A proportion of these turloughs have also been designated as 

Special Areas of Conservation (SACs). Additionally, the W ater Fram ew ork Directive (WFD) (EC, 

2000) designates turloughs as G roundw ater D ependant Terrestrial Ecosystems (GWDTE). Both of 

these EU directives require m onitoring and m anagem ent of these habitats to ensure a favourable 

conservation and groundw ater status is achieved. The W ater Fram ework Directive in particular 

requires a good understanding of the hydrological linkage and interactions between the turlough 

wetland, its ecological functioning and the connected groundw ater body (Kimberley and Coxon, 

2013, Naughton et al., 2012).

The largest turlough-ecology study ever undertaken was that of the Turlough Conservation Project. 

This study was carried ou t by a m ultidisciplinary project team from Trinity College Dublin and was 

commissioned by the National Parks and Wildlife Service (NPWS). By investigating several aspects 

of turlough ecology such as aquatic invertebrates, hydrochem istry, vegetation, hydrology, soils and 

land-use, the study aimed to provide a robust scientific foundation for assessing the conservation 

status of turloughs. The project included four PhD projects and one Post-Doctoral sub-project, each 

project dealing with a particular aspect of turlough hydro-ecology. One of the prim ary themes of 

this project was the use of 'hydrological indicators'. TTiese 'indicators' were a set of hydrological 

factors which could be related to ecological param eters w ithin the turloughs (e.g. vegetation 

distribution, soil nutrients, trophic status etc.). The indicators chosen were:

• Flood duration: The duration of turlough inundation, typically represented using flood- 

duration curves (described in Section 6.4.4).

• H ydroperiod: A single variable used to characterise the flooding duration  for each 

turlough, its interpretation varied depending on w hich ecological dataset it was applied to. 

Generally, a turlough w ith a short hydroperiod show ed relatively quick (flashy) flooding 

and em ptying behaviour (e.g. Blackrock).

• Flood Frequency: The num ber of times a given w ater level was equalled or exceeded over a 

given interval.

N um erous journal articles, reports and theses have been published as part of this project e.g. 

Kimberley and Coxon (2013), N aughton et al. (2012), C unha Pereira et al. (2011), Porst e t al. (2012).
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Results from these publications are discussed throughout this chapter, and this thesis. The final 

report from the project is yet to be published (National Parks and Wildlife, in review).

3.4.4.1 Flora and Fauna 

FLORA

Due to the unpredictable nature of furlough flooding, only a relatively low num ber of species have 

adapted to grow w ithin them. A num ber of species grow  from the edge of the turlough to near its 

base while other are less tolerant to variable flooding patterns and are restricted to definite zones 

(Goodwillie, 2003). Rare w etland species that grow in turloughs include tlie fen violet Viola 

persicifolia and the shrubby cinquefoil Potentilla fniticosa which are common on some upper margins 

and the annual northern yellowcress Rorippa islandica which is found on the bare m ud of late drying 

turloughs (Sheehy Skeffington e t al., 2006). As far as is known, no plant species are restricted to 

Irish turloughs but some species are m ore common in turloughs than elsewhere (Goodwillie, 2003). 

The species can be separated into tw o groups: am phibious species that can w ithstand flooding in 

situ and species that are able to colonise the land quickly after the flood w aters have retreated.

A num ber of factors affect the distribution of plant species across a turlough. These factors include 

flood regime, nutrients and soil, grazing and other threats. The effect of flood regime (particularly 

flood duration rather than flood depth) has historically received the most attention with studies 

dating back to the 1930s. The flooding affects plants by interrupting the gaseous exchange and thus 

forcing the plants to develop adaptations needed to survive the conditions. Plants that have 

adapted in this way are termed w etland species. A daptations include m orphological/physiological 

changes and tim ing of im portant life cycle events (Tynan et al., 2007, Lynn and W aldren, 2001). 

Praeger (1932) was am ong the first to describe the gradual change from dry species on the edge of a 

turlough to w etland species in the centre. Most turloughs display this pattern w ith plant 

communities encircling the basin in roughly concentric zones according to duration of inundation. 

TypicaUy, aquatic or semi-aquatic species such as Polygonum amphihium and Mentha aquatic extend 

away from the sink hole gradually giving way to grassland where Potentilla anserina and sedges 

such as Carex panacea can be found (Reynolds, 1996). At the upper limits of a turlough, shrubs such 

as Frangula almis and  Potentilla fruticosa may occur, otherwise vegetation will closely resemble the 

adjacent grassland pasture as it is rarely flooded for long periods (Goodwillie, 1992). Some 

turloughs such as Coole and G arryland are surrounded by w oodland. W oody plants such as 

Rliamus catahritca and  Frangula alnus surround  the turlough but die out closer to the upper limits of
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the turlough. In years of high flood levels, sum m er growth may be delayed due to the susceptibility 

of tree roots to oxygen depletion.

A good indicator of turlough flood regime is the black moss Cinclidotus fontitialoides which gathers 

on rocks and surrounding shrubs. The moss itself is an indicator of maximum w ater level but, more 

usefully, the competition between Cinclidotus and more vigorous aquatic mosses such as Fontinalis 

antopyretica can reveal details regarding flood duration. Most turloughs contain an upper zone 

dom inated by Cinclidotus and a lower zone dom inated by Fontinalis. However when Cinclidotus is 

found near the base of the turlough, it indicates short flood duration and frequent filling and 

em ptying (Sheehy Skeffington et al., 2006). This indicator was used by Coxon (1987b) in her study 

of 90 turloughs to deduce maximum water depths and flood durations (35% of the 90 sites 

contained Cinclidotus at the base of the turlough).

Tynan et al. (2007) carried out a study of turloughs using hydrological indicators (in the same 

fashion as the NPWS Turlough Conservation Project). The indicators were related to ecological 

param eters such as vegetation distribution and wetness index. Dominant vegetation types (e.g. 

grass, sedge or aquatic dominated) within turloughs were broken into six categories in order of 

decreasing wetness and com pared to turlough recession constant. Aside from two anomalous 

turloughs (Termon and Caherglassaun), a significant relationship was found (R^ = 0.8) whereby as 

the recession constant decreases (turlough rate of em ptying decreases), the vegetation tends 

tow ards being dom inated by wet plant species. The two anomalous turloughs showed wetter 

vegetation than expected and it was concluded that the reason for this was the presence of marl 

which im peded drainage and held onto water later into the dry season than other substrates (Tynan 

et al., 2007).

FAUNA

Turloughs are home to a variety' of invertebrate and vertebrate species whose developm ent and 

distribution depends on the same factors that affect vegetation. These factors include depth, 

tem perature and flooding regime. Due to the irregularity of flooding patterns in turloughs, aquatic 

invertebrate communities are unpredictable and sparse in many of the oligotrophic turlough sites. 

These aquatic fauna are also highly spatially variable in terms of species diversity and abundance 

(Sheehy Skeffington et al., 2006). Porst et al. (2012) describes turloughs as 'd isturbed habitats' with 

flooding characterised by pronounced irregularities resulting in the adaptation of aquatic species to 

the comparatively short turlough w et seasons. The temporal pattern of these com m unities follow 

the turlough flooding patterns with interm ittent shocks to the system caused by rapid changes in
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water level. Despite these adversities, many aquatic sp>ecies regularly occur in turloughs. G roups 

such as flatworms, gastropod molluscs, mayfly nym phs and beetles are common. These species are 

not unique to turloughs bu t have adapted well to the tem porary nature of turloughs (Reynolds, 

1982). Terrestrial invertebrate species characteristic of turloughs include ground beetles, flies and 

butterflies. Some of these species are very rare such as the ground beetles Platymis livens, Badister 

meridionalis and Badister peltatus which are found exclusively in Ireland in the Coole-Garryland 

complex. Some species of fly (Diptera) are also exclusive to the Coole-Garryland complex although 

it is hard  to say w hether this is due to the turlough or surrounding w oodland (Sheehy Skeffington 

et al., 2006).

Fish are uncom m on in turloughs as they are long-lived fully aquatic organisms. However, 

occasionally they may be washed into a turlough from surface w aters (Reynolds and Marnell, 

1999). Three-spined sticklebacks Gasterosteiis aadeatus and small pike Esox lucitis have been 

recorded (Reynolds, 1997) and have also been observed during fieldwork for this thesis in Coy and 

Garryland turloughs. Amphibians are more common in turloughs. Frogs and newts are often seen 

with new ts taking advantage of fish-free ponds for breeding and being the top predators during the 

early part of the year.

Turloughs offer particularly good feeding grounds for wildfowl as they are shallow and wide with 

gently sloping margins and a basin floor covered in vegetation (M adden and Heery, 1997). 

Moderately flooded turloughs provide feeding and roosting opportunities w ith both water and 

exposed marginal grassland attracting bird populations. As turlough water levels increase in 

winter, the water covers most of the marginal grassland and curtails feeding of species such as 

dabbling ducks and waders. At which point the wildfowl will move off tow ards a new site 

(Southern W ater Global, 1998). Many turloughs are designated special protection areas for birds 

(SPAs) under the EU birds directive (EU, 1979).

3AA.2 Turlough Trophic S tatus

Tynan et al. (2007) presented a classification of turloughs based on the relationship between karstic 

flow systems (as discussed previously in Section 3.4.3) and turlough trophic status. The 

m easurem ent of trophic status was based on Ellenberg N indicator values for plants, the N value 

relating to the occurrence of plants which are indicative of the general fertility of the site. Turloughs 

were classified as having either high m edium  or low trophic sensitivity. It should be noted however 

that the trophic range used to describe turloughs in this study is distorted com pared to other
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ecosystems trophic ranges (a relatively eutrophic turlough would be classed as m esotrophic in a 

different eco-system). A significant relationship betw een trophic status and flow system was found 

with turloughs of low trophic status (ultra-oligotrophic) being associated w ith shallow epikarst 

flow systems and turloughs of high trophic status (relatively eutrophic) being associated w ith 

conduit type flow systems. Tynan et al. (2007) concluded that this relationship was due  to the size 

of storage system  and ability to transm it w ater associated with a given karstic flow system. A 

conduit type flow system has high volumes of w ater potentially m oving at high velocities which 

results in high cum ulative mass loading of nutrients to the turlough, resulting in a relatively high 

trophic status. Alternatively, shallow epikarst system s have low storage and low flow volumes. 

Turloughs in these system s have small catchm ent areas which provide relatively little opportunity 

to accum ulate nutrient load resulting in a low trophic status. This study classified all the Gort 

lowland netw ork of turloughs (Blackrock, Coy, Coole, G arryland and Caherglassaun) to be 

relatively eutrophic. Tynan et al. (2007) w ent on to use this relationship to classify five main types 

of 'na tu ra l' turloughs and a sixth anthropogenically im pacted type:

• Type 1: C ondu it/condu it type flow system  turloughs, with relatively high trophic status.

• Ti/pe 2: Shallow epikarst type flow system  turloughs, with low trophic status.

• T\/pe 3: Combined condu it/condu it type, shallow epikarst type flow system  turloughs, with 

relatively high trophic status.

• Type 4: Turloughs w ith riverine input, w ith high trophic status.

• Type 5: Turloughs receiving distributed flow from certain types of sediment.

• Type 6: Turloughs w ith anthropogenic inputs.

A nother study by Cunha Pereira et al. (2010) com pared the trophic status of turloughs to that of 

perm anent lakes in Ireland. Trophic status was calculated by applying the OECD (1982) lake 

trophic classification to hirloughs which used m ean values of Total Phosphorus (TP) and 

Chlorophyll a (Chi a) to determ ine trophic status. The study determ ined that of the 22 turloughs 

under investigation, 2 were eubophiL, 8 mesofaophic, 4 oligobophic and 8 w ere am biguous (mean 

TP values indicated different trophic statuses to mean Chi a values). The G ort Lowlands netw ork of 

turloughs were found to be eutrophic or mesotrophic. C unha Pereira's study concluded that, when 

full, turloughs are productive w ater bodies w ith  levels of nutrients directly com parable to those of 

perm anent lakes. C unha Pereira also suggests that phosphorus (P) concentrations rather than 

nitrogen (N) concentrations determ ine the trophic status of most turloughs. However, again, the 

G ort lowland turlough system proved to be an  exception. This is due to the large contribution of
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allogenic (non-limestone) waters to these turloughs compared to the limestone-derived waters of 

other turloughs, giving them higher soluble reactive phosphorus (SRP) values.

3.4.4.3 Turlough Threats and Conservation

As is the case with most karstic features, turloughs are sensitive to changes in catchment dynamics. 

Threats can have sources within the basin itself and /o r from the wider catchment. Turloughs fed by 

conduit type flow systems are susceptible to threats from great distances whereas epikarst systems 

are more locally based. The most significant threats to turloughs are those of drainage, nutrient 

input and grazing (Sheehy Skeffington et al., 2006). Historically, the most significant threat to 

turloughs has been from drainage but more recently, land use has had an increasing role to play.

D R A I N A G E

Drainage of wetlands has been a feature of Ireland since the famine. Up to 40,000 people were 

employed following the drainage act of 1842 which resulted in the rapid drainage of 100,000 ha of 

land (Reynolds, 1996, Baldock, 1984). During this period, many of the great turloughs of East 

Galway were eliminated including Turloughmore (Section 3.4.2). Large-scale drainage projects such 

as this have now ceased but have left a permanent impact with the loss of at least 50% of flooded 

turlough area (Goodwillie, 2001). Coxon (1986) estimated that one third of turloughs over 10 

hectares have been irreversibly damaged by drainage and due to the complex nature of karst 

hydrology, restoration is unlikely. Changes in flood regime due to drainage causes changes to the 

composition and distribution of turlough biological communities particularly impacting the rarer 

communities (Sheehy Skeffington et al., 2006). Decreasing flow volumes entering a turlough may 

also increase the loading of pollutants/nutrients into the system due to decreased dilution and 

dispersion (Tynan et al., 2007). Similarly to drainage, climate change has an impact on the flood 

regime of turloughs. Climate change has led to more intense rainfall events and increased winter 

rainfall in Western Ireland (Environmental Protection Agency, 2008) which floods the turloughs in 

excess of their natural levels.

N U T R I E N T  I N P U T

As mentioned previously, turloughs are generally phosphate limited systems with some exceptions 

(such as the Gort Lowlands system). Any changes in nutrient input affects the composition and 

productivity of flora and fauna species and may change the overall trophic status of the turlough 

(Tynan et al., 2007). The primary source of nutrients into a turlough system is thought to be 

catchment water (Sheehy Skeffington et al., 2006). The quality of this water is dependent on land
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use practices within the catchment Practices such as agricultural fertiliser spreading, farmyard run

off, forestry and septic tank discharges influence the nutrient input and can have a detrimental 

effect on a turlough. The effects caused by nutrient input and land-use are dealt with further in 

Sections 7.1.2 and 7.3.

GRAZING

During summer months, furloughs are mostly empty which facilitates the use of the land for 

marginal grazing. Fields often radiate from a central commonage area, resulting in a mosaic of land 

parcels under different grazing regimes (Sheehy Skeffington and Gormally, 2007). The grazing of 

furloughs by cattle, sheep or horses (Figure 3.11) is a major ecological factor which limits shrub 

growth, removes more palatable plant sp>ecies and most importantly, it is a source of nutrients via 

manure. The National Parks and Wildlife Service recommends a stocking density of 1.5 livestock 

units per hectare (LUha ') although agricultural practices seem to indicate an upper limit of 

1 LUha '. Large variations exist in times and rates of stocking between turloughs and also within 

individual turloughs (Ni Bhriain et al., 2003).

Figure 3.11: Horses grazing at Coy turlough.

A study by Kimberley et al. (2012) on the influence of flood duration on soil type and grazing 

management found that turloughs with mineral soils are more associated with shorter flood 

durations and higher grazing intensities. These findings indicate how turlough management 

practices are influenced by the soil properties. However, even with this information, it is still
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uncertain w hether the till subsoils are the 'cause' or a 'resu lt' of relatively shorter turlough flood 

durations (Kimberley et al., 2012, Coxon, 1987b). Kimberly also found that soil TP concentrations 

were significantly higher under a grazed regime than an ungrazed regime, whereas the opposite 

was true for TN. This indicates that grazing animals are a source of TP to furloughs but a sink of 

TN.

Grazing is an im portant aspect of turlough biodiversity and as furloughs are considered marginal 

land, the cessation of grazing w ould likely do more harm  than good (Sheehy Skeffington et al., 

2006). Certain patterns and  intensities of grazing have a positive im pact on plant species and 

diversity and as such, these practices should be well m anaged to preserve turlough biodiversity. A 

worrying trend is that of high intensity agriculture which is leading to land abandonm ent at some 

turloughs leaving many turlough land parcels ungrazed (Visser et al., 2007).

3.5 Previous Hydrological Studies in the Gort Lowlands

The large-scale and recurring floods that originate from turloughs are the prim ary form of 

groundw ater flooding in Ireland. The Gort lowland system has historically been prone to severe 

flooding events on a relatively infrequent basis (approximately 1 in 30 years). However at the start 

of the 1990's, four major flood events caused by exceptional rainfall occurred w ithin six years (1989- 

1995). The dam age caused by these floods combined with ecological im portance of the area 

prom pted the com m issioning of an extensive investigation. This investigation, known as the Gort 

Flood Studies, was carried out by Soutlwm Water Global and Jennings O'Donmmn & Partners and at 

the time (1998), was considered the largest regional interdisciplinary investigation of a karstic 

environm ent carried out w orldw ide (Southern W ater Global, 1998). The study included drilling, 

surface geophysics, tracer studies, geological and topographic modelling and the creation of a 

hydrologic model which was then used to model various flood alleviation scheme options.

In Novem ber 2009, record am ounts of rainfall fell in W estern Ireland causing another major flood 

event (see Figure 3.12, further images can be seen in Appendix B). A m onthly total of 329.4 mm of 

rain fell, representing 286% of average Novem ber rainfall for the period between 1961-1990 and a 

peak daily rainfall of 60.8 mm was recorded at NUI Galway on the 17*'' Nov (Jennings O 'Donovan 

& Partners, 2011). Walsh (2010) estim ated the 25-day return period for the rainfall quantities over 

November 2009 to be greater than 500 years. This major flooding event prom pted further 

investigations and a review of the recom m endations provided by the Gort Flood Studies report.
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This review was broken into 3 separate reports which were pubUshed in winter 2010/2011. Both the 

original Gort Flood Studies report and the review report are discussed in more detail below.

Figure 3.12: Flooding at Kiltartan, November 2009 (Jennings O'Donovan & Partners, 2011).

3.5.1 Gort Flood Studies

The objectives of the Gort Flood Studies were to define the current flooding problem and 

hydrological processes, assess the effects of climate change, define the flood hazard and propose 

engineering solutions while keeping in mind the environmental significance of the region. The 

main elements of the study included field-work, modelling and engineering solutions.

3.5.1.1 Field-work 

T R A C IN G  STUDIES

As mentioned previously in Section 2.3.4, a detailed tracing study was carried out to establish point 

to point flow routes within the study area. TTie study was likely the most detailed tracing study 

ever carried out in Ireland at the time. A variety of tracers were used such as fluorescent dyes 

(rhodamine w t , leucophore and fluorescein), salt and bacteriophages. Eighteen tracer experiments 

were carried out with sampling from 38 detection locations, the results of these tests are 

summarised in Figure 2.8. The tracer study helped to identify major water carrying conduits and 

revealed how groundwater flow rates are very rapid and increase with increasing stage. Mean flow
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rates in the vicinity of Coole turlough was calculated to be around 4-5 m^/s but up to 15 mVs in 

winter with ranging velocities from 60 to 1000 m /h . The bacteriophage tracers (types T7, Psf2, 

H6/1, H40/1 and H4/4) were used successfully in an attempt to determine the existence of a deep 

karst layer (>40 mbgl) near Kinvara. The study in fact found three layers of karst, a shallow layer 

(15-25 mbgl), an intermediate (40-50 mbgl) and a deep layer (70-80 mbgl). The shallower two layers 

appeared to transmit rapid throughflow waters at high groundwater levels whereas the deeper 

karst layer appeared to be paleo-karst containing old groundwater (Smyth, 1996).

M O N I T O R I N G  N E T W O R K

A network of river flow gauges, rain gauges and turlough depth gauges were installed across the 

study area. Spot gauging was carried out on various water courses in an effort to develop rating 

curves in order to establish losses from the Owenshree River and flows on the Coole River. 

Attempts were also made to quantify the flow at the Kinvara Springs. However this proved 

unsuccessful due to density effects of saline and fresh water and also the short time available 

between high tides. This monitoring network was first installed in 1996 and is still in place. It plays 

an important role for providing data for this thesis.

B O RE H O LE  W A T E R  LEVEL M O N I T O R I N G

Twenty three newly drilled boreholes were monitored within the catchment. These wells along 

with twenty seven domestic wells were used to establish regional flow direction and gradients. 

With these measurements, a groundwater contour map was drawn for March and April 1997 

(Figure 3.13).These maps indicated high heads to the east, north and south surrounding a relatively 

lower central area which extends from Coy turlough through Ballylee towards Coole turlough, then 

widens to encompass the Low Burren, some limestone pavement areas and Kinvara. This pattern 

was found to remain the same for high and low water levels.

A groundwater fluctuation map was also created which highlighted areas wdth rapid response to 

recharge events. These rapid responses imply low storage and high transmissivity Areas with 

fluctuation greater than 3m were considered to transmit water from the three large rivers draining 

the Slieve Aughty Mountains. This pattern echoed the findings of the other studies and maps. 

However an additional northern flow route was also identified flowing from Castle-Daly towards 

Kinvara (Figure 3.6) which was confirmed with tracing studies. Areas of tidal influence were also 

identified from this study (a version of this groundwater fluctuation map can be seen in Chapter 5, 

Figure 5.23).
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It should be noted that water level maps such as these are highly approximate and should only be 

used for an overview. These maps ignore the highly heterogeneous hydrological environment and 

thus groundwater flow paths cannot be determined reliably.

30m

20m

Figure 3.13: Groundwater level contour maps showing the hydraulic gradient of the catchment 

during March and April 1997 (based on the maps of Southern Water Global (1998))

H Y D R O C H E M I S T R Y

Extensive sampling and hydrochemistry was carried out as part of the study. Water was divided 

into seven different 'types' based on alkalinity and iron concentrations. Recharge from rivers 

draining the Slieve Aughtys was found to have low alkalinity and high iron concentration whereas 

water from other catchments (such as the Cloonteen catchment to the south) was found to have 

higher alkalinity and lower iron concentrations. Using this principle, the contribution of water from 

other catchments could be identified. TTie seven types of water are displayed in Table 3.1.

Hydrochemical analysis of Coole, Garryland, Caherglassaun and Hawkhill (turlough within 

Cloonleen catchment to the south) found rapid changcs in concentrations with time, parHciilarly 

alkalinity and iron. When these chemistries were compared with turlough water levels, it was 

found that flow direction of water between the turloughs can reverse. Typically, water levels in the 

Gort Lowlands network of turloughs rise faster than in Hawkhill, and Slieve Aughty waters 

dominate their hydrochemistry. When the turloughs empty, Hawkhill turlough drops slower than 

the others and thus flows into them resulting in rapidly elevated alkalinities and iron 

concentrations.
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Table 3.1: W ater types iden tified  in  the S tudy Area (Southern W ater G lobal, 1998).

1
la <75 >0.3 Surface water or rapid conduit flow

Direct recharge having undergone rapid surface

Ib 100-150 <0.03
w ater/ groundwater flow.
Restricted to the rapid epikarstic flows of the Cloonteen catchment

Indirect River recharge
Ic 75-125 >0.3 e.g. Owenshree River, Blackrock and Coy

Id >150 <0.03 Cl <30 m g /1 Direct recfiarge, slow moving groundwater

Mixtures of type 1 waters, either mixes of rapid groundwater
II 50-150 0.1-0.3 throughflow (e.g. Garryland) or of direct and indirect recharge

III >150 C l> 3 0 m g /I Waters affected by the marine environment (saline intrusion)

C >155 NOi> 8 m g/l-NQ, Sample contaminated by anthropogenic pollution

3.5.1.2 H ydraulic M odel

A key objective of the Gort Flood Studies was the building of a num erical model. This model, 

constructed w ith the aid of collected field data, could be used test the hypotheses of system 

response and evaluate m anagem ent options. Due to the highly heterogeneous nature of the Gort 

Lowlands catchment, it was decided that an equivalent porous media model w ould not be suitable. 

The best approach would be to use a network model that could adequately sim ulate confined 

groundw ater conditions. Such a model is provided by the sewer netw ork analysis software 

Hydroworks (Wallingford Software).

This model uses a netw ork of links to represent conduits and nodes w hich can represent storage (or 

furloughs). These links and nodes are connected together to model the entire catchment. The 

individual links were based on a hydraulic resistance derived from real hydrological response from 

field work data. In this m anner, a single link could represent a single conduit or an active fracture 

system operating under a pressure head (Johnston and  Peach, 1999). The m odel input came from 

net rainfall and surface water inflows from the three rivers draining the Slieve Aughty M ountains. 

The outlet w as controlled by a cyclical tidal head rather than a discharge as the intertidal nature of 

the Kinvara springs m ade discharge m easurem ent impractical.
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The conduit netw ork model allowed for the prediction of turlough behaviour based on known 

surface water inputs into the system  bu t an additional model w as required to predict these surface 

water inputs based on know n rainfall data. For this purpose, the IHACRES (Institute of Hydrology) 

rainfall-runoff model was chosen which provided a continuous sim ulation of runoff and thus a 

suitable discrete inpu t into the conduit netw ork model a t the three stream  gauging points. Rainfall 

data from five installed rain gauges was reduced to areal rainfall using Thiessen polygons and 

combined with the discharge data from the gauging stations.

The completed model provided better than hoped for accuracy w hen com pared to the measured 

elevations from the 1994/1995 season. Some inaccuracies rem ained such as:

• Insufficient g ro u ndw ater/condu it storage, particularly in the Blackrock/Coy area.

• Poor river flow accuracy at high flow levels due to m easurem ent difficulty.

• Poor definition of the Cloonteen catchment.

• Poor turlough water level recession curve accuracy, particularly for Blackrock and Coy 

turlough.

• Poor modelling of antecedent conditions in Hydrcfioorks.

Despite these issues, the overall perform ance of the model was deem ed acceptable because of the 

high level of accuracy in the central area Coole, through which the majority of flows pass.

The completed model was then used to determ ine the hydrological effects of various proposed 

engineering solutions. The proposals included: control structures (em bankm ent dam s w ith concrete 

spillways) to control flooding, diversion channels to divert excess flood water and drain it into a 

neighbouring catchm ent and river channel clearances. The m ost significant proposal was the 

construction of a major overland channel transm itting w ater from Coole to Kinvara via 

Caherglassaun. All proposals but one (a drainage chaiinel for Term on Lough) w ere deem ed 

economically unjustifiable and so no work was carried out other than some road protection works 

and the abandonm ent of the w orst affected properties.

3.5.2 Review of Gort Flood Studies and Proposed Engineering Works

In July 2010, Jennings O 'D onovan & Partners were appointed by the OPW to review  the 

recom m endations of the Gort Flood Studies Report. This review w as divided into three topics each
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with an individual publication. Firstly, a report on Kiltiernan and Ballinderreen maintenance 

works. Secondly, a report on Mannin Cross, Kilchreest and Termon flood alleviation schemes, and 

thirdly, a report discussing various engineering proposals (see Figure 3.14 for locations of proposed 

engineering works).

3.5.2.1 Kiltiernan and Ballinderreen

The first publication, (Jennings O'Donovan & Partners, 2010a) is an assessment of the existing 

Kiltiernan/Ballinderreen Flood relief scheme. During emergency flood relief works in 1995, two 

emergency drainage channels were privately constructed. However they have since fallen into 

disrepair. This report assesses the conditions of these channels and proposes a range of 

maintenance works with a view to restoring natural flow conditions. These drainage schemes do 

not affect the Cort Lowlands active conduit network.

3.5.2.2 M annin Cross, Kilchreest and Termon

The second publication, (Jennings O'Donovan & Partners, 2010b), deals with the recommendations 

and conclusions of the Mannin Cross, Kilchreest and Termon Flood alleviation scheme as refined 

under the Design Review Reports carried out in 2000 and 2003. This report details two separate 

flood alleviation schemes: a proposal to upgrade drainage channels for Termon north and south 

furloughs and a joint flood alleviation scheme for Mannin Cross and Kilchreest (see Figure 3.14). 

The latter scheme is of relevance to the Gort Lowlands active conduit system.

The Mannin Cross and Kilchreest works describe two sub-schemes. Firstly, the construction of a 

flood alleviation channel to transmit water from Mannin Cross to the Dunkellin River via the 

Aggard stream. Secondly and of greater relevance to the Gort Lowlands conduit network, the 

report proposes the construction of a river diversion near Kilchreest which would divert excess 

flood water from the Owenshree river towards the Dunkellin river via the Aggard stream. An open 

channel (of up to 10m in width at certain locations) was deemed financially and technically viable 

although the potential impacts to the Dunkellin River system were not assessed. In addition to the 

impact on the Dunkellin River, the mixing of different catchment water could have harmful 

ecological impacts on Rahasane turlough (SAC) which is located in the Dunkellin catchment. The 

report does not mention the potential impacts of this scheme on Blackrock and Coy turloughs 

(SACs) which are directly fed from the Owenshree River. Ultimately, the report proposes that the 

potential impacts mentioned above be assessed prior to any construction.
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3.S.2.3 Engineering Proposals

The final and m ost detailed report describes the engineering proposals for reinstatem ent of existing 

culverts, the provision of new culverts and the feasibility of an overland channel from Coole to 

Kinvara (Jennings O 'Donovan & Partners, 2011).

Firstly the report details the repair of existing culverts along the N18 Gort-Galway road. For 

example, a culvert at Kiltartan became blocked during the 2009 floods, emergency works were 

carried ou t to unblock it but, in the process, caused some dam age reducing the flow capacity from 

30 to 20 m ^/s. This culvert is to be restored to its maxim um  capacity along w ith similar culverts 

along the NIB. In addition to this, new  culverts are to be installed on the main Kiltartan-Kinvara 

route.

The original G ort Flood Studies Report proposed the construction of an overland flood channel 

between Coole and Kinvara. However, the cost of such a scheme w as deem ed prohibitive and 

consequently the scheme was not developed any further. U nder the 2011 review report, the route 

was refined based on site surveys, aerial photographs and inform ation from the Irish Farmers 

Association Flood Committee. The route is split into two sections: Coole to Caherglassaun and 

Caherglassaun to Kinvara (see Figure 3.14). The Coole-Caherglassaun section w ould be 580m long, 

3m w ide a t the base and up to 1.25m deep. The Caherglassaun-Kinvara section w ould involve a 

5150m long channel, 3m wide at the base and up to 7.5m deep. While the first channel was deemed 

acceptable in scale, the second channel was judged to be excessive both financially and in term s of 

environm ental impact. Consequently, a smaller-scale alternative to this channel was considered 

which involved identifying existing natural channels and im proving drainage by replacing stone 

walls and hedges with post and wire fences and adding culverts. This solution w as found to be of 

positive benefit under a cost-benefit analysis. It should be noted that the maxim um  design flow 

upon w hich these engineering proposals were based (83.9 m ^/s) was calculated using the Crudepix 

fvielhod (simple calculation based on siirface area daily rainfall) rather than observed river flov.’ data 

due to the lack of rating curves.

A survey of key swallow holes was also conducted in January 2011. This survey found the area 

surrounding typical swallow holes to be overgrow n and in some cases, debris and pieces of wood 

could be found floating in the swallow holes. In particular, Polltoophill sink (Figure 3.7), was found 

to be containing a significant am ount of waste. The report recom m ends the clearing of vegetation 

around swallow holes to prevent further blockages.
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Finally, the report details the future extension of the N18 Gort to Tuam motorway. Construction 

was expected to begin in the first quarter of 2011 although no work has begun as of yet (September 

2013). The road is of significance as it runs perpendicularly across a major flow route near Kiltartan. 

Particular care must be taken so as to avoid any flow restrictions cause by settlement of collapses. 

Two routes, an eastern and a western were considered and the western route (west of Kiltartan 

along Coole ridge) was found to have least likelihood of collapse with less severe consequences. 

Accordingly, the western route was chosen as the preferred option.
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Figure 3.14: Locations of proposed engineering works as part of the Gort Flood Studies Review

(Jennings O'Donovan & Partners, 2011).
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3.6 Gort Lowland Turlough Network

As mentioned previously, the Gort Lowlands network of furloughs is exceptional as the furloughs 

are fed predominantly by allogenic river water draining from the Slieve Aughty Mountains. This 

water mostly sinks underground into a well-developed conduit network providing high flows with 

little storage. Consequently, all 5 furloughs within the network are relatively eutrophic in 

comparison to other furloughs (discussed previously in Section 3.4.4.2). TTie furloughs are deeper 

and more coloured than typical furloughs (Cunha Pereira, 2011) and are underlain by non-alluvial 

mineral soil types (of relatively low CaCOs concentration) compared to the organic and marly soil 

types generally associated with turloughs of longer hydroperiods. The following sub-sections detail 

some of the hydrological parameters and ecological factors pertaining to each individual turlough. 

Aerial photographs contrasting the typical summer and winter water levels are shown for each 

turlough in Figures 3.15, 3.16, 3.17, 3.18 and 3.19. Numerous other turloughs are present within the 

Gort Lowlands such as Hawkhill, Newtown are Ballinduff (as seen in Figure 3.2) however these 

turloughs are not part of the active conduit network, and as such, they are not discussed in this 

section. However these turloughs and their influence on the active conduit network (particularly in 

terms of hydrochemistry) are discussed throughout this thesis.

3.6.1 Blackrock turlough

Blackrock turlough (also known as Peterswell turlough) is the first turlough in the Gort Lowlands 

chain of turloughs. It is surrounded by gently rolling and drift covered land with a steep wooded 

slope on the south-eastern edge. Scattered rocks and boulders are present on the sides of the 

furlough and also within the basin floor. It is fed by the Owenshree River from the north which 

sinks within the furlough (Figure 3.9). TTie turlough is protected as a Sp>edal Area of Conservation 

(SAC) as it is an example of a 'unique untouched turlough high up in a catchment that has never 

been effectively drained' (National Parks and Wildlife, 2001a).

Naughton et al. (2012) found Blackrock to be the deepest (max depth:15.4 m, average depth 6.8 m) 

and largest in terms of volume (4.008x10^ m^) of the 21 turloughs that he studied, although the 

furlough ranked only fifth in terms of max area recorded (59.3 ha). The most striking parameter is 

the average daily inflow to the turlough of 10.25 mVs. This is over four times higher than the next 

highest ranked turlough and approximately eight times higher than the neighbouring turlough. 

Coy. In fact, Blackrock has a greater increase in volume per day than the maximum volume 

recorded at most other studied sites. The reason for this is the contribution of the predominantly 

allogenic Owenshree River. At high flow rates, the capacity of the conduit system underneath
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Blackrock and Coy is exceeded, causing the river to discharge directly into Blackrock turlough. 

Consequently, Blackrock absorbs the excess flood water causing rapid volume increase whereas 

Coy does not. During the floods of November 2009, Blackrock peaked at a depth of approximately 

18.5m but, as the depth exceeded the maximum surveyed level, no accurate volume information is 

available for that period.

Figure 3.15: Blackrock turloug^, summer vs. winter.

Presently, the turlough is grazed by cattle and horses during dry p>eriods but there is little evidence 

of any ecological damage being caused (National Parks and Wildlife, 2001a). A possible threat to 

the turlough comes from a nearby abattoir which should not cause nutrient loading. However, as 

Blackrock is a relatively eutrophic turlough, the impact is not as discernible as it would be on a 

turlough with lower trophic status (Tynan et al., 2007).

3.6.2 Coy turlough

Coy turlough (or Lough Coy) consists of a small permanent lake in the middle of an oval shaped 

depression with regular sloping sides. The site contains considerable depths of drift deposits and 

some visible bedrock outcrops along the northern boundary. The turlough floods and empties 

through a swallow hole on the west slope of the basin which is situated slightly above the basin 

floor and as a result, the turlough never empties completely as the remaining water below the 

swallow hole is undrained. Coy is protected as a SAC as it is a great example of a riverine (fed
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indirectly by Owenshree River) eutrophic turlough in excellent ecological condition (National Parks 

and Wildlife, 2005). The SAC is split into two areas, the turlough itself and the southern Ballylee 

section which drains into a turlough at the very south of the site. In high winter floods, these two 

sections join together to form one water body.

Figure 3.16; Coy turlough, summer vs. winter.

Naughton et al. (2012) found the maximum depth to be 10.6m and average depth to be 5.9m over 

the monitoring period. The max volume, max area and average daily inflow recorded were 

1.479x10* m ,̂ 25.3 ha and 1.33 mVs respectively. Interestingly, during the 2009 floods. Coy only 

reached a max depth of 10.8m which is only 20 cm greater than the previous 3 year maximum. This 

is significantly smaller than Blackrock which rose to over 3m higher than the previous 3 year max. 

Tiiis contrast higlUighls Lhe difference betvveen the turlough input mechanisms, Blackrock is river 

fed and can rise unrestricted whereas Coy is regulated by the conduit system feeding it from below 

limiting the flood levels.

The permanent water body left during dry summers takes up 9% of the total SAC site area and can 

be as shallow as 60 cm. Similarly to Blackrock, the land is grazed by cattle and horses during dry 

periods. However Coy is esp>ecially important to birds as it contains a safe roosting area in the form 

of permanent water all year round. Using a score system based on a turloughs plant and wildlife.
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the Gort Flood Studies deem ed Blackrock and Coy turloughs to be of 'national im portance' 

(Southern W ater Global, 1998).

3.6.3 Coole turlough

Coole turlough (or Coole Lough) is the largest turlough in the Gort Lowlands system  and is part of 

the SAC know n as the Coole-Garryland complex. This SAC is m ade up of Coole and a num ber of 

surrounding turloughs including Garryland, Doo, Newtow n, Hawkhill and Lydacan. The 

turloughs w ithin this complex differ hydrologically as they are fed by w ater from different 

catchm ents but, despite this, they are grouped together based on their close association with the 

surrounding woodland. The juxtaposition of these two distinct habitats (turlough and woodland) 

has led to the developm ent of uncom m on com m unities and rare species of plants and insects. For 

this reason, the complex is considered to be the most ecologically diverse in the country and is of 

prim e im portance for conservation. Indeed the G ort Flood studies ranks Coole and Garryland 

turloughs as sites of 'w orld  im portance' and 'E uropean im portance' respectively. The complex is 

also listed as a Special Protected Area (SPA) as it is an im portant habitat for protected bird species, 

particularly the W hooper Swan.

Figure 3.17: Coole turlough, summer vs. winter.
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Coole turlough is fed by Coole River from the north which holds the combined w ater from the 

three Slieve Aughty Rivers (including water from Blackrock and Coy turloughs). The turlough is 

drained by a single swallow hole on the western bank of the turlough and has an average depth of 

approximately 4.1m (Gill, 2010). The m axim um  observed water level in Coole occurred during the 

2009 floods when the turlough rose to an estim ated 12.5m (value estim ated due to equipm ent 

failure). This depth  corresponds to a turlough volum e of approxim ately 12.6x10* m^ and a surface 

area of 198 ha. A t this depth, m any of the turloughs w ithin the Coole-Garryland complex joined 

together to form one surface water body. The site is not grazed bu t is used as a popular amenity 

area. However visitor access is controlled meaning little threat is posed to the sensitive habitat.

The turlough is closely related, hydrologically, to the other two nearby turloughs; G arryland and 

Caherglassaun. These three turloughs show  very similar profiles w ith little lag indicating relatively 

unconstrained hydraulic connections between them (Gill, 2010). Tynan et al. (2007) describe the 

three turloughs as deep epikarst flow systems w ith overland flow a t high stages. The three 

turloughs are also influenced by tidal effects, particularly at shallow depths.

' V :
II  ^

3.6.4 G arryland turlough

Figure 3.18: G arryland turlough, sum m er vs. w inter.

Garryland turlough, part of the Coole-Garryland complex (SAC), is a m edium  sized horse-shoe 

shaped turlough situated approxim ately 1.5 km south-w est of the m ain body of Coole. The 

turlough is fed by a single swallow hole on the south-w est bank and em pties completely most

96



Chapter 3 Background and Site Description

summers. The maximum and average depths as seen by Naughton et al. (2012) are 10.9 and 5.5 m. 

The max volume, max area and average daily inflow recorded were 2.33x10^ m®, 42.1 ha and 1.83 

m^/s respectively. The turlough is lightly grazed by sheep and horses during the dry summer 

months.

Garr)'land and Coole turloughs are fed primarily by Slieve Aughty water. However during periods 

of recession, the turloughs have been seen to take water from the Cloonteen catchment to the south 

(Section 3.5.1.1) (Southern Water Global, 1998). Also, both Garryland and Coole have been seen to 

react to tidal influence at very low water levels (Gill, 2010).

3.6.5 Caherglassaun turlough

Figure 3.19: Caherglassaun turlough, summer vs. winter.

Caherglassaun is the final turlough in the Gort Lowlands conduit chain. It is situated in a natural 

depression comprising of a f>ermanent lake at its core while the rest of the basin functions as a 

turlough. TTie site also comprises of op>en grassland, mixed deciduous woodland and exposed 

limestone. Beyond Ceiherglassaun, groundwater does not reach the surface until it is discharged at 

Kinvara. The turlough is thought to be filled through a single swallow hole known as 'Polldalagha' 

on the north bank of the turlough, although during periods of heavy flooding, a series of nearby 

collapse features also act as swallow holes. Caherglassaun is protected as an SAC and was rated as 

the sixth most important turlough in the country (National Parks and Wildlife, 2001b) and a site of 

'European importance' (Southern Water Global, 1998). The site is important as it shows two key 

features atypical of turloughs. Firstly, it has a relatively deep p>ermanent lake at its base which is
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home to some aquatic fauna. Secondly, due to its proximity to sea-level, the lake is subject to tidal 

effects. In fact, the lake fluctuates by approximately 30cm in sync with tidal period although at a 

significant delay (National Parks and Wildlife, 2001b). This tidal relationship was further explored 

by Gill et al. (2013b) who determined the mean lag between tidal and turlough peaks to be 3 h and 

53 minutes with a mean attenuation in amplitude (tidal efficiency) of 0.072. The turlough-tide 

relationship between September and October 2007 is shown in Figure 3.20
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Figure 3.20: Caherglassaun turlough water levels and Kinvara tidal variation (Gill et al., 2013b).

Maximum and average water levels of Caherglassaun were recorded at 9.4 and 4.8m respectively 

by Naughton et al. (2012) (although the water level was observed reaching over at 11.7m during the 

heavy flooding of winter 2009). The max volume and max area of the turlough were 2.99x10* m  ̂

and 62.6 ha. Due to the position of Caherglassaun at the end of the chain of turloughs, it has the 

largest catchment area and thus the largest average daily inflow of any turloughs (without surface 

water input) at 2.496 mVs (Naughton et al., 2012). It also has the largest average daily outflow of 

the groundwater-only turloughs at 1.192 m^/s. This high outflow value indicates a relatively 

unconstrained path between the turlough and Kinvara.

As mentioned earlier, C'aherglassaun does not completely drain and has a permanent lake at its 

base. However, interestingly, Williams (1964) observed that at periods of low flow in the Gort 

(Coole) River, Caherglassaun was 'often completely drained'. This suggests that in the near 50 

years since the study by Williams, the hydrological behaviour of Caherglassaun turlough has 

changed. Another curious observation is the fact that Caherglassaun does not receive any saltwater 

or brackish water from Kinvara. Yet in a study by Praeger (1932), salt water was detected in the 

turlough using silver nitrate solution. Again, this suggests a change in hydrological behaviour of 

the turlough within the last 80 years. Perhaps this change could be due to a collap)se at some point 

along the Caherglassaun-Kinvara linkage restricting its ability to drain but also restricting the

tu rlo u g h

tid e
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passage of saltwater back towards the turlough. Cave-divers exploring this region (the western 

cave system), have observed evidence of such collapses within the conduit describing 'huge 

terrifying slabs fallen from the roof' (Kozlowski and Wamy, 2009).

3.7 Summary

In this chapter, an overview was presented of the Gort Lowlands, furloughs and previous 

hydrological studies within the catchment. The main elements of this chapter which will be further 

developed throughout this thesis are the following:

• The hydrological functioning of a turlough (i.e. surcharge tank or tlow-though) is an 

integral concept to this thesis. The hydrological functioning of the five furloughs under 

study shall be investigated using modelling and hydrochemical techniques.

• The trophic status of the five turloughs under study shall be re-evaluated based on the 

measurements taken over the course of this study.

• The nutrient behaviours of each turlough shall be explored in terms of inputs, outputs and 

behaviour during flooded periods. The findings of this study are predominantly linked 

with the hydrological functioning of the turloughs.

• The findings of the Gort Flood Studies shall be further investigated via the use of a 

hydrological model and hydrochemical analysis.
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4 INSTRUMENTATION AND DATA COLLECTION

4.1 Introduction

The collection of field-data was a critical aspect of this project. A variety of data types were 

collected over a three year period between 2010 and 2013. TTiese data types included continuously 

m onitored param eters such as rainfall, river flows and w ater levels in furloughs and boreholes. In 

addition, hydrochem ical data was obtained via m onthly sam pling of rivers, furloughs, boreholes 

and springs.

4.2 Continuous Monitoring

Some param eters, such as turlough w ater levels, were of such im portance to this study that they 

required the use of long lasting, durable and expensive continuous m onitoring equipm ent to allow 

for year round data collection at set time intervals.

The equipm ent chosen for the majority of field situations were submersible, barometric dataloggers 

called divers (Schlumberger Water Services). Divers use built-in pressure transducers to m easure the 

total pressure above them. If the diver is not subm erged in w ater, it measures atm ospheric pressure 

just like a barometer. W hen the diver is subm erged, the atm ospheric pressure is supplem ented by 

w ater pressure so the higher the water column, the higher the m easured pressure. In order to get an 

accurate reading of w ater column height, the diver m ust be com pensated for the variation in 

prevailing air pressure. This is done by installing a separate diver at surface level know n as a 

barodiver. The barodiver m easurem ent is simply subtracted from the diver m easurem ent to give the 

height of the w ater column. One centrally located barodiver was deem ed necessary for the Gort 

Lowland catchm ent due to the proximity of the furloughs as well as the little difference in elevation 

between them.

Divers are available in different sizes and depth  ranges. The m ost com m only used divers for this 

study were m ini-divers (DI501 and D1502). The D1501 has a range of 10m of water, an accuracy of 

0.5cm and resolution of 0.2cm. The DI502 has a range of 20m of w ater, an accuracy of 1cm and 

resolution of 0.4cm. The barodiver (D1500) was designed only to be used out of w ater and thus had 

a much lower range of 1.5m (water pressure head) but higher accuracy and resolution: 0.5cm and 

0.1cm respectively. Divers also record the water tem perature for each tim estep and automatically
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provide a correction to the w ater level m easurement. The divers have a 10 year battery and an 

internal datalogger capable of storing or 48,000 m easurem ents (or 24,000 in the case of older divers). 

So a diver set to record once an hour has over 5 years' worth of m em ory whereas a diver recording 

once a m inute only has approxim ately 1 m onths' worth of memory. Another class of diver, known 

as a CTD-Diver (DI271), is a specialised diver which is capable of m easuring the conductivity of 

water as well as pressure and tem perature. CTD-divers have ceramic casings (as opposed to 

stainless steel) as they are designed to be suitable for salt water applications. Divers were 

program m ed and dow nloaded using specific software and a reading unit. The diver was inserted 

into the optical reading unit which is connected to a laptop. It was then program m ed or 

dow nloaded via the software (Diver-Office) which im ports the data into an Excel spreadsheet 

format. See Figure 4.1 below for a m ap of continuous m onitoring locations.

Rivers
K ilchreest

River
Turloughs

Rain gauges K Ik h reest 
Rain g au g e

C astie-O a(y  River

B iackrock
F rancis G ap 
Rain g au g e

P c a h e r g la s s a u n

B allycaha lan  R iver

G arry  land

O w en d a lu ile e g h  R iver

Figure 4.1: M onitoring locations (m easuring w ater depth  or rainfall).

4.2.1 T urlough W ater Levels

The w ater levels in all turloughs were m onitored using divers. The divers were placed at the lowest 

point in each turlough during  the sum m er when the turloughs were dry. A concrete platform was
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constructed in order to house the diver while submerged. A sturdy platform was important as 

grazing animals could cause damage during the dry summer months. TTie platform was connected 

to a buoy on the surface via a rope which marked its position and provided access to the diver 

when the turlough was flooded (Figure 4.2). 20m divers were necessary for furloughs as winter 

water levels often exceed 10m and one hour timesteps were deemed adequate as the furloughs are 

relatively slow moving systems. The locations of the diver platforms were surveyed via GPS which 

allowed the water depth readings to be referenced against Ordnance Datum. This meant all the 

furloughs had a fixed Om and all other data was adjusted to this reference.

The divers were usually downloaded during the summer when access was easy although in some 

cases, it was necessary to download them in winter. Winter downloads bore an element of risk 

however, as once the diver platform was lifted, it was difficult to place down again in the same 

location. In some instances, this difficulty led to lost data as the platform was placed too high 

resulting in no data for low turlough water levels.

Figure 4.2: Diver platform, site laptop, diver download cable and various diver models.

4.2.2 Groundwater Levels

A variety of groundwater access points are present within the catchment. The majority of access 

points are individual boreholes for domestic drinking water. In recent years however, these 

individual wells have been superseded in favour of regional group schemes. Also present within 

the catchment are a number of NRA (National Roads Authority) test wells (put in place as part of
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the temporary works for the N18 Gort to Tuam motorway extension) and some historic stone wells 

(Figure 4.3(d)). Each type of borehole/well was monitored at some point during the study period.

Figure 4.3: Various groundwater access points w ithin the catchment.

The water level in wells and boreholes was monitored using divers. The divers were suspended 

from the surface by a cable and dropped into the borehole to a depth below the minimum water 

level. The divers were set at 15 minute timesteps as they were easily accessible and could be 

downloaded more often. The range of diver chosen depended on the variability of groundwater 

within the well. In most cases 10m divers were sufficient In the case of old stone wells, the well 

was large and shallow enough to place a diver platform at the base rather than suspend a diver 

from the top. The wells used for groundwater monitoring were part of the water sampling network 

(Section 4.3) and their locations are displayed later in Figure 4.10. TTie location of each
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borehole/well was recorded by GPS in order to convert diver depth readings into water level AOD 

(above ordinance datum).

4.2.3 Rainfall

Two tipping bucket ARGIOO rain gauges (Environmental Measurement Ltd.) were installed at the 

upper end of the catchment. They were installed at Kilchreest (70 mAOD) and Francis Gap (250 

mAOD) as can be seen in Figure 4.1. The gauges were set level and placed in an open area away 

from any interference from trees, walls etc. They were enclosed in a small fence which provided 

protection from roaming livestock (Figure 4.4). The internal dataloggers were set at 15 minute 

timesteps which recorded the amount of tips within that timestep, each tip consisting of 0.2 mm of 

rainfall. The gauges were downloaded every 2-3 rnontlis and cleaned regularly to avoid blockages.

Figure 4.4: Francis Gap rain gauge.

4.2.4 River Gauging

River gauging stations were present on the three primary rivers draining off the Slieve Aughty 

Mountains. There were five monitoring points, four of these permanent gauges operated by the 

Office of Public Works and one station a temporary gauge put in place for this study. The OPW 

gauges were located on the three main rivers, the Owenshree, Ballycahalan and Owendalulleegh, 

with an additional station in place on the Beagh River near the outlet of Lough Cutra. This 

additional station allowed for the investigation of flood routing of the Owendalulleegh River across 

Lough Cutra. The OPW gauges consisted of a pressure transducer embedded into the river 

referenced against an accompanying staff gauge (Figure 4.5). The fifth gauge, consisting of a mini-
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diver fixed to river bank, was positioned on the Owenshree River at Castle-Daly, approximately 12 

km downstream of the OPW gauge at Kilchreest. Having these two gauges on the one river allowed 

an investigation into the effect on the river of passing over 12 km of karst bedrock. A comparison of 

these river flows was used to determine the addition or possible loss of water from the underlying 

karst.

The dataloggers were set at 15 minute timesteps and downloaded on average once every six 

months. As these gauges only recorded water depth and not flow, the development of a stage- 

discharge relationship (rating curve) for each monitoring point was necessary.

Pressure •
' transducer

Staff Gauge

Figure 4.5: OPW River gauging station showing pressure transducer and staff gauge.

4.2.4.1 Determination of Rating Curves.

Rating curves were needed for each of the five gauging stations on the rivers. A rating curve is a 

relationship between stage and discharge and is constructed by determining the flow at different 

stages for a particular section of river. When enough measurements have been observed for all 

levels of flow, a rating curve can be used to calculate flow based on a known stage. In the case of 

the Gort Lowlands, the construction of rating curves involved numerous visits to the catchment to 

measure flows between the years 2009 and 2012.
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Flows were measured on the rivers using the mid-section velocity depth surveying method. This 

method involves measuring the river velocity and depth at several points across the river to 

calculate the discharge (Figure 4.6). For a particular river cross section to be chosen, it had to satisfy 

the following hydrological parameters: straight length of channel, regular cross-section and

consistent bed gradient. As well as this, the sections should not have any still areas or eddy 

currents. In many cases, the most suitable cross sections were found underneath bridges. The 

number and position of vertical measuring points was chosen according to the 

European/International Standard (EN ISO 748,2007).

Velocity measurements were taken using an acoustic digital ultrasonic current meter (OTT ADC) 

(Figure 4.7). This meter is capable of measuring velocity and depth and automatically calculates 

flow for the user eliminating the need for hand calculations. TTie velocity measuring range is -0.2 to 

2.5 m /s  with a resolution of 0.001 m /s  and accuracy of 1%. The depth measurement range was 0 to 

5m with accuracy of 1%.

Figure 4.6: M easuring river flow. Figure 4.7: ADC meter used to measure flow.

The greatest issue with the construction of rating curves for these five monitoring sites was the 

inclusion of high flows. High flow measurements present two main problems:

• High flows occur after a heavy rainfall event. Such events often happ>en with little warning 

and the resulting peak flow will occur as soon as 8 hours after the rain has started to fall 

due to the fast runoff from the Old Red Sandstone Slieve Aughty Mountains. This led to a 

practical problem in terms of gathering equipment and reaching the rivers in time to catch 

the peak flows.
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• As flow increases, it becomes increasingly difficult to remain in the river to carry out the 

measurement. Typically, flows above 4 m^/s were too dangerous making it necessary to 

measure the river velocity by another means. A solution was found by dropping the 

velocity meter from a bridge using an extended pole and cable (Figure 4.9).

The highest flow successfully recorded was calculated as 60 m^/s. This occurred on 8"’ June 2012 on 

the Owendalulleegh River after 30 mm of rain had fallen in the preceding 24 hours (see Figure 4.8).

Figure 4.8: Low flow and high flow (8/6/2012) Figure 4.9: M easuring high flows on Ballycahalan

comparison at Owendalulleegh River. River (8/612).

During the investigations for the Gort Flood Studies Report, a number of other discharge 

monitoring points were established or attempted to be established within the catchment. The two 

most relevant attempts (to this thesis) were at the Coole River and the spring discharge at Kinvara. 

Gauging Coole River proved unsuccessful due to difficulty in entering the river at high stage and 

the frequency at which the river burst its banks. Attempts were also made to gauge the flow at the
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springs at Kinvara. Two surveys were attempted at low tide conditions but the data was not used 

due to problems with the density effects of the saline and freshwater. At high tide the saline water 

intrudes a great distance into the aquifer and as a result the springs take several hours to flow with 

freshwater. Due to this, it could not be determined whether the flow being measured was salt water 

released from the aquifer or freshwater discharge. For these reasons, neither Coole River nor 

Kinvara springs were included or attempted to be gauged as part of this thesis. Attempts were 

made however to estimate flows at Kinvara using hydrochemical methods as discussed in Section 

7.2.4.

4.3 Monthly Sampling

From March 2010 until March 2013, monthly sampling was carried out at key locations within the 

catchment. Over 30 sampling locations were identified and sampled from over the course of the 3 

year campaign with 20-25 locations being regularly sampled. Samples were collected from 8 river 

sites, 18 boreholes/wells, 5 turloughs, and the two springs at Kinvara. These locations are 

displayed in Figure 4.10. In total, approximately 680 individual visits were made to the sites with 

up to 7 sample bottles been taken at each site. These samples were collected and tested for a range 

of hydrochemical parameters such as alkalinity, pH, specific conductivity, nutrients and stable 

isotopes. Details on hydrochemical the analysis techniques can be found in Section 4.5.

Rivers were sampled to characterise the water feeding into the catchment. Samples were collected 

from the three rivers feeding the catchment at two locations (upper and lower) on each. Two more 

samples were also taken of peat and forestry runoff from the Slieve Aughty Mountains. Samples 

were recovered at depth from the centre of the rivers by grab sample or use of a bucket. See Table 

4.1 for details on the river sampling locations.

Table 4.1: River Sam pling locations and site ID names.

OR-U Owenshree River -  Upper
OR-L Owenshree River -  Lower

BR-U Ballycahalan River -Upper
BR-L Bailycahalan River -  Lower

DR-U Derry wee River -Upper (Owendalulleegh River)
DR-L Derry wee River -  Lower (Owendalulleegh River)

F Forest area of Slieve Aughtys Forestry runoff

P Peat area of Slieve Aughtys Peat runoff

I l l



Chapter 4 Instrumentation and Data Collection

Figure 4.10: Plot of sampling network displaying site type (colour) and name.

Boreholes and wells were sampled to collect groundwater from within the carboniferous aquifer 

surrounding the furlough network. Samples were recovered from open wells by grab sample or 

using bailers after being purged by removing three times their stored volume. Samples from 

pumped weUs were collected from a tap before the water reached the treatment system. The range 

of boreholes/wells being sampled varied over the three year sampling period due to loss of access 

and the discovery of new wells as research progressed. Access to private boreholes was provided 

by permission of the landowner and in three cases, access was lost resulting in the discontinuation 

of sampling at that location. See Table 4.2 for details on borehole/ well sampling locations.

112



Chapter 4 Instrumentation and Data Collection

Table 4.2; Borehole and well sampling locations.

BHl Kilchreest • Well owned by Kilchreesf group wafer scheme.
• Extremely deep high capacity well.
• Pumping water from Old Red Sandstone rather than 

Carboniferous aquifer.

BH2 Ballygunneen • Private household well

BH3 Pollacurra • Open Borehole installed for housing development but 
development abandoned due flooding problems.

• See Figure 4.3(a).

BH4 Near Coy furlough • 70m deep private household well located on hill above Coy 
turlough.

BH5 Kiltartan • Private agricultural well.

BH7 Grannagh • Private household well.

BH8 Cloonteen • Private hou.sehold well within .southern Cloonteen catchment.
• Dropped from sampling due to difficulty in collecting untreated 

sample.

BH9 Caherglassaun • Private household well located on hill above Caherglassaun 
turlough

BHIO Ballyaneen South • Private household well.
• Sample collected from untreated kitchen sink tap.

BH ll Bunragh • Private agricultural well.

BH12 Crannagh • Former Crannagh group scheme well.
• Figure 4.3(c).

BH14 Skehanagh • Old stone well.
• Figure 4.3(d).

BH15 Near Coy furlough • Old stone well on hillside next to Coy turlough.

BH16 Near Coole • Coole group water scheme.

BH17 Near Coy furlough • Abandoned household well next to Coy turlough.

BH19 Near Coole (nra) • NRA monitoring well nearby BH16.

BH20 Kilfarfan (nra) • NRA monitoring well nearby BH5.

BH21 Kilfartan (along N18) • Former Gort Flood Studies monitoring well.

Tlie turloughs were assumed to be well mixed water bodies and consequently, only one sample 

taken from the main body of the furlough at a depth of Im was deemed necessary to give a

113



Chapter 4 Instrumentation and Data Collection

representative measurement. This assumption is based on studies carried out by Gill (2010) and 

Cunha Pereira (2011) (further details on these studies can be seen in Section 7.1.1). The sample was 

collected from the main body of the furlough using a kayak, this method prevented contamination 

of the samples from the build-up of filamentous green algae at the banks of the furloughs. Typically 

fewer samples were able to be collected in summer due to the turloughs emptying. Samples were 

collected from the two Kinvara springs (east and west) at low tide. See Table 4.3 for sampling 

locations.

Table 4.3: Turlough and Spring sam pling locations

T1 Blackrock

T2 Coy

13 Coole
T4 Garry land

T5 Caherglassaun

KW Kinvara West

KE Kinvara East

4.4 External Data

To develop a full hydrological model of the catchment (see chapter 6), various additional 

hydrological datasets were required. Many of these datasets were not collected as part of this 

research as they were available from various state-run organisations. External data such as this 

included:

TIDAL DATA

The Irish Marine Institute provided water level data from a tidal gauge installed in Galway Port. 

1 his gauge is the closest available gauge to the catchment outfall at Kinvara. Howev'ei a 72 minute 

delay was detected between tide peaks at Kinvara and Galway Port. This delay was applied to the 

tidal data before it was inputted into the hydrological model.

RAINFALL AND  EVAPOTRANSPIRATION

The Irish meteorological service. Met Eireann, possesses a vast array of weather stations and rain 

gauges across the country. Hourly rainfall and evapotranspiration data was received from climactic 

weather stations in Birr, Gurteen and Shannon Airport. In addition to this, daily rainfall amounts
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were recorded bv a number of rain gauges surrounding the catchment. Daily rainfall data from 

gauges in Ardrahan, Ballyvaughan, Carron, Gort and Loughrea w as received.

RIVER FLOW  DATA

As m entioned previously, m ost of the river flow  data for this project w as obtained from fixed river 

m onitoring points run by the Office of Public Works (OPW). The OPW record water depths at 4 

m onitoring points (ref no's: 29020, 29021, 29023 and 29009) in 15 m inute tim esteps. This water level 

data was then converted to flow  data using rating curves.

4.5 Chemical Analysis

Water sam ples were tested in the laboratory as soon as possible after collection and within 24 hours 

of sam pling. The sam ples were stored in a cool box during transportation. The testing m ethods are 

described below:

4.5.1 General Chem istry

Sam ples were tested for alkalinity based on Standard M ethods (APHA, 1999). This involved taking 

50 ml of sam ple, injecting an indicator d ye into it and titrating the sam ple with 0.02N H2SO4 until 

the dyed sam ple changes colour d ue to change of pH. The titration is m ade up of tw o steps using  

two indicator dyes. The first step involves titrating the sam ple until the pH is lowered to 8.3 at 

w hich point, the plienolphtlialein indicator turns from pink to colourless. This step is used for 

sam ples containing carbonate and bicarbonate alkalinity which have a pH of > 8.3 and usually less 

than 11. The second phase of the titration uses bromcresol green to mark w hen the pH has dropped to 

4.5. At this point the indicator changes from blue to yellow . This step is used for sam ples containing  

only bicarbonate alkalinity which have a pH of 8.3 or less. The pH  levels w ithin the Gort Lowlands 

were rarely above 8.3 and as such, only the second titration phase was carried out.

Samples were also tested for specific-conductivity (conductivity corrected to 25°C) using an 

electrical conductivity (EC) meter (WTW® C ond.l97i) and pH  w as recorded using a pH meter 

(Eutech Instruments ph6+).
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4.5.2 N utrients

A range of nutrient tests w ere carried out to determ ine total nutrient quantity and the quantity of 

their m ost com m on forms. Total nitrogen (TN) tests were carried out using test kits capable of 

detecting low  concentrations. Tw o varieties o f test kits were used for TN, Merck total nitrogen cell 

test kit (1.00613.0001) w ith range 0.5-15 m g/1 and Dr. Lange 138 cell test kit with range 1-16 m g/1. For 

nitrate (NO3), Merck test kit (1.09713.0001) w as used w hich had a range of 0.1-25 mg. Quality control 

(QC) w as carried out for TN and NO3 using Merck Combicheck standards {1.14695.0001 for TN and 

1.14675.0001 for NO3). In the early stages of sam pling, am m onium  (1.14752.0002, 0.02-1.3 m g/1) and 

nitrite (1.09713.0001, 0.1-25 m g/1) test kits were also used. H ow ever concentrations were found to 

be too low  to warrant the continuation of testing.

Phosphorus (P) was m easured in two forms: total phosphorus (TP) and total d issolved  phosphorus 

(TDP). 25 ml of water was collected and put into its ow n  dedicated bottle to avoid contamination. 

For TP, 25 ml of sam ple w as measured in a graduated cylinder and poured into the sam ple bottle 

on site. For TDP, the sam ple w as filtered through a 45 micron filter (Puradisc 25 PP, 515-1434) before 

being poured into the sam ple bottle. The procedure for lab analysis w as as follows:

• Standards m ade up for 0, 0.05 and 0.1 m g/1 and a quality control standard of 0.05 m g/1 was

also used.

• D igestion reagent was added to each sam ple. The reagent was m ade up of 6g K2S2O8, and 

10 ml of 3.6N H2SO4 m ixed into ultrapure water to fill a 100 ml volum etric flask.

• Sam ples were digested in an autoclave at 121 °C for 1 hour.

• After digestion, 5 ml of sam ple was pipetted into a test tube and 1 ml of m ixed reagent was

added. This reagent contained 13.5 ml 3.6N H2SO4, 25 ml antim ony stock, 25 ml molybdate 

stock and 0.2g ascorbic acid which w as m ade up to 100 ml using ultrapure water.

• After 10 m inutes, sam ples are inserted into a spectrometer and their absorbance measured 

(882nm).

QC was carried out for P by running a QC sam ple w ith each batch of P analyses. This solution was 

prepared to a specific concentration (0.025 m g/1 TP) at the onset of laboratory testing and kept in 

individual bottles in a freezer. Duplicate sam ples w ere also collected and tested rule out sam pling  

error.
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4.5.3 Stable Isotopes

Separate sam ples were collected for stable isotope analysis. These sam ples w ere flooded before 

sealing under water to ensure no air was trapped in the bottle which could alter the isotope 

signature via fractionation. Sam ples were transferred to a cool box before being stored in a fridge 

until ready for analysis by mass spectrometry.

I 8 Q

The analysis of the sam ples to yield the ratio was carried out using a gas bench m ass

spectrometer. Sam ples were collected in the field and stored for a period of up to six m onths before 

testing in bulk. The sam ple preparation to find the 5 '* 0  of water by equilibration w as as follows.

•  0.5 mL of water was pipetted into a 12 mL exetainer which is capped with a rubber septum .

•  The exetainer was flushed with a 0.3% CO2 in helium  for 800 seconds.

• The exetainer was allowed to equilibrate in the sam ple block for >20 hours. Tw o equilibrations 

occur:

(1) C 0 2 (g )< = > C 0 2 (a q )

where CO 2 is exchanged between the gaseous and aqueous phase.

(2) CO2 (aq) + H2O <=> H2CO3

where d issolved  CO 2 reacts with water to form carbonic acid.

•  Sam ples were run with the standard m ethod (5 reference CO 2 peaks, 10 sam ple peaks and 2 

reference CO 2 peaks). The m iddle 8 sam ple peaks were then averaged to give the 5 '*0  value.

Corrections to the standard were m ade and the Standard Deviation was reported as ISD for all 

standards run w ith unknowns.

A N D  m

Sam ples to be analysed for both '*0 and were sent to the Stable Isotope Facility in Q ueens 

University Belfast for testing. A portion of sam ple w as transferred from the 100 ml HDPE sam ple 

bottles into 2 ml glass vials and posted to the laboratory.
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4.6 Problems Encountered

During the course of m onitoring the catchm ent over a period of 3 years, a num ber of issues were 

encountered that hamf>ered data collection. These issues had to be dealt with urgently so as to have 

reliable data for analysis later on. Such issues included:

Diver unreliahilih/

The reliability of the diver instrum entation was of key im portance to the collection of field data. On 

a num ber of occasions the divers broke dow n as they were recording data on site resulting in lost 

data. The sites m ost at risk for this are the turloughs as they are dow nloaded so seldom. This 

occurred at G arryland turlough twice during the m onitoring period resulting in many m onths of 

lost data. Another problem was caused by frost dam age. In one instance the diver in Blackrock 

turlough showed increased pressure when the turlough was know n to be em ptv. It was later 

determ ined that the elevated pressure was due to frost build-up w hich impacted upon the pressure 

transducer. Similar frost effects w ere found with the OPW river data.

Obstructions

An issue that arose at gauging stations was that of blockages by fallen trees. This problem arose on 

two occasions during the study period whereby a fallen tree had caused a blockage between bridge 

piers just dow nstream  of a gauging station. The blockages caused significant backw ater effects 

which artificially raised the stage of the river resulting in erroneous data. The blockages were 

removed and the data from these periods was used w ith caution.

Erroneous data

As m entioned before, a large am ount of data was obtained from external institutions. This external 

data often had a num ber of errors or omissions in it. Tidal data often had gaps of many hours 

where no data was provided and som e tim esteps were repeated w ithin the dataset. To correct the 

missing tidal data, previous liual cycles of sim ilar am plitude w ere used to fill in the gaps w here 

needed. For missing river flow data , the rainfall-runoff model N A M  was used to estim ate flows 

based on rainfall. More details on the NAM rainfall-runoff m odelling process are discussed in 

Section 5.4.2.

Interference with equipment

Installing equipm ent in the field brings w ith it the risk of vandalism  or interference from  m em bers 

of the public. This was an issue for the diver installed on the O w enshree River a t Castle-Daly. The 

diver placed inside a pipe casing and  m ounted on a stone wall beneath the w ater Une. Upon
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detailed inspection of the data, the diver baseline datum  app>eared to move at various points 

suggesting the diver had been lifted out of the water and placed back incorrectly. As the site is often 

used by locals for fishing, it is quite likely that the diver could have been tampered with. As a 

result, the data from the diver was of limited use due to the uncertainty in water level readings.

O ther issues

Other problems encountered during site work included divers becoming lodged down boreholes 

and in one instance, the rope and buoy attached to a diver platform getting sucked down an 

estavelle.
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5 HYDROLOGY

5.1 Introduction

In this chapter, the continuously monitored hydrological field data is presented and discussed. This 

includes; furlough water levels, weather data, river flow data and groundwater levels. 

Additionally, a number of parameters such as furlough stage-volume relationships and river rating 

curves have been improved upon those used in the previous study by Gill (2010).

5.2 Turloughs

The water depths of the five turloughs: Blackrock, Coy, Coole, Garryland and Caherglassaun 

between October 2009 and April 2013 are displayed on Figure 5.1. From this graph the four 

flooding seasons can be observed;

• The extreme flooding of 2009 is visible with all turloughs experiencing excessively high 

water levels, particularly Blackrock which reached over 18m in depth.

• Winter 2010/2011 was characterised by an irregular flooding pattern. Four distinct flooding 

events are discernible between July 2010 and April 2011.

• Winter 2011/2012 was a more "tj'pical" flooding season with one large filling event starting 

in October 2011 and ending in April 2012.

• The 2012/2013 flood season started early with four of the five turloughs filling in May 2012 

and not emptying again until March 2013.

It should be noted that the straight lines shown for turloughs at low levels are due to the diver 

being above the water level, not necessarily that the furlough is empty. However, in these cases, the 

turloughs are low enough so that their volume is negligible. For example, in March 2012, the diver 

in Blackrock was relocated from the main body of the furlough to within the main estavelle. This 

resulted in a drop of approximately Im  in diver level but no loss of accuracy as at these depths, the 

drop only resulted in a calculated volume differential of approximately 80 m .̂
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Also displayed in Figure 5.1 is daily rainfall from Kilchreest rain gauge and potential 

evapotranspiration data from the Met fiireann synoptic station at Shannon Airport. Unfortunately 

no rainfall data was recorded during summer 2010 due to a faulty datalogger.

Overall, the turloughs display similar patterns to those observed between 2006-2009 by Gill (2010) 

with three of the four flooding seasons experiencing one major flooding event. The irregular 

flooding pattern of winter 2010/2011 was caused by periods of light rainfall, particularly December 

2010 where only 46 mm of rain fell compared to 170 mm and 141 mm for December 2011 and 2012 

respectively. The turloughs can be split into two groups: Blackrock and Coy as the upper furlough 

group and Coole, Garryland and Caherglassaun as the lower turlough group.

UPPER TURLOUGHS (BLACKROCK AND  COY)

Blackrock is the uppermost turlough in the system and is fed on the surface by the Owenshree 

River. As a result, it shows a very sharp response to rainfall with many flashy filling and emptying 

events over the study period. It floods the deepest of the five turloughs (Table 5.1) but also spends 

the most amount of time completely empty due to its rapid recession rate. Coy on the other hand, is 

a damped version of Blackrock. It does not flood as deep (rarely flooding above 17 mAOD) and 

experiences slower filling and a longer recession curve. Tlie primary reason for the differences 

between the turloughs is the fact that Blackrock is predominantly river fed whereas Coy is fed by 

groundwater via an estavelle. A river fed turlough has no restrictions on its inflow whereas a 

turlough fed by an estavelle (acting essentially a surcharge tank) is limited by conditions 

underground.

Table 5.1 StaHstics on turlough inundation 2009 - 2013.

Days empty 

(no.(%»

Max (mean) 

water depth 

(m)

Days empty 

(no.(%))

Max (mean) 

water depth 

(m)

Days empty 

(no.(%))

Max (mean) 

w ater depth 

(m)

Days empty 

(no,(%))

Max (mean) 

w ater depth 

(m)

Blackrock 111 (30%) 18.5(6.6) 110 (30%) 13.3 (4.9) 130 (36%) 13,7(4,8) 111 (31%) 11,6 (4,7)

Coy 3(1%) 10.9 (5.3) 65(18%) 9.5 (4.2) 24(6) 10 (4.4) 11 (3%) 9,2 (4,6)

Coole 0(0%) 11.3 0 1 (0.2%) 9,1 (5,1) 0(0%) 11 (5,9) 0(0%) 8,9 (5.9)

Garryland 37 (10%) n .8 (* ) * 7,7 0 * * * 7.5 0

Caherglassaun 0(0%) 11,7 0 * 7,8 0 * 9,5 0 * 7.9 0

* data not available due to equipment failure
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LOW ER TURLOUGHS (COOLE, GARRYLAND, CAHERGLASSAUN)

The lower three turloughs behave similarly to the upper two turloughs but appear more dampened 

with slower flooding and receding. The turloughs are slower to fill due to the origin of the water 

supplying them. The majority of the water has come from the Owendalulleegh River catchment 

which has been significantly attenuated as it passed through Lough Cutra (see Section 5.4.3.1). The 

remainder of the water comes from the Rivers Ballycahalan and Owenshree (which has been 

attenuated by Blackrock and Coy turloughs which act as a form of header tank to dam p the linked 

hydraulic network). The turloughs are then also slow to empty as they are restricted by the capacity 

of the underground conduit network and the lack of hydraulic gradient between the turloughs and 

the ultimate destination of the water at Kinvara.

Comparing the lower three turloughs to each other, they show very similar profiles with little lag 

which indicates relatively unconstrained hydraulic connections between them. There is also 

evidence of some hydraulic connections that become active only when the turloughs have reached 

certain depths. For instance, at low-medium flood levels Garryland and Caherglassaun have very 

similar depths while Coole tends to be approximately Im  higher. As flooding increases above 7-8 

mAOD, Garryland will start to mirror Coole rather than Caherglassaun. This suggests a possible 

epiphreatic zone or epikarst/ fracture linkage between the Coole and Garryland turloughs at 7-8m. 

At approximately 10 mAOD, a surface channel will emerge between the two turloughs and their 

water levels will equalise.

5.2.1 Updating Turlough Surveys

For the modelling and analysis of the turloughs and their water volumes, accurate surveys of the 

turloughs are required. The Gort Lowland turloughs were originally surveyed during the summers 

of 2006-2009 by Gill (2010) and Naughton (2011). The surveys were carried out using a Trimble 

4700 GPS system which enabled accuracies of 0.02m in both the horizontal and vertical directions. 

The GPS data (Easting, Northing and elevation) was downloaded lo aii Excel .csv file and exported 

to Surfer® version 8.6 software which computed the land surface and produced contour maps 

(Figure 5.2). Using these contour maps, depth-area and depth-volume relationships were computed 

at 0.02m depth intervals for each turlough. The Sf)ecific depths (measured by the divers) could then 

be converted to volumes using the depth-volume relationships.

The survey data was extremely accurate at low depths but at fiigher depths, precision was more 

difficult. Some of the problems encountered by Gill and Naughton included:
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• At higher levels, surveying became problem atic due  to increased vegetation density. 

Vegetation not only m ade the terrain difficult to traverse but also interfered w ith GPS 

signal. As a result, topographic points were sparser in vegetated areas resulting in lost 

accuracy. This was an issue particularly in the Coole-Gamjland Complex which is know n for 

the close proxim ity of its forest to the turlough.

• TTie maximum levels taken by the surveys did not encom pass the highest levels tha t the 

furloughs reached in N ovem ber 2009. As a result, any w ater that reached above the 

m axim um  surveyed level could not be quantified.

• Some furloughs (e.g. Coole) never completely em ptied during  any of the surveying trips. 

TTiis m eant that the low est levels could not be know n and had to be estim ated.

An aerial LIDAR survey of the region, commissioned by the OPW, was carried ou t in the sum m er 

of 2012. This survey provided detailed terrain m aps of the furloughs w ith an accuracy of typically 

less than 20cm. As the turloughs flooded early in 2012, m any of the turloughs were not em pty 

when the fly-over was carried ou t and as a result the low est turlough levels could not be surveyed. 

However, using a com bination of low level GPS data with higher level LIDAR data, turlough stage- 

volum e relationships could be determ ined to a great degree of accuracy (thus im proving upon the 

current surveys of Gill (2010) and N aughton et al. (2012)). See Figures 5.2 & 5.3 for a com parison 

between the original survey and the LIDAR updated survey for Blackrock turlough. In this case, the 

updated survey takes into account the significant low lying area to the north-east which floods 

during  extreme high w ater levels in Blackrock.

This im provem ent that the updated  survey has on the stage discharge relationships of Blackrock 

turlough is show n in Figure 5.4. The stage-volum e relationship is unchanged until the w ater level 

reaches 22m at which point the volum e increase per change in elevation is dram atically increased. 

A lthough Blackrock turlough is the m ost dram atic alteration, all 5 turloughs show ed changes in 

stage-volum e relationships as can be seen in A ppendix A. These changes have a significant im pact 

on the running of the hydrological model.
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Figure 5.4: Upgraded stage-volume curve for Blackrock turlough.

5.3 Rainfall & Evapotranspiration 

5.3.1 Rainfall

Rainfall was measured using two tipping bucket gauges at Kilchreest and Francis Gap which 

recorded rainfall every 15 minutes. A correlation between the two gauges (Figure 5.5) based on 

daily rainfall (Sep 2010 -  Apr 2013) shows a reasonable correlation (R2=0.84) with Francis Gap 

recording approximately 35% more rainfall than Kilchreest over that period. The additional rainfall 

at Francis Gap is expected due to its position high up the Slieve Aughty Mountains.
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Figure 5.5: Daily rainfall correlation between Kilchreest and Francis Gap (Sep 2010-April 2013).

Walsh (2010) describes the average annual reference rainfall (1981-2010) across the Gort area 

ranging from over 1500 mm on the high ground of the Slieve Aughty Mountains and the Burren 

plateau, down to approximately 1100 mm in low-lying areas around Gort Town. The lowest 

monthly average rainfall generally occurs in April, followed by a gradual rise in average rainfall to 

the highest values between October and January. Data from 2010-2013 broadly conforms to this 

trend with a number of notable exceptions (>200 mm rainfall in March 2010 and June 2012). See 

Figure 5.6 below for a plot of monthly rainfall values between January 2010 and March 2013.

Figure 5.6: M onthly rainfall for Kilchreest rain gauge (2010-2013).

Unfortunately, equipment failure during summer 2010 caused the loss of 6 months of rainfall data 

from both Kilchreest and Francis Gap rain gauges (green bars on Figure 5.6). This loss of data is not 

catastrophic as there are a number of Met liireann operated rain gauges in the region that can 

record daily rainfall. However, for use as an input into the hydrological model, hourly Slieve 

Aughty rainfall is required. To obtain an approximation of hourly rainfall, the hourly data from the 

nearest operational synoptic station at Shannon was used and weighted against daily rainfall values

129



Chapter 5 Hydrology

at the D errybrien/G ort rain gauge (Met Eireann). TTiis method provided a reasonable estimation of 

hourly rainfall for modelling purposes. See Table 5.1 for yearly rainfall statistics for a num ber of 

relevant rain gauges.

Table 5.2: Yearly rainfall amounts (mm) for rain gauges withir^/nearby catchment.

Kilchreest Francis Gap Shannon 

(Met fiireann)

Galway

(NUIG)

Ballyvaughan1 Carron Derrybrien Loughrea 

(Gort)

2010 « * 845 * 1109.3 1305 1153 959

2011 1345 1821 1012 1490 * 1824 1553

2012 1408 1953 1046 1417 * * * *

*full dataset unavailable, "some notable stations omitted (e.g. Ardrahan) due to lack of continuous dataset.

Using the network of rain gauges within the region, a rainfall contour map can be produced which 

clearly displays the different rainfall quantities between the upland and lowland portions of the 

catchment (Figure 5.7).

Nit

    /  /  /  /
Figure 5.7: Rainfall contour map for the Gort Lowlands (Office of Public Works, 2013).

OSI licence no. EN 0021013
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5.3.2 Evapotranspiration

Potential evapotranspiration (PE) measurements were only available from Met Eireann synoptic 

weather stations. Most of these stations calculate evaporation using the Penman-Monteith equation 

and report values on a daily basis. The two closest stations to the Gort Lowlands, Shannon and 

Gurteen, share a close relationship with an value of 0.896. As the catchment lies between these 

two stations, the average daily value between the two was taken as the input into the network 

model. In June 2012, a new Met Eireann synoptic station came online at Athenry. This station lies 

quite close to the catchment and thus the data from this station was used after 28 June 2012 (the 

value between Athenry data and the Shannon-Gurteen average was 0.881). See Figure 5.8 for a plot 

of PE between 2010 and 2013. In terms of modelling the furlough network, PE measurements are 

required but hold little influence over the turlough dynamics. The furlough levels are not very 

sensitive to PE levels as when turlough are highest in winter, the PE is low. In summer, when PE is 

high, many of the furloughs are empty or low enough for PE to make little difference in terms of 

turlough volume.
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6 
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Figure 5.8: PE data used for the Gort Lowlands.

5.4 Rivers

As mention in Section 4.2.4, the three primary rivers (Owenshree, Ballycahalan, Beagh) feeding the 

catchment are monitored by the OPW. The Owendalulleegh River was also monitored by the OPW 

and the Owenshree River was monitored at a second location (Castle-Daly) as part of this research 

project. The river gauging stations all measured water depth but not flow and thus needed to be 

rated. In this section, the design of rating curves for the rivers is discussed as well as the estimation 

of river flows for periods of equipment failure at the river monitoring stations. See Figure 5.9 for an 

example of raw OPW water depth readings (with approximately 20% of the data missing).
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Kilchreest

Figure 5.9: OPW water depth data for Kilchreest monitoring station (Owenshree).

5.4.1 Rating Curves

Rating curves have already been established for the rivers under study in this thesis (McCormack, 

2009) and put to use with the hydrological model (Gill, 2010). However, these rating curves 

suffered from a lack of river flow measurements for high flow events. An extrapolation using the 

Velocity-Area method had to be used in order to estimate flows at high water levels. As a result of 

this extrapolation, there was a large degree of uncertainty with predictions of high flow events.

During 2012, five site visits were carried out with the sole purpose of collecting additional high 

flow data. In many cases, not all rivers were gauged as the peak flow had been missed. The 

measured flows are presented in Table 5.3. For ease of interpretation, the two gauging stations on 

the Owenshree River have been denoted as 'Kilchreest' (OPW station) and 'Castle-Daly'.

The updated rating curves for all rivers except Beagh River are shown in figures 5.10-5.13. For 

Kilchreest River, the Velocity-Area Method extrapolation was again used to get a better fitting 

rating curve. This extrapolation method was chosen over other methods such as Steven's Method 

and the Manning Formula due to their unlikely assumptions that the roughness coefficients would 

remain constant at higher discharges. Ihe loganthmic method was also examined but the 

extrapolation was beyond the recommended limit of 20% higher than the highest gauged discharge. 

In Figure 5.10, error bounds are displayed in order to represent the typical range of error which 

could occur due to flow measurement error or natural variation of river flows (similar error bounds 

apply to all rivers but are not plotted in each graph). For each river, a best fit trend-line was applied 

to the data and its characteristic equation was used to convert stage measurements to flow.
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Table 5.3: Additional river gauging measurments carried out as part of this thesis.

26/01/1211.45 Ballycahalan 0.594 0.545 4.981 2.69 0.69 0.68

26/01/1213.40 Owendalulleegh 0.856 0.615 9.419 5.80 1.29 1.29

26/01/1213.40 Beagh 1.238 0.975 10.46 10.42 - 1.27

08/06/1211.30 Kilchreest 0.85 2.21 8.83 19.5 0.8 -

08/06/1212.45 Castle-Daly 1.375 1.42 6.753 7.01 - -

08/06/12 14.00 Ballycahalan 1.4 1.58 11.62 2.746 1.60 1.55

08/06/12 16.00 Owendalulleegh 2.59 2.03 30.8 60.46 3.04 2.95

08/06/1215.00 B<?agh 1.5 1.11 15.15 16.46 1.22 1.22

15/06/12 15.45 Ballycahalan 0.55 0.601 4.564 2.746 0.70 0.71

15/06/1212.00 Owendalulleegh 0.669 0.6 7.36 4.42 1.14 1.15

15/06/1213.00 Beagh 0.947 0.873 8.273 7.294 0.70 1.15

16/08/1215.00 Beagh 1.25 0.87 10.935 9.525 0.82 0.824

2/10 /12  10.45 Kilchreest 0.597 0.749 5.97 4.47 0.325 0.314

2/10/1211.30 Castle-Daly 1.022 0.88 5.02 4.46 - -

2/10/1214.15 Owendalulleegh 1.021 1.173 1Z251 14.37 1.53 1.47

20

V = 23.061x^ + 4.6427X + 0.2748

♦  M anual readings

■  Extrapolated values

U pdated Curve

Old Curve

- 0.20 0.00 0.20 0.40 0.60 0.80
stage (m)

Figure 5.10: Owenshree River (Kilchreest) rating curve featuring ±5% error bounds.
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Figure 5.11: Owensliree River (Castle-Daly) rating curve.
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Figure 5.12: Ballycahalan rating curve.
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Figure 5.13: Owendalulleegh River rating curve.

From the above plots, it is clear to see that the updated stage-discharge curves are considerably 

different to the original curve (Grey line) in three of the four monitoring locations. In all cases, the 

flow has been increased for a given stage value. This has important consequences for the 

hydrological model which needs to be re-calibrated based on the increased flow volumes. It should 

be noted that the negative stage values depicted in Figure 5.10 are due the position of the datum 

lying above the river-bed.

The Beagh River monitoring station is the only station within the study that has been rated 

previously. Manual measurements of flow have been recorded by the OPW since the 1970's to 

construct a robust rating curve. This rating curve was chosen to be used in preference to the manual 

measurements recorded and used previously. See Figure 5.14 for the Beagh River rating curve as 

designed by the OPW (The green point represents a manual measurement taken in June 2012 which 

validates the OPW rating curve). TTiis updated rating curve is significantly different to the original 

curve. Mid-range flows become approximately a third higher while high flow values are almost 

double those of the original curve.

y = 10.871x^ - 12.52X + 3.3813

*  M an u a l re a d in g s

 U p d a te d  C urve
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Figure 5.14; Beagh River rating curve.

5.4.2 Rainfall-Runoff Modelling

As seen in Figure 5.9, Kilchreest, Ballycahalan and Owendalulleegh monitoring stations suffered 

from equipment failure during the study period resulting in gaps in the dataset. As the 

hydrological model requires complete datasets from the rivers Owenshree, Ballycahalan and Beagh, 

the gaps in these datasets needed to be estimated using a rainfall runoff model. Between Kilchreest 

and Ballycahalan monitoring stations, over 11 months' worth of missing data needed to be 

estimated. The rainfall-runoff modelling software chosen to model the rivers was MlKEll-NAM 

(DHl Software).

■ -f A r » -ri v l i K L ± X “i \ r L i v ^

MIKEll-NAM is a single-catchment watershed lumped-parameter model for simulating rainfall- 

runoff and the hydrological cycle. Developed in 1973 by the Department of Hydrodynamics and 

Water Resources at the Technical University of Denmark (Nielsen and Hansen, 1973), the model 

simulates the various hydrograph components using a moisture budgeting approach for different 

storages (O'Brien et al., 2013). The form of model structure applied to this catchment involved four 

storages: snow storage (which was omitted), upper (surface), middle (rootzone) and lower 

(groundwater) storages with the lower storage being split into two storages, one for shallow and 

one for deep groundwater. Overland flow and interflow were modelled as discharges from the
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uppermost storage. The middle storage monitored soil moisture deficit in the catchment and acted 

as a control for overland flow, interflow and recharge occurrence. The structure of the NAM model 

is shown below in Figure 5.15.
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Figure 5.15: NAM conceptual structure (from O'Brien et al. (2013)).

A NAM modelling run calculation is based on nine hydrological parameters representing the 

surface zone, root zone and groundwater storages. Additional parameters can be used to account 

for snow melt, irrigation schemes and special cases (e.g. ground water storage influenced by river 

level variations). However, these provisions were unnecessary for modelling the Gort Lowlands. 

The hydrological parameters consist of the following (as described by the NAM users-manual):

Surface-rootzone parameters:

• Maximum water content in surface storage (Umax) -  represents the cumulative total water 

content of the interception storage, surface depression storage and storage in the 

uppermost layers of the soil.

• Maximum water content in the root zone storage (Lmax) -  represents the maximum soil 

moisture content in the root zone, which is available for transpiration by vegetation.

• Overland flow runoff coefficient (CQOF) -  determines the division of excess rainfall 

between overland flow and infiltration.

• Time constant for interflow (CKIF) -  determines the am ount of interflow, which decreases 

with larger time constants.

• Time constants for routing overland flow (CK1,2) -  Determines the shape of hydrograph 

peaks. High, sharp peaks are simulated with small time constants whereas low, longer 

peaks are simulated using large values of these parameters.

137



Chapter 5 Hydrology

• Root zone th reshold  value for overland flow  (TOF) -  Determines the relative value of 

moisture content in the root zone (L/Lmax) above which overland flow is generated.

• Root zone threshold  value for in ter flow  (TIF) -  determ ines the relative value of moisture 

content in the root zone (L/Lmax) above which interflows is generated.

G roundw ater parameters:

• Tim e constant for rou ting  baseflow  (CKBF) -  determ ined from the hydrograph recession 

in dry periods.

• Root zone threshold  value for g round w ater recharge (Tg) -  determ ines the relative value 

of moisture content in the root zone (L/Lmax) above which ground w ater recharge is 

generated.

The following input data was required to carry out a NAM model calculation:

• Setup param eters -  catchm ent area, soil properties etc.

• M odel Param eters -  as described previously.

• M eteorological data -  precipitation and potential evapotranspiration. Data from m ultiple 

weather sta tions/ra in  gauges could be inputted and the percentage contribution from each 

specified.

• Initial conditions - initial values for surface, rootzone and groundw ater model parameters.

• O bserved discharge data for m odel calibration.

To calibrate the model, an auto-calibration function is available. After the required data has been 

input and model param eters estim ated, the model is run for a single catchment. The autocalibration 

function calculated best fit values for the nine hydrological param eters based on the inputted 

observed discharge data. See Table 5.4 below for calibrated model param eters for O w enshiee and 

BaUycahalan Rivers and Figure 5.16 for an example of observed and predicted runoff.

T able 5.4: List of optam ised NAM  hydrological param eters.

Owenshree 34.5 15.1 40,5 0.661 275.1 5.9 13.7 0.145 0.394 0.632 744 10% Kilchreesl, 

90% Francis Gap

BaUycahalan 47.7 26 979 0..772 795.1 122 5.5 0.0012 0.364 0.98 3987 0% Kilchreest, 

100% Francis Gap
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Figure 5.16: Example of observed (blue) & predicted (red) runoff for Kilchreest River

(Summer 2012).

The two main performance statistics for goodness of fit are model efficiency (or -  i.e. the Nash- 

Sutcliffe criterion) and bias. is calculated according to Equation 5.1:

Z(Qo -  
U Q o  -  Q o Y

Equation 5.1

where Qo is the observed flow and Qm is the modelled flow at each timestep (Lee and Singh, 1999). 

Bias is the overall error in volume (in m m /year) and is calculated as:

Z « ? o  -  Q s i m )bias - Equation 5.2

The results of the statistical goodness of fit tests are shown below in Table 5.5: 

Table 5.5; Goodness of fit parametes for NAM results.

Owenshree 0.871 0.000053

Ballycahalan 0.917 -0.1569

As can be seen from Table 5.5, the efficiency of the Ballycahalan NAM calibration is very good 

while the Owenshree calibration is marginally less accurate. Bias (the overall error in volume in 

m m /year) is negligible for both rivers. Using the calibrated NAM models for Owenshree and 

Ballycahalan rivers, the missing data could now be substituted with NAM predicted flow data to 

obtain full datasets (Figure 5.17).
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Figure 5.17; Owenshree River hydrograph with NAM flow estimations.

Attempts were made to calibrate NAM for the Owendalulleegh River catchment but these proved 

unsuccessful. The model was unable to simulate the rapid occurrence of peak flow in the river, the 

likely cause of which was unsuitable rainfall input data. The closest rain gauge available for 

calibration was the Francis Gap rain gauge. However this rain gauge was located beyond the north- 

most extremity of the catchment. In future studies, a rain gauge located within the Owendalulleegh 

catchment will be necessary for accurate rainfall-runoff modelling.

5.4.3 Analysis

5.4.3.1 Quantifying Flow Volumes

A quantitative comparison was carried out to determine the relative contribution of each river to 

the hydrological regime of the Gort Lowlands. Cumulative discharge time series were calculated 

for the year 2010. From Figure 5.18 it can be seen that Beagh River is the greatest contributor of 

autogenic recharge to the Gort area, supplying 55.3% of the cumulative discharge over 2010 with 

the Owenshree and Ballycahalan Rivers supplying 24% and 20.7% respectively. Owendalulleegh 

River was not included in this cumulative analysis as it transmits the same water as the Beagh 

River. It should also be noted that the majority of tlie flow in these rivers can be attributed to 

overland flow and interflow (lateral subsurface flow in soils and subsoil) with very little deep 

groundwater flow (O'Brien et al., 2013).

The average flows, peak flows and catchment sizes for the Owenshree, Ballycahalan, Beagh and 

Owendalulleegh Rivers for the years 2010-2012 are shown in Table 5.6. As expected, the River 

Beagh carries the largest average flow of 3.67 m^/s compared to the Owenshree and Ballycahalan 

with 1.32 mVs and 1.26 mVs respectively. TTie Owendalulleegh River's average flow was not
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calculated due to the extent of missing data although it can be assumed to be similar but slightly 

smaller than the Beagh River flow due to the contribution of the smaller Gorteenboy River (with 

catchment size: 8.2 km^) in the north east corner of Lough Cutra (Figure 5.19).
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Figure 5.18; Cumulative flow for Owenshree, Ballycahalan and Beagh Rivers

for the year 2010.

Table 5.6: Average and Peak flows for rivers (2010-2012).

Owenshree 1.32 19.6 34.5

Ballycahalan 1.26 44.3 47.7

Beagh 3.67 22.2 123.8

Owendalulleegh * 72 89.3

* could not be calculated due to lack of full dataset.

The peak flows of the rivers are somewhat proportional to the size of catchment feeding them with 

the larger catchments providing greater amounts of rapid surface runoff. The River Beagh is an 

exception however due to attenuation and lagged response caused by Lough Cutra (3.9 km^), as can 

be seen in Figure 5.20. This lagged response is reflected by the flooding of the turloughs as the 

lower three turloughs, fed mostly (55%) by the River Beagh, flood and empty slower than the upper 

two turloughs which only receive water from the River Owenshree. The attenuation affect caused 

by Lough Cutra was analysed using the reservoir (or level-pool) routing method in Section 6.3.4.1.
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Figure 5.20: Owendalulleegh inflow and Beagh outflow 

from Lough Cutra.

S.4.3.2 Inflow to Blackrock Turlough

In March 2012, the Blackrock turlough diver was moved from a low point within the body of the 

turlough to the base of the largest estavelle. The reason for the change in location was to observe 

the dynamics of the estavelle at low flood levels. At low levels, the estavelle is known to behave as a 

sinking stream before the underground conduit network has reached its capacity and the estavelle 

starts to back up and flood the turlough. The flow required in the river for the underground 

network to reach its capacity is relevant for modelling purposes.

Comparing flows measured at Kilchreest gauging station to Blackrock turlough flood levels, the 

minimum flow required to begin flooding the turlough could be calculated. Between March 2012 

and April 2013, during the periods when Blackrock turlough was dry, the Owenshree River 

experienced 19 river flow p>eaks of varying strength. On 14 of these occasions, the river peak 

exceeded 1.23 mVs and resulted in flooding of the turlough. As a consequence, it could be 

concluded that 1.23 mVs is the maximum flow allowed by the Owenshree River before the 

underground capacity has been reached. Figure 5.21 provides an illustration of this with flows 

exceeding 1.23 mVs being highlighted by red circles and flows below 1.23 m Vs highlighted by 

purple circles.

Over the analysis period, one exception could be found where a flow peak of 1.23 m^/s did not 

result in the flooding of the turlough (not shown in Figure 5.21). This was due to the fact that the
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turlough had only emptied 12 hours previous to the flooding event. The 12 hours between floods 

was evidently not a long enough period for the conduit network to restore its capacit}'.
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Figure 5.21: Owenshree flow & Biackrock turlough level (August-October 2012). Red circles 

indicate periods when flow exceeds 1.23myh and thus causes a response from the turlough.

5.5 Groundwater

Groundwater levels within the catchment were monitored using a range of boreholes and wells. Of 

the 18 boreholes/wells studied, 12 were accessible for observing groundwater level using a dipper 

and 7 of these 12 wells were instrumented with divers for continuous measurements at some point 

during the study period. The data shows a wide range of water level fluctuations between 

boreholes, no matter the distance between them. This is a typical characteristic of highly karstified 

areas (Ford and Williams, 2007). See Figure 5.22 for an example of two extremes of water level 

fluctuation within the catchment (from boreholes 2.5 km apart). Note: continuous lines indicate 

diver data, dashed lines with points indicate monthly dipped levels.
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Figure 5.22: Various degrees of borehole water level fluctuation w ithin the catchment. Solid line 

represents continuous m onitoring using a diver. Points and dotted line represent point

measurements and interpolation.

In this section, hydrographs and groundwater fluctuations are to be interpreted in terms of their 

hydrological significance to the conceptual model of the groundwater regime. It should be noted 

that there are a number of limitations in interpreting this data, due to either lack of information or 

monitoring constraints. These limitations include:

• Domestic wells of unknown depth and construction.

• Domestic wells are intermittently pumped which could affect the recorded water level.

• Borehole may penetrate different geological formations (including drift), each with

potentially differing water levels.

• Monthly dipped data may miss rapid recharge events.

Water level fluctuation within the catchment was monitored previously as part of the fieldwork for 

the Gort Flood Studies Report during the 1990s. In this report, groundwater level fluctuations were 

mapped out in terms of three degrees of fluctuation: less than 3m, greater than 3m and tidally 

influenced. This map (along with the locations of boreholes monitored in this thesis) is presented in 

Figure 5.23. From the map, the preferential flow pathways are clear to see with areas of high 

fluctuation following the known conduit paths, implying low storage and high transmissivity. Also 

visible in the map is the possible northern flow route as suggested by tracing studies carried out 

during the Gort Flood Studies.
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Figure 5.23: Borehole locations in  this study superim posed upon groundwater level fluctuations 

as m apped out by the Gort Flood Studies (Southern W ater Global, 1998).

Based on water level fluctuation, the boreholes in this thesis can be described as either responsive 

or non-responsive. Responsive boreholes are those that vary in water level by greater than 3m or 

show a high degree of conformity with the conduit network. Non-responsive boreholes are those 

that showed little variation indicating that they were separate from the conduit network, instead 

fed by the more diffuse epikarst portion of the catchment.
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RESPON SIV E

BH3

BH3 is located along the Owenshree River approximately 3 km north-east of Blackrock turlough. 

The borehole was instrumented with a diver between April 2011 and March 2013 and showed a 

high degree of correspondence with Blackrock turlough (Figure 5.24). This correspondence suggests 

that the borehole has accessed a fracture layer hydraulically connected to an underground conduit 

feeding Blackrock turlough. Evidence of this suspected underground conduit has already been 

witnessed during dry periods when the Owenshree River has been seen sinking into its riverbed.
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Figure 5.24: BH3 & Blackrock turlough water levels (Feb 2011-Mar 2013).

TTie speed of response of BH3 is striking. Its long term trend follows that of Blackrock turlough but 

in the short term, it responds rapidly to river flows in the nearby Owenshree River (250m away) 

with the borehole capable of rising up to 10m in 30 hours following a river surge. See Figure 5.25 

below for a comparison of river flow and borehole level (note; river flow data is from the Castle- 

Daly gauging station. As such, its accuracy is uncertain).
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Figure 5.25 BH3 water level & Owenshree flow (Apr-Sept 2012).

BH7

Similarly to BH3, BH7 follows the pattern of Blackrock turlough closely. However the pattern is 

slightly more damped than that of BH3 with high water levels not reaching the heights of Blackrock
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Figure 5.26. Yet the pattern is still significant considering that the borehole is approximately 1.4 km 

from the Owenshree River. Perhaps the borehole lies close to the northern flow route transmitting 

flow from Castle-Daly towards Kinvara.
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Figure 5.26: BH7 & Biackrock turlough water levels (Jun 2010-Mar 2013).

BH17

BH17 is a domestic well for a property located beside Coy turlough. At high flood levels, the well 

could be less than 50m from the water's edge. As a result, the water level in the well almost matches 

the water level in Coy turlough. This shows evidence of a highly fractured epikarst layer 

surrounding the turlough (or suggests that BH17 lies very near to the conduit feeding Coy).
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Figure 5.27: BH17 & Coy turlough water levels (Aug 2010-Jun 2011).

BH12

BH12 is an abandoned public water scheme for the Crannagh town-land approximately 2.5 km 

north of Coole and Caherglassaun furloughs. The location is not thought to be connected to the 

primary Gort Lowlands conduit network but does lie next to a separate turlough known as 

Lydacan. This turlough acts more like an epikarst, diffuse fed turlough with slow floods and 

recessions and hydrochemically different water supplying it. This slower flooding and receding 

pattern is echoed by the water level observed in BH17. See Figure 5.28 for a graph of this (Note: 

Lydacan turlough was not gauged so Coole turlough is used in this graph for illustrative purposes).
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Figure 5.28: BH12 & Coole turlough water levels (May 2010-Aug 2012).

Boreholes BH5 and BH16 also showed variation exceeding 3m and are likely to be responsive 

boreholes but were not shown here as regular abstraction from these wells made them little use for 

analysis purposes (see Appendix C).

N O N -R E S P O N S IV E

As can be seen in Figure 5.29 below, a number of wells showed very little fluctuation over time. 

These wells (BHll, BH14, BH15, BH19, and BH21) remain relatively still irrespective of the 

dominant hydrological conditions at the time. This suggests the wells have been dug into a slow 

moving epikarst layer with little or no interaction with the active conduit network.
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Figure 5.29: Non-Responsive boreholes/wells water levels (Jan 2010 -  May 2013).

Upon closer inspection of BH14, an old stone well approximately 1 km north of Coy, the well turns 

out to actually be linked to the active system but with only minimal impact. For example, in early 

June 2012, Blackrock turlough flooded 9m in three days. In the same period, BH14 rose just under 

50cm (Figure 5.30). TTiis suggests that the well is linked very distantly to the active conduit system 

by a network of very fine fractures. During periods of extreme flooding however, the well is known 

by the local population to become suddenly active and flood the locality. This occurred during the
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floods of November 2009 causing widespread flood damage to nearby homes. This suggests that 

once a certain underground water level has been reached, a higher level connection is established 

between the active conduit network and the well. The higher level connection is likelv to have 

wider fractures than the lower level judging by the rapid flooding caused in November 2009.
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Figure 5.30: BH14 (small scale) and Blackrock turlough comparison.

Another example of a well that becomes hydrologically active only during high water level periods 

is BH20. The water level in the well typically varies between 10 and 11 mAOD but doing winter 

2011/2012 when the nearby Coole turlough rose above 10 m, the well rose up to 12.5m in response 

(Figure 5.31).
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Figure 5.31: BH20 and Coole turlough water levels (August 2010 -  May 2013).

In some examples, the lack of hydrological connection to the furloughs can be striking. BH15 is a 

stone well located within 100m of the edge of Coy turlough. The water level in this well remains 

constant year round, irrespective of the water level in the nearby turlough. This indicates an 

elevated water table surrounding Coy which remains higher than Coy at all times throughout the 

year. As such, a hydraulic gradient exists between Coy and its surrounding epikarst catchment and 

this gradient increases with reductions in Coy water level. A similar situation was found with
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Coole turlough and the nearby borehole, BH19. These hydraulic gradients between the turloughs 

and their surrounding epikarst catchments are relevant as hydrochemical results indicate seepage 

from this epikarst into the turloughs, particularly during recession periods (Section 7.2).

22

20

18

16

12

10

8
May 10 Aug-10 Feb-11 Jun-11 Sep-11 Dec-11 Apr-12Nov-10

Figure 5.32: BH15 and Coy turlough water levels (May 2010 -  April 2012).

5.6 T id e

Accurate tidal data is of key importance when it comes to the running of the hydrological model. 

As the system outlet is inter-tidal, the total outflow is very sensitive to tidal level. As mentioned in 

Section 4.4, tidal data was obtained from the Marine Institute for a gauge located in Galway Port. In 

previous studies using the hydrological model, the tide data from Galway Port was inputted into 

the model directly. However during 2012, a series of studies of Kinvara Bay were carried out 

involving CTD divers being placed at various locations around the bay. These divers recorded tidal 

depth at 15 minute intervals over two months and found a delay of 72 minutes between Galway 

Port tidal peak and Kinvara tidal peak (Figure 5.33).

3

G a lw a y  City 

K invara

Figure 5.33: Tidal data for Galway city and Kinvara. Note the 72 minute offset between the two

locations.

An offset of 72 minutes is quite significant for Kinvara Bay and Galway City which are only 16 km 

apart; especially considering that Inishmore tidal gauge located on the Aran Islands approximately
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50 km away appears to have no offset from Galway City (Gill, 2010). The reason for the offset could 

be put down to the constriction caused by the shap>e of the Bay. A similar effect is also found at the 

nearby Bell Harbour Bay which lies 5 km west of Kinvara. A study by NUIG found the similarly 

sized bay to have a 45 minute offset from Galway Port (Perriquet et al., 2012).
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6 PIPE NETWORK MODELLING

6.1 Introduction

The G ort Lowlands chain of furloughs was first m odelled as part of the G ort Flood Studies Report 

d uring  the 1990's. Due to the highly heterogeneous nature of the Gort Lowlands catchment, it was 

decided that an equivalent porous m edia model w ould not be suitable. Instead, the sewer netw ork 

analysis model, Hydrmvorks (W allingford Software) was used as it could adequately sim ulate the 

confined groundw ater conditions found in the G ort Lowlands catchment. Despite a num ber of 

issues (m entioned in Section 3.5.1.2) the model perform ed reasonably well. For an illustration of the 

layout of the G ort Flood Studies model, see Figure A.16 in A ppendix A.

The next attem pt of m odelling the Gort Lowlands was that of Gill (2010) who combined the pipe 

netw ork approach w ith a groundw ater infiltration m odule in an effort to account for the epikarst 

contribution to the hydrological regime. The hydraulic model was built using Infoworks CS version 

8.5 (W allingford Software) which incorporates the Hydroworks modelling engine. This software 

enabled the m odelling of d iffuse/ep ikarst recharge using a network of subcatchm ents and porous 

pipes which could sim ulate lateral inflow. This model also benefited from several years of accurate 

turlough w ater level data and accurate GPS surveying. An updated version of the model, 

recalibrated for better accuracy, was published by Gill et al. (2013a).

In this chapter, the model of Gill e t al. (2013a) is subject to a sensitivity analysis and following some 

re-adjustm ent and re-calibration, the model is used for analysis. H owever first, the results of a 

physical model study of Blackrock and Coy turloughs will be presented.

6.2 Physical Model:

In an effort to understand the hydrodynam ics of the turloughs, a simple physical model was 

constructed consisting of two tanks and a netw ork of pipes. The tanks represented two turloughs 

(an upper and a lower) and  the pipes represent the underground conduit netw ork connecting the 

turloughs. As the model was to be used for illustrative purposes and  not detailed analysis, it was 

not designed as an exact scaled version of any turloughs. It was how ever broadly based on the 

conceptualisation of Blackrock (upper) and Coy (lower) from Gill (2010) (see Figure 6.1). Some 

alterations to Gill's conceptualisation were m ade such as the addition of a surface input and 

rem oval of the upper bypass.
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B iac k ro d i (UT}

Figure 6.1: Blackrock-Coy conceptualisation from Gill (2010).

The layout of the m odel can be seen in Figures 6.2 and 6.3. It consisted of:

• An inlet pipe fed by a constant head tank with a flow m eter attached. {Micronics Portaflmv

330 w ith accuracy of ±3%)

• Two model input sources representing surface and conduit inputs.

• Two 20 L tanks representing furloughs w ith depths m onitored by two Linear Variable

Differential Transformers (LDVT) linked to a datalogger.

• A netw ork of W  and Vi" plastic pipes representing the underground conduit network. The 

Vi' pipes were used for the bypass and  the surface input with the ¥4" pipes used for the rest 

of the system.

• Seven tap valves used to control flow at different locations w ithin the system. The valves 

could be used to activate/deactivate different model com ponents such as the bypass and 

surface inlet or could be used to constrict flow at certain locations representing 

underground throttles.

From this point onw ards, the two tanks will be described as 'U pper Turlough' or 'UT' and 'Lower

Turlough' or 'LT'. A full schematic of the m odel com ponents and their titles is shown in Figure 6.3.

Figure 6.2: Photo of physical model.
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Figure 6.3: Physical model schematic.
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6.2.1 Results

6.2.1.1 Prelim inary Investigations

The first stage of physical m odelling involved a series of initial tests carried ou t in order to 

understand the boundaries of the system  (e.g. m axim um  flows, time taken to fill tanks etc.).

M A X I M U M  F L O W S

The model was equipped w ith tw o separate sources of flow input, the surface (river) inpu t and the 

conduit input. The relative contribution of each inpu t into the system could be altered by adjusting 

the relevant tap valves (throttles) and  fine-tuning the flow w ith the aid of the flow gauge. The 

maxim um  flows possible for each input were the following:

• C onduit alone: 21 L /m

• River alone: 1 5 L /m

• River and C onduit combined: 30.6 L /m

Although these inpu t flows could be reached, they could not be m aintained as the tanks and the 

sink would overflow. For this reason, flows chosen for testing were kept m uch below the 

maximum.

I M P A C T  OF VALVES

Tap valves were used to control flow w ithin the system. H ow ever their im pact on flow was not 

directly observable. To gauge the effect caused by constricting a valve, a num ber of sim ple tests 

w ere run whereby the effect caused by one valve was m easured. Valve adjustm ents w ere recorded 

in term s of the num ber of turns used. Each valve could be turned 3 V* times from open to closed. 

The results of adjusting the conduit inlet valve (with river inlet closed) are show n below:

• Fully open: 21 I ./s

• One turn  closed: 20.4 L /s

• Two turns closed: 20.4 L /s

• Three turns closed: 19.8 L /s

• 3V4 turns closed: 11.4 L /s

It is clear to see from the above results that the valves only caused a significant im pact to the flow 

w ith greater than three tu rns applied to them. This test was also carried out on the river inpu t with 

sim ilar results. See Figure 6.4 for a photo of the throttles installed under the upper tank (UT).
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UT inlet 
valve

UT throttle 
valve

Bypass valve

Figure 6.4: Tap valves underneath the Upper Turlough (UT).

CHOICE OF S Y S T E M  I N P U T

In order to carry out testing efficiently, an input signal needed to be chosen that could be replicated 

multiple times for a range of tests. A comparison between two input signals was carried out to 

determine the practicality and efficiency of each. The first signal (Figure 6.5) consisted of a rising 

flow input and a recession built with short time-steps. The second signal (Figure 6.6) consisted of 

only two flow stages with no recession.

 IT
160 20Input

E 120 15 c-

80 10 S

40

0
0 200 400 600 800

Time (s)

Figure 6.5: Input signal 1.
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Figure 6.6: Input signal 2.

From the figures above, little difference (in terms of the goals of this study) can be seen between the 

tank water levels resulting from each Input. Considering this and the fact that two inputs is easier 

to replicate than multiple inputs, a two flow input signal was chosen.
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6.2.2 Effect of Bypass

The effect of the bypass was dem onstrated by two tests - with the bypass closed and w ith the 

bypass open. For these tests, the input signal was a flow of 14.8L/m (2 V4 turns closed) for 3 m inutes 

followed by 20.8L/m (2 Vi turns closed) for two m inutes being transm itted through the lower 

conduit input. All non-relevant throttles were left open. The results of the tests are show n below in 

Figures 6.7 and 6 .8 .

200

UT
160

LT

« » C L O S E D
"e

^ — CLOSED

— OPEN £ .1 2 0

1
OPEN

100 200 300 400 SOO 600
Time (s)

Figure 6.7: Effect of bypass: UT.

OJ 80

100 200 300 400 SCO 600
Time (s)

Figure 6.8: Effect of bypass: LT.

As can be seen from the figures above, the presence of a bypass reduces peak height and recession 

of UT while LT increases peak height bu t hastens its recession.

6.2.3 Effect of In le t C onstriction

Both tanks were fitted w ith tap valves along their inlet pipe. These valves could be constricted to 

observe the effect of narrow ing the w idth of the inlet feeding/drain ing the tanks. For these tests, 

the bypass was left open and only the conduit inlet was used.

The effect of constricting UT iniet is shown in Figures 6.9 and 6.10. Froni Uiese figuies, it can be 

seen that constricting the inlet to UT reduces its peak and lengthens its recession. For LT, the 

constriction on UT's inlet increases peak height and speeds up recession. The changes in peak 

heights are due to the fact that the inlet constriction allows more water to reach LT rather than UT, 

thus reducing UT's peak and increasing LT's peak. TTien in recession, there is more 'room ' for flows 

out of LT relative to UT because UT's contribution to the pipe network is less. As a result, the 

recession of LT is sped up while UT's recession slows dovm as it has a reduced drainage capacity.
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Figure 6.9: Constricting UT inlet (UT).
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Figure 6.10: Constricting UT inlet (LT).

In Figures 6.11 and 6.12, the effect of constricting LT's inlet can be observed. UT peak increases with 

little change in recession while LT reduces in level and increases recession length. This increased 

peak/volum e of UT is due to the slight backing-up affect caused by the constriction of LT's inlet. 

The reduction in p>eak/volume of LT is due to less water filling the tank but once the water has 

entered the tank, it is harder for it to drain away, thus the recession is lengthened.
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Figure 6.11: Constricting LT inlet (UT), Figure 6.12: Constricting LT inlet (LT).

Constricting both inlets leads to a reduced peak and increased recession for both tanks (Figures 6.13 

and 6.14)

UT LT

600 7000 100 200 300 400 500
Time (s)

Figure 6.13: Constricting both inlets (UT).

160

0 100 200 300 400 500 600 700
Time (s)

Figure 6.14: Constricting both inlets (LT).
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6.2.4 Effect of Throttles

A range of tests were carried out on the throttle valves (the valves located just downstream of the 

tanks). Valves were set as either: open, two turns closed and three turns closed. All valve 

combinations were tested for both bypass open and bypass closed scenarios.

When a strong throttling effect was applied to a tank, the water level rose rapidly. As a result, the 

input signal for the tests had to be altered in order to prevent the tanks overflowing. The input 

signal was shortened to a flow of 14.8 L/ min for only two minutes. TTie effect of UT and LT 

throttles (with bypass closed initially) is displayed in the sections below:

UPPER TURLOUGH (UT) THROTTLE

As can be seen from Figures 6.15 and 6.16 below, both tanks are impacted significantly by UT 

throttle. TTie more constricted the UT throttle, the higher UT gets and the lower LT gets. In essence, 

when UT is throttled, storage capacity from LT is transferred to UT. At three throttle turns, LT does 

not receive water at all with all storage going into UT.

throttle
Ho throttle

Figure 6.15: Constricting UT throttle (UT). Figure 6.16: Constricting UT throttle (LT).

LO W ER TURLOUGH (LT) THROTTLE

The effect of tuiishitliiig LT uiiotlle is shown in Figures 6.17 and 6.18. In thiis scenario, both tanks 

rise higher although LT is significantly more affected than UT. LT almost doubles in depth while 

UT is raised only a few centimetres higher. A noticeable effect can be observed when LT is throttled 

by 3 turns; the tank continues to rise after the input has been stopped (at 120 seconds). This result 

shows that after the input signal has stopped, LT is filled further by the water draining from UT 

tank (due to the head difference between them).
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UT

>No throttte 

—IT 2 turns 

—IT 3 turns

80

40

0
0 100 200 300 400 SOO

120

80

40

0
0 i r a 200 300 400 SOO 600

Figure 6.17; Constricting LT throttle (UT). Figure 6.18: Constricting LT throttle (LT).

T H R O TT L E  C O M B I N A T I O N S

As would be expected, if both throttles are constricted, both tanks are significantly impacted. UT 

rises higher and is full for longer than if just UT throttle was constricted. LT does not rise as high as 

if LT alone was throttled because UT is not releasing water to it as fast. However, its recession is 

elongated considerably due to the constriction hampering drainage (Figures 6.19 and 6.20).

UT

120

80

40

0
0 100 200 300 400 SOO 600

No throttle

UT8.LT-2

IfT & LT - 3

TWneis)

Figure 6.19: Constricting both throttles (UT). Figure 6.20: Constricting both throttles (LT).

BYPASS

In this test, the effect of opening the bypass while LT throttle is constricted (3 turns) is examined. As 

seen is Section 6.2.2, the bypass tends to reduce peak height and recession in UT while increasing 

peak height of LT and speeding its recession (when no throttles are applied). As can be seen in 

Figures 6.21 and 6.22, UT behaves similarly to an un-throttled scenario but LT's flooding pattern is 

altered with the peak reducing rather than increasing. The reduction in peak is due to the bypass 

offering a new flow path which can transmit water past the throttle unrestricted resulting in less 

water discharging into LT.
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Figure 6.22: Coy bypass and throttle  

com bination (LT).

In sum m ary, both throttles offer a method of controlling water levels in the tanks bu t behave 

differently. UT throttle can be used to control the tanks separately, i.e. constricting UT throttle 

increases flooding in UT and reduces it in LT. LT throttle on the other hand can be used to control 

the tanks together, i.e. constricting LT increases the w ater level in both tanks, albeit with LT filling to 

a greater extent. This contrast between throttles proved very useful when calibrating the full scale 

Infcnoorks model, particularly in controlling the shape of recession curves.

6.2.5 Effect of River Inpu t

To assess the different effects caused by the two inlet options (the river and the conduit), a series of 

tests were carried out in which the proportion of flow from each input w as altered. Keeping the 

flow constant using the inpu t lever valve (Figure 6.3), five different input setups were conceived 

ranging from entirely river fed to entirely conduit fed. The relative contribution of each inpu t was 

controlled using the riv er/condu it control valves. The five input setups are show n below. It should 

be noted that precise flow contributions could not be known due to lack of precision using the tap 

valves (flow meter can be used to fine-tune total flow but not individual river or conduit flows);

River only.

Predom inantly river input.

Flow evenly split.

Predom inantly conduit input.

C onduit only.

As the experim ent required the same flow for all tests and the m axim um  sustainable flow from the 

river inpu t was 9.3 L /m , all tests were carried ou t w ith a relatively low flow of 9.3L/ m. See Figure 

6.23 for a table of results.
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Set up Bypass Closed Bypass Open

E 401 4 0

River only
; 20 I  20

Time (s)

“g  40

Predom inantly 

river input i 20 5  20

T 4 0

Evenly split
3  20 i  20

Tim* (>)

? 4 0

Predom inantly 

conduit input 3 20i 20

Timt (s)Time (s)

1 4 0

C onduit only
I 20 *  20

Time (s)

Figure 6.23: River-Conduit test results.
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As can be seen in Figure 6.23, changing the relative inpu t contributions of the river and conduit can 

cause significant changes in the tank water levels. In the closed bypass scenario, as the relative 

contribution of conduit inpu t rises, UT's w ater level drops while LT's w ater level rises. By the time 

the input contributions are evenly split, LT is filling more than UT. After that point, LT stabilises 

while UT continues to drop until it does not fill at all.

In the open bypass scenario, a similar trend is visible w ith the m ore river-fed tests being greatly 

affected by the bypass whereas the more conduit-fed tests experience little change. For the river fed 

tests, the bypass reduces the peak of UT and increases the peak of LT. W hen only a small 

contribution of conduit flow is applied, the level of UT plum m ets while LT is relatively unchanged. 

For the more conduit fed scenarios, the bypass has little effect although this is likely due to the low 

flow (9.3 L /m ) which is not strong enough to surcharge UT tank.

The results of these tests display the im portance of using the correct inpu t ratio when setting up  the 

full scale Infoworks model.

6.2.6 Tracer Studies

In the previous tests, the physical model has provided details about the alteration of pipe model 

elements and their im pact on the water levels of both tanks. In this section, the findings of the 

previous studies are combined with the use of an artificial tracer to test the mixing characteristics of 

the tanks.

For these tests, 10.08 mg (8 nL in solution) of the fluorescent tracer fluorescein was injected into the 

conduit system  just upstream  of the riv e r/condu it divide. The injection was perform ed using a 

syringe w hich injected 0.4 ml of 1-in-50 fluorescein solution as an instantaneous shot (Figure 6.24). 

The injection took place as soon as possible (within a few seconds) after the flow was applied  to the 

system. The resulting tracer concentration in the tanks (Figure 6.25) was sam pled at 10 second 

intervals using 10 ml plastic cuvettes which were inserted into a handheld Turner Aquafliior 

fluorometer.
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Figure 6.24: Fluorescein injection using Figure 6.25: Tank containing fluorescein,

syringe.

Two model elem ents were tested using the tracer, the river/conduit contribution (river tests) and the 

application of a throttle:

RIVER TESTS

Firstly, the effect of input type on w ater distribution was studied. The system was flooded using 

just the river input (Figure 6.26) and  just conduit input (Figure 6.27). The tests were carried out 

with an input signal of 9.3 L /m  for 2 m inutes as this was the maximum flow possible from the river 

channel.

Depth ----- UT Dye Concentration ----- UT Dye Mass ----- UT

^  3000 1
— LT 3 I — LT 2000 — LT

Time (s)

00

100 200 
Time (s)

100 200 
Time (s)

Figure 6.26: Tracer test -  River input.

A river fed system results in UT peaking in tracer concentration early and slowly declining while 

LT slowly increases in concentration until it experiences a rapid recession. The decline in UT tracer 

mass over time suggests that the tank w as draining through its conduit inlet while it w as being 

filled by the river input. For LT, the fact that tracer mass slowly increases indicates that som e of the 

tracer draining from UT was surcharging into LT.
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Figure 6.27: Tracer test -  Conduit input.

The conduit fed system test was not as successful as the flow of 9.3L/m proved too low to 

surcharge UT. However, what can be seen is that, as LT fills, the tracer mass rises to a certain level 

and stays relatively constant within the tank before dropping as the tank recedes. This indicates 

that a burst of tracer entered LT and remained there being diluted by additional water until 

recession.

For further tests of full conduit and split river/conduit inputs flow (and the effect of the bypass on 

each), the input flow was increased to 14.8 L /m  so as to fill UT as well as LT. See Figure 6.28 below 

for the conduit-fed tracer test with closed bypass and Figure 6.29 for an open bypass. With a closed 

bypass both tanks surcharged with a large concentration of tracer until approximately 50 seconds 

when the mass plateaued. UT filled with 17% of the tracer input (17% of the total mass of injected 

tracer) while LT filled with 11.5%. So 28.5% of the tracer enters the tanks and remained there until 

recession while over 70% of the tracer bypasses the tanks completely (tracer mass within the tanks 

was assumed to be fully mixed).
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20X
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I X  2X
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Figure 6.28: Tracer test -  Conduit input, bypass closed.
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When the bypass was opened, the tracer concentrations plummet within the tanks with only 2.5% 

tracer mass in UT and 1.8% in LT. So the bypass increased the quantity of water bypassing the 

tanks from 70% to 95% (Figure 6.29).
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Figure 6.29: Tracer test -  C onduit input, bypass open.

Combined river/conduit flow tests were then carried out with flow split evenly between the river 

and conduit inputs. Both bypass closed (Figure 6.30) and bypass open (Figure 6.31) scenarios 

produce similar results with UT tracer mass peaking early then slowly declining while LT tracer 

mass slowly increases until recession. Similar to the river-only tracer test, these tests show evidence 

of UT draining as it is filling with some tracer mass transferring from UT into LT. For the bypass 

closed scenario, UT peaks with 9% of total tracer mass initially and steadily drops while LT slowly 

increases to 4% tracer mass. When the bypass is opened, less tracer reaches UT with a peak of 6.3% 

while LT receives more tracer with 4.5%. In both cases, over 90% of the tracer bypasses the tanks 

completely.
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Figure 6.30; Tracer test -  Split river/conduit input, bypass closed.
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Figure 6.31: Tracer test -  Split river/conduit input, bypass open.
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APPLICATION OF THROTTLE

To assess the impact of throttling the tanks to the mixing characteristics, two tests were carried out 

whereby both UT and LT throttles were constricted to three turns (with an evenly split river-flow 

input). Constricting the throttles should result in more realistic water distribution with a greater 

proportion of water entering the tanks rather than bypassing them. As the throttles increased the 

rate of filling, the flow had to be dropped to 9.3 m^/ s to avoid overfilling.

See Figure 6.32 below for the results of the bypass closed scenario. The quantity of tracer in UT 

increased significantly when compared to the previous similar but un-throttled test (Figure 6.30). 

The application of the throttle increased the initial tracer peak in UT from 9% to 18% although the 

flow was reduced so a direct comparison cannot be made. Tracer concentrations in LT were 

extremely low with a maximum concentration of 2% just before emptying.
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Figure 6.32: Tracer test -  Split river/conduit input, throttles applied, bypass closed.

See Figure 6.33 below for results of the bypass open scenario. While the initial burst of tracer 

concentration remained high, the tracer mass in the tanks was considerably reduced as the tank 

water levels were much lower. The bypass transmitted a significant am ount of water with 

approximately 95% of the tracer bypassing the tanks compared to 82% with the bypass closed.
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Figure 6.33: Tracer test -  Split river/conduit input, throttles applied, bypass open.
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6.2.7 Physical M odel C onclusions

The physical model proved an insightful tool for the understanding  of the furlough w ater level 

dynam ics linked by underground conduit netw ork and  in particular the type of configuration 

thought to link Blackrock and Coy turloughs in the G ort Lowlands. Several conclusions that could 

be draw n are:

• The bypass channel has a significant im pact on the levels of the turloughs affecting both 

turloughs in separate ways. W hen the bypass is opened, the upper furlough reduces in size 

whereas the lower turlough increases. Note, this hypass setup luas changed for the InfoiL’orks 

model so the physical model conclusions did not apply.

• Constricting the turlough inlets impacts filling and drainage in both turloughs resulting in 

lower w ater levels and longer recessions.

• The dow nstream  turlough throttles are pow erful tools in controlling turlough flooding. 

They provide highly sensitive elements in the pipe network enabling accurate calibration. 

The upper turlough throttle can be used to tune the turloughs separately while the 

dow nstream  turlough throttle provides a com bined effect for both turloughs.

• Altering the ratio of river to conduit inpu t for the system has a considerable effect on the 

upper turlough with higher w ater levels for increased river flow. The effect on the lower 

turlough is less pronounced. Unfortunately these tests could only be carried out a t low flow 

conditions.

• The tracer studies enabled the distribution of w ater between the turloughs to be observed 

and served as a useful prelim inary study for a planned fuU-scale tracer test of Blackrock 

and Coy turloughs (unfortunately, this tracer study  could no t be carried ou t due to lack of 

suitable hydrological conditions during the study  period).

o For scenarios with either full or partial river input, som e of the w ater draining from

the upper turlough can be seen transferring into the lower lake. As the real 

Blackrock-Coy system is predom inantly  river fed, this finding should be observable 

using hydrochem istry (see Chapter 7) 

o The tests showed a larger than anticipated proportion of the flow completely

bypassing the turloughs with a m axim um  of only 30% of total tracer mass being 

picked up in the turloughs.
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6.3 Gort Lowlands Infoworks Model 

6.3.1 Infoworks CS

The hydraulic model of the G ort Lowlands was built using Infmoorks CS version 8.5 (Wallingford 

Software). This software package is designed for m anagem ent of urban drainage netw orks and 

incorporates the Hydrmuorks modelling engine. The model sim ulates the hydraulic behaviour of a 

pipe network under varying conditions of rainfall, land use, population, inflows etc. As the model 

is capable of m odelling the hydraulic conditions in both open channel and pressurised flow 

channels, it is highly suitable for m odelling a w ell-developed karst conduit network such as that of 

the Gort Lowlands.

An Infoworks model is built up  using a variety of different elements such as conduits, nodes, 

ponds, outfalls etc. If these elements are linked together to form a coherent network w ith no 

missing values, errors or inconsistencies, the model will be validated and ready for simulation. The 

model inputs include rainfall, river inflow data and boundary conditions such as tidal level at an 

outfall. After a successful sim ulation, the model can ou tpu t a range of data such as flow, water 

level, water volume, surcharge state etc. for each elem ent of the network.

The governing model equations are the Saint-Venant equations which are a pair of conservation 

equations of mass and m om entum ;

w here Q = discharge (m^/s). So = bed slof>e, K = conveyance, A = cross-sectional area (m^) and 0 = 

angle of bed to horizontal (°).

The conveyance function is based either on the Colebrook-W hite or M anning expressions. For the 

Gort Lowlands model, the Colebrook-W hite equation is used.

SA SQ
Equation 6.1

Equation 6.2
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Pressurised pipe flow is m odelled in one of tw o ways:

• Retaining the Saint-Venant equations but introducing a suitably narrow  slot known as the 

Preissm ann slot, into the pipe soffit level. This slot enables a smooth transition between free 

surface and surcharged conditions by offering an ab rup t change in surface w idth  derivative 

and w ave celerity in the transition to pressurised conditions. The slot w idth is defined such 

that the wave celerity in the slot is ten times that at half the conduit height, resulting in a 

slot w idth that is 2% of the conduit w idth. The model equations for pressurised flow differ 

in that the free surface w idth is replaced conceptually by the term:

B — Equation 6.3
Cp

w here B = free surface w idth (m), Af = pipe full area (m^) and Cp = pip>e full velocity 

of pressure wave (m /s).

• In som e instances such as rising m ains or inverted siphons, the pressurised pipe model can 

be used instead of the full Saint-Venant solution. The model equations for pressurised pipe 

flow are:

—  =  0 Equation 6.4
Sx

SQ (Sh  (?|(?|\ „

w here A = full pipe area (m^) and K = pipe full conveyance.

A com parison betw een these tw o pressurised p ipe flow m odelling m ethods was carried out by 

(Gill, 2010) using the Gort Lowlands pip>e netw ork model. The com parison show ed no difference 

between the tw o m ethods.

6.3.2 G ort Low lands M odel

The conceptual model upon which the Infoworks m odel w as based is show n in Figure 6.34. TTiis 

model, designed by Gill et al. (2013a) consists of three river inputs transferring water through a 

pipe and node netw ork which feeds five storage nodes (or ponds) before discharging at the outfall.
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Figure 6.34: Conceptual model of the Gort Lowlands (Gill et al., 2013a, Gill et al., 2013b).

The contribution of rainfall falling on the lowland karst Limestone area that infiltrates into the 

epikarst and fracture network was also incorporated into the model. This was achieved using a 

combination of runoff-routing model, groundwater infiltration module (CIM) and use of SUDS 

(sustainable urban drainage) applications in the Infoworks modelling suite. The rainfall hitting the 

subcatchment was first subjected to evapotranspiration losses and initial wetting and storage losses. 

The water was then routed down through the soil into the conceptual epikarst fracture system 

which was represented by pipes with permeable characteristics (with flow calculated via Darcy's 

Law), which then link to the main open conduits (Gill et al., 2013a). The subcatchments and their 

relative positions in the network can be seen below in Figure 6.35.

Figure 6.35: Model Layout overlaid on topographical map.
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The G roundw ate r In filtra tio n  M odu le  (G IM ) has been developed fo r In fow orks to p rov ide  a h igh ly  

attenuated response to ra in fa ll to  represent the be low -ground  processes o f in filtra tio n  th rough  the 

soil in to  a pipe ne tw ork  and also the con tribu tion  from  a h igh  w ater table. This a llow s tw o 

add itiona l mechanisms fo r w ater to get in to  the condu it ne tw ork  v ia the soil storage reservoir 

a n d /o r  the g round store reservoir. A  conceptual m odel o f the G IM  is shown in F igure 6.36.

ra in fa ll

ru no ff reservo ir direct runoff
to conduit network

^  evapotranspiration

soil store tevel 
percolation threshold 

mitialsoil depth

so il sto re  reservo ir

soil store inflow

sod depth
to conduit network

ground store level 
•ntiHration threshold 

baseflow threshold 

initial groundwater level

ground store reservoir

ground store inflow
to conduil network

♦  lost from system

Figure 6.36: C onceptua l m odel o f the ru n o ff m ode l, so il storage reservo ir and g roundw a te r store

reservo ir (G il l  et al., 2013a).

Sub-catchments were delineated across the catchm ent in  order to p rov ide  d iffuse  in filtra tio n  in to  

the m ain condu it ne tw ork . These subcatchments va ry  in  area between 35 to 150 ha and are 

connected to the m ain condu it ne tw ork  th rough  permeable p ipe conduits extending from  the 

ne tw ork  in to  the catchment, typ ica lly  at 750m intervals. These conduits were m odelled as 

rectangular pipes fille d  w ith  porous media w h ich  a llow ed the flo w  th rough  the pipes to be 

calculated using Darcy's Law  (equation 6.6) w h ich  is an appropria te  flo w  regim e fo r flo w  th rough 

fractures and ep ikarst (W hite and W hite, 2005). The subcatchm ent ru n o ff slope was defined by 

mean topography o f each subcatchm ent area and a soil class 3 was used in  the m ode lling  denoting 

a wet soil.

Q =  —KA Equation 6.6

where K= hyd rau lic  conductiv ity , A =  Cross-sectional area o f jjerm eable fo rm ation  and Ah= 

difference in  head.
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The flow rate through these permeable pip>es, and therefore the rate of diffuse inflow to the conduit 

network, is controlled by two parameters: media conductivity and porosity. These parameters, 

along with the runoff parameters presented in Figure 6.36, were calibrated through a study of the 

Owenshree River. The two gauging stations along the river are separated by 13 km of river running 

across limestone bedrock. The difference between the flows at the two positions was thus used to 

quantify the typical amount of diffuse infiltration draining into the network from the karst. The 

final calibration parameters from this study were then set for all subcatchments in the final model 

(Gill et al., 2013a).

Overall, the model is made up of 229 conduits, 218 nodes, 124 subcatchments, 5 storage nodes 

(ponds) and one outfall. See Figure 6.37 for the major element locations labelled on an Infoworks 

schematic. To run a successful simulation, the model required a full set of hydrological input data. 

This input data consisted of the following:

• Hourly river flow data from the Owenshree, Ballycahalan and Beagh Rivers.

• Hourly rainfall data from Kilchreest rain gauge.

• Daily PET data from Shannon and Athenry synoptic stations.

• Hourly tidal data for Kinvara (based on Galway Port tidal data).

After a successful simulation, a large range of output data was available such as flow, velocity, 

water level, surcharge state, hydraulic gradient, Froude number etc. for any node or link in the 

network.

\  Kinvara
(tid e  level f lu c tu a tio n )

River
O w e n sh re e

C ah e rg iassa u n

SIsckroc!

G arry land

Coy

"■ River 
B allycahalan

C oole

Gort
River
Beagh

Devil's punchbowl

Figure 6.37: Schematic of Gort Lowlands model as seen in Infoworks.
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The model was initially calibrated over a period of relatively rapid fluctuation, 1®' August 2008 -  

10'*> October 2008. As outflow from Kinvara could not be quantified, the calibration was based on 

matching predicted and observed turlough water levels. Conduit diameters and lengths were then 

iteratively adjusted to balance the system. The subcatchments were kept at the same proportions 

and used the same coefficients as was defined in the calibration of diffuse flows. The trickiest part 

of the model to calibrate proved to be Blackrock and Coy turloughs (as was the case for the Gort 

Flood Studies model). A number of different pipe network combinations were tested out in order to 

correctly mimic the filling and recession characteristics of Blackrock and Coy turloughs. The chosen 

combination is shown in Figure 6.39 and the results of are shown in Figure 6.38 for the 2007-2008 

flooding season.

30.0

Blackrock
23.0

30.0
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S.O

0.0
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i ;  1 /2008

19.0
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17.0
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Figure 6.38; Blackrock and Coy results (2007-2008) from Gill et al. (2013a) model.
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Blackrock

Coy

Figure 6.39: Blackrock-Coy configuration from (Gill, 2010).

These results, though clearly quite accurate, are however calibrated based on an outdated rating 

curve for the Beagh River (Section 5.4.1). This rating curve underestimates flow by approximately 

30% for mid-range flows and up to 50% for high flows. This inaccuracy was accounted for in the

model by Gill et al. (2013a) in two ways;

• The older turlough stage-volume areas (Section 1.2.1) tended to underestimate the turlough 

volumes. The effect on water levels of the lower Beagh River flow would thus be offset by 

the underestimated stage-volume curves resulting in better accuracy.

• The conduit dimensions were calibrated for the lower flows.

For the purposes of Gill et al. (2013a), the primary aim of the model was to predict turlough water 

levels. For this thesis however, the model is intended to be used for a wider range of purposes, 

many of which require accurate turlough volume results (e.g. nutrient concentrations and mass in

turloughs) and so the model needed to be corrected with the more accurate Beagh flow data.

When the corrected OPW rating curve was applied to the original model, water levels increased 

and recessions lengthened, especially for the lower three turloughs. See Figure 6.40 for an 

illustration of the effect of correcting the Beagh rating curve on Coole turlough. Tlie green line 

represents the flooding pattern in the turlough when using the updated rating curve which 

increases flow volumes. Not only is the p>eak increased but it also reaches beyond the maximum 

surveyed level of the turlough (resulting in the horizontal line at 13 mAOD). In order to correct the 

model, the turlough stage-volume curves and conduit dimensions needed to be re-adjusted.
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tS .O

to.o

s.o

O bserved  Levels
P redicted  Levels ----------------------------------
P redicted  Levels (w ith u p d a ted  rating  curve)

0.0
1 /X 2 /2 0 0 7 1 /1 /2 0 0 8 1 /4 /2 0 0 6

Figure 6.40: Coole turlough water levels for observed, modelled and updated model (rating

curve) scenarios.

6.3.2.1 Turlough Stage-Volume Relationships

The survey data for each of the five furloughs was updated using LIDAR data to develop new 

stage-volume relationships (discussed in Section 5.2.1). These new relationships provided increased 

volume to store the increased flow from Beagh River. Coy, Garryland and Caherglassaun were 

altered minimally whereas the volumes of Blackrock and Coole furloughs were significantly 

increased at mid-high levels (Appendix A).

In an attempt to take account of the significant storage provided by Newtown and Hawkhill 

furloughs to the south of Coole (Figure 6.41), an additional storage node (pond) was added to the 

network. These turloughs are known to receive the majority of their water from the southern 

Cloonteen catchment (not included in this model) but at typical winter water levels, an overland 

connection is established with Coole turlough which provides a considerable additional storage 

volume for Coole. The new storage node (pond) was given a stage-volume relationship based on 

LIDAR data and connected to Coole via a wide overland open channel. The channel was flat and 

connected to both turloughs at 7 mAOD (the elevation at which overland flow is known to occur). 

A drainage node was also added to the Newton storage unit at its base which joined into the main 

conduit network between Coole and Caherglassaun turloughs. Ultimately, the Newtown node did 

more to hinder than to help the model calibration.

As the underground connections between Newtown, Hawkhill and Coole are not well understood, 

a suitable conduit link could not be hypothesised. As the turloughs emptied, Newtown slowly 

released its stored water into Coole storage node which lengthened the recession to an inaccurate
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degree. The fact that Coole turlough performed better without Newtown storage node could 

indicate that the majority of Newtown and Hawkhill turloughs are drained through a separate 

conduit network. This lines up with the conceptual model of the catchment as proposed by the Gort 

Flood Studies which included a major conduit running from Newtown and Hawkhill north 

westwards (Figure A.16 in appendix A), linking up with the western cave system before draining to 

Kinvara.

O verland  cotfrf&*Olion

Newtown

Figure 6.41; Newtown and Hawkhill turlough connection with Coole.

6.3.3 Recalibration

The first stage in recalibrating the conduit network was to carry out a sensitivity analysis of the 

system to decipher which conduits play the most important role in controlling tlow through the 

network. Using the results of this analysis, the conduit network was re-adjusted in a more targeted 

manner.

6.3.3.1 Sensitivity Analysis

This analysis was carried out to determine which conduits could play the greatest role in re

calibrating the system. As a result, the analysis was only carried out for the underground conduit 

segments of the network (see Figure 6.42). The open channel segments (except Blackrock River
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input) were ignored as they were based on river channels of known geometry and had less impact 

overall than the surcharged conduit elements. The analysis consisted of running a simulation for a 

range of different diameter sizes for each conduit and observing the consequent change in turlough 

water levels for each simulation.

Figure 6.42: Underground conduits targeted for sensitivity analysis.

The period used for analysis was 3’'‘̂ September 2010 to 20**' October 2010. This period was chosen 

as it contained a number of heavy rainfall events followed by a long dry spell resulting in typical 

turlough flooding pattern over a period of only two months (as shown in Figure 6.43). The short 

period was necessary for practical reasons as there would be multiple simulations run and the 

shorter the period chosen, the faster the simulation time.

8 26

— Coole Turlough W ater Level 

Beagh Flow

6

I
I

1
2

14 'S

0
1-Sep 11 Sep 2 1 S e p lO c t 11-Oct 21-Oct 31-Ocl

Figure 6.43: Sensitivity analysis test period (Sept -  Oct 2010).
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There were 66 underground conduits in the network. A set of simulations was run for each conduit 

whereby that conduit had its diameter altered by ± (5, 10, 25, 50, 75)% and +100% with all other 

conduits remaining the same. So each of the 66 conduits had 12 simulations (1 original run and 11 

altered runs) giving a total of 780 runs. Each simulation took over 8 minutes to run so running all 

780 simulations took over 4 days. Infoworks does not provide the tools to run such an analysis and 

so a MATLAB routine was written which could run models consecutively, automatically altering 

the parameters in series.

As Infoworks is not open-source code, it could not be run through MATLAB. However, the free 

pipe network modelling software SWMM 5.0 (USEPA) is open-source and capable of integrating 

with MATLAB. SWMM is similar software to Infoworks; a pipe network is setup, inputs applied to 

it, a simulation carried out and results generated. In SWMM, when a network is built and the 

relevant inputs have been stipulated, the network is saved as an input (.inp) file. A simulation is 

carried out and two files are produced, a report file (.rpt) and an output file (.out). The report file 

contains a brief review of the simulation providing maximum and minimum values for each 

network element whereas the output file contains the entire suite of results for each element of the 

system. For this analysis, only the report file was of interest as it provided the maximum volumes 

reached by each storage node. The key aspect to SWMM is that the files (.inp, .rpt, .out) can be 

accessed and altered manually as text files (.txt) allowing them to be manipulated using MATLAB. 

The procedure was as follows:

• Template .inp file created.

• MATLAB opens template file, inserts altered data and saves as new .inp file.

• MATLAB runs SWMM simulation using new .inp file.

• MATLAB opens .rpt file and extracts the relevant results (i.e. storage tank max volumes). 

These results are pasted into a separate results file.

i  MATLAB opens template file again, inserting new altered data and saves over previous 

.inp file.

• Process repeated (779 times) with all results being pasted into the same results file.

The first step of this process was determining whether the SWMM modelling engine was suitable 

for modelling the Infoworks network. The governing equations of the SWMM modelling engine 

(Saint-Venant flow equations) are the same as Infoworks but there are a number of differences. 

These differences include:
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• The infiltration model in SWMM is less advanced than for Infoworks with only three runoff 

routing m ethods available: Horton, Green-A m pt and Curve number. As the chosen runoff 

routing method for the Infoworks model, the W allingford method, was not available, the 

Horton m ethod was applied. As a result, the dynam ics of the G roundw ater Infiltration 

module change between SWMM and Infoworks models.

• SWMM does not support the use of porous pipes, an im portant elem ent of the Infoworks 

model. The porous pipe conduits are m odelled as sim ple hollow conduits in SWMM.

• SWMM uses M anning's equation for the conveyance function rather than the Colebrook-

White formula. As such the Colebrook-W hite roughness factor (ks) is converted to a
1

M anning's n value using the formula: n = O.OSSfes .̂

Due to the differences between the SWMM and Infoworks modelling engines, the outputs from the 

models differ. The main differences encountered were regarding the infiltration module. However, 

as the predom inant source of water in the network is from the river inputs rather than rainfall, the 

effect of an inaccurate infiltration m odule is relatively minor. Also, as the purpose of this analysis 

was to observe if the turlough volumes change with altering conduit dim ensions, the qualitative 

effects caused (whether a turlough rises or falls) still hold true even if each sim ulation is not perfect. 

See Figure 6.44 below for a comparison of SWMM and Infoworks over the test period for Blackrock 

turlough.

30

25

■Infoworks
20

•SWMM

^ — Observed

5

0
1-Sep 11-Sep 21-Sep 1-Oct 11-Oct 21-Oct 31-Oct

Figure 6.44: Comparison of SWMM and Infoworks sim ulations (with observed water level) for

the analysis period (Blackrock turlough).

The param eters of interest in this study were the peak volumes of each turlough. Modifying the size 

of any underground conduit within the conduit netw ork proved to alter these peak volumes (by a
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large or small amount) depending on the changes applied. Inevitably, most conduits proved to be 

more influential on certain turloughs rather than on others. For this reason, the results of this 

analysis are presented in terms of an individual furlough and how changes to each conduit 

influence the volume of that specific turlough. In many cases, the effect of altering a conduit would 

impart a similar change to one or more turloughs. For instance, constricting any conduit between 

Caherglassaun and Kinvara leads to increased f>eak volumes in all five turloughs. In other cases, 

the alteration of a conduit could cause contrasting behaviour between two turloughs. An example 

of this effect can be seen when the primary conduit between Blackrock and Coy turloughs is 

narrowed. This causes Blackrock to increase due to reduced drainage capacity and Coy to reduce 

due to slower influx of water.

So for each turlough, the change in volume of that turlough caused by altering the size of each 

conduit by ± (5, 10, 25, 50, 75)% and +100% was quantified. The results of the analysis for Coole 

turlough are shown in Figures 6.45 and 6.46 (see Appendix D for results from other turloughs). 

These plots show bar charts with each bar representing a conduit. The shading of the bars indicates 

the incremental change applied to that conduit (e.g. +10%, +25% etc.). Figure 6.45 shows the impact 

on Coole turloughs volume if conduits were expanded while Figure 6.46 shows the impact of 

narrowing these conduits (See Figure D.l in appendix D for conduit name and locations).

These results can also be presented using a map (such as those shown in Figures 6.47 and 6.48). 

These figures show the effect caused to a specific turlough from one particular degree of alteration 

(e.g. 100%) which has been applied to an individual conduit. This alteration was then applied to all 

other conduits (individually) and the amalgamation of these results is shown on the maps. The 

degree to which this alteration (of an individual conduit) influences a specific turlough is then 

illustrated by the size and colour of the conduit on the map. A blue conduit indicates a reduction in 

peak volume of the specific turlough and a red conduit indicates an increase. The thickness and 

shade of the conduit indicate degree of volume change occurring in the turlough (as can be seen in 

the maps legend). So in Figure 6.47, the effect that each conduit has on Coole when their diameters 

are increased by 100% (i.e. the conduit diameters were doubled) can be seen. For instance, 

Caherglassaun throttle (conduit 48.2) is shown to reduce the volume of Coole turlough by between 

40-60% (of the original volume) when its diameter is doubled. Figure 6.48 on the other hand shows 

the effect of reducing the size of individual conduits by 50% (i.e. conduit diameters are halved). In 

this example, the constriction of Caherglassaun's throttle (conduit 48.2) results in Coole's volume 

increasing by between 100-150% (i.e. the new volume is greater than double the original volume).
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Figure 6.45: Sensitivity Analysis results: Volume change in Coole with conduits expanded.
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Figure 6.47: Percentage change in volume of Coole turlough from increasing size of individual

conduits by 100‘’/(>.
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Table 6.1: Sensitivity Analysis results summary.

Blackrock Coy Coole Garryland Caherglassaun

To increase • Blackrock inlet • Coy Bypass • Coole-Caherglassaun • Coole-Caherglassaun channel • Caherglassaun throttle

furlough • Coy Bypass • Coole River conduit channel t Caherglassaun throttle • Caherglassaun-Kinvara channel

volume, constrict: • Blackrock-Coy • Caherglassaun throttle • Caherglassaun-Kinvara

channel • Caherglassaun-Kinvara channel

• Coole River conduit channel

To reduce furlough • Blackrock surface • Brock surface input • Coole River conduit • Coole River conduit • Coole River conduit

volume, constrict; input • Blackrock-Coy • Beagh River conduit • Beagh River conduit • Beagh River conduit

channel • Coy Bypass • Coy Bypass • Coy Bypass

• Coy inlet • Blackrock surface input • Blackrock surface input • Blackrock surface inlet

• Coole-Gland inlet conduit • Coole-Gland inlet conduit

• (Anything upstream of Coole) • Coole-Caherglassaun channel

• (anything upstream of Coole)

*in the case of expanding conduit diameters, the results are inversed.
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The overall results of the sensitivity analysis for constricting conduit dimensions are sum m arised in 

Table 6.1. The results of expanding conduit diam eters are not presented as they are essentially the 

inverse of the constriction results (i.e. while constricting a conduit increases a turlough 's volume, 

expanding the conduit reduces the volume). The general theme of the analysis is that constricting 

conduits dow nstream  of a turlough increases its w ater level because the drainage capacity of the 

conduit has been reduced. Constricting a conduit upstream  of a turlough slows dow n the input of 

water to that turlough and so the peak water level (volume) is reduced. When a conduit is expanded, 

its drainage capacity is increased and so a turlough upstream  of the expanded conduit drains faster, 

reducing the peak while a turlough dow nstream  of the conduit fills faster, increasing its peak. 

Using the results of this sensitivity analysis, the re-calibration of the model could be carried out in a 

targeted fashion knowing which conduits have the m ost influence on the turloughs.

6.3.3.2 R eadjusting the C onduit Network

Readjusting the model was an iterative process. Each alteration m ade had consequences on all five 

turloughs either increasing or reducing accuracy to a high or low degree. As a result, the 

readjustm ent process was largely trial and error. In the end, over 680 various alterations were 

simulated before the optim um  calibrated model was achieved. Most changes involved re-sizing 

pre-existing conduits. However a num ber of new conduit linkages were added to the model. These 

additional linkages will be described briefly below.

BLACKROCK RIVER-CONDUIT LINKS

Approximately 2 km upstream  of Blackrock, an underground conduit section splits off the 

Owenshree River channel. As the Owenshree River is known to sink into the riverbed, two conduits 

were added to take account for this river conduit interaction (shown as red links in Figure 6.50). In 

Figure 6.49, the effect caused by the addition the two conduits is shown. The addition of the two 

conduits speeds up the recession curve to a more accurate shape (red: observed, green: original, 

black: conduits addedV

|^C oyB »(^

Figure 6.50: Model schematic (new links in red)

§ 2 0

Figure 6.49: Flooding patterns (Blackrock).
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COO LE BYPASS

Tracer studies carried out as part of the Gort Flood Study suggest the existence of a conduit link 

bringing water directly from the Gort River sink (Polltoophill) towards Caherglassaun bypassing 

Coole. The precise dynamics of this conduit are unknown but, in an effort to make the model more 

representative of the real system, the bypass link was added (Figure 6.51). After a number of 

simulations using various conduit diameters, the link proved to make little to no difference to the 

furlough flooding patterns. However, as the link did not reduce model accuracy, it was left in place 

(diameter: 0.5 m).

Coote Caherglassaun 
condut

Coote River input

Coote turtough

Figure 6.51: Model schematic (Coole bypass highlighted in red).

CO OLE  E P IK ARS T

The increased flow volume from the Beagh River led to overestimations of the volumes of the lower 

three turloughs, particularly Coole. Even with the updated stage-volume relationship, recession 

rate at high water levels was much too slow as there was only one outlet in its base for drainage 

(aside from an overflow surface outlet at 11m for extreme flooding which was seldom needed). As a 

high level epikarst system is known to exist in the Coole-Garryland region (Peach et al., 1998), it 

was conceived that Coole could partially drain via this epikarst system at higher levels. A series of 

multi-level conduits were applied to Coole between 6-9 mAOD (at 0.5m intervals) to represent an 

epiphreatic system similar to how epikarst operates within the region. In reality, the degree of this 

epiphreatic/epikarst drainage is likely to increase with elevation (weathering starts from the 

surface). However after a number of trial simulations, the most accurate recession curve was 

achieved when the set-up involved conduits reducing in diameter with increasing elevation (Figure 

6.52). In order to keep the epikarst-drained water within the Gort Lowlands system, these 

epiphreatic channels were re-introduced to the conduit network downstream of Coole furlough. 

These conduits succeeded in reducing the recession curve of Coole furlough to a realistic level 

Figure 6.53.
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Coole Turlough

Coole
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estavelle

Figure 6.52: Coole turlough updated with 

epiphreatic drainage.
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Figure 6.53: Flooding pattern (Coole).

CO OLE  -  G A R R Y L A N D  E P IK A R S T  LINK

As mentioned in Section 5.2, the relationship between Coole and Garryland is stage dependant. At 

low-medium water levels, the flooding pattern of Garryland tends to mirror Caherglassaun with 

water levels typically about Im  below those of Coole. When Garryland reaches 7-8 mAOD, the 

flooding pattern shifts to that of Coole. This behaviour suggests an epiphreatic fracture linkage 

between the furloughs at 7-8 mAOD. Setting up the model to behave in this manner involved two 

stages. Firstly, the underground conduit link between the turloughs was constricted to reduce the 

low-medium water levels of Garryland to a realistic level. Secondly, an upper level linkage was 

installed (Figure 6.54) joining the turloughs at 7 mAOD. This linkage ensured that Garryland and 

Coole flooding patterns balanced for high flood levels (Figure 6.55).

Figure 6.54: Model schematic (Coole-Garryland
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epikarst channel in red).
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NORTHERN FLOW ROUTE

The existence of a northern flow route was proposed by the G ort Flood Studies based on tracer tests 

and groundw ater level fluctuation m apping. G roundw ater level m onitoring as part of this thesis 

has also suggested its presence (Section 5.5). As such, it was decided to include a northern flow 

route onto the model to make it more representative of the real system (Figure 6.56). A 0.8m 

conduit was added transm itting water from the Owenshree River directly tow ards an outlet 

(Kinvara East). As can be seen in Figure 6.57, the presence of a northern flow route reduced 

accuracy as the volume of water being transm itted to the upper two furloughs was dim inished. The 

failure of the modelled northern flow route was two-fold. Firstly, the lack of any data for the 13.5 

km distance between the Owenshree River and Kinvara was an issue. If the northern flow route 

was to be modelled, it w ould require significant details about the conduit system to determ ine if the 

water could drain freely or was being backed up  by a separate network of furloughs (e.g. Lydacan 

furlough). Secondly, the model already struggled to make BlackrcKk peak high enough (as can be 

seen in Figure 6.57). Any further dim inishing of the flow into the turlough would only decrease 

accuracy. Consequently, the Northern Flow Route was not included in the final calibration.

24

120

t
| l 6

12

A p f- t l

Figure 6.56: Model Schematic (northern flow  route
Figure 6.57: Flooding patterns (Blackrock).

in red).

The final calibrated model results for each turlough across a 3 year period (2010 to 2012) are 

displayed in Figures 6.58 and 6.59.
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Figure 6.58: Blarkrock and  Coy final calibration. Note: the sudden drop of observed stage in Blackrock in 

April 2012 is due to diver repositioning (discussed in  Section 5.2)
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Figure 6.59: Coole, Garryland and Caherglassaun final calibration results.
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Chapter 6 Pipe Network Modelling

TTie simulated water levels show good correlations with the measured water levels, particularly for 

the lower three turloughs. Model efficiency, E (goodness of fit -  i.e. the Nash-Sutcliffe criterion) was 

calculated using Equation 5.1. Efficiency was determined for turlough water level and volume for 

the entire dataset (2010-2013) for Blackrock, Coy and Coole. For Garryland and Caherglassaun, 

partial datasets were used due to missing water level data. The results are presented below in Table 

6 .2 .

Table 6.2: Efficiency of model results for turlough water level and volume data.

Blackrock 0.888 0.813

Coy 0.891 0.889

Coole 0.933 0.963

Garryland 0.961 0.974

Caherglassaun 0.963 0.962

The lower three turloughs calibrated very well with E values all above 0.93 for water level and 

above 0.96 for volume. The upper two turloughs did not calibrate as well with E values of 0.888 & 

0.891 for water level and 0.813 & 0.889 for volume. The likely cause of the reduced accuracy of the 

upper two turloughs is due to the use of NAM for filling in gaps in the river flow dataset (Section 

5.4.2). While the NAM model does provide a reasonable estimation of runoff within a catchment, it 

cannot match the accuracy of the river flow gauges. For example, NAM was used for a large 

portion of the 2011-2012 flooding season due to malfunctioning river gauge equipment. As can be 

seen in Figure 6.58, the simulated water levels of Blackrock and Coy for this period appear to be 

impacted negatively by this NAM usage. While the turloughs do reach the correct water level, both 

the peaks and recessions occur too late.

Another minor source of inaccuracy for Blackrock turlough is the incorrect base-level whereby the 

simulated water levels appear to drop another meter below the measured base-level of Blackrock. 

This is due to the diver platform being placed too high in the turlough. At these depths however, 

the effect that this error has on turlough volume is negligible.

For Coy, Garryland and Caherglassaun turloughs, the water level and volume E-values are quite 

similar. This is not the case for Blackrock and Coole. These differences are caused by the stage- 

volume curve. At high levels, a small error in water level results in a large error in volume. This
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issue is particularly prevalent for Blackrock during the 2010-2011 flooding season w here the model 

struggles to match the observed levels causing a m oderate inaccuracy in water level bu t a large in 

inaccuracy in volume. For Coole turlough, the opposite is the case. High water levels are modelled 

better than low water levels resulting in the volum e E-value being greater than the stage E-value.

When com pared to the efficiency values for the model as calibrated by Gill e t al. (2013a) (for stage 

only), the recalibrated model displays reduced accuracy for the upper tw o turloughs and increased 

accuracy for the lower three turloughs. However, due to the alterations m ade to the rating curves 

and stage-volum e relationships, the two calibrations are not directly comparable. The recalibration 

has resulted in a slight reduction of stage accuracy for Blackrock and Coy but a significant increase 

in volum e accuracy for all turloughs.

Similar to how  NAM was used to fill in gaps in the river hydrographs, the calibrated turlough 

model was used to fill in gaps in the turlough datasets. This was im portant for G arryland and 

Caherglassaun turlough datasets as the divers suffered from equipm ent failure a num ber of times. 

These com plete datasets could then be used for hydrochemical analysis. Also, the calibrated model 

provides a modelled outflow at Kinvara (KW) (Figure 6.60). This modelled outflow provides a very 

useful estim ate for subm arine groundw ater discharges into Kinvara Bay over the study period (and 

is used throughout C hapter 7). Overall, the modelled outflow at Kinvara is 17% greater than the 

combined river input due to the contribution of rainfall on the d iffuse/ep ikarst subcatchments.

Fl«<n

t/7,'2010 l /t a '3 0 1 0 1/4/201 1/7/2011 I,'I,”2012 1/4,'2012 l/T /2012 1 /1 /2013
KjififaH ---------- US Flew fVel«in«& S4423048.62 m3'.   OS Flow fVolumc M 4908 0 4 3 .3 4  m31 ----------

Figure 6.60: M odelled outflow at Kinvara (July 2010 -  March 2013).

6.3.4 Model Analysis -  Model Parameters

Similar to the conduit diam eter sensitivity analysis in Section 6.3.3.1, the model was used to test the 

sensitivity of a variety of param eters such as roughness coefficient, conduit shape, subcatchment 

land use etc. The effect of changing these param eters was again assessed based on the changing
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water levels of the turloughs. For consistency, the same analysis period as the conduit diameter 

analysis was used, 9"̂  Sept 2010 -  20**' Oct 2010.

6.3.4.1 C onduit Roughness

The effect of conduit roughness was investigated by altering the Colebrook-VVhite roughness factor 

(ks=60) for all the conduits by ±10, 25, 50%. The results of this analysis on Blackrock turlough are 

shown in Figures 6.61 and 6.62 (all turloughs showed similar effects). The black dotted line 

represents the calibrated model and the coloured lines represent the altered roughness scenarios. 

The figures show tliat higher conduit roughness w ithin the catchm ent leads to a small increase in 

turlough peak and a longer recession.

2 9 .0

20.0

I s.0

2 3 /9 /2 0 1 0
3 .2 .6  (SA} • O A lG IN A L^R iin . B kk . L «vd  — — •

1 1 - lO ^ > R a t.-  B jK. l.rv«:
2 .2 .6 .1 .2  R e u fh n v s t *25% >Ra>n . BIck. L«v«l ----------
2 .2 .6 .1 .3  Roughnkss ■•'90%>fttin . BIck. L v v c l -------

Figure 6.61: Increasing roughness (Blackrock).

2 9 .0

20.0

19.0

1 3 /9 /2 0 1 0 2 3 /9 /2 0 1 0
2 .2 .6  (SA ) • CWtGINAL>R«tM . Bick. L « v ^  — . . .  
r  2  6 . t  4 r  ■ l O ^ X t l  - n  cic l«v«J
2 ^ . 6 . t . S  RowflhM ss -2S % > R *m  . Bick. L«v«i ----------
2 ^ .6 .1 .6 R o u g h n e s s -9 0 ^ > R a if l . BJck. L a v a l ----------

Figure 6.62: Decreasing roughness (Blackrock).

6.3.4.2 C onduit Shape

The calibrated model is based on conduits w ith circular cross section. The effect of changing these 

circular cross sections to elliptical cross sections was investigated as can be seen in Figure 6.63 (as 

many karstic conduits are really elliptical in shape). The ellipse was defined according to coordinate 

geometry (Equation 6.6) where a is the horizontal semi-axis and b is the vertical semi-axis and the 

origin is the ellipse centre point. The conduit areas were kept the same. In Figure 6.63, the green 

line represents an ellipse of height-w idth ratio 1:1.2 and the blue line represents a ratio of 1:1.7. 

Evidently, the Infoworks model predicts that the more elliptical a conduit is, the lower the 

turloughs rises. This is som ew hat surprising considering that an elliptical conduit w ould have a 

higher surface area to volum e ratio than a circular conduit and would thus be expected to provide 

slightly more friction (thus im peding drainage throughout the network).
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Equation 6 .7

H eight jb o v *  d^tum  (m AO ’
23 .0

20.0

13.0

10.0-----------
3 /9 /2 0 1 0
2 .2 .6  (SA) - O R IO INA L>lla in  . BJck. L*v«l 
2 2 6 2  1 f ; i «  1 *0  9; > « • -  B'Cii 
2 .2 .6 .2 .2  Clips* (i*0 .75 )> R a> n  . BIck, L«v«<

F igure 6.63: E llip tic a l vs. c ircu la r condu its  (B lackrock).

6.S.4.3 Subcatchm ent Parameters:

A range o f ru n o ff and in filtra tio n  m odule parameters were altered to investigate w h ich  parameters 

are most in fluen tia l on the subcatchment drainage. A ll parameters were adjusted by ±50%. See 

Table 6.3 fo r results.

Tab le  6.3: Subcatchm ent parameters analysis (continues over next tw o  pages).

Parameter (o r ig in a l value)

Soil depth (1.5m)

Percolation Coefficient (200)

- A time coefficient, determined 

by calibration from existing data.

iB o v *  <J»rum ■
2 3 .0

20.0

1 5 .0

ia /9 /2 0 1 0 3 /1 0 . '2 0 1 0

C onclus ion

Moderate effect

2 .2 .6  (S A ] • O R IG IN A L > fta in  . B ic k  Lev«l —  
2 .2  6 .3 .6 ;  i :  I d«oth 2 .2 S > « ^  5>ck. Level
2 .2 .6 .3 .7 : soil depth 0.75>R a>n , B ick. Level

Height above datum (m AO)
2 3 .0

20.0

13 .0

lO .O -----------

3 /9 /2 0 1 0

Moderate effect for increase 
Large effect for reduction

2 .2 .6  (SA ) - O R IG IN A L>R ain  . B k k . Level — —
2 2 6  3  12 cercQtat'on coefficient lOO >Ra '- B U — Level 
2 .2 .6 .3 .1 3 ;  percolation coefficient 30 0> R ain  , Bick. Level -
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Baseflow Coefficient (2)

- A time coefficient, determined 

by calibration from existing data.

Infiltration coefficient (30)

- A time coefficient, determined 

by calibration from existing data.

Percolation threshold (0.9)

- The percentage saturation level 

of the soil at which water starts 

to pcrcolate downwards

(only -50% analysis carried out, 

+50% was above limit)

Percolation % infiltrating (90)

- The percentage of percolation 

flow that infiltrates directly into 

the drainage network.

(only -50% analysis carried out, 

+50% was above limit)

Porosity of soil (30)

o v ^ 3 5 tu ^ ^ m  TfCT
29 .0

20.0

1 5 .0

10 .0 ----------
3 /9 /2 0 1 0 3 /1 0 /2 0 1 0
2 .2 .6  (SA) - O RlCIN A L>Rain . Blek- L * v « » -----------
2  2 .6 .3 .1 4  b i t» f c .v  coftff l>R i>n . Blck. Lav*)
2 .2 .6 .3 .I S ;  baseflow  coefF 3 >R ain . Bicic Level -----------

H eight above  d atum  (m Ab^
2 9 .0

20.0

15 .0

10 .0 ----------
3 /9 /2 0 1 0 1 8 /9 /2 0 1 0 3 /1 0 /2 0 1 0 1 8 /10 .^2010
2 .2 .6  (SA ) • O RIGINAL>Ram  . Biek. Leve<  --------
2 .2 .6 .3 .1 6 : <nh>tration coeff 15>Ra«n . BJck. L e v d -------
2 .2 .6 .3 .1 7 : inftlcration coeff 4 5> R ain  . Blck. Level -----------

Height above datum (m AD)
Z9.0

20.0

10.0----------
3 /9/2010
2.2.6 (SA) • ORIGINAL>Raif). Bick. Level —

2 6 3 I Perc th'-- r 0.9->0 45)>Ri BIck. Leve) -----------

•(eight above datum  (m AO)
29.0

20.0

15 .0

10.0

A /9 U 0 1 V  iB / ’̂ /^ O lu  .» /'1 0 /^O lu  l e / '1 0 / '2 0 i0
2 .2 .6  (SA) - ORIGlNAL>Rain . Bick. L e v e l ----------
2 2  6 .3 .1 8 : perco lation  %  inftltrating>Raifl . Bick. Level - —

H eight above  datum  (m AD)
29 .0

20.0

' 'i ;

10.0-----------

3 /9 /2 0 1 0 1 8 /9 /2 0 1 0 3 /1 0 /2 0 1 0 1 8 /1 0 /2 0 1 0
2 .2 .6  (SA) - O R IG IN A L>R airi. B ic k  L e v e l -----------
2 .2 .6 .3 .2 : floal p o ro iity  lS > R am  . Bick. Level -----------

• No effect

• No effect

• No effect

• Large effect

• Moderate effect
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Porosity of ground (50)

Baseflow threshold level (-1)

- The groundwater level at which 

secondary infiltration occurs

Infiltration threshold level (1)

- The level of the groundwater 

storage reservoir at which 

groundwater infiltration tKCurs

Fixed runoff coefficient (0.05)

- a coefficient determining 

proportion of runoff, i.e. a value 

of 0.1 indicates 10% runoff from 

the surface

Runoff routing value (24)

,5.0

0 . 0 ----------
3 /9 /2 0 1 0 3 /1 0 /2 0 1 0
2 .2 .6  (S A ) - O R IG tN A L > fta in  . B Ick . L*v«4  ----
2 2  6  3 .4 .9 w p c  £ t> 2 5 > R a i  & lck . Level
2 .2 .6 .3 .5 : gw p o ro s ity  75 > R a m  , B ick , L « v * l ------------

H fttg h t abovft da tum  (m  AD )
.0

.5 .0

0.0 “ I--------
3 /9 /2 0 1 0 ie /9 /2 0 1 0 1 8 /1 0 /2 0 1 0
2 .2 .6  (S A ) - O R IQ IN A L > R a ifi . B ic k . L»v« l — —
:  2 6 3  1 9 : - • -T 1 5 > B - - Bl. .  - • v o l ------------
2 .2 .6 .3 .2 0 : baseflow  th rv s h o id  l* v » l -0 .5 > R a in  , B ick . L » v * l -----------

H e ig h t above  da tum  (m  A D ]

0 .0 ----------
3 /9 /2 0 1 0 18/9 /2010 3 /1 0 /2 0 1 0 1 8 /1 0 /2 0 1 0
2 .2 .6  (S A ) - O R tG IN A L > R a in  . B ick . L e v e l --------
2 .2  6 .3 .2 C  r • T-ation t h r c i ' l e v e l  ■ l.3 > R a ir-  B lc ' _ « ^ e l ------------
2 .2 .6 .3 .2 0 : in fi ltra t io n  th re sh o ld  le ve l *0 .S > R a in  . B ick . L e ve l ------------

H e ig h t above da tum  (m  A D )

0 .0 ----------
3 /9 /2 0 1 0 1 8 .'9 .'2 0 1 0 3 /1 0 /2 0 1 0 1 8 /1 0 /2 0 1 0
2 .2 .6  (S A ) - O R IQ IN A L > R a in  . B ick . L e v e l --------
2  2 .6 .3 .1 0 : ftxed n*no ff coe fF ic ien t 0 .0 2 5 ^ R a - "  B ick . L e v e <  -
2 .2 .6 .3 .1 1 : fixe d  run o ff c o e ffic ie n t 0 .0 7 5 > R a in  . B ick . Le ve l ------------

H e ig h t above  da tum  (m  A O )

1 8 ;'9 /2 0 1 0 3 /1 0 /2 0 1 0 1 8 /1 0 /2 0 1 0
2 .2 .6  (S A ) • O R lG lN A L > R a in  . B ick . Leve l — —

6  3 8 - v i t f F r - . JH ,* J n , B lc i. : e . a ’ -------
2 .2 .6 .3 .9 : ru n o ff rou ting  va lu e  36>Ra>n . B ick . Leve l ------------

•  No effect

• No effect

•  No effect

• Small effect

• No effect.
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From these tests, it can be seen that the parameters relating to percolation and the soil reservoir are 

the most influential on the network.

6.3.4.4 Model analysis -  Input Parameters (Sensitivity of Turloughs Input Data)

All climatic data (except for PET) that is used for simulation is inputted into the model as hourly 

timesteps. This provides the model with good temporal resolution and ensures the turlough 

flooding behaviour could be modelled as accurately as possible. In these tests, the temporal 

resolution of the inputs was reduced to investigate the sensitivity of the model to the input data.

Input data for river flows and rainfall was converted from one hour into one day, five day and ten 

day averages. These datasets were then inputted into the model and simulations carried out for the 

2010-2011 flooding season. The results for Blackrock are shown in Figure 6.64 and for Coole in 

Figure 6.65.
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Figure 6.64: Input sensitivity analysis results (Blackrock).
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Figure 6.65: Input sensitivity analysis results (Coole).
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For both Blackrock and Coole, the 1-day and 5-day average input datasets show little difference 

from the hourly input dataset. The difference is more pronounced for Blackrock turlough as it is fed 

directly by the Owenshree River resulting in rapid changes (the same difference is observed with 

Coy turlough). As Coole is fed by the Beagh River which has been attenuated by Lough Cutra, the 

effect of dampening the inputs is less significant with almost no discernible difference between the 

hourly and 1-day, 5-day inputs. A considerable change is caused by the 10-day averaged input data 

leading to poor accuracy for Coole and extremely poor accuracy for Blackrock.

In conclusion, it can be said all of the furloughs react minimally to inflow variation on a time scale 

below 24 hours and the lower three turloughs show little reaction to inflow variation on the scale of 

up to 5 days. All turloughs however are affected by variation within a 10-day time period.

6.4 Evaluating the Impact of Climate Change using the Pipe-Network Model.

Evidence of climate change is incontrovertible. Over the last fifty years, average global surface 

temperature has increased at a rate of 0.13°C per decade. This warming effect has led to changes in 

average air and ocean temperatures, widespread melting of snow and ice and rising global average 

sea level (IPCC, 2007). In this section, the impact of global warming on the flooding patterns of the 

Gort Lowlands is investigated by combining the pipe-network model with projected changes in 

climatological parameters, specifically rainfall and sea-level.

6.4.1 Global Trends

According to the Fourth Assessment Report (AR4), from the Intergovernmental Panel on Climate 

Change (IPCC), most of the warming observed since the mid-20‘*' century' is 'very'-likely' (greater 

than 90% likelihood) due to the to increases in anthropogenic greenhouse gas (GHG) emissions 

(IPCC, 2007). TTiere is 'high agreement and much evidence' that global GHG emissions will 

continue to grow over the next few decades based on current climate change policies and related 

sustainable development practices. However, future emissions cannot be predicted with 

confidence. In order to address this uncertainty, the IPCC published the Special Report on 

Emissions Scenarios (IPCC, 2000) which provides a number of alternative development pathways, 

covering a wide range of demographic, economic and technological driving forces resulting from 

GHG emissions. These scenarios can then be used to drive global climate models (GCM) in order to
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predict future changes in global climate. Four 'scenario families' were developed and are displayed 

in Figure 6.66 below:
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Figure 6.66: Projected global GHG emission scenarios until 2100 (IPCC, 2007).

• The A1 pathway assumes a world of very rapid growth, a global population that peaks in 

mid-century and rapid introduction of new and more efficient technologies. The pathway is 

sub-divided based on technological change into: AIFI (fossil intensive), AIT (non-fossil 

energy) and AIB (balance).

• The B1 pathway describes a convergent world with the same global population as A l, but 

with more rapid changes in economic structures toward a service and information 

economy.

• B2 describes a world with intermediate population and economic growth, emphasising 

local solutions to economic, social, and environmental sustainability.

• A2 describes a very heterogeneous world with high population growth, slow economic 

development and slow technological change.

Using these scenarios with GCMs, projections of future climate changes over the course of the 21®' 

century have been made. Fealy and Sweeney (2008) summarise these changes as the following:

• Global average surface temjjerature is likely to increase by approximately 1.8“C to 4.0°C 

over the present century.
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• Increased winter precipitation in mid to high latitude regions by the middle of the century 

with large year-to-year variations.

• An increase in maximum temperatures and frequency of hot days.

• Storm tracks are projected to migrate polewards resulting in changes in precipitation.

• The present day retreat of mountain glaciers is likely to continue. While Antarctica is likely 

to gain ice due to enhanced precipitation, Greenland is likely to lose mass due to a greater 

increase in run-off over precipitation increases.

• Global mean sea level is projected to rise by between 0.28 and 0.4 m.

6.4.2 Climate Change in Ireland

In Ireland, the effects of climate change have already been observed with mean annual 

temperatures in rising by 0.74°C over the past 100 years. The number of frost days has diminished 

and annual precipitation has increased on the north and west coasts with higher rainfall intensity 

and persistence (McElwain and Sweeney, 2007). The consequences of this increased rainfall 

intensity was seen already in the Gort Lowlands where there has been five major flooding events 

since 1989 where previously, similar events only occurred once every 30 years. McGrath et al. 

(2011) suggest that the recent flooding of November 2009 is 'likely to be linked to natural climate 

variability combined with a small expected increase in rainfall due to anthropogenically driven 

climate change'. Looking forward, climate models suggest that short duration extreme events will 

become more frequent in future and that Ireland will exp>erience wetter winters and drier summers 

(McGrath et al., 2011).

A studv on climate change in Ireland by the Environmental Protection Agency (2008) used 

empirical statistical downscaling to enable the use of GCMs on a regional scale. Two emission 

scenarios, A2 and B2, were modelled using three GCM's, namely, the HadCM3, the Canadian 

Centre for Climate Modelling and Analysis (CCCma) (CCCM2) and the Commonwealth Scientific 

and Industrial Research Organisation (CSIRO Mark 2). The results of this study were presented as 

individual results for each scenario and GCM but also as ensembles whereby the results of the three 

GMO's were averaged in order to try and account for different model and emissions uncertainties. 

Ensembles were calculated using a weighted mean based on the Impacts Relevant Climate 

Protection Index (IR-CPI) (Wilby and Harris, 2006) which weights each GCM based on its ability to 

reproduce the properties of the observed climate. The IR-CPI derived scores were then used to 

weight the relevant downscaled output from the different GCMs in order to produce an ensemble 

mean for both the A2 and B2 emissions separately and both emissions together (Environmental
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Protection Agency, 2008). The 'both emissions together' mean can thus be used as a third emission 

scenario which is essentially a rough average of scenarios A2 and B2. Henceforth, in this chapter, 

this 3'‘‘* scenario shall be referred to as 'A2 & B2 ensemble' or just 'ensemble'. Results for 

temperature and precipitation were presented in terms of projected seasonal changes for the 2020's, 

the 2050's and the 2080's. See Table 6.4 below for precipitation results for scenarios A2, B2 and the 

A2 & 82 ensemble.

Table 6.4: Percentage changes in mean precipitation (Environmental Protection Agency, 2008).

A2
2020 +2 A -7 -3

2050 +12 -8 -12 A

2080 +19 -12 -23 -9

B2
2020 +4 +3 0 -2

2050 +13 -6 -12 -2

2080 +12 A -14 -6

1 A2 & B2 Ensemble
2020 +3 -1 - 3.5 - 2.5

2050 + 12.5 -7 -12 -3

2080 +16 -8 -19 - 7.5

6.4.3 Application of the Gort Lowlands Model

Using the climate change projections of the Environmental Protection Agency (EPA) (2008), an 

investigation can be carried out into how climate change could likely alter the flooding patterns in 

the Gort Lnwlands The EPA's projected seasonal changes in rainfall can be applied to a current 

rainfall dataset to produce hypothetical future rainfall datasets. Using these datasets, a comparison 

can be made between current flooding patterns and hypothetical future flooding patterns using the 

pipe network model. To apply the EPA projections, the pipe-network inputs were altered in the 

following manner;

RA INF ALL

Rainfall input data was altered for each timestep by a factor related to the seasonal projected 

change (e.g. 2 mm of rainfall falling in winter becomes 2.38 mm in winter 2080 under scenario A2).
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Rainfall datasets fo r the 2020's, 2050's and 2080's were produced fo r both K ilchreest and Francis 

Gap rain gauges using emission scenarios A2, B2 and the ensemble scenario.

RIVER FLOWS

Future r ive r in p u t data fo r the Owenshree and Ballycahalan Rivers was calculated using the N A M  

ra in fa ll-ru n o ff m odel based on the fu tu re  ra in fa ll datasets. H ow ever, in p u t data fo r the Beagh River 

could no t be calculated in  th is m anner as the N A M  m odel is no t suitable due to the s ign ifican t 

attenuation effect caused by Lough Cutra. Instead, the Beagh r ive r flow s were calculated using a 

reservoir rou tin g  ca lcu la tion (Section 6.4.3.1) based on O w enda lu lleegh R iver flows.

As mentioned in Section 5.4.2, the O w endalu lleegh R iver cou ld  no t be calibrated using N A M  and 

so another m ethod to p red ic t its altered rive r flow s was necessary. As the catchm ent is located very 

close to the other tw o  N A M  calibrated catchments and comprises s im ila r ru n o ff characteristics 

(geology, slope, vegetation etc.), i t  was deemed va lid  to use the percentage a lterations caused to 

these rivers and app ly them  to the O w endalu lleegh River.

SEA-LEVEL

Projections o f fu tu re  changes in sea level were calculated as pa rt o f the fou rth  assessment report 

(IPCC, 2007) and are show n below  in Figure 6.67. The IPCC projections fo r sea level are based on 

1990 as the da tum  and as such, the sea level over the study pieriod (2010-2013), according to the 

projections, is approxim ate ly  +4 mm. Increases from  th is +4 m m  value were therefore added to the 

K invara tida l data fo r in p u t in to  the m odel Table 6.5.

100

Tide Gauges (set to  0 at 1990)

TOPEX/Poseidon + Jason-1 + OSTM/Jason-2 

Outer range of all scenarios (without 'rapid ice") 

Outer range of all scenarios (with ‘ rapid ice")

90

80

£ 70

D
% 40

O 20

-1 0
1970 1990 2010 2030 2050 2070 2090

Year

Figure 6.67: G lo b a l average p ro jections fo r  sea 

leve l rise (from  C hurch  et al. (2011)).

T ab le  6.5: Projected increases in  

g lo b a l sea leve l (m m).

Present +4 +4 +4

2020 +7 +7 +7

2050 +13 +13 +13

2080 +32 +29 +30.5
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6.4.3.1 Reservoir Routing -  Lough Cutra

Lough Cutra (Figure 5.19) causes a considerable attenuated and lagged response to the peak flows 

from the Owendalulleegh River (Figure 5.20) due to the large area of the lake (3.9 km^). Flows in 

the River Beagh rarely rise above 20 m^/s whereas the Owendalulleegh River can reach flows over 

70 m^/s. Lough Cutra is also fed by a smaller river to the north, the Gorteenboy River which drains 

a catchment of approximately 8.2 km^ in area (the Owendalulleegh catchment is 89.3 km^ in size). 

As suggested by Gill (2010), this smaller catchment was accounted for using a factor based on the 

relative sizes of the catchments. Thus a factor of 0.09 (9%) was applied to Owendalulleegh flows in 

order to account for the extra volume although it is acknowledged that the relative timing of this 

flow into Lough Cutra may not be accurate.

Gorteenbov

Figure 6.68: Lough Cutra.

80 

70 

60 

50 

g  40

— O w en d allu leeg h  

—  Beagh

Figure 6.69: O wendalulleegh inflow  and Beagh outflow  

from Lough Cutra.

A cumulative flow plot between the Owendalulleegh and Beagh rivers shows a difference in 

volume as can be seen in Figure 6.70. The un-factorcd input is shown as a red dotted line and the 

factored as a red solid line. It can be seen that even with the factored input the output is still 

considerably larger. This difference has a number of possible causes such as rainfall on the lake or 

an underestimation of the contribution of the Gorteenboy River but the most likely cause is 

inaccuracies is the rating curve for the Owendalulleegh River at medium-high flows.
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Figure 6.70: Cumulative inflow and outflow  from Lough Cutra (2011-2012).

The reservoir (or level-pool) routing method was chosen to route the flows across Lough Cutra. The 

reservoir routing method is based on a combination of the continuity equation with a non-linear 

storage discharge equation (Shaw, 2011). For this, a stage-discharge and stage-storage relationship 

needed to be defined -  the so-called auxiliary curve, which is a plot of G vs. Qoui according to the 

following relationships:

Equation 6.8  

Equation 6.9  

Equation 6.10

where Qoui is outflow, Qi„ is inflow, G represents the function: [(S/A t)+(0/2)], S is storage. At is the 

time interval for the routing period and xo, xi, X2 represent the coefficients used for optimisation. 

The outflow (Qout) at each time step is thus calculated sequentially through the data. The 

parameters were optimised using the Solver macro function in Excel in order to minimise the sum 

of the difference squared between the observed and simulated data at each time step. The final 

optimised parameters were:

Xo = 0.000001

x, = 0.0109 

X2 = 0

In order to balance the total volume of the observed and predicted outflow results, a factor of 0.23 

(23%) was added to the Owendalulleegh River flow data. This factor suggests an imbalance of 14%

Q2 -  l i i  -I r ---------------------- V o u t  (1)

<?out(2) = X 2 G I - \ - X ^ G 2  +  Xo

G( -  S(-\- ( O o u t ( t ) )

Owendalulleegh 

O wendalulleegh (*1.09) 

Beagh
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(23%-9%) between the Owendalulleegh and Beagh flows. This imbalance is likely due to the 

contribution of rainfall to the lake and an underestimation of flow on the Owendalulleegh River. 

The final reservoir routing model showed a good match between predicted and observed flows in 

the Beagh River, as can be seen Figure 6.71.

30

— Observed25

■Predicted20

15

10

5

0
Feb-11 Jul-11Mar-11 April May-11 Jun-11

Figure 6.71: Reservoir routing results. Observed vs Predicted (2011).

6.4.4 Results

The choice of analysis period was limited to periods with good flow data from the three rivers 

involved. The flow records from the Owenshree and Ballycahalan Rivers were complete after being 

integrated with NAM predictions (Section 5.4.2) but the Owendalulleegh River had large gaps. As a 

result, analysis was limited to January 2011 -  November 2012. This period was acceptable for 

analysis as it included one complete flooding season and numerous smaller floods.

The results of the analysis for emission scenarios A2 and B2 are shown in Figures 6.72 & 6.73 (see 

Appendix E for Ensemble results). The figures display the changing flooding patterns on each 

turluugh as caused by tlie projected rainfall of tl'ie 2020'3, 2050's and 2080's. The 'Present' line cn the 

graph related to the rainfall datasets with no alterations from what occurred in reality. It should be 

noted that the 'Present' results are based on using NAM generated runoff rather than observed 

river flows for the Owenshree and Ballycahalan Rivers. This was done so as to give a clear 

comparison of the effects of the changing rainfall patterns, i.e. present NAM runoff is compared 

with future NAM runoff rather than present observed runoff compared to future NAM runoff. 

Using NAM data in this way resulted in a slight alteration of the flooding pattern for the upper two 

turloughs with slightly lower flood peaks. Changes to the flooding pattern of the lower three 

furloughs was negligible.
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Figure 6.72: Turlough flooding patterns according to em ission scenario A2.
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Figure 6.73: Turlough flooding patterns according to em ission scenario B2.
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As can be seen from the results, the reduced sum m er rainfall and increased w inter rainfall from the 

climate change scenarios leads to significant alterations in the turlough flooding patterns over the 

615 day period. The projected changes for stage volum e and area are shown in Tables 6.6, 6.7 and 

6 .8 .

Both simulated scenarios project a continuous increase in global GHG emissions over the next 100 

years. Scenario A2 projects a steep rate of increased emissions for the first 30 years followed by a 

lower, but still significant, rate of increase up to 2100. Scenario B2 projects a more gradual increase 

with a slight reduction in rate after the 2060's (Figure 6.66). The variation between these emission 

scenarios leads to variation between projected rainfall patterns (Table 6.4) which in turn  leads to 

variation between the turlough flooding patterns (Figures 6.72 & 6.73). Scenario A2 projects 

increased w inter rainfall and decreased sum m er rainfall w ith time. This rainfall pattern is 

translated to the turloughs resulting in much higher w ater levels w ith longer recessions in winter 

and lower flood levels in summer. Scenario 82 projects less rainfall than scenario A2 with w inter 

rainfall increasing for the 2020's and 2050's followed by a slight d rop  in w inter rainfall in the 2080's. 

This drop in rainfall possibly reflects the drop is reduced rate of increase of GHG em issions after 

the 2060's for this scenario. This drop in rainfall translates to 2080's water levels peaking slightly 

below the 2050's w'ater levels. The Ensemble scenario projects a rough average between the other 

two scenarios.

Overall, the effect of climate change tends to result in a net d rop  of annual river flow volumes 

despite increased w inter flows. This effect can be seen in the cum ulative plots of the Owenshree 

River as seen in Figure 6.74. The only scenario resulting in increased river flows is that of 82 for the 

2020's. It should be noted however that these cum ulative flow plots contain one and a half years 

data (two winters and one summer) and thus are biased tow ards w inter conditions.
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Figure 6.74: Cumulative flow plots for the Owenshree River for scenarios A2 and B2 for the 

period between Jan 2011 and October 2012.

Table 6.6: Maximum stage (m) predicted for emission scenarios A2, B2 and the Ensemble (A2 & 

B2) for the period between Jan 2011 and October 201Z

'Present' 23.5 18.8 121 121 10.2

A2

2020 23.6 18.9 1Z4 124 10.5

2050 24.2 19.4 13.0 13.0 11.0

2080 24.8 19.9 * * 11.7

B2

2020
Z3.8 19.1 127 126 10.7

2050 24.4 19.5 13.2 13.1 11.1
2080

A 2 & B 2
24.2 19.4 13,0 13.0 11.0

2020 23.8 19.0 126 125 10.6

2050 24.3 19.5 13.1 13.0 11.1

2080 24.4 19.5 13.2 13.1 11.1

*above maximum surveyed level
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Table 6.7: Maximum Volume (*1,000,000 m )̂ and "/o-increase from 'Present' maximum Volume 

for em ission scenarios A2, B2 and the Ensemble (A2 & B2) for the period between Jan 2011 and

October 2012.

Max %
increase Max .increase Max %

increase Max %
increase Max %

increase
'P re se n t ' 3.466 - 1.818 - 15.371 - 1.931 - 3.064 -

A2

2020 3.570 2.9 1.868 2.7 16.315 5.8 2.037 5.2 3.265 6.1

2050 4.349 20.3 2.147 15.3 18.373 16.3 2.263 14.7 3.709 17.4

2080 5.109 32.2 2.520 27.9 * * * * 4.305 28.8

B2

2020 3.8Z3 9.3 1.952 6.8 17.123 10.2 2.127 2.1 3.438 3.4

2050 4.545 23.7 2.210 17.7 18.845 18.43 2.314 2.3 3.811 3.8

2080 4.285 19.1 2.124 14.4 18.314 16.1 2.257 2.3 3.710 3.7

A2 & B2

2020 3.745 7.4 1.920 5.3 16.839 8.7 2.095 7.9 3.377 9.3

2050 4.448 22.1 2.174 16.4 18.578 17.3 2.285 15.5 3.753 18.4

2080 4.527 Z3.4 2.206 17.6 18.803 18.3 2..309 16.4 3.813 19.7

*above maximum surveyed level

Table 6.8: Maximum Area (ha) and "/o-increase from 'Present' maximum Area for em ission  

scenarios A2, B2 and the Ensemble (A2 & B2) for the period between Jan 2011 and October 2012.

1̂ 1
Max %

increase Max %
increase Max %

increase Max %
increase Max %

increase
'P re se n t ' 1,125 - 484 - 3,100 - 351 - 777 -

A2

2020 1,147 1.9 501 3.4 3,218 3.7 359 2.2 808 3.9

2050 1,.311 14.2 611 20.9 3,478 10.9 374 6.0 877 11.4

2080 1,434 21.6 894 45.9 * * * * 965 19.5

B2

2020 1205 6.7 527 0.0 3319 6.6 365 3.8 8,35 7.0

2050 1343 16.3 656 26.3 3533 113 377 6.8 892 13.0

2080 1299 13.5 598 19.1 3472 10.7 373 6.0 877 11.4

A2 & B2

2020 1,186 5.2 517 6.5 3,283 5.6 363 3.2 826 5.9

2050 1,328 15.3 628 23.0 3,502 11.5 375 6.4 883 12.1

2080 1,340 16.1 653 26.0 3,528 121 376 6.7 893 13.0

*above maximum surveyed level
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While scenario A2 results in the highest peak water levels of the furloughs during winter, the 

summer months see much less flooding resulting in a net increase in dry days for all five turloughs. 

This can be seen below in Table 6.9 (table limited to data from Jan 2011 to Jan 2012 in order to 

remove winter bias in results). For the 2080's, four of turloughs see over 25 extra dry days over the 

year (The lower results for Coy furlough are likely a result of poor simulation accuracy at low water 

levels for this furlough). Scenario B2 shows more varied results with less empty days in the 2020's 

and more in the 2050's and 2080's. Again, the Ensemble scenario produces a rough average between 

A2 and B2 scenarios, resulting mostly in increased empty days.

Table 6.9: Change in empty days for turloughs for emission scenarios A2, B2 and the Ensemble 

(A2 & B2) over the period Jan 2011 -  Jan 2012.

1 A2 1

2020 +9 +2 +5 +8 +8

2050 +11 +2 +19 +15 +15

2080 +29 +10 +33 +34 +26

B2

2020 -3 +2 -16 -5 -12

2050 +7 +2 +9 +10 +9

2080 +12 +2 0 +7 +2

A2 & B2 1

2020 +4 +2 -5 3 +2

2050 +11 +2 +16 +12 +12

2080 +23 +7 +20 +17 +14

This change in flooding patterns behaviour can be presented graphically using flood duration 

curves. Duration curves provide a way to represent the amount of time a given quantit}^ is equalled 

or exceeded over a defined interval (Fetter, 2001). For example, in the context of turlough 

hydrology, a duration percentage value of 80% indicates that the turlough equals or exceeds the 

corresponding depth 80% of the time. Duration curves are useful for turloughs as they present a 

means of quantifying the flooding effect or disturbance experienced by ecological communities at 

any point within a turlough basin. Within any defined period, a flood duration gradient exists 

whereby elevations at the base of the turlough experience longer flood duration that those higher 

up the basin. The water level - duration curve quantifies this gradient. Flood duration curves were 

used for turloughs in this manner by Naughton (2011).
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The p rocedu re  for generating  a du ra tio n  curve, as ou tlined  by Fetter (2001), is as follows:

• The level d a ta  is first sorted  in descend ing  o rder, from  h ighest to low est

• A rank  m is assigned  to each value  from  1 to «, n being  the length  of the d a ta  set.

•  The probability  P of a given level being  equalled  or exceeded  w ith in  the period  n is given

by:
m

P = 1 0 0 —-j—j  Equation 6.11

• A p lo t of p robability  P aga inst stage (the so-called d u ra tio n  curve) show s the percen tage of 

tim e each level is equalled  or exceeded.

Flood d u ra tion  curves of the tu rloughs for scenarios A2 and  B2 are p resen ted  in F igure 6.75. In this 

figure, each sub-p lo t d isp lays the projected changes in flood d u ra tio n  b ehav iou r for a particu lar 

tu rlough , for a particu la r em ission scenario (results for the ensem ble scenario  can be found  in 

A ppendix  E). Looking a t these plots, all tu rlo u g h s show  a sim ilar trend  w hereby  the d u ra tio n  at 

w hich tu rloughs have high w ater levels will increase w hile the d u ra tio n  a t w hich  tu rlo u g h s have 

low -m edium  w ater levels will decrease. For instance, Blackrock tu rlo u g h  cu rren tly  show s dep th s 

equal to o r exceeding 8m  for 20% and 4m  for 40% of the analysis period . By 2080 (scenario A2), 

Blackrock w ould  be expected to have h igher w ater levels of a lm ost 10m for 20% of the analysis 

period  w hile w ater levels will d ro p  to  alm ost 3m  for 40% of the analysis period . It shou ld  again be 

no ted  tha t poor sim ulation  accuracy a t low  w ate r levels h in d e rs  the accuracy of Coy tu rlough  (in 

reality. Coy tu rlo u g h  sp en d s m ore tim e a t low er w ater levels, i.e. the d u ra tio n  curve should  be 

shifted  som ew hat to  the rig h t h an d  side of the sub-plot).
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Figure 6.75: Flood duration  curves for each turlough  for scenarios A2 and  B2 over the period Jan 

2011 -  Jan 2012.
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The projected rise in turlough winter flood levels is likely to cause significant flooding issues within 

the catchment in future. The dataset used in this analysis describes what is considered to be a 

typical flooding season. For scenario A2, this dataset reaches near November 2009 flood levels by 

the 2050's, and by the 2080”s the dataset has surpassed them. Regular flooding such as this would 

obviously cause severe damage to the region but would also damage the biodiversity of the 

turloughs as they would then likely be subject to drainage works which could alter their hydro- 

ecological characteristics permanently.

Another noticeable but less damaging effect caused by the projected climate change scenarios is the 

change in sea water level. The increase in sea-level would lead to an increased level of interaction 

with the catchment. This can be seen in Figures 6.72 and 6.73 which show increased tidal variation 

in Caherglassaun turlough at low water levels in the future, particularly 2080. In future years, salt

water intrusion will also occur further up the catchment. The extent of salt-water intrusion can be 

calculated using the velocity time series data from the outlet, i.e. using the negative outlet velocity 

values produced during high tide to calculate a distance travelled back up the system by a target 

particle. At present, the pipe-network model estimates a maximum penetration of salt-water up to 

3.7 km into the catchment over the study period. This level of p>enetration rises to 4.6 km in the 

2050's and 5.2 km in the 2080's (for both A2 and B2 scenarios). The impact of this salt-water 

intrusion is relatively minor compared to the likely flooding issues, but a number of residences 

extracting water from the karst aquifer could be affected.

As with climate change modelling in general, the use of the pipe-network model for simulating 

climate change scenarios is limited and brings with it a large degree of uncertainty. Consequently, 

the analysis carried out in this section can only be looked at as an illustration of possible impacts of 

climate change rather than a detailed analysis. The limitations involved in this analysis include:

• The analysis did not take into account the increased probability of once-off extreme 

weather events. Events such as severe flooding or heat waves are projected to occur with 

increased frequency as climate change occurs. Fealy and Sweeney (2008) suggest an 

increase in greatest 5-day rainfall values and an increase in 'heavy rainfall days' as well as 

increased 'longest dry periods'. These events would lead to an increase in extreme 

behaviour from the turloughs with increased flood levels a likely result. However, the 

sensitivity study in Section 6.3.4.4 suggests that, so long as the overall rain quantity does 

not change, the intensity should have only a minor effect on the turloughs (over a period of 

up to approximately 5 days).
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• The projected changes in rainfall derived from the EPA (2008) report describe broad 

changes for the entire country of Ireland. Regional effects are not accounted for. In reality, 

the west of Ireland is likely to experience a greater proportion of w inter runoff (M urphy 

and Charlton, 2008) causing increased flooding.

• The EPA study on which the rainfall data is based on the use of three global climate models 

(GCM's) downscaled to a regional level. This is a low num ber of GCM 's com pared to other 

climate change reports such as the ENSEMBLES report (Van der Linden and Mitchell, 2009) 

which used 12 GCM's to predict climate change for Europe. The EPA report was chosen 

however as it is specifically tailored to climate change in Ireland rather than Europe-wide.

The First Assessment Report, AR5, is scheduled for publication on the 30'*’ September 2013 (i.e. the 

submittal date of this thesis). As such, climate change projections from this more recent report 

could not be included in this section.

6.5 Water Quality M odelling

Along with modelling the hydraulic processes of a pipe network, Infoworks CS also incorporates a 

water quality model which allows the modelling of sedim ent build-up in a network and the 

movem ent of sedim ent and pollutants through a drainage system during a rainfall event. This 

water quality model was used in order to evaluate the nutrient transport processes within the Gort 

Lowlands and the results are discussed in Section 7.4. In this section, just the model and its 

calculative processes are discussed.

The water quality model involves a separate calculation process which effectively occurs in parallel 

with the hydraulic m odelling calculations. At each timestep, the ou tpu t from the hydraulic model is 

used to calculate the associated outpu t from the w ater quality model. Thus the w ater quality model 

receives feedback from the hydraulic model, but the hydraulic model receives no feedback from the 

water quality model (unless sedim ent build-up is included). Infoworks allows the modelling of up 

to nine different pollutants (e.g. Biochemical Oxygen Demand, Total Phosphorus etc.) with two 

different sedim ent fractions. Each pollutant can be modelled as being entirely dissolved or partially 

attached to sediment. TTie modelling of pollutants is fully conservative. There is no interaction 

between pollutants and their environm ent, nor between one pollutant and another.
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Pollutants and sedim ents can enter a model from a num ber of sources:

•  W astew ater and trade w aste  events

These sources describe the daily pattern of domestic waste or industrial waste from one or 

more subcatchm ent or industrial sources. For the Gort Lowlands model, these sources were 

ignored.

•  Subcatchment contribution

The pollutant contribution from subcatchm ents is modelled using a specific surface pollutaut 

model. This model calculates the build-up and wash-off of pollutants on catchm ent surfaces 

usm g a 'w ash-oft m odel' for sedim ent-attached pollutants and a 'gully-pot' model for 

dissolved pollutants.

•  Point source

Point source pollutants are applied using an inputted time-series which is applied to a 

chosen node. For the G ort Lowlands model, the prim ary source of po llu tan ts/nu trien ts 

derives from the rivers. As such, river nutrient concentrations are applied to the relevant 

nodes as point sources.

The surface pollutant model offers an ideal method for estim ating the contribution of 

po llu tan ts/nu trien ts to the pipe-netw ork from the subcatchments. Unfortunately however, the 

surface pollutant model is only compatible for standard subcatchm ent-pipe links rather than the 

laterally-fed permeable pipe subcatchm ent links used in the G ort Lowlands model (used to 

represent Darcian flow in the epikarst). As a result, the m odelling of nutrient input from the 

diffuse/epikarst com ponent of the catchm ent was limited. Overall however, this issue was of minor 

im portance as the prim ary goal of modelling the catchm ent was to investigate the nutrient 

transport through the active, i.e. mostly river (point source) fed, network. Ultimately, the nutrient 

contribution from diffuse flow into a num ber of furloughs was studied and calculations were 

carried out using a more m anual approach (Section 7.4.2).

The water quality model carries out its calculations in three stages for each timestep.

1. The Netiuork Model calculates the concentration of dissolved pollutants and suspended 

sedim ent at all nodes using the following conservation of mass equation:
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d M ,  d M , i
QiCi H— ^ ------^  <?oCo Equation 6.12

i o

where: Mj = Mass of suspended sedim ent or dissolved pollutant in node J (kg)

Qi = Flow into node ] from link i (m^/s)

Ci = Concentration in the flow Into node J from link i (kg / m ’)

Msj = Additional mass entering node J from external sources (kg)

Qo = Flow from node J to link o (mVs)

Co = Concentration in the flow from node ] to link o (kg/m^)

2. The Conduit Model calculates the concentration of dissolved pollutants and suspended 

sedim ent along each conduit. Similar to the hydraulic conduit model, a conduit is 

represented as a conceptual link of defined length between two nodes in the network. The 

governing equation describing the transport of the suspended sedim ent and dissolved 

pollutant (based on the conservation of mass) is the following:

—  + u —  =  0 Equation 6.13
d t dx '

where: c = Concentration (k g /m ’)

u = Flow velocity (m /s)

t = Time (s)

X = The spatial co-ordinate (m)

However, for this equation to apply a num ber of assum ptions m ust be made. Assumptions 

such as:

o Flow is one-dimensional in the conduit, 

o ConcpntraHons are fully mixed across the conduit section.

o Sediments and pollutants are transported along the conduit with the local mean 

velocity of the flow, 

o Dispersion of the sedim ent and pollutant along the conduit is negligible.

3. The C onduit Model then calculates the erosion and deposition of sedim ent in each conduit 

using one of three erosion/deposition models (Ackers White model, Velikanov model, 

KUL model).
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For water quality modelling of the Gort Lowlands network (Section 7.4), the analysis was focussed 

on transport of dissolved nutrients (Nitrate and Total Dissolved Phosphorus). Thus sediment 

concentration and its erosion/deposition capabilities were not included in the simulations.
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7 HYDROCHEMISTRY

Between March 2010 and March 2013, monthly sam pling was carried out across the catchm ent with 

20-25 sites (see Figure 4.10 for locations) being regularly sam pled for a range of hydrochemical 

param eters. Samples were taken from rivers, furloughs, springs and boreholes/w ells and tested for 

alkalinity, pH, electrical conductivity, and nutrient concentrations (N and P). In this chapter, the 

findings of these hydrochemical tests are presented and discussed. In Section 7.1, the background 

information regarding land use and previous relevant studies is discussed. Section 7.2 presents 

results and analysis of the m onthly sam pling for alkalinity, pH  and electrical conductivity as well 

as a num ber of sub-studies involving the use of CTD divers. In Section 7.3, the results of nutrient 

sam pling are presented and analysed. In Section 7.4 the calibrated Infoworks model is used to shed 

light on the dynam ics of nutrient transport within the tu rlough /condu it network. In Section 7.5, the 

results of these hydrochemical investigations are discussed in term s of catchm ent-wide behaviour 

and individual turlough behaviour. Finally, in Section 7.6, a turlough unconnected to the active 

network, Ballinduff, is briefly described in order to contrast the active conduit fed turloughs against 

a more ep ikarst/d iffuse fed turlough.

7.1 Background

The water quality of the Gort Lowlands is characterised by the large com ponent of allogenic 

recharge feeding the catchm ent from the Owenshree, Ballycahalan and Ow endalulleegh Rivers. The 

river waters are distinguished by their low alkalinity, high iron and sedim ent concentrations 

(Southern W ater Global, 1998) and high degree of colour (Cunha Pereira, 2011). Due to this 

allogenic recharge, the conduit-fed turloughs of the Gort Lowlands form a unique subset of highly 

coloured, low alkalinity turloughs w hen com pared to more typical turloughs found around Ireland. 

The Gort Lowlands turloughs are also nitrogen (N) limited water bodies w hereas other turloughs 

and perm anent lakes tend to be phosphorus (P) lim ited (Cunha Pereira, 2011). Looking beyond the 

conduit network, the more epikarst/d iffuse regions of the catchm ent consist of water more typical 

of limestone aquifers, rich in calcium (Ca^+) and bicarbonate (HCOJ) (Einsiedl, 2012).

Recently, the Gort Lowlands has been subject to a num ber of hydrochemical studies. Gill (2010) and 

Cunha Pereira (2011) studied the changing concentrations of N and P within the G ort Lowland 

chain of turloughs in an effort to understand the source and pathw ay of the nutrients. Cunha 

Pereira (2011) concluded from the nutrient data that the turloughs act as diffuse flow-through systems 

rather than the surcharge tank systems as pu t forward by Gill (2010). This differing conceptualisation
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is dealt with further in Sections 7.2.1.2, 7.3.1.2 and 7.5.2. The western portion of the Gort Lowlands 

has also been the subject of much recent hydrochemical research with a number of publications 

dealing with the salt-water/groundwater interactions occurring at the coastline (Einsiedl, 2012, 

Petrunic et al., 2012, Smith and Cave, 2012, Cave and Henry, 2011). Relevant findings from these 

studies shall be discussed throughout this chapter.

7.1.1 Turlough Spatial Homogeneity

As described in Section 4.3, furloughs were sampled by taking one sample from the main body of 

the lake. In order for this sample to be representative of the hydrochemistry, the turloughs are 

assumed to be homogeneous. This assumption is a considerable one considering that turlough 

characteristics include multiple inflows and outflows, rapidly changing water volumes, dynamic 

interactions between soil and water and often a complex morphology. In order to prove the 

assumption, surveys were carried out by both Cunha Pereira (2011) and Gill (2010) whereby 

turloughs were sampled at multiple locations and the spatial variation of their hydrochemistry was 

assessed.

The larger study was that of Cunha Pereira (2011) who sampled four turloughs (at four locations) at 

monthly intervals between December 2007 and May 2008 and tested samples for a range of 

hydrochemical parameters. Results showed a high degree of spatial homogeneity for most chemical 

variables such as total nitrogen (TN), total oxidised nitrogen (TON) and alkalinity within the 

turloughs. However, considerably more spatial variation was found for total phosphorus (TP) with 

points taken at the turloughs' water edge, (where Cunha Periera carried out his regular sampling) 

showing higher values than other points in the basin, especially during early and latter stages of 

flooding. Cunha Periera concluded that, in most cases, the large spatial differences are caused by 

accumulations of filamentous green algae near the shore during the later stages of flooding.

The study by Gill (2010) was smaller in scale, focusing on just one lurlougli for one day (29‘*’- May 

2009), but critically, the study took samples at multiple depths providing a three dimensional 

profile. Samples were tested for P at nine locations within the body of the turlough and three 

locations along its edge. Results from the body of the turlough showed no particular spatial 

gradients across the area of the lake although a trend of decreasing P with increasing depth of 

water sample was observed. Gill (2010) suggested that this trend could be due to the warm weather 

conditions on the day of the survey causing the shallower water to release P into soluble form.
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Similarly to Cunha Pereira (2011), samples recovered from the edge of the turlough showed 

increased concentrations of P.

The main conclusion that can be drawn from these surveys is that the turloughs can be assumed 

homogeneous for analysis purposes so long as the sample taken from the body of the turlough 

rather than the edge (i.e. within arms-length of dry land). However, the findings of a sub-study 

carried out as part of this thesis on Blackrock and Coy turloughs (see Section 7.2.3 later) calls into 

question the homogeneity of Blackrock turlough.

7.1.2 Land Use and Associated Nutrients/Contamination

The study by Cunha Pereira (2011) was part of the multidisciplinary National Parks and Wildlife 

(NPWS) project 'Assessing the Conservation Status of Turloughs' which studied 22 turloughs in 

Western Ireland. As such, Cunha Pereira's study encompassed four of the five turloughs studied by 

this thesis, these being Blackrock, Coy, Garryland and Caherglassaun. The findings of Cunha 

Pereira's thesis in relation to turlough catchment delineation and catchment land use are used in 

this chapter and are detailed below.

Turlough catchments (or Zones of Contributions -  ZOCs) for the 22 catchments under study by the 

NPWS project were delineated based on known topographical and hydrological data (Owen 

Naughton, Paul Johnston, Catherine Coxon, David Drew, Sarah Kimberley and Caoimhe Hickey 

pers. Comm.). Due to the difficulty in delineating karst catchments, the resulting ZOC's for the 22 

turloughs were only the best possible estimates given the available data with degrees of confidence 

ranging from 50 to 80%. However, due to the large proportion of easily delineated non-karst land 

within the Gort-Lowland turlough catchments, the confidence with these ZOCs is relatively high. 

The calculated ZOC's of the four Gort Lowland turloughs are presented below in Table 7.1.

Table 7.1: Total area of turlough ZOCs (Cunha Pereira, 2011).

Blackrock 80.9

Coy 83.3

Garryland 393.0

Caherglassaun 398.0
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The ZOCs for the Gort Lowland furloughs are considerably larger than the other 18 furloughs in 

the NPWS study with no other furlough ZOC being larger than 20 km^. The ZOC for Coole 

furlough is not calculated but it can be inferred to be approximately 393 km^ as it shares the same 

catchment as Garry land.

For land use data, Cunha Pereira (2011) extracted information from the Teagasc-EPA Soil and Sub

soil Mapping Project (Environmental Protection Agency, 2009) and the CORINE 2000 Project 

(Bossard et al., 2000) geo-referencing databases. While the CORINE database has an advantage in 

that it breaks grassland data into 'improved' and 'unimproved' pastures (useful for differentiating 

intensively and non-intensively managed grasslands), it does suffer from lower spatial resolution 

(25 ha unit sizes compared to the Teagasc-EPA databases at 1 ha resolution) as well as a lack of 

recent ground-truthing. TTie two datasets broadly agree with each other for the four Gort lowland 

furlough catchments, classifying them as primarily grassland (agricultural land) with sizeable forest 

and peat coverage. The land use categories and their respective areas (and % areas) for the Gort 

Lowlands are presented below in Table 7.2.

Table 7.2: Land use catagories areas within each turoughs ZOC extracted from the Teagasc-EPA

database (Cunha Pereira, 2011).

■jjjfll
Turlough Area Area Area Area Area Area Area Area Area Area Area Area Area Area Area Area

(Km^) (%) (Km^) (%) (Km^) (%) (Km )̂ (%) (Km^) (%) (KmO (%) (KmO (%) (Km )̂ (%)

Blackrock 0.4 0.5 11.7 14.4 10.4 12.9 0 0 50.1 61.9 8.4 10.3 58.4 72.2 0 0

Coy 0.4 0.5 11.7 14 10.6 12.7 0.1 0.1 52.2 62.6 8.4 10.1 60.6 72.7 0 0

Garryland 22.7 5.8 73.3 18.6 86.1 21.9 7.2 1.8 180.1 45.8 23.2 5.9 203.3 51.7 0.7 0.2

Caherglassaun 22.7 5.7 73.3 18.4 86.1 21.6 7.4 1.9 184.6 46.4 23.2 5.8 207.8 52.2 0.7 0.2

*includes 'built land' and 'coastal complex'

What makes the Gort Lowland furloughs stand out from the other 18 furloughs in the NPWS study 

is the relatively high proportion of peat bog and forestry coverage. For Blackrock and Coy, bog and 

forest coverage takes up almost 30% of the catchment area while in Garryland and Caherglassaun 

(and Coole) catchments, it takes up over 40% of the area with the remainder consisting mostly of 

grassland. The other 18 studied furloughs typically consist of less that 5% bog and forest cover, 

instead being predominantly covered by grassland or open rock. TTie extensive bog and forestry 

coverage within the catchments provide the Gort Lowland turloughs with their characteristic high 

colour levels due to the leaching of humic substances from the bog/forest lands (Cunha Pereira, 

2011). The forest/peat lands are also a key source of P due to the application of phosphatic fertiliser
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which is critical to the survival of new plantations. These fertilisers contain significant 

concentrations of P. For example, the current recom m ended practice of the fertiliser superphosphate 

(used in areas of pH >6 , such as the Slieve Aughtys) stipulates 42 k g /h a  P can be applied (Renou- 

Wilson and Farrell, 2007). The loss of this P from the plantations can be significant depending on 

edaphic (soil related) characteristics, fertilisation variables and transport factors. Surface runoff is a 

very im portant pathway for P loss and is m ost prevalent after initial fertilisation due to the 

cambered surface and the absence of vegetation cover. Also, the drainage channels constructed in 

such commercial forestry plantations prom ote fast runoff. High precipitation following the 

application of fertiliser inevitably enhances the P loss (Renou-Wilson and Farrell, 2007). In term s of 

N, forestry tends to contribute relatively little. Indeed forestry is understood to yield the least 

am ount of NO3 to ground or surface waters com pared to other typical agricultural land uses (Di 

and Cameron, 2002). The other major source of nutrients, both N and P, to the turlough ZOCs is the 

grassland areas where agriculture is w idespread.

Over the last few decades, the use of inorganic fertilisers on agricultural lands has increased across 

the globe. This increased usage has had an im pact on groundw ater quality, particularly nitrate 

concentrations. The landspreading of organic material such as agricultural wastes (livestock 

m anure or slurry, silage effluent, farm yard runoff) and agro-industrial wastes (dairy effluent, 

blood, offal) has also increased. The resulting water quality problem s are felt across various 

aquifer/bedrock types throughout the world. Karst aquifers are particularly vulnerable due to their 

high permeability, often combined with thin soil cover (Coxon, 2011). Agricultural activities and 

their resulting nutrient concentrations are regulated in the governm ent docum ent 'European 

Communities Good Agricultural Practice for Protection of W aters Regulations 2010' (Stationery 

Office Dublin, 2010). This docum ent presents concentrations for various agricultural activities such 

as the N and P concentrations in slurry or the annual nutrient excretion rates of livestock. For 

example, the docum ent states that cattle excrete 65 kg of N and 10 kg of P per year w ith dairy cattle 

excreting up  to 85 kg of N and 13 kg of P. The docum ent also gives guidelines to the maximum 

perm itted am ount of applied fertilisation in term s of N and P concentrations from commercial 

fertilisers. Broadly speaking, agricultural soil effluents tend to be nitrogen intensive w ith high N:P 

ratios (>20 up to 250) w hilst more concentrated sources such as fertilisers usually have lower ratios 

(<10) (Downing and McCauley, 1992). One of the largest non-agricultural sources of nutrient input 

is that of septic tank effluent (Coxon, 1999, Drew and Daly, 1993). TTie typical concentration of 

domestic wastewater effluent has been estim ated as 50 mg/1 TN (Environmental Protection 

Agency, 2000) and 5-20 m g /L  TP (Environmental Protection Agency, 2009). The low N:P ratios 

typical of these point source effluents aid in the identification of turlough contam ination as a
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contaminated turlough would show significantly enriched levels of P with more minor enrichment 

of N (Cunha Pereira, 2011). Although excessive nutrient concentrations are harmful to catchments 

ecosystem, contributing to eutrophication of surface waters and subsequent degradation of water 

quality (Renou-Wilson and Farrell, 2007), it is contamination from faecal microbial organisms 

(bacteria, viruses or protozoans) that poses the greatest risk to the general population (Karst 

Working Group, 2000). Coxon and Drew (2000) point out that water supply schemes in karst 

regions may have more in common with surface water abstractions than with conventional 

groundwater sources in terms of management strategies.

Cunha Pereira (2011) also carried out an investigation into the relationship between land use and 

nutrients in furloughs. Significant positive correlations (p<0.05) were found between:

• Septic tank density and mean TN (but not TP).

• Agricultural land (CORINE) and mean TP and TN.

• Total pasture land (CORINF) and mean TP and TN.

• Unimproved pasture (CORINE) and mean TP and mean colour.

• Total grassland (Teagasc-EPA) and mean TN .

• Peat bogs (CORINE and Teagasc-EPA) and mean colour.

Most of these correlations showed tow Spearman r values (most <0.6) with a wide spread of points 

in scatter plots. However, many of these plots displayed a 'triangular' shape with the widest spread 

of points at the highest percentages of land use (See Figure 7.1 for an example of this). This 

indicates that furloughs with a high percentage of agricultural land in their catchments span a wide 

range of nutrient concentrations. Cunha Pereira suggested that the upper margin of these 

'triangular' plots may represent a maximum potential of nutrient release from the catchments.
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Figure 7.1: Scatter plots of total percentage area of grassland/agricultural land in turlough ZOCs 

and mean TP (c) and TN (d) per turlough (Cunha Pereira, 2011).
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7.1.3 Previous Studies and Findings

As seen in previous sections, a numijer of hydrochemical studies have been carried out in the 

catchment already. The main hydrochemical findings from these studies are discussed below in 

terms of the surface water, the groundwater and the water outlet at Kinvara.

SURFACE WATER

One of the earliest hydrochemical studies of the region was carried out by Williams (1964) who 

observed the hardness of the water as it travelled from the Owendalulleegh River through Gort and 

out towards Kinvara. Williams noted that the water showed a steady increase in hardness (due to 

dissolution) once it had crossed onto the limestone bedrock. The hardness rose at a steady rate until 

reaching Polltoophill (Figure 3.7) where a jump in hardness occurred due to the influx of the harder 

Owenshree and Ballycahalan River waters. Beyond Coole, the rate of hardness increase slowed 

down. Williams determined that this slowing-down was due to reduced corrosion capacity as the 

water became saturated with calcium carbonate.

The most widespread hydrochemical study carried out in the Gort Lowlands was that of the Gort 

Flood Study (Southern Water Global, 1998). This study characterised the Gort Lowlands into seven 

different water 'types' based on alkalinity, iron chloride and nitrate (see Section 3.5.1.1). Using these 

water types, the study was able to describe the hydrological pathways in the region whereby Slieve 

Aughty river recharge (low alkalinity, high iron) flows down the catchment into the Coole- 

Garryland complex and mixes with groundwater from the southern Cloonteen catchment (with its 

higher alkalinity and lower iron concentrations). Turloughs not connected to the active conduit 

network tended to have higher alkalinities and lower iron concentrations as they received water 

from local direct recharge either from the limestone or from drift deposits. The study also looked at 

nutrient concentrations and found higher nitrate levels in turloughs that were more strongly grazed 

indicating a possible effect of manure deposition in the turloughs.

Nutrient concentrations and alkalinities in the turloughs have been measured more recently by 

Cunha Pereira et al. (2010) and to a lesser extent by Gill (2010). The results of Cunha Periera's 

studies are presented in Table 7.3. These results show similar values to those of Gill (2010). 

However, Gill also sampled Coole turlough which had concentrations ranging 0.7-1.25 mg/1 for TN 

and 10-65 ng/1 TP.
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Table 7.3: Hydrochem ical m easurm ents o f the Gort-Lowland turloughs 

(Cunha Pereira et al., 2010).

Mean ±SD Range Mean ±SD Range

Blackrock 1.72±0.29 -1.3-2.1 52±16 27.4-73.5 .35 167 Eutrophic

Coy 1.41±0.26 1.1-1.9 43±16 24.7-61.9 36 143 Eutrophic

Garry land 1.08±0.42 0.6-1.8 11.7±31.4 11.7-31.4 46 122 Meso trophic

Caherglassaun 1.22±.0.23 0.9-1.6 43±12 31.8-66.7 30 112 Eutrophic

GROUNDWATER

Recent studies on the groundwater in the region have been focussed around the coast (from 

downstream of Caherglassaun across to the North Burren) rather than the w hole Gort Lowlands 

region. Petrunic et al. (2012) studied the major ion chemistry of the coastal area and found the 

groundwater to be Ca^* and bicarbonate rich with varying but moderate NOj concentrations. 

However, a correlation was found between NOs and chloride (Cl) concentrations suggesting a 

com m on origin attributed to anthropogenic sources. Also, groundwater in the Gort l.owlands was 

found to have higher Mg concentrations than water in the nearby Burren, likely due to the presence 

of dolomite. Petrunic's findings suggest that the influence of saltwater intrusion on the 

groundwater geochemistry was limited to near the coast but the hydraulic connectivity of the 

groundwater system  extends further inland (as can be seen from turlough water levels in dry 

periods).

Einsiedl (2012) carried out a study in the sam e coastal area using geochemistry and isotopes of 

dissolved sulphate (63^S and 5 ’*0) and dissolved nitrate (S'^N and 5'®0) to shed light on the sea

w ater/ groundwater interactions on the water quality of the region (and of Ireland's Atlantic coastal 

zone in general). Einsiedl found that geochem ical conditions in the aquifer do not promote 

attenuation of NO 3 through denitrification. Also, Einsiedl calculated N loading to Kinvara Bay as 5 

ton s/d ay  on average compared to an estim ated input that derives from precipitation of 

approximately 25 tons/annum .

KINVARA

Kinvara Bay is protected as part of the Galway Bay Complex SAC /SPA  (Special Area of 

Conservation and Special Protected Area for birdlife) due to the presence of several habitats and 

sfjecies listed in the EU Habitats Directive (EEC, 1992). The bay also includes som e
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commercial/licensed shellfish production zones approximately 2 to 3 km into the bay. The 

saltwater/groundwater interaction processes at Kinvara have been the subject of intense research in 

recent years with a number of studies producing estimates of flow rates and nutrient concentrations 

at the intertidal springs.

Cave and Henry (2011) used electrical conductivity measurements to estimate Submarine 

Groundwater Discharge (SGD) from the springs. Discharge calculations gave a wide range of flows 

between 4 and 198 m^/s and an average flow of approximately 30 m^/s. Combining the flow rate 

with measurements of TON taken during winter 05/06, average winter loading rates of TON 

ranged between 1666 k g /d  to 26431 k g /d  (dep>ending on time period and choice of flow calculation 

limits).

Another study by Smith and Cave (2012) measured both TON and DIP (Dissolved Inorganic 

Phosphorus) at both springs in Kinvara (KE and KW) and also at springs in the neighbouring 

Aughinish Bay. Results showed that Kinvara is much more heavily influenced by fresh water input 

than Aughinish Bay and is a strong source of fixed nitrogen into Kinvara Bay. This is important as 

nitrogen tends to be the limiting nutrient in the marine environment rather than phosphorus which 

is generally the limiting nutrient in freshwater systems. TON concentrations from KE were 

measured at up to 1 mg/1 while water from KW tended to have approximately half that 

concentration (similar to the results of Gill (2010)). Neither the Kinvara nor Aughinish springs, 

however, were considered as significant sources of DIP to their respective bays. Low concentrations 

of DIP compared to the DIP concentration in Galway Bay indicated that Kinvara may actually be a 

sink of DIP rather than a source (similar to the findings of Holman et al. (2010)).

As well as nutrient loading from the springs, Kinvara Bay is also subject to untreated wastewater 

discharge from a 300 mm diameter outfall pipe approximately 100m out into the bay. The outfall 

drains the town of Kinvara, an area of approximately 15 ha consisting primarily of combined 

collection systems (Galway County Council, 2009). Due to the lack of treatment, and the consequent 

organic enrichment and faecal contamination, the bay is at risk of losing its SAC conservation 

status. To combat this, a new waste water treatment plant with a new outfall further into the bay to 

promote dilution (Figure 7.2) has been proposed which would produce a treated effluent with 

significantly lower associated ecological impacts. At the time of printing this thesis, the treatment 

plant has not yet been installed.
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Figure 7.2: Locations o f current and proposed w astew ater outfalls at Kinvara.

7.2 Alkalinity, pH, and Electrical Conductivity

In carbonate aquifers, alkalinity, pH and electrical-conductivity are invaluable hydrochemical 

parameters as they indicate the dissolutional behaviour of the water. Alkalinity is a m easurement of 

the capacity of water to neutralise acids. In natural waters, alkalinity is primarily due to the salts of 

weak acids and strong bases. Although many materials such as borate, silicate and phosphate 

contribute to the alkalinity of water, the major proportion of the alkalinity of natural waters is 

caused by three major classes of materials: hydroxide (0H “), carbonate (CO3” ) and bicarbonate 

(HCO3).  Bicarbonate represents the major form of alkalinity since it is formed in considerable 

am ounts from the action of carbon dioxide upon the basic materials in soil. Hydroxide and 

carbonate are more associated with water of high pH value (>8.5 for carbonate and >10 for 

hydroxide) (Sawyer et al., 2003). In carbonate aquifers such as the Gort Lowlands, alkalinity 

predom inantly results from the dissolution of calcium carbonate (CaCOa) from lim estone bedrock 

which is eroded during the natural processes of weathering. Som e alkalinit}' also derives from the 

soil. Alkalinity is typically reported in the units mg/l as CaCOs or meq/l. In this thesis, the units mg/l 

as CaCOs are used.

Electrical conductivity (EC) is a measure of the ability of an aqueous solution to carry an electrical 

current. As the conductance of electrical current is facilitated by the charge on ions in solution, the 

conductivity of a solution is proportional to its ionic concentration. EC (measured in microsiemens, 

|iS /cm ) is thus often used as an index of total d issolved  solids (TDS). In karst, the major cations 

present are typically calcium (Ca^*) and m agnesium  (Mg^+) and the major anion is bicarbonate
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(H CO 3 ). Similar to alkalinity, the concentrations of these ions in natural waters (measured indirectly 

by an EC meter) give an indication of water mineralisation (and bedrock dissolution) as the water 

passes through a karstic aquifer. As referred to in Section 7.1.3, the ionic concentration in the Gort 

Lowlands have been studied previously by Petrunic et al. (2012) who plotted results on a piper 

diagram as seen in Figure 7.3.

.O '

f /2 & 3  48 / 4 A

45

Backgfound-Seaw ater 
m(xtng line

.40%

20%,

Ca — Cl

Figure 7.3: Piper diagram for groundwater sam ples taken near Kinvara 

(Petrunic et al., 2012).

In the Gort Lowlands, these hydrochemical parameters (alkalinity, pH, EC) are particularly 

beneficial due to the substantial input of under-saturated allogenic recharge. Using the distinct 

contrast between the low alkalinity/EC allogenic recharge and the saturated, high alkalinity/EC  

diffuse/epikarst recharge, insights can be made into the likely source of water within the 

catchment. In this Section, these parameters (alkalinity, pH, EC) are used in such a manner. In 

addition, a number of sub-studies were carried out using CTD divers in order to quantify diffuse 

recharge (Section 7.2.2), study the hydrochemistry of Blackrock and Coy furloughs in detail (Section 

7.2.3) and quantify flow at Kinvara outlet (Section 7.2.4).

7.2.1 Results of M onthly Sampling

The results of alkalinity (i.e. bicarbonate concentration) for the rivers, furloughs, groundwater and 

Kinvara springs are presented in Table 7.4 and Figures 7.5, 7.7, 7.10 and 7.11. Plots of EC follow the 

pattern of alkalinity very closely and can be seen in Appendix G. Regression analysis of alkalinity 

and EC shows a significant correlation for all hydrological systems: rivers, furloughs, groundwater
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and Kinvara (see Figure 7.4) with an overall R- value of 0.97 (for all systems combined). Due to this 

correlation, the discussion of hydrochemical results in this section is generally limited to alkalinity 

and pH as EC measurements can be assumed to follow the same trends.

Table 7.4: Ranges and mean values for alkalinity, EC and pH for rivers, turloughs, groundwater

and Kinvara (grouped and individual).

HHUjjH
range mean range mean range mean

Rivers 1-246 48.5 24-481 136.4 5.13-8.4 7.2

ORU 12-107 55.3 70-352 143.2 6.47-8.4 7.6

ORL 15-246 148.1 1 3 5 ^ 1 351.4 6.98-8.37 7.8

BRU 8-% 30.1 .39-176 92.3 6.15-8.1 7.4

BRL 12-205 68.2 58-292 181.6 5.8-8.05 7.5

DRU 4-54 20.5 38-161 85.4 5.13-8.1 7.0

DRL 2-92 38.8 61-192 119.5 5.7-7.84 7.2

F 1-42 16.5 34-128 63.9 4.55-7.88 6.9

P 1-31 10.2 24-138 53.6 5.14-7.33 6.0

Turloughs 42-239 131.8 152-497 291.2 6.61-9.38 7.8

Blackrock 46-239 138.4 159^97 318.0 7.55-8.19 7.9

Coy 58-220 150.3 152^32 329.0 6.8-9.38 7.9

Coole 42-Z35 114.4 152-353 25.3.2 6.61-8.75 7.7

Garry land 77-170 134.6 155-3% 293.4 6.7-8.S 7.8

Caherglassaun 77-235 121.3 189-267 268.0 6.67-8.52 7.8

G roundw ater 104-547 365.1 487-987 716.7 6.1-8.28 7.3

BH3 135-547 387.8 487-987 768.1 6.91-7.9 7.3

BH5 246-508 307.7 553-701 612.5 7.15-8.22 7.6

BH7 308-420 366.9 659-878 778.8 6.88-7.65 7.2

BHIO 104-458 357.0 516-803 690.4 6.89-7.74 7.3

B H ll ?69-36? 3136 593-690 632.9 6.1-7.72 7.3

BH12 123-439 375.5 686-871 752.8 6.85-7.8 7.3

BH14 162-458 375.5 535-851 737.0 6.85-8.28 7.4

BH15 3 6 9 ^ 1 425.7 710-813 755.9 6.88-7.48 7.1

BH16 31^462 376.0 654-790 721.7 6.85-7.6 7.2

Km vara 96-347 208.0 309-692 465.8 6.7-7.94 7.4

KW 96-200 155.6 309-4.39 365.2 6-94-7.94 7.5

KE 150-347 260.4 381-692 559.4 6.7-7.79 7.4
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Figure 7.4: A lka lin ity  and EC correlation for each hydrological system (rivers, turloughs.

groundwater and Kinvara).

7.2.1.1 Rivers

Time-series plots of river alkalinity measurements are presented in Figure 7.5. From these plots, it 

can be seen that of the three rivers, the Owenshree contains the highest levels of alkalinity while the 

Owendalulleegh shows the least. This trend is explained by the bedrock geology (Figure 3.4) as the 

different degrees of alkalinity concentrations mirror the amount of time the river spends travelling 

across the thin band of pure unbedded limestone which lies between the red sandstone of the Slieve 

Aughtys and the pure bedded limestone of the lowlands. The more time the river water has spent 

in contact with limestone, the more calcite w ill have been dissolved resulting in increased 

alkalinity, increased EC (mineralisation) and increased pH  (i.e. a reduction in acidity and thus the 

solutional capacity of the water). For the same reasoning, the upper river site samples show smaller 

concentrations than the lower site samples. Runoff samples taken from the forest areas (F) and peat 

areas (P) of the Slieve Aughty Mountains inevitably show the lowest concentrations as they only 

contact the sandstone and have short residence times. A mean pH  of 6 was observed for samples 

collected from the peat (site P) waters at the top of the Slieve Aughtys. This is the lowest pH  

recorded in the catchment and reflects the typical pH  values found in peat bogs. Large variation in 

alkalinity can be seen between samples. This variation is prim arily due to rainfall events flushing 

the system with low pH , non-mineralised rainwater (see Figure 7.19 for a good illustration of this 

effect). Another cause of variation could be the partial pressure of CO 2 (pC02) existing in the soils 

of the rivers catchment area. Variations of soil pC02 over the course of a year could cause variations 

in the rivers alkalinity, EC and p H  (P-Y Jeannin, pers. Comm). Concentrations of alkalinity, EC and 

p H  were all seen to decrease with increasing flow rates in the three rivers. As samples were only 

collected once a month, this concentration-flow relationship could only be broadly observed. In 

order to better quantify and understand this relationship, samples should ideally be sampled on an 

hourly or daily basis.
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Figure 7.5: Time-series plots of alkalinity results for rivers. Dots represent individual samples 

and dashed lines are used to aid graphical interpretation.

7.2.1.2 Turloughs

As expected, alkalinity concentrations in the turloughs follow similar behaviour to that of the 

rivers, i.e. they tend show a reduction in alkalinity after a significant rainfall event. An example of 

this effect can be seen in Figure 7.6. Overall however, the behaviour of the turloughs is more 

complex, with a number of processes capable of affecting their CaCOs concentrations. These 

processes include river influx, varying water retention behaviours, diffuse input, carbonate 

precipitation and dissolution.
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Figure 7.6: Blackrock turlough stage and alkalinity results (September-March 2012).

Blackrock and Coy turloughs have mean alkalinities of 138.4 and 150.3 mg/1 CaCOs resp>ectively, 

but with very different trends (as discussed later). These concentrations reflect the alkalinity of their 

primary source of water, the Owenshree River (ORL), which has a mean alkalinity of 148.1 mg/1 

CaCOa. The alkalinities of Coole, Garryland and Caherglassaun turloughs are slightly lower (114.4, 

134.6 and 121.3) reflecting the low concentrations of the Ballycahalan (68.2) and Owendalulleegh 

(38.8) rivers which also feed these turloughs. However, these turloughs have noticeably higher 

concentrations than would be expected from their combined river input. A weighted mean 

alkalinity based on their percentage flow contribution (Section 5.4.3.1) suggests an alkalinity of 71 

mg/1 CaCOj would be more likely from these turloughs. The reason for their increased alkalinity 

relative to what would be expected from the river inputs has four main factors. Firstly, these 

turloughs receive water from the more highly alkaline Cloonteen catchment to the south resulting 

in higher concentrations. Results suggest this influx is most significantly felt at Garryland turlough 

(similar to the findings of the Gort Flood Studies). Secondly, as the rivers (BRL and DRL) enter the 

limestone system undersaturated in dissolved calcium carbonate, their water is chemically 

aggressive and has a high dissolution potential. As a result, the water from these two rivers is likely 

to cause considerable solution of the limestone bedrock and increase their alkalinity as they flow 

towards Coole. TPiirdly, as the river/conduit water moves through the catchment towards the 

lower three turloughs, it is being diluted by the addition of high-alkalinity diffuse/epikarst 

groundwater. Finally, the Coole-Garryland complex is known to have a large epikarst component. 

Any recharge from this epikarst would bring with it higher levels of alkalinity.

Time series plots of turlough alkalinities and turlough stages can be seen in Figure 7.7. For 

comparative purposes, these plots also include alkalinity measurements from the relevant feeding 

rivers. For Blackrock and Coy, data from the Owenshree River Lower is used whereas for the lower
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three rivers, a weighted mean time series was calculated based on the overall %-contributions of 

each river (as calculated in Section 5.4.3.1). Looking at Figure 7.7, the furloughs show a considerable 

degree of variation. However, a particular trend can b>e seen whereby some turloughs experience a 

slow increase in alkalinity over the flooded period. This trend can be seen predom inantly in Coy, 

Garry land and Caherglassaun turloughs over the 2011-2012 and 2012-2013 seasons. The trend can 

also be seen to a som ewhat lesser degree in Coole furlough. For Blackrock furlough, this trend is 

not evident with the furlough sometimes experiencing considerable drops in alkalinity during a 

flooded period (highlighted with a purple circle in Figure 7.7). However it should be noted tliaf 

identifying hydrochemical patterns within Blackrock furlough using monthly sampling is 

challenging due to the rapidity of its filling and em ptying events (a higher resolution study of 

Blackrock and Coy turlougfis was carried out over winter 2012-2013, discussed later in Section 

7.2.3).

By comparing the hydrochemical behaviours of the turloughs to that of the rivers feeding them, an 

insight into their varying water retention characteristics can be gained. Coy, Garryland and 

Caherglassaun are estavelle-only fed turloughs (with a degree of isolation from the main karst 

flows through the system) and their hydrochemistry suggests that the low-alkalinity water brought 

in from the initial flooding event remains within the turloughs and slowly becomes enriched in 

bicarbonate, most likely due to gradual recharge from the epikarst (or possibly dissolution of the 

turloughs underlying bedrock). The turloughs show little interaction with the rivers once they are 

flooded and essentially behave like surcharge tanks as pu t forward by Gill et al. (2013a). An 

exception to this pattern can be seen in Garryland turlough during the 2011-2012 flooding season 

whereby the alkalinity dips as the turlough reaches its peak water level. This dip can be explained 

by the high-level hydrological connection between Coole and Garryland (mentioned in Section 5.2). 

At the highest water levels, the greatest mixing with Coole occurs, thus the alkalinity of Garryland 

at the time (64 mg/1 CaCOs) drops dow n closer to that of Coole (62 mg/1 CaCOs). Blackrock and 

Coole turloughs, on the other hand, are seen to be directly influenced by river concentrations, even 

during flooded periods. A good example of this can be seen highlighted by a blue circle over the 

Coole turlough plot in Figure 7.7 (see Section 7.2.3 for examples from Blackrock). This pattern 

suggests that these turlough can receive a significant am ount of new low-alkalinity water from its 

surface input while draining away the older higher alkalinity water through its estavelle, i.e. the 

turlough acts as a river floio-througli system (i.e. perm its flow-through of river water, as opposed to 

the diffuse flow-through systems pu t forward by Cunha Pereira (2011) which perm it flow-through of 

diffuse groundw ater from the surrounding epikarst). For a simple graphical interpretation of the 

differences between riverflou’-through, diffuse flmi’-through and surcharge tank systems, see Figure 7.8.
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Figure 7.7: Time-series plots of a lka lin ity  and turlough stage values. H ighlighted circles represent 
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Diffuse flow-through River flow-Through Surcharge tank

Figure 7.8: Conceptualisation of diffuse flow-through, river flow-through and surcharge tank

turlough systems.

In Section 5.5 of this thesis, it was shown that a hydraulic gradient exists between a turlough and 

the epikarst catchment surrounding it. This hydraulic gradient is likely the cause of seepage from 

the epikarst into the furloughs and thus the enhancement of CaCOs concentrations within the 

turloughs. In an effort to quantify the amount of diffuse water entering the furloughs, a simple 

mass balance was carried out for a number of samples. TTie calculation entailed picking two 

samples which were collected during a period of recession (to rule out changes in alkalinity caused 

by influx from an estavelle). Using these sample concentrations, the volume of the turloughs and 

the mean concentration of groundwater (365.1 mg/1 CaCOs), the amount of groundwater required 

to raise the alkalinity by the measured amount could be calculated. Due to the variable flooding 

conditions over the study period, only a small number of samples met the recession requirement. 

See Figure 7.9 below for an example of a suitable pair of samples.
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Figure 7.9: Suitable data points for calculating epikarst recharge (Spring 2012).

In this example, the quantity of diffuse recharge needed in order to raise the alkalinity of the 

turlough by the recorded amount would be 50900 m^ over the 35 day period. In other terms, of the 

total volume of water that emptied from the turlough, 3% of that volume re-entered the turlough 

from the surrounding epikarst. Overall, diffuse recharge ranged between 1-13% of the volume lost 

during recession for Coy, Garryland and Caherglassaun turloughs.
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This trend of increasing alkalinity over the flooding season is unusual for turloughs. Typical 

autogenically recharged turloughs tend to have much higher alkalinity levels due to the calcium 

carbonate (CaCOs) rich waters that feed them. In turloughs such as these, the alkalinity does not 

increase over time (as they are saturated). Instead, alkalinity tends to decrease (as observed by 

Cunha Pereira (2011)). Coxon (1994a) suggested that losses in CaCOs from turloughs are due to the 

influx of water (saturated with CO2), which comes into contact with the air and gradually loses its 

CO2 to the atmosphere, primarily from physiochemical processes but also possibly biogenic 

processes. The loss of this CO2 from the water results in the precipitation of CaCOj out of the water 

and onto the underlying soil. CaCOs precipitation/deposition within the Gort Lowlands network of 

turloughs was proved to be insignificant by Kimberley et al. (2012) who found only minor 

concentrations of CaCOs in the soil of these turloughs.

7.2.1.3 Groundwater

Results of groundwater alkalinity (and water level where applicable) can be seen in Figure 7.10. The 

groundwater alkalinity generally varies between 300 and 400 mg/1 CaCOs with the exception of 

BH3 and BH14 which show much larger ranges. Mean groundwater alkalinity for the entire 

catchment was calculated as 365.1 mg/1 CaCO.i.

The broad agreement and lack of variation between most groundwater samples indicates the 

presence of a large diffuse/epikarst type aquifer with low transmissivity (as discussed in Section 

5.5). The variation in BH3 is in accordance with the findings of its groundwater level fluctuation 

data i.e. the well not only shows hydraulic connectivity with the nearby Owenshree River but a 

hydrochemical influence as well. However, the same could not be said for BH7 whose water level 

plot shows a degree of hydraulic connectivity but the plot of alkalinity shows very little 

hydrochemical variation (Figure 7.10). This suggests BH7 is distantly linked to the active conduit 

network, close enough to influence its water level but too far to receive water from the active 

network. BH14 on the other hand shows a degree of hydrochemical variation but minimal 

groundwater level fluctuation. The alkalinity in the well appears to dip during the summer months, 

being replenished the following autumn. This hydrochemical variation could be a result of the 

exposed nature of BH14 which is an open walk-in well. As the water lies in the well, it gradually 

loses its CO2 to the atmosphere resulting in a reduction in bicarbonate concentration and thus 

alkalinity (Cunha Pereira, 2011). The fact that this behaviour occurs in BH14 indicates that the water 

in the well is not being replenished by newer ground water, i.e. there is no groundwater flow

through. This suggests that BH14 is part of a slightly confined system similar to a surcharge-type 

turlough.
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Figure 7.10: Alkalinity results for Boreholes/wells.
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7.2.1.4 Kinvara

A time series plot of alkalinity for both Kinvara W est (KW) and  Kinvara East (KE) springs (along 

with the m odelled outflow from the conduit network) is show n below in Figure 7.11. A distinct 

contrast can be seen between the springs with KE discharging water w ith significantly higher 

alkalinity than KW. The reasoning for this difference is well understood and has been reported on 

num erous occasions (Smith and Cave, 2012, Cave and Henry, 2011, Gill, 2010, Southern Water 

Global, 1998, Smyth, 1996, Drew and Daly, 1993). KW is the outlet for the shallow active conduit 

netw ork with its relatively low levels of alkalinity while KE discharges water from a more 

d iffuse/ep ikarst type deeper source w ith alkalinity levels more typical of autogenic bicarbonate- 

rich recharge. As well as d iffuse/ep ikarst discharge, KE is also thought to be the outlet for the 

northern flow route as seen in Figure 3.6 (Southern Water Global, 1998). This northern flow route 

connection is evidenced som ew hat by the fact that the mean alkalinity for KE (260.4 mg/1 CaCOs) is 

greater than KW (155.6 mg/1 CaCOs) but also considerably less than the mean groundw ater 

alkalinity (365.1 mg/1 CaCOi). If KE was fed exclusively by slow m oving epikarst recharge from the 

karst lowlands (i.e. autogenic recharge), the alkalinity would be expected to be more akin to the 

mean groundw ater alkalinity. Instead, the mean alkalinity of KE is lower which suggests some 

dilution with low alkalinity water, most likely originating from the Slieve Aughtys. KE also 

m aintains a strong flow all year round while discharge from KW varies over time (as can be seen by 

the modelled outflow in Figure 7.11).

~ «--K invara  WesT

Ktnvara E ast

0
Ijn 10 M jy 10 S«p lO  Mjv 11 S»p I I  12 M jy b«p 12 ijfi 13

Figure 7.11: Alkalinity results from Kinvara springs with modelled discharge (yellow).

In Figure 7.11, the alkalinity at KW is noticeably less variable than KE. TTiis is an interesting finding 

considering that KE is fed by a more diffuse slow-m oving water source than KW and thus m ight be 

expected to show  less variation. The cause of this contrasting variability is likely due to the 

influence of the turloughs on KW. The furloughs act to significantly attenuate (and mix) the flow of 

w ater through the active conduit network and thereby dam p such w ater quality variations at the
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spring whereas, in the more diffuse network feeding KE, the flow moves slower and in more of a 

plug flow manner which therefore reflects temporal variations more explicitly.

A comparison betw'een the alkalinities of Caherglassaun and KW are shown below in Figure 7.12. 

In this plot, it can be seen that the Caherglassaun and KW follow very similar patterns over time. 

However concentrations in KW are enhanced. The mean concentration of KW is 155.6 mg/1 CaCO.i 

while the mean concentration of Caherglassaun is only 121.3 mg/1 CaCOs. Similar to the situation 

with Coole furlough, this increase in alkalinity suggests further bicarbonate enhancement through 

dissolution or the addition of water with higher alkalinity from a separate catchment. The latter 

reason is likely to be the predominant factor as tracer tests have proven a link from the Cloonteen 

catchment joining the active conduit network between Caherglassaun and Kinvara (Southern Water 

Global, 1998).
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Figure 7.12: Alkalinity results from Kinvara West (KW) and Caherglassaun turlough.

Using the hydrological model, a mass balance can be carried out in order to quantify the amount of 

water required to enhance the alkalinity between Caherglassaun and KW to recorded level. This 

mass balance calculation is based on the assumption that external groundwater originates from 

high alkalinity sources with similar alkalinity values as the diffuse groundwater within the Gort 

Lowlands (350 - 400 mg/1 CaCO^). This assumption is a reasonable one considering that the two 

likely sources of external water are from the Cloonteen ratrhment and the north-east Burren, and 

both of these areas are known to have high alkalinity values typical of diffuse/epikarst water.

The hydrological model predicts that over a three year study period, the amount of water flowing 

from Caherglassaun to KW is approximately 680,470,000 m^ whereas the amount of water 

discharging at KW is approximately 684,950,000 m .̂ TTius the flow from Caherglassaun increases by 

0.7% due to addition from the modelled epikarst within the Gort Lowlands. So supposing that this 

epikarst water (with alkalinity 365.1 mg/1 CaCOj) was the only source of additional water to KW,
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the alkalinity would be expected to increase from 121.3 mg/1 CaCOs at Caherglassaun to just 123 

mg/1 CaCOs at KW. This value is considerably lower than the recorded 155.6 mg/1 CaCOi which 

suggests that there is a significant contribution of external water which is not accounted for by the 

model. The amount of additional water (with alkalinity between 350 and 400 mg/1 CaCOs) required 

to enhance KW to the recorded level would be between 96,000,000 and 121,900,000 m^ i.e. an 

increase of 14-17.8%. Thus based on this mass balance calculation, the mean modelled outflow at 

Kinvara increases from 7.64 to approximately 8.7-9.0 m^/s due to the addition of flow from external 

catchments such as Cloonteen or the north-east Burren.

7.2.2 Quantifying Diffuse Input using CTD Divers

The stretch of river between Kilchreest river gauge and Castle-Daly river gauge offers an opportune 

location for the quantification of diffuse input into the river. At the Kilchreest gauge, the 

Owenshree River runs off the Old Red Sandstone down onto the karst limestone where it runs for 

approximately 8 km before reaching the gauging station at Castle-Daly (Figure 7.13). The purpose 

of this sub-study was to measure the EC and flow at both gauges so as to quantify the increased 

levels of EC in the river on the premise that any increase would be associated with the diffuse 

recharge. Quantifying diffuse recharge to the river is beneficial to the conceptual understanding of 

the aquifer and also for verifying the accuracy of the pipe-network model.

\  \  Kilchreest **1^
y  River-gauge

Castle-Daly 
^  River gauge

Blackrock

Figure 7.13: Owenshree River gauge locations.
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The study was carried out over 52 days between the 15*'’ of May and the 9**' of July 2013. CTD divers 

were fixed in place at Kilchreest and Castle-Daly gauge locations and set to record at 10 minute 

intervals. The results from these CTD divers are shown below in Figures 7.14 & 7.15.

6

Castle-Daty

24-Juti 4-iul4-Jun 14-Jun

Figure 7.14: Flow data for Kilchreest and Castle-Daly gauging stations (May-July2013)
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Figure 7.15; EC data for Kilchreest and Castle-Daly gauging stations (May-July 2013).

As can be seen from Figure 7.14, discharge was quite variable between the two gauging points. The 

downstream gauge at Castle-Daly can experience flow that is sometimes higher and sometimes 

lower than the upstream gauge at Kilchreest. TTiis variation is due to two factors. Firstly, 

contribution from the surrounding epikarst (modelled as subcatchments in the Infoworks pipe 

network model) can increase flow between the two gauging stations. Secondly, water is known to 

be lost through a series of swallow holes in the base of the Owenshree River. It is suspected that the 

majority of this lost water travels through a conduit towards Blackrock. However, tracer tests have 

suggested another linkage bringing water directly towards Kinvara (Southern Water Global, 1998). 

In the early stages of this CTD study, Castle-Daly flow surpassed Kilchreest flow because 

contribution from the epikarst was greater than loss to the bedrock. This is likely due to consistent 

rainfall over 15 days prior to the start of this study which would have reduced the capacity of the 

underground conduit network and raised the water table of the surrounding epikarst to a level 

above the main line conduit, thus increasing diffuse recharge. A number of individual rainfall
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events were seen during the period leading to peaks in river flow peaks but generally, the period 

was quite dry. This dryness severely reduced downstream flow as the river sank into the bedrock. 

By the end of the study, the river bed at Castle-Daly was completely dry (Figure 7.16) as the river 

sank into a swallow hole approximately 30m upstream of the gauging station.

Figure 7.16: Owenshree River dried up at Castle-Daly gauging station (9'*' July 2013).

EC data from the divers in Figure 7.15 shows a clear difference between the gauging stations with 

enhanced EC at the downstream gauge. This enhancement is due to contribution from the 

surrounding epikarst which Table 7.4 indicates has an EC value of 716 nS/cm (mean groundwater 

EC). Figure 7.15 also shows a consistent influx of higher EC water even during the later stages of 

the study when considerable amounts of water was being lost to bedrock. Also, clear indications of 

piston flow can be seen on three occasions at the Castle-Daly gauge with spikes in EC occurring 

directly before a corresponding drop (see Section 2.3.7 for a description of piston flow).

In order to quantify the amount of diffuse recharge entering the river, a hydrograph separation was 

carried out using end member mixing analysis (Shaw, 2011, Leibundgut et al., 2009). In this 

analysis, the total flow (Qt) is split into 'event' water (Q e) and 'pre-event' water (Qp) as such:

Q t ^ Q e +  Q p Equation 8.1

This can be split into:
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Q t* C t  =  Q e*Ce +  Q p*C p E qu a tion  8 .2

where C t = flow concentration (measured), C e = event water concentration (end member) and Cp = 

pre-event water concentration (end member)

so

Q t  -  Qp
Qg =  Qj. —------- —  E qu ation  8 .3

and

Q p =  Q t +  Q e E qu ation  8 .4

For this study, the difference between upstream and downstream EC levels was being investigated 

so the inputted concentration (Ct) was the Castle-Daly EC value minus the Kilchreest EC value for 

each time-step i.e. the EC gained in the river between the gauging stations. As such, the 'event' 

water end member (Ce) was considered as the EC concentration of water in the river input without 

any changes or external inputs so Ce = 0 (if the flow was entirely from river input, there would be 

no change in EC between Kilchreest and Castle-Daly). The 'pre-event' end member was considered 

to be the EC value of water originating from the surrounding epikarst so Cp = 716.

Applying these values to the above equations results in the following plot. Figure 7.17, showing the 

total flow (Qi), 'event'/river flow (Q e) and 'pre-event'/diffuse flow (Qp) for the river. The analysis 

suggests a low but consistent input from diffuse sources, typically below 10% of total flow but 

occasionally reaching above 40% following a heavy rainfall during the generally drier summer 

period, indicating the speed of the response from the local karst recharge contribution being 

slightly faster than the allogenic river contribution at the beginning. Overall, the average 

contribution from diffuse sources amounted to 8.7%.

— Q t - T o ta l R ow  

— Q e - Rwer 

—  Q p  -D iffuse

2S-M ay 24-Jun4-Jun 14-Jun

Figure 7.17: Hydrograph separation of Castle-Daly gauging station.
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For the same section of river, the pipe-netw ork model (see C hapter 6) estim ated a diffuse 

contribution of 10%. This result was calculated by com paring the cum ulative flows at the nodes 

which represented the locations of Kilchreest and Castle Daly. The Castle-Daly node experienced 

total flow volumes of 10% greater than the Kilchreest node. Also, in the model, the section of river 

is only represented by a single open-conduit on the surface, thus losses into the underlying conduit 

would not be accounted for. As a result, the flow at the Castle-Daly node is likely to be 

overestimated. This overestim ation is reflected in the difference between modelled diffuse 

contribution (10%) and the m easured diffuse contribution (8.7%). Overall however, this m odelled- 

m easured com parison seems to validate the accuracy of the diffuse com ponent of the pipe-netw ork 

model.

7.2.3 CTD Study of Blackrock and  Coy turloughs

Although turloughs have been a source of much m ulti-disciplinary research for many years, 

hydrochemical sam pling of the turloughs has been generally limited to once-off or monthly 

sampling. It was therefore the intention of this sub-study to carry out a high tem poral-resolution, 

hydrochemical survey on two turloughs, Blackrock and Coy, using CTD divers.

The study was carried ou t over the 2012/2013 flooding season (October 2012 - February 2013) using 

5 CTD divers. Two divers were placed in each turlough, one at the major spring /estavelle  and one 

in the main 'body ' of the turlough (for the purposes of this sub-study, the spring/estavelles of the 

turloughs will be term ed as 'springs'). It should be noted how ever that these springs w ere only the 

supposed main springs of the turloughs. It is not yet fully understood if these springs are actually the 

m ost influential to the turloughs, particularly in Blackrock. Another diver was placed at the 

O wenshree River gauging station at Castle-Daly (See Figure 7.18 for an illustration of CTD diver 

locations within the turloughs). Using these divers, hydrochem ical com parisons could be m ade 

between the w ater feeding the turloughs, the w ater filling /drain ing  from the turloughs at the 

springs and the main body of water w ithin the turloughs.
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River in p u t

Figure 7.18: CTD diver locations in Blackrock and Coy turloughs.

EC results from the CTD divers are presented in Figures 7.19, 7.20 and 7.21, for temperature data 

from these divers, consult Appendix C. In Figure 7.19, flow and EC data for the Castle-Daly 

gauging station are presented. A clear trend can be seen whereby during (or soon after) a rainfall 

event, the EC in the river plummets due to the increased concentration of 'fresher', less mineralised 

rainwater in the river flow. Following such an event, the river EC levels slowly rise up until the 

next rainfall event.

In Blackrock turlough (Figure 7.20), EC appears to vary considerably over time with some clear 

differences between EC levels at the spring and in the main body of the turlough. Coy turlough, on 

the other hand, appears quite temporally and spatially stable with a number of distinct peaks but a 

general trend of increasing EC during the entire flooded period (similar to the results of monthly 

sampling). A number of strange peaks are recorded by the Coy-body CTD. These peaks are difficult 

to explain as they rise up to and over 600 nS/cm, i.e. higher than the highest recorded EC in the 

Owenshree River. Due to the extreme nature of these p>eaks, it is assumed that they are the result of 

equipment failure or interference. Results from these CTD's will be further discussed in terms of the 

Owenshree's influence on Blackrock and the influence of the Owenshree and Blackrock on Coy.
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Figure 7.19: Flow and EC data from Castle-Daly River gauge (and precipitation).
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Figure 7.20: Stage and EC data from Blackrock turlough.
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Figure 7.21: Stage and EC data from Coy turlough.
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7.2.3.1 Blackrock.

Blackrock turlough displays a highly variable pattern which is influenced significantly by the 

Owenshree River. The influence of the river, however, is not straightforward. A quick change in 

river EC always provokes a response in the EC of the turlough. However, this response is not 

always the same. Generally, the EC measured at the body of the turlough varies in accordance with 

the river, rising and falling in sync with the EC observed at Castle-Daly gauging station. The spring, 

however, tends to have a more muted pattern, occasionally dropping in sync with the river during 

a flood but rarely increasing in sync with the river during a recession.

Flooding events in Blackrock tend to result in a homogeneous reaction across the turlough with the 

EC of both the spring and body dropping considerably. After such a flooding event, the turlough 

could remain homogeneous for a period of time (for an example, see Figure 7.22). Heterogeneity 

within the turlough tended to be introduced during a period of recession, particularly when lesser 

river surges have occurred during a large recession, for example, see Figure 7.23. In this figure, 

Blackrock is initially emptying and the EC concentration is rising homogeneously across the 

turlough due to the higher EC in the river (highlighted with a purple dotted circle). Then in early 

December a river surge occurs (orange circle). This surge is not enough to reverse the recession but 

it does cause the spring EC to start showing lower EC values than the body, indicating that the 

turlough is becoming less homogeneous. Following this EC split, another river surge occurs. After a 

brief rise in volume, the turlough recedes again but this time, the body of the turlough is in sync 

with the river EC rather than the spring (grey circle). The uniformity of river EC and body EC 

suggests that river water is being picked up by the body-CTD directly, i.e. there is no mixing 

occurring before water reaches the CTD. This indicates that the body-CTD is picking up river water 

discharging from a spring/estavelle in its vicinity. The spring-CTD, on the other hand, shows much 

less resemblance to the river, implying that the spring is not discharging. Considering that the 

turlough is in recession, it is likely that the spring is draining the turlough. Tliis finding is 

significant as it suggests that Blackrock can be fed by a spring (estavelle) while in recession, i.e. 

water is coming in one estavelle and out another. From this point on, the turlough shows erratic 

and poorly mixed behaviour. Perhaps this altering homogeneous/heterogeneous recession 

behaviour could be due to the level of water. During recessions from a high level (21-22 mAOD, i.e. 

9 - 10m depth), the turlough might remain homogeneous because the hydrostatic pressure of the 

turlough water prevents any influx from underground. At lower levels however, the pressure is 

less and so the springs/estavelles are able to discharge, causing heterogeneity within the turlough.
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Figure 7.22: Spring and Body EC dropping 

during a flooding event.
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Figure 7.23: EC heterogeneity introduced during recession.

In Figure 7.23 it was seen that the discharge can occur from springs/estavelles near the body of 

Blackroci< turlough while the turlough was in recession. This suggests that while the turlough is 

draining through the 'spring', it can also be filling (to a lesser degree) via the body. However, in 

Figure 7.24 it can be seen that the spring also discharges water on occasion. In this plot, a pulse of 

cold, low EC water was seen at the spring (highlighted by purple circles). This pulse occurred two 

and a half days after a river surge, possibly indicating that river water that became trapped within 

the conduit/fracture network under the turlough. As the turlough begins to recede, this water may 

have been released into the turlough as a rapid pulse. After this pulse, the body and spring EC's 

start to converge indicating the turlough is returning to a homogeneous conditions. Overall, the 

turlough shows a high degree of complexity, with no clear explanation for why a spring/estavelle 

discharges or drains at a particular time. Perhaps the mixed behaviour is due to the sheer amount 

of minor estavelles throughout the bed of the turlough. The complex nature of the underlying rock 

may result in these estavelles changing from filling to draining behaviour independent of one 

another (unless during high water levels, when no filling occurs from beneath).
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Figure 7.24: EC and Temperature drop at Blackrock Spring, January 2013.
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This highly complex hydrological behaviour of Blackrock turlough is reflective of its underlying 

bedrock. An Electrical Resistivity Tomography study carried out by O'Connell et al. (2011) 

illustrates this complexity (Figure 7.25). O'Connell found a mixture of shallow’ karstified zones and 

a deep conduit karst zone. In Figure 7.25, the deep conduit zone can be seen crossing the turlough 

from the north-east to the south-west, passing underneath the location of the main spring. A 

shallow karst channel can be seen underlying the location of the body CTD. These two separate 

karst zones underneath Blackrock could provide an explanation for the variable EC behaviour. 

Perhaps during high water periods, hydrostatic pressure causes the turlough to drain into both the 

shallow and deep karst systems whereas during lower p>eriods, the turlough drains into the deep 

conduit system but gains water from the shallow karst system.

Figure 7.25: ERT study of Blackrock turlough (modified from O'Connell et al. (2011)).

From a water sampling point of view, the heterogeneity of Blackrock turlough is damaging to the 

concept of one sample being representative of the furloughs hydrochemistry. However, CTD data 

seems to show that water within the vicinity of the spring tends to be better mixed and less prone to 

variation than water from further out in the main body of the lake. As samples for this thesis were 

in fact recovered from near the spring (via kayak), the obtained hydrochemistry data is probably 

the closest approximation for the furlough's average chemical composition.

7.2.3.2 Coy

From Figure 7.21 it can be seen that Coy turlough experiences much less variation than Blackrock. 

This is not surprising considering the surcharge tank nature of Coy compared to the river flow

through nature of Blackrock. The predominant trend that can be seen from both the spring and 

body CTDs is the slow increase in EC over the flooded period. As discussed earlier in Section
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7.2.1.2, this gradual increase is likely due to the steady contribution of highly mineralised water 

from the epikarst surrounding the turlough. However, a number of p>eriods of lower EC water can 

be seen at the spring during periods of flooding. These low EC influxes (which also correspond 

with distinct changes in temperature) are clear indications of the turlough filling with Owenshree 

River water (which has either gone through or gone under Blackrock). Note, the slight offset 

between the spring and body is likely due to CTD calibration error.

Looking back at Figure 7.21, the cases of water influx at the spring appear to be straight forward, 

i.e. a filling period corresponds to a reduction in EC due to the influx of water. However, an 

anomaly occurs during the second large filling period (late December) where water at the spring 

does not drop in EC. Instead, three small rises in EC can be seen at the spring. See Figure 7.26 below 

for an illustration of a typical influx pattern (January 2013) and Figure 7.27 for the anomalous influx 

pattern (December 2012). In these figures, the left plot shows turlough stage and EC at the spring 

while the right plot shows the temperature readings from both the spring and the body of the 

turlough.
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Figure 7.26: Typical influx pattern at Coy Spring (left -  EC, right -  temperature).
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Figure 7.27; Anomalous influx pattern at Coy Spring (left -  EC, right -  temperature).
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Figure 7.26 displays a typical pattern with reduction in EC caused by an influx of heavily rainfall 

diluted river water (piston flow is also observed during the first of the two influxes). The pattern is 

also reflected in the temperature measurements from the spring which show distinct increases in 

temperature compared to the body. The low EC of the water entering the turlough at this time (300- 

320 nS/cm) suggests a large contribution directly from the Owenshree River (whose EC drops 

down to 150 (iS/cm) rather than from Blackrock turlough (EC between 400-500 nS/cm).

Figure 7.27 on the other hand does not show any reductions in EC during flooding which might 

indicate little activity at the spring. However the temperature data displays significant changes over 

the period signifying considerable influx. This influx must therefore originate from a location with 

a relatively high EC, i.e. capable of raising the EC of Coy from »370 |j.S/cm to =420 |xS/cm. This 

indicates that the water does not come directly from the river as the river EC has dropped to “ 200 

nS/cm nor does it come directly from Blackrock which has EC of =670 jiS/cm. Looking at Figure 

7.28, the EC of Coy can be seen reacting oppositely to the EC of the river, suggesting some piston 

flow behaviour in operation. Perhaps the surges in the Owenshree River caused some water which 

had been trapp>ed underground (gradually increasing in EC due to dissolution) to be released into 

the turlough. Considering that the typical groundwater temp>erature is 11-12“C (from borehole 

diver measurements), any piston flow water would be expected to raise temperatures within the 

turlough, and indeed it does (Figure 7.27).
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Figure 7.28: EC data from the Owenshree River and Coy turlough showing piston flow

behaviour (December 2012).

Overall, Coy turlough appears remarkably well mixed. As such, the assumption of one sample 

being representative of the entire turlough could be deemed a reasonable one.
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7.1.3.3 Conclusions

• Blackrock turlough has been shown to be a highly complex system, heavily influenced by 

its surface water input. The distribution of water in the turlough varies between 

homogeneous and heterogeneous, seemingly controlled by the level of water in the 

turlough. At higher levels, the turlough appears variable but well mixed, whereas at lower 

levels, and particularly during recession, water in the turlough behaves more erratically. 

This erratic behaviour at low levels is likely the result of a mixture of inflow and outflow 

occurring at the same time through separate karstified zones.

• In contrast. Coy turlough displays exceptionally well mixed behaviour. Influxes of river 

water (which has either bypassed or flown through Blackrock) can be seen at the spring as 

well as influxes of piston flow water (i.e. water which has been trapp>ed underground for 

some time). However, after these influxes, the turlough returns to its well mixed state 

relatively quickly. The turlough also showed evidence of diffuse input over the flooded 

period as demonstrated by a slow, gradual increase in EC.

• This study proved to be a good demonstration of the contrasting behaviour of two 

furloughs which lie only 1 km apart. Due to financial constraints, only five CTD divers 

could be acquired. In any future study, the use of more CTD divers in Blackrock turlough 

would be extremely beneficial. Placement of CTD divers should also be carried out during 

dry periods so as to confidently place the CTD's close enough to the springs/estavelles. 

Also, further geophysical work could shed some more light on the hydrodynamics of the 

turloughs and the likely path (shallow or deep) taken by water from Blackrock to Coy.
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7.2.4 CTD Study of Kinvara Bay 

7.2.4.1 Introduction

As mentioned in Chapter 3, the intertidal nature of the Kinvara springs renders direct flow 

measurement impossible. Thus it was the intention of this sub-study to conceive of an alternative 

methodology which could be used to calculate the outflow at Kinvara for the purposes of validating 

the hydraulic model.

The technique chosen was to use CTD-divers in order to measure the altering salinity levels within 

the Bay. EC (mS/cm) can be converted into salinity (practical salinity units or 'psu') based on the 

formulation of Schemel (2001). Using this formulation, EC (mS/cm) is converted to salinity (psu) by 

an approximate factor of 0.61. In theory, for each tidal cycle, the input of freshwater at Kinvara 

should result in a slightly reduced salinity value for the bay. When the tide comes in, the freshwater 

at Kinvara is held back (in dry periods, the freshwater is even pushed back into the aquifer). Then 

when the tide goes out, the freshwater is released and should cause a measurable dip in salinity 

across the bay. Using survey data (LIDAR) of the bay, the volume of freshwater required to cause 

such a dip in salinity could be measured.

This method was used previously by Cave and Henry (2011). Specifically, Cave and Henry used the 

'tidal prism' analysis technique to determine the fresh water input into the bay. The steps involved 

in this calculation are the following:

i. First, the salinity of water between each high and low tide was averaged. Then two 

different values of seawater salinity are used, to put an upper and lower limit of the 

amount of fresh water contained in the ebb.

ii. For the upper limit, the averaged salinity value is divided by a seawater salinity of 33.5 

(average salinity of Galway Bay) to get the maximum proportion of fresh water contained 

in the ebb water.

iii. For the lower limit of the ebb fresh water volume, the averaged salinity of the ebb is 

divided by the maximum salinity measured on the previous flood tide (this allows for some 

ebb water being returned to the bay on the following flood tide).

iv. The height of low water in metres is subtracted from the height of high water for that tide, 

and the result multiplied by the surface area of the estuary, to get the total volume of water 

brought out on the ebb tide.

V . TTie total ebb tide volume is then multiplied by the freshwater proportion to get the volume

of freshwater removed on each ebb tide (Cave and Henry, 2011).
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Importantly, this technique is based on the assum ption that the bay is well mixed. Using this 

technique. Cave and Henry estim ated outflow of fresh water to be between 14 (lower limit) and 96 

m-’/ s  (upper limit). These flows are noticeably higher than the outflow predicted from the 

hydrological model (5-15 m ^/s, see Figure 6.60)

7.2A.2 M ethodology

To carry out this study, a num ber of fieldtrips were conducted between May 2012 and February 

2013 whereby CTDs were placed at various points w ithin the bay to monitor salinity. CTDs were 

placed in three locations, the springs, the approxim ate m idpoint of the bay and the outlet (marked 

as red dots in Figure 7.29). The CTDs were positioned on the base of the bay using a concrete 

platform and, in some cases, at a depth  of approxim ately Im  w ithin the water column, suspended 

from the buoy-platform  rope (Figure 7.30). The CTD placed at the spring was positioned far enough 

out into the bay so as to pick up the combined flow from KW and KE springs (thus when the term 

'spring ' is used in this section, it is referring to the combined outflow of KW and KE). A salinity 

transect was also carried out to observe the mixing behaviour of the bay (marked as pink line in 

Figure 7.29).

CTD divers

Figure 7.30: CTD position ing  in  the water.

Figure 7.29: CTD locations in K invara Bay.

7.2.4.S Results

In Figure 7.31, the results from a CTD positioned at the spring (during mid-July) are shown. In this 

plot, it can be seen that the salinity shows dram atic shifts dow nw ard when the tide lowers to a 

certain degree, indicating that the CTD is in contact with freshwater. Then as the tide starts to rise
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up again, the salinity shows a dramatic shift back up to a value more akin to saltwater. As time goes 

on, the tidal range is decreasing due to the approaching neap tide (period at which the difference 

between high and low tide is least). As a result of this decreasing range, a critical point is reached 

on July 12"' when the tide does not drop sufficiently low enough to allow freshwater to contact the 

CTD. It should be noted that depth on these plots is based on chart datum rather than ordinance 

datum (chart datum is the datum used for nautical charts and oceanography).

0  5
8-Jul 9-Ju) 10-iul 11-Jul 12-Jul 13-iul 14-iul

Figure 7.31: Data from the spring CTD (8“' July -  14"' July).

This behaviour suggests the existence of a sharp interface between saltwater and freshwater 

(freshwater sits on top of saltwater as it is less dense). This interface is displayed conceptually in 

Figure 7.32. Essentially, the fresh water sits on top of the salt water in the form of a wedge. Salt 

water wedges such as this are a well-known phenomenon which are more usually associated with 

estuaries (Partch and Smith, 1978) TTie presence of this wedge indicates limited saltwater- 

freshwater mixing is occurring near the spring.

High Tide

FreshwaterSaltwater S p rin g

D isc h a rg e

CTD d iv e r

Tide go ing  o u t

Figure 7.32: Conceptual interface between saltwater and freshwater at Kinvara spring.

This interface is less distinct in the water column at the midpoint CTD (as seen in Figure 7.33). This 

plot displays data from approximately Im  depth which was collected during early May. From the 

plot, it can be seen that the wedge is still present but the interface between freshwater and saltwater
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has become wider and less distinct due to mixing processes. Spot samples taken during this 

sampling period, however, showed that pure freshwater was still present on the upper few 

centimetres of water. Thus at this location, the wedge is only present at the very top of the water 

column.

^ — M idpoint W ater Level

7 . . . B a s e  (Seabed  w a te r  Level)

M idpoin t Salir^ity (w a te r colum n)

5

4

3

2

1

0
3-May 3-May 4-May 4-May 5 May

Figure 7.33: Data from the M idpoint CTD (S'** May -  5"' May).

At the outlet, the interface is not evident within the water column, suggesting that the water is 

totally mixed at this point (solid orange line in Figure 7.34). However, curiously, the CTD 

positioned at the outlet base (dashed orange line in Figure 7.34), shows salinity approximately half 

that of the water column. This contrast between salinity at the outlet base and the outlet water 

column is difficult to explain. Perhaps the lower salinity at the outlet base is an indication that the 

CTD was placed within the vicinity of an unknown submerged spring. While the cause of this 

salinity behaviour is unknown, its occurrence suggests that water passing through Kinvara Bay 

outlet cannot be considered well mixed.

y ---------------- ------- — — Outlet Water level

' ' Ba$« (Seabed water level)

— — Outlet Salinity (base)

Outlet SalinitY (water column)

Figure 7.34: Data from the Outlet CTDs (water column -  solid line, base -  dashed line), S*** July -

14“> July.

The salinity transect of the bay was carried out on the 11**' of February 2013 and is presented in 

Figures 7.35 and 7.36. The salinity transect shown in these figures started at the bay outlet and

263



Chapter 7 Hydrochemistry

ended at Kinvara and was carried out as the tide was coming in. CTDs were rigidly suspended 

from the boat at depths 10 cm and 90 cm. In these figures, the plot of salinity values is overlaid on 

an aerial photo in order to show the changing salinity with distance moved across the bay. In 

Figure 7.35 it can be seen that a distinct layer of freshwater is present to a depth of at least 10 cm 

and extends out to the midpoint of the bay. In Figure 7.36, the deeper CTD picked up no such 

interface but did show a general trend of decreased salinity as the CTD approached Kinvara. These 

plots indicate that the conceptual wedge of freshwater is extremely shallow and can stretch far out 

into Kinvara Bay. Also, the saltwater layer lying beneath this wedge is not homogeneous and 

gradually increases in salinity with distance from the spring.

Figure 7.35: Salinity transect of Kinvara Bay at depth 10 cm. Pink line represents the path taken 

along the bay, yellow line represents the water's Salinity.

Figure 7.36: Salinity transect of Kinvara Bay at depth 90 cm. Pink line represents the path taken 

along the bay, yellow line represents the water's Salinity.
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7.2.4.4 Analysis and Discussion

Based on the findings of the CTD divers, the assumption of homogeneity within the bay has been 

shown to be false. Instead, the freshwater has been observed to sit on top of the saltwater with a 

distinct interface. This wedge of freshwater has been seen to occur up to the midpoint of the bay. 

However at this distance from Kinvara, the freshwater-saltwater interface becomes less defined. 

Spot sampling (with a portable EC meter) has also shown the wedge to extend further out of the 

bay in the form of a thin film of freshwater sitting on the top few centimetres of the water column. 

Considering these factors (as well as the indication of unknown submarine discharges further out 

in the bay), the use of the tidal prism method (Section 7.2.4.1) for calculation of freshwater entering 

the bay becomes impractical which perhaps explains the relatively high outflow values of Cave and 

Henry (2011).

However, based on the concept of the freshwater wedge, another calculation technique could be 

proposed. As the tide comes in, the wedge is pushed backwards towards Kinvara and its volume 

expands due to the continuous discharge of freshwater from the springs. At low tide, this 

freshwater is then released into the bay, and onwards towards Galway Bay. From various fieldtrips, 

it has been seen that at low tide, the freshwater discharge at Kinvara is freely draining, similar to a 

typical surface water spring. Thus, focussing on the CTD located at the spring, the change in 

volume of the freshwater wedge between the start and end of a low tide jjeriod should give an 

indication of the amount of freshwater lost from the wedge (which should theoretically be similar 

to freshwater entering the wedge, i.e. spring discharge).

An example of such a low tide period is shown in Figure 7.37. In this Figure, a time series plot of 

depth and salinity for an individual tidal cycle is shown. Four specific points in time are chosen and 

are conceptualised with individual graphs. Point A shows the spring at high tide when the CTD is 

fully immersed in saltwater. Point B shows the point at which the interface passes across the CTD 

while the tide goes out. Point C shows the spring at low tide. At this point, it can be seen that the 

water level at the spring (blue line) does not drop as low as the water level at the outlet (green 

dotted line), this is due to the constant discharge from the spring. Point D shows the point at which 

the tide has turned and pushes the interface back across the CTD.

265



Chapter 7 Hydrochemistry

Spring W ater Level 

O utlet W ater Level
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Figure 7.37: Freshwater wedge calculation showing time series plot (top) and conceptual plots for

points A, B, C and D.

Using this conceptualisation, the change in wedge volume between points B and D should give an 

indication to the amount of freshwater lost from the wedge. This method requires the somewhat
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flawed assumption that there is no mixing between the freshwater and saltwater zones and that 

each zone is homogeneous. Thus any result can only be viewed as a rough estimate. However, this 

estimate should be sufficient to determine which outflow prediction is more realistic - the hydraulic 

model (mean discharge from KW: 8.7 - 9 mVs) or Cave and Henry (2011) (14 - 96 mVs).

The volume of the wedges was calculated by combining, CTD depth data, Kinvara Bay survey data 

and an estimated wedge slope. The slope of this wedge was estimated based on the findings of 

multi-depth spot sampling. The volume of the wedge at points B and D were found to be 693,056 

and 548,906 m .̂ So the change in volume over the low tide period was 144,151 m*. Thus, over the 

4.5 hour period between points B and D, it would take an outflow of 8.9 mVs from the wedge to 

result in such a volume reduction. Over this same period, the Infoworks model predicts a mean 

outflow from KW of 8.09 mVs. This modelled discharge increases to approximately 9.4 mVs with 

the inclusion of external catchment water (Section 7.2.1.4) and 10.5 mVs with the inclusion of KE 

discharge (estimated later in Section 7.3.1.4). In contrast, a sample calculation of the Cave and 

Henrys method was carried out for the midpoint CTD (similar to where Cave and Henrys 

equipment was located) and estimated an outflow of between 84 and 93 mVs. Based on these 

results, it could be cautiously stated that the salt wedge technique is the superior calculation 

technique and validates the results of the hydraulic model. It should be noted however that the salt 

wedge method does not account for discharges into Kinvara Bay other than those from KW and KE 

springs. In reality, this discharge is further enhanced by various other freshwater springs (known or 

unknown) throughout the bay.

For a more confident result, the shape of the wedge and its mixing characteristics should be 

monitored in greater detail, over a range of tidal cycles. This would involve the use of multiple 

CTDs located throughout the bay at multiple depths so as to characterise the shape and dynamics 

of the wedge. Another alternative approach for studying the bay could be the use of high-resolution 

salinity data and information about the hydrodynamics within the bay (currents, mixing, additional 

springs, etc.) to develop a mixing model for the bay, for example, using Computational Fluid 

Dynamics (CFD). A study such as this would be useful for quantifying both flow and potentially 

nutrient inputs but is outside the scope of this thesis.

267



Chapter 7 Hydrochemistry

7.3 Nutrients

In non-carbonate aquifers, N and P are subject to separate transport dynamics. Nitrate is often 

found to be conservatively transported due to the high solubility and mobility characteristics while 

P is retained due to its affinity to particulate matter (Weiskel and Howes, 1992). In carbonate 

aquifers, however, the existence of point recharge makes it easier for N and P to gain access. 

Swallow holes provide direct access points to the aquifer, with little or no attenuation, so 

contaminants more frequently associated with surface waters, which would not normally enter by 

diffuse recharge (i.e. P), may enter karst conduits by point recharge bypassing the protective soil 

cover (Coxon, 2011). In principle, P can be transported in ecologically significant quantities across 

large distances in karstic systems (Cunha Pereira, 2011). A study carried out in Cregduff, Co. Mayo 

by Mellander et al. (2013) found that of the various karst features within the studied catchment, 

bedrock dolines were considered to be the most likely surface feature to transmit P due to the direct 

connection to the underlying material. P is also known to be removed from groundwater in 

limestone areas due to the formation of calcium-phosphate compounds (Cable et al., 2002). This has 

been observed in Kinvara by Smith and Cave (2012).

Evidence of non-conservative flow behaviour of P is seen in a study by Kilroy and Coxon (2005) 

who observed temporal changes in P in two limestone catchments in Western Ireland. In this study, 

P concentrations at springs were observed at levels greater than the 20 ng/1 threshold for eutrophic 

conditions in Irish lakes (as well as the 35 ng/1 OECD eutrophication threshold for rivers and lakes 

(OECD, 1982)). P concentrations were also seen increasing with increasing rainfall, likely due to the 

dislodging of loosely bound particulate P (PP) and dissolved organic P (DOP). Daily sampling 

demonstrated total phosphorus (TP) concentrations of up to 1814 ng/1 indicating the vulnerability 

of karst aquifers to groundwater contamination (Kilroy and Coxon, 2005). This vulnerability is due 

to the shallow bedrock and rapid transport of water within karst aquifers providing contaminants 

with an ideal pathway. Drew and Daly (1993) point out that the Mid-Galway, South-Mayo, North- 

Clare region (which includes the Gort Lowlands) is likely llie worst region in Ireland for 

groundwater contamination. The four main sources of groundwater pollution within the region are 

septic tar\k systems (with some only < 2m above fractured bedrock), farmyards, landspreading of 

organic wastes and sewage in sinking streams. A more recent study by Bartley et al. (2009) carried 

out in the Burren presented similar findings with point sources (such as animal feeding sites, 

surface water accessed by animals, or septic tanks) being designated as the main cause of occasional 

elevated phosphorus concentrations in groundwater. Due to the relatively unconstrained transport 

of nutrients in karst aquifers, contamination from these point sources is not limited to local areas
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and can affect sensitive areas such as furloughs even at significant distances from the source 

(Cunha Pereira, 2011).

7.3.1 R esults

Nitrate (NO 3), total nitrogen, (TN), total d issolved  phosphorus (TDP) and total phosphorus (TP) 

were tested for. The sub-species of TN, Nitrite {NO 2) and am m onium  (NH 4), were also tested for 

originally. H owever these parameters were often near-to or below  detection lim its and as such, 

their m easurem ent was ceased in late 2010. Petrunic et al. (2012) suggest that the low  concentrations 

of NO 2 and NH 4  in the region are likely due to their rapid conversion to NO3. This w ould be 

expected in an oxygenated groundwater environm ent such as the Gort Lowlands. See Table 7.5 

below  for a brief overview  of NO 2 and NH 4 results taken over the course of 2010. Highest levels of 

nitrite and low est levels of am monia were found in the rivers w hile low est nitrite and highest 

ammonia was found in the groundwater. For a detailed look at the ranges and mean values of NO3 

TN, TDP, TP, see Table 7.6.

Table 7.5: M ean valu es for N itrite (NO2) and A m m onium  (NH4), 2010.

Rivers 0.018 0.032

Turloughs 0.014 0 . 1 2 1

Groundwater 0.004 0.160

Kinvara 0.006 0 . 1 0 1

It should be noted that som e test results show ed clearly erroneous values. Causes of these errors 

included sam ple contamination or evaporation, poor chemical reagent preparation and poor 

spectrometer calibration. Results such as these were rem oved from the dataset.
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Table 7.6: Ranges and mean values for Nitrate (N 03), Total Nitrogen (TN), Total Phosphorus 

(TP) and Total D issolved Phosphorus (TDP) for Rivers, Turloughs, Groundwater and Kinvara

(grouped and individual).

range mean range mean range mean range mean

Rivers 0-3.9 1.01 0-3.1 0.71 3.7-120.8 26.01 0-67.6 18.39 39.0

ORU 0.3-23 1.05 0-1.9 0.74 6.6-121 272 7-57.7 19.2 38.7

ORL 0.2-3.4 1.03 0.1-1.5 0.55 13.5-113 27.3 6.3-44,1 16.1 379

BRU 0-2.6 0.95 0-2.4 0.78 18.2-77.7 37.0 10.6-67.6 28.2 25.7

BRL 0-3.1 1.12 0.1-1.6 0.68 15.8-102 3Z3 8.1-63.9 23.6 34.8

DRU G.2-3.9 1.10 0.1-2.5 0.91 13.1-65.4 29.5 7.6-58.1 23.4 37.3

DRL 0.1-3.5 1.09 0.1-3.1 0.66 11.5-86.8 30.9 7-48.6 20.0 35.3

F 0-3.7 0.87 0-2.4 0.53 4.8-21.4 11.2 0-14 7.4 77.5

P 0.2-2.2 0.89 0-3 0.84 3.7-55 12.8 0-42 9.3 69.6

Turloughs 0.1-4.3 1.12 0-2.4 0.66 13.S-H5 33.70 6-61.4 21.19 33.2

BlackrtKk 0.3-3 1.32 0.3-1.5 0.81 21.7-115 47.7 13.2-61.4 28.7 27.7

Coy 0.3-3 1.11 0-2 0.57 25-63.5 420 6-45.5 21.4 26.3

Coole 0.3-3.2 1.10 0.2-1.7 0.66 23.5-14.7 30.6 8.6-324 19.9 36.1

Garry land 0.3-2.7 0.95 0.1-1.7 0.60 13.8-34.4 21.0 5.3-25.2 15.7 45.4

Caherglassaun 0.1-4.3 1.11 0-2.4 0.65 18.9-36.3 27.2 8.2-28.4 20.2 40.7

Groundwater 0.2-10.4 Z30 0-103 131 0-582 31.28 0-484.9 20.61 73.5

BH3 0.4-3.9 2.45 0.1-3.6 1.60 3-50.8 13.4 0-34.9 7.6 1823

BH5 0.3-3.1 1.39 0-1.4 0.48 9-582 72.0 4.5-484.9 51.6 19.3

BH7 0.4-10.4 3.31 0-10.3 2.79 7.1-53.1 14.7 4.8-14.4 7.7 225.6

BHIO 0.1^.2 2.17 0.1-2.6 1.52 0-12.6 5.1 0.6-9.9 3.5 422.3

BHll 0.2-2.4 1.24 0-2.9 0.69 5.4-128.8 32.9 3.7-21.2 7.2 378

BH12 0.3-5.2 2.95 0.2-3.8 1.97 7.5-46.7 19.1 1.6-28.7 6.9 154.1

BH14 1.1-5 2.91 0-3.4 1.75 33.2-8Z2 529 30.6-64.5 421 55.0

BH15 0.2-3.1 1.31 0.1-1.9 0.68 30.9-80 51.9 29-57.5 41.6 25.2

BH16 0.3-5.5 2.96 0.2-4.3 2.15 11.1-38.8 19.4 8.5-33.5 174 1525

Kinvara 0.4-3.6 132 0.1-3.7 0.89 93-36.7 23.55 8.1-23 16.89 64.4

KW 0.4-2.3 1.05 0.1-2.5 0.66 9.3-32.5 229 8.1-21.8 16.5 45.6

KE 0.6-3.6 1.99 0.1-3.7 1.12 19.2-36.7 24.2 8.2-23 17.3 823
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7.3.1.1 Rivers

From Table 7.6 it can be seen that values for N in all rivers range between 0 and 3.9 mg/1 with a 

mean of 1.01 mg/1. For P, values range between 0 and 120.8 ng/1 with a mean value of 26 ng/I 

(Table 7.6). Nutrient concentrations in the rivers show a high degree of variation, although a mean 

concentration seasonal trend is apparent (Table 7.7). Mean concentrations for both N and P are 

highest in summer (similar to the findings of Drew and Daly (1993)) whereas lowest concentrations 

are in the winter for N and the spring for P. In terms of river flow, a minor but statistically 

significant relationship can be seen between river flow and P. No such relationship was found for N 

(See Figure 7.38 below for regression plots of flow vs. TN and TP for the Ballycahalan River).

Table 7.7: Mean Seasonal River Concentrations of TN, N 0 3 , TP and TDP.

TN (mg/l) l.(M 1.49 1.10 0.78

NOi (mg/l) 0.62 0.93 0.70 0.64

TP (ng/1) 20.48 38.97 28.18 22.43

T DP(ng/l) 14.41 20.41 19.50 16.84
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Figure 7.38: Regression plots of Flow vs TN and TP Concentrations (Owenshree River).

Nutrient results for the upper and lower sampling points on each river are shown in Figure 7.39 

(TN and NO3) and Figure 7.40 (TP and TDP). Overall, these time-series plots show that TP and TDP 

display similar levels of variation within the rivers whereas TN shows greater variation compared 

to NO3. This suggests high variability from the organic component of TN, possibly as a result of 

agricultural runoff.
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Figure 7.39: Time-series plots of Total Nitrogen (TN) and Nitrate (NO3) results for rivers.

272



Chapter 7 Hydrochemistry

O w enshree River - TP Upper 

•  Lower

•A
I jr  10 Mjy 10 S«p 10 11 11 Sep 11 Jjn W M^v W S«p 12 1)

Ballycahalan River - TP

120 

100 

I  80

I  ^
40

20

O w en sh re e  River - TDP upper 

«  Lower

. V '

1 ^ 1 0  Mjy 10 S«1>10 Jan 11 11 S»f) 11 l«> 12 IMjy 12 12 Jjn 13

- ♦ - U p p e r  j
140

Ballycahalan River -  TDP -♦ > -  Upper

«  Lower |
120

• Lower

t
6̂0

5
Q 60

V-->

rt 10 10 Srp 10 l4f>11 M ^yll S f ^ l t  IM 12 Mty 12 S(>p 12 H

140

120

100

8̂0
t

O w endalulleegh (Derrywee) River > TP Upper 

♦  Lower

•v.
/ V

•  '' k -«  ' •
A  ; •  •  ••

• v  •  •

0
Jan 10 10 S«p 10 («> 11 M4V 11 S r p l l  J«> 12 Mjy 12 Srp 12 IJ

'Forest* and  'P ea t' - TP j ---•— Upper 

( Lower

Lm 10 Mjy 10 Srf> 10 l^ n l l  Mjy 11 Sep 11 M nl2 MJy 12 Sep 12 l« t H

O w endalulleegh (Derrywee) Rtver - TDP upper 

♦  Lower

a
O 60

y.

I«i 10 Ma  10 Sep 10 J jn l l  Mjy 11 Sep 11 Ian 12 May 12 Sep 12 Ijn 1) 

140
'F o rest'an d  'Peat'-TDP - ♦ - u p p e r  

♦  lower

I
O 60

Mjy 10 Sep 10 Jan 11 May 11 Sep 11 Jdnl2  May 12 Sep 12 Jan 13
m o  MUy 10 Sep-10 1 ^ 1 1  May n  Sep-11 Ian l2  May-12 S ep i?  Ian-13

Figure 7.40: Time-series plots of Total Phosphorus (TP) and Total Dissolved Phosphorus (TDP)

results for rivers.

Looking at the rivers individually, the contrasting source/ transport dynamics between N and P are 

apparent. Mean values of N for each river are quite similar, ranging between 0.87 and 1.12 mg/1 

(TN) whereas for P, the rivers show a wide range of mean values between 11.2 and 37.0 ng/1 (see 

Table 7.6). Highest mean values of P are found in both the Ballycahalan River sampling locations.
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possibly reflecting the large am ount of forestry in this catchm ent (forestry fertilisers tend to be 

highly phosphatic, see Section 7.1.2).

The lack of variation between all sam pling locations for N, and the lack of variation betw een upper 

and lower river sam pling locations for both N and P indicates that there is a m inor but constant 

addition of nutrients to the rivers as they travel dow n through their catchments. In fact, the mean 

nutrient concentrations for all rivers stUl lie w ithin the expected nutrient concentrations of rainfall 

(Beltman et al., 1993, Loehr, 1974). This m ight suggest that overall agriculture and forestry practices 

on the Slieve Aughty M ountains catchment add very little nutrients into the rivers or that the net 

attenuation processes leave only low levels of nutrients in the surface water. Care m ust be taken 

when interpreting these results however as samples were only taken monthly. N utrient 

concentrations within the rivers could vary considerably between sam pling events due to relatively 

fast moving plum es of point source pollution.

In July 2012, a peak in P (TP & TDP) can be seen in the three main rivers. This p>eak occurs during 

the typical forestry fertilisation season of April to August (Teagasc, 2013) and coincides w ith a 

period of heavy rainfall, thus suggesting contam ination due to highly phosphatic fertiliser such as 

superphosphate. Kilroy and Coxon (2005) also suggest that a response such as this possibly reflects a 

hydrological switch w here the catchments change from a soil m oisture deficit to a soil m oisture 

surplus situation.

N utrient load quantities in the rivers can be calculated by combining the m easured nutrient 

concentration data w ith the observed flow data. This technique is easily applicable to the 

Owenshree and Ballycahalan Rivers due to their complete flow records. For the Owendalulleegh 

River however, the poor river flow record (and poor NAM calibration) hinders this calculation. 

Instead, the mean flow for the O w endalulleegh was considered to be 81 % that of the Beagh River 

(based on reservoir routing calculations. Section 6.4.3.1). This factored mean flow was then 

m ultiplied by the overall m ean nutrient concentrations from the O wendalulleegh in order to give a 

rough estimate of mean nutrien t loading. Mean daily loading rates (in k g /d ay ) and loading rates 

per hectare (k g /d ay /h a ) for the rivers are show n in Table 7.8. Looking at the loading rates per 

hectare, the catchments appear to show similar nutrient loading behaviour (although for more 

accurate calculation of loading rates in the rivers, regular short interval sam pling w ould be 

required). For this study, only m onthly sam pling was possible. Consequently, the calculated 

loading rates can only be viewed as an indication of the loading rates rather than precise data.
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Table 7.8: Mean Nutrient Loading Rates in Rivers (k^day) and Loading Rates per Hectare

(kg/day/ha).

HfHII
Owenshree 117.9 0.034 70.05 0.020 3.11 0.0009 1.84 0.00053

Ballycahalan 122.1 0.026 73.95 0.016 3.51 0.0007 2.57 0.00054

Owendalulleegh 281.0 0.031 169.2 0.019 7.95 0.0009 5.15 0.00058

Total 521.0 313J2 14.57 936

7.3.1.2 Turloughs

Mean turlough nutrient concentrations and ranges can be seen in Table 7.6. Mean TN and TP 

concentrations for the turloughs were calculated as 1.12 mg/1 and 21.19 ng/1 with highest 

concentrations recorded of 4.3 mg/1 TN and 115.4 ng/1 TP.

Generally, the upper two turloughs showed higher nutrient concentrations than the lower three 

turloughs. Also, the upp>er turloughs showed mean concentrations greater than those of the 

Owenshree River feeding them (except NOs in Coy). This suggests that the turloughs act as sources 

rather than sinks of nutrients. This increase in mean nutrient concentration is particularly evident 

for TP with Blackrock and Coy turloughs displaying mean TP concentrations exceeding those 

found in the Owenshree River by 75% and 65% respectively. For these turloughs, there are three 

main factors that are likely the cause of the increased nutrient concentrations. Firstly, both 

turloughs are actively grazed during the summer months. This would lead to increased nutrient 

concentrations at the onset of flooding due to manure deposition (grazing in turloughs has been 

proven to result in increased soil-P concentrations (Kimberley et al., 2012)). Secondly, nutrient 

concentrations within Blackrock are likely being enhanced by the presence of an abattoir on its 

south eastern edge. Nutrient enhancement from the abattoir could also have a knock on impact on 

Coy turlough as it is known to receive water from Blackrock (as seen in the Blackrock/Coy CTD 

study. Section 8.3.2). Thirdly, the elevated nutrient concentrations (particularly N) could indicate 

additional flows coming in from the nutrient enriched diffuse sources (see groundwater. Section 

7.3.1.3). Another factor that should not be ignored is the temporal resolution of sampling. Monthly 

sampling of turloughs is adequate to characterise the system as water is typically retained in the 

turloughs for long periods. However, for the rivers, monthly sampling only offers a snapshot of 

concentrations at the time of sampling. Thus any potential plumes of point source contamination in 

the rivers could easily be missed by the river samples but would likely be accounted for in the
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turlough samples. This issue could likely be a cause of the imbalanced river-turlough mean nutrient 

concentrations.

Mean nutrient concentrations in Coole, Garryland and Caherglassaun turloughs showed lower 

concentrations than Blackrock and Coy. Concentrations in these three turlough tended to reflect the 

concentrations of the rivers feeding them. For example, mean concentrations of TN and TP in Coole 

turlough lie within ±1% of their primary source of water, the Owendalulleegh (DRL). Nutrient 

concentrations in Caherglassaun show similar values to Coole indicating a direct relationship 

between these turloughs. However, Garryland turlough displays lower nutrient concentrations, 

most likely due to influx of water from the Cloonteen catchment to the south. These results are in 

accordance with the findings of Cunha Pereira (2011).

All five turloughs appear to show a relationship between mean N and P concentrations, i.e. if mean 

N is relatively high in one turlough, mean P is also shown to be high. This is not surprising 

considering that all potential sources of contamination such as agricultural wastes (Stationery 

Office Dublin, 2010) or septic tanks (Gray, 1995) contain both N and P. However, the ratio of N to P 

does alter depending on the source. Agricultural soil effluents, such as runoff from unfertilised 

fields, tend to have high N:P ratios (>20 up to 250) while more common point source effluents such 

as animal waste, slurry or septic tanks tend to have low N:P ratios (<10) (Downing and McCauley, 

1992). Therefore a turlough contaminated by point source effluent would receive greater 

enrichment of P than of N. Taking this into account, the lower N:P ratios of Blackrock and Coy 

turloughs (Table 7.6) could indicate an higher degree of point source inputs into the Owenshree 

catchment than into the other two river catchments.

As discussed briefly in Section 3.4.4.2, a number of classification systems exist in order determine 

the trophic status of a lake. These methods typically involve the measurement of hydrochemical 

parameters such as TP, chlorophyll-« (chl-o) or transparency Another method that can, and has, 

been used on surface water bodies such as turloughs is to catalogue plant life to determine 

Ellenburg-N indicator values (Tynan et al., 2007). In this thesis, the trophic classification scheme 

used is that of the International Eutrophication Programme (OECD, 1982) which established trophic 

status categories based on the levels of algal biomass or total phosphorus in lakes and rivers. The 

resulting trophic statuses of this classification system (OECD-fixed boundary method) based on the 

mean recorded P concentrations are presented in Table 7.9.
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Table 7.9 Turlough Trophic Status based on P concentrations using OECD fixed boundary

method (OECD, 1982).

Blackrock Eutrophic

Coy Eutrophic

Coolc Mesotrophic

Garry land Mesotrophic

Caherglassaun Mesotrophic

Most of these results are in accordance with the findings of Cunha Pereira (2011). However, Cunha 

Pereira determined Caherglassaun to be eutrophic rather than mesotrophic. Tynan et al. (2007), on 

the other hand, determined all five turloughs to be Eutrophic. It should be noted tliat Tynan's 

chosen classification scheme (using plant life) was based on a turlough trophic status range rather 

than an all-inclusive surface water body trophic range. As a result, Tynan's results were skewed 

towards higher values trophic statuses when compared to typical water bodies.

7.3.1.2.1 Nutrient Concentrations

Time series plots of nutrient concentrations are shown in Figures 7.41 and 7.42. These plots show 

nutrient concentrations and turlough volumes between January 2011 and March 2013. This dataset 

incorporates both the 2011/2012 and 2012/2013 flooding seasons and the final flooding event of the 

atypical 2010/2011 season. The previous isolated flooding events of the 2010/2011 season are 

omitted as their rapid filling and emptying behaviour makes them impractical to analyse using 

only monthly sampling data. Looking at the time series data in Figures 7.41 and 7.42, the nutrient 

data appears highly variable. However upon closer inspection a number of trends can be discerned:

• Turloughs that are grazed during dry periods tend to show peaks of P at the start of a 

flooding period. These peaks are in excess of the concentration in the water entering the 

turloughs from the rivers suggesting an internal source of nutrients within the turloughs, 

i.e. manure from animal grazing. This lines up with the findings of Kimberley et al. (2012) 

who found grazed turloughs to have higher soil P concentrations than ungrazed (whereas 

the opposite was true for N, suggesting grazing animals remove more N than they add). 

This trend is most obviously seen in Blackrock and Coy turloughs. Also, as Blackrock 

turlough is the highest turlough in the network and is primarily fed by a river, any 

contamination to this river would impact the turlough. An example of this can be seen in
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July 2012 where Blackrock experiences a minor flood event but a major increase in P 

concentration (TP=115 ug/1) due to elevated P levels in the Owenshree River.

• During the flooded periods, there appears to be considerable variation in nutrient

concentrations. However a general trend can be seen (especially for P) whereby the nutrient 

concentrations reduce over the course of the flooded season. This trend (similar to that 

found by Cunha Pereira (2011) can be seen in all furloughs to some extent, although it is not 

seen for every flooded period. The mechanisms for these losses are discussed further in 

Section 7.5.2.

• For Blackrock, Coy, Coole and Garryland turloughs, spikes in TN concentration are seen

during relatively dry periods following a recession. These spikes are likely due to the

increased sensitivity of the turloughs to their river inputs during dry periods. During these 

periods, the turloughs have less capacity to dilute any incoming nutrient plumes and so 

spikes in nutrient concentrations should be expected. Cunha Pereira (2011) observed 

similar spikes and suggested they were due to the possible release of nutrients and organic 

matter to the water column owing to the increased soil-water interactions. Another cause 

for these spikes could be linked to the high groundwater contribution at that time of year, 

i.e. the higher N in groundwater is being released into the turloughs as the water table 

drops. This effect can be seen April 2012 where the four turloughs mentioned see spikes in 

TN (in accordance with spikes of TN in the Owenshree and Owendalulleegh Rivers).

Looking at the data from these five turloughs, it apjiears that N shows slightly more erratic 

variability than P. This is in contrast to the results of Cunha Pereira (2011) who found P more erratic 

than N. This finding would therefore seem to corroborate with the spatial homogeneity study 

carried out by Cunha Pereira (Section 7.1.1) which suggested that sampling from the edge of a 

turlough is likely to cause inaccuracies in measured TP concentrations. It should be noted however 

that the monthly timestep is a limiting factor in this study. A shorter timestep would facilitate a 

more detailed analysis.
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Figure 7.41: Time-series plots o f Total N itrogen (TN ) and N itrate (N O 3) concentrations for 

Blackrock, Coy, Coole. Garryland and Caherglassaun turloughs.
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7.3.1.2.2 Nutrient Loads

Nutrient loads in the turloughs can be calculated by combining the turlough volume data with the 

nutrient concentration data. Using this approach, some trends can be seen more clearly than with 

concentration data alone. When this approach is applied to the data of Cunha Pereira (2011) to the 

22 turloughs under study for the 2006-2007 flooding season, a trend of decreasing N over the 

flooding season can be seen. The mass of N was seen peaking in early November when the 

turloughs had just filled, then could be seen steadily declining over the season even though the 

turlough water levels remained high. This behaviour is presented below in Figure 7.43 which 

show's the nutrient loading data of Ardkill turlough (from Cunha Pereira's dataset). This behaviour 

indicated some attenuation process and /o r the dilution of the turloughs from the epikarst and was 

a key element in Cunha Pereira's conclusion that the turloughs were diffuse flow-through systems, 

i.e. nutrient concentrations were altering over time due to the constant through flow of water 

(rather than a surcharge tank system in which the nutrients should stay constant). However, under 

closer inspection of the Gort-Lowland network of turloughs, this flow through behaviour appears 

to be less prevalent (see Figure 7.44 for Caherglassaun N loads using Cunha Periera's dataset). P 

loads showed more erratic behaviour but this could be due to the un-representative sampling 

technique (as described in Section 7.1.1).

| - .» . .T 0 M IN (k j)  

I    Volunw

0

Figure 7.43 Nutrient Loading of Ardkill 

turlough 06-07 (data from Cunha Pereira 

(2011)).

3000 ' e

4000
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3000

1500 M
2000

1000 9

1000

0

N r

Figure 7.44: Nutrient Loading of 

Caherglassaun turlough 06-07 (data from 

Cunha Pereira (2011)).

Nutrient loads calculated using the 2010-2013 dataset from this thesis/study are shown in Figures 

7.45 and 7.46. From these plots, a mixture of behaviours can be seen. The turloughs show evidence 

of surcharge tank behaviour but also some evidence of reducing nutrients over the flooding season. 

Also, P data appears to show some non-erratic behaviour with visible seasonal trends. The 

variability of nutrient loads within the turloughs is discussed further in Section 7.5.2.
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Maximum nutrient loads recorded in the turloughs are presented in Table 7.10. From this table it 

can be seen that, predictably, Coole turlough records the highest nutrient loads with up to 14.7 

tonnes of TN and 372 kg of TP calculated.
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Table 7.10: Maximum nutrient loads recorded in the turloughs over the study period.

Blackrock 3553 2525 233 163

Coy 2979 1560 71 38

Coole 14750 13883 372 268

Garry land 3011 18% 39 34.2

Caherglassaun 3121 2039 65 52.7

7.3.1.3 Groundwater

Time series plots of groundwater nutrient concentrations are shown in Figures 7.47 and 7.48. The 

plots show a wide range of groundwater nutrient behaviours across the catchment with no clear 

seasonal pattern. Mean concentrations across the catchment were recorded as 2.30 mg/1 and 31.28 

Hg/1 for TN and TP respectively (Table 7.6) Overall, groundwater showed mean N concentrations 

almost double those of surface water bodies while the overall mean P concentrations of the 

turloughs and groundwater were shown to be similar.

Upon closer inspection of the data, some seasonal changes are shown. In Table 7.11, mean 

groundwater concentrations are split into mean seasonal concentrations. From this table it can be 

seen that NO3 concentrations are highest over the winter period as would be expected (although 

TN concentrations are highest during summer). In contrast, TP and TDP show roughly consistent 

concentrations for spring, summer and winter but show elevated concentrations during autumn.

Table 7.11: Mean Seasonal Groundwater Concentrations of TN, NO 3, TP and TDP.

TN (mg/1) 2.25 2.76 1.91 2.45
NO3 (mg/1) 1.54 1.33 1.61 1.93

TP(Hg/l) 30.73 28.40 41.06 33.08
TDP (ng/1) 16.53 17.31 32.14 19.48

Looking at the data in Table 7.6 and Figures 7.47 and 7.48, the different behaviour of N and P in 

groundwater becomes apparent. While N shows a wide range of recorded results (0.2-10.4 mg/1 

TN), the mean concentrations at each borehole across the catchment are within a similar range 

(between 1.2 and 3.3 mg/1). P on the other hand shows a greater range of measured results (0-582
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Hg/1 TP) but more significantly, the mean concentrations at each borehole differ enorm ously  

(between 5.1 and 72 ng/1 TP). This contrasting behaviour illustrates the differing mobility traits of 

N and P. N is show n to access the groundwater relatively easily and due to its m obility, it more or 

less equalises across the catchment. P on the other hand is much less m obile, only entering the 

groundwater in areas of extreme vulnerability (i.e. shallow  a n d /o r  permeable subsoil protection). 

H owever, once P has entered the conduit system , it is known to be transported conservatively with  

negligible attenuation (Mellander et al., 2013, Kilroy and Coxon, 2005).
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The contrasting behaviour of N and P in groundwater is also evident when looking at the data for 

each borehole/well individually. Compared to the surface water systems which tend to show a 

relationship between mean N and mean P, the nutrient concentrations of individual borehole/wells 

have no such pattern. This behaviour could again be attributed to the poor mobility of P. Boreholes 

showing elevated concentrations of P but not N (e.g. BH5, Figure 7.47) indicate contamination from 

a low N:P ratio source (e.g. animal waste) reaching the groundwater in a highly vulnerable area. 

Boreholes with elevated N but not P on the other hand (e.g. BH7, Figure 7.47), indicate high levels 

of contamination but little penetration of P into the groundwater.

It should also be noted that any P that has made it into the diffuse/epikarst bedrock is likely 

affected by removal processes due to the formation on calcium-phosphate compounds (Cable et al., 

2002).

7.3.1.4 Kinvara

Nutrient results for the springs at Kinvara are shown in Figure 7.49 (with modelled outflow added 

to the KW plots). Mean TN concentration for KW was measured as 1.05 mg/1 while mean TN for 

KE was approximately double that of KW at 1.99 mg/1 (similar to the findings of Smith and Cave 

(2012)). Little difference was observed for P between KW and KE with concentrations of 22.9 |ig /l 

and 24.2 ng/1 respectively (TP).

Mean concentrations of N at KW (1.05 mg/1 TN) reflect the mean concentrations of the furloughs 

(1.12 mg/1 TN) while the higher mean concentration of KE indicates the greater proportion of 

diffuse flow (with its higher TN) emerging at this spring. Concentrations of P at the springs are 

among the lowest mean concentrations found within the catchment suggesting the loss of P as 

water moves through the karst system. These mean concentrations are in accordance with the 

findings of Smith and Cave (2012) who suggest that Kinvara Bay is a source of N to the greater 

Galway Bay while it acts as a sink for P. The concentrations recorded at KW reflect the combined 

water from the Gort Lowlands and a contribution from external catchments. Thus the 

concentrations recorded at KW are not a perfect reflection of the Gort Lowlands system output. 

However, in Section 7.2.1.4 this additional contribution was estimated to be only 14-18%, thus the 

effect on nutrient concentrations should be minor.
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Figure 7.49: Time-series plots of Total Nitrogen (TN), Nitrate (NOj), Total Phosphorus (TP) and 

Total Dissolved Phosphorus (TDP) results for KW and KE.

Similarly to the river data, nutrient loads leaving the Gort Lowlands system can be calculated by 

combining the outflow from KW (estimated using Infoworks model) with the appropriate nutrient 

concentration data. In order to calculate the loading correctly, mean daily flow from KW was 

determined so that the tidal affect was accounted for. The nutrient loads exiting the system along 

with the mean daily flow data from KW are shown in Figure 7.50. The average daily TN load was 

calculated as 690 kg/day with a measured range of 190-1922 kg/day. For TP, the average daily load 

was 15.15 kg/day with a measured range of 7.7-25.2 kg/ day (a comparison between river input and 

KW output in the Gort Lowlands is discussed later in Section 7.5.1).
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Figure 7.50: Daily Nutrient Loads exiting the system at KW (based on modelled outflow).

Using similar methodology, an approximation of the total flow leaving KW can be estimated, i.e. 

including the 14-18% external catchment water which was not accounted for by model. Thus to 

estimate the total KW nutrient load, the concentrations are multiplied by a factored flow. For the 

sake of this approximation, a factor of 1.16% is used (+16%). This results in an N output of 

approximately 800 kg/day and a P output of approximately 17.6 kg/day.

The approximation of nutrient loading into Kinvara can be expanded further with the inclusion of 

KE. Clearly however, the loading rate cannot be calculated in a straightforward manner as there is 

no flow data for KE. However, a rough approximation of flow can be made by taking the diffuse 

contribution at each timestep from the Infoworks model (i.e. outflow from the subcatchments) and 

dividing it by the total area of subcatchments. Thus a value of diffuse flow per unit area of karst is 

obtained. Considering that these model subcatchments are calibrated to the karst aquifer 

underlying the Gort Lowlands, their calibration should apply to the catchment feeding KE as much 

as it does KW (bedrock geology is the same for both catchments). Thus the 'diffuse flow per unit 

area' can be applied to the KE catchment in order to find a rough approximation of flow feeding KE 

which equates to 1.05 mVs (i.e. an increase of 10.6% on the total outflow from KW).

As part of the modelling component of the Gort Flood Studies Report, a catchment for KE was 

estimated as 8800 ha. Using this catchment size combined with the 'diffuse flow per unit area' and 

KE nutrient concentrations, loading rates from KE were calculated as 164 kg N /day  and 2.2 kg
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Chapter 7 Hydrochemistry

P/day. Thus the total nutrient load entering Kinvara Bay can be (roughly) approximated as 964 kg 

N /day  and 19.8 kg P/day.

It should be noted that these values for N are considerably lower than those predicted by Cave and 

Henry (2011) who estimated average TON concentrations over winter 06/07 to be between 1660 

and 26431 kg (depending on time period and choice of flow calculation limits). The cause of the 

disparity between Cave and Henry's results and the results of this thesis is due to the flow 

calculation. Cave and Henry estimated submarine groundwater discharge using the tidal prism 

method which calculated flow rates much greater than those predicted by the Infoworks model, i.e. 

their method estimated average flows (over winter 06-07) to be between 14 and 96 m^/s whereas 

the average flow rate from KW (over the period 2010-2013) as estimated from this thesis is using the 

Infoworks model was 7.64 m Vs (or 9.91 m Vs when the contributions from other catchments and 

KE are included).

290



Chapter 7 Hydrochemistry

7.4 Nutrient Modelling

In this section, the Gort Lowlands pipe network model is used to investigate the transport of 

nutrients through the active conduit network and how the furloughs (storage ponds) react to 

nutrient influx. Two main studies were carried out. Firstly, a number of nutrient input scenarios 

were implemented so as to determine the differing nutrient retention behaviours of individual 

furloughs. Secondly, the proportion of nutrient loading originating from the diffuse/epikarst 

subcatchments as opposed to the active conduit system was investigated. The results of these 

simulations provide predictions of nutrient movement within the conduit network as 

conceptualised by the model, i.e. furloughs are a linked network of surcharge tanks rather than 

diffuse flow-through systems. The simulations were then compared to observed nutrient results in 

order to support the conceptualisation.

As discussed in Section 6.5, the Infoworks water quality model can only simulate conservative flow 

of pollutants/nutrients within the pipe-network. In many catchment types, this limitation would be 

a severe drawback to modelling. However, as mentioned is Section 7.3.1.3, nutrient transport 

through a highly karstified catchment such as the Gort Lowlands can be reasonably assumed to act 

conservatively (once the nutrients have entered the conduit system). In order to facilitate this 

conservative transport requirement, NOs and TDP were chosen to be modelled rather than TN and 

TP. These sub-components were chosen as they are more likely to follow conservative flow 

behaviour due to their absence of particulate matter. The conservative transport assumption 

essentially removes the differing mobility traits of the nutrients and thus the nutrients behave quite 

similarly. For this reason, simulation results tend to focus on one nutrient (P) rather than both 

nutrients as their behaviours will be identical. It should be noted that due to the inability of the 

Infoworks software to model nutrient transport through laterally-fed permeable pipes, the model 

needed to be recalibrated to allow for standard subcatchment-pipe links. Using the findings of the 

subcatchment parameters analysis (Section 6.3.4.3), standard links were added and the 

subcatchments were recalibrated so that their overall diffuse flow contribution was maintained 

over an annual cycle. Unfortunately, as a result of this recalibration, the rate of diffuse contribution 

was altered. This caused a minor knock on effect on some of the turlough flooding patterns.

7.4.1 Turlough Nutrient Retention.

In this section, a number of varying nutrient input scenarios shall be applied to the model in order 

to see the nutrient retention behaviour of each turlough for each input scenario. Due to the inability 

to model diffuse flow correctly, the nutrient contribution from diffuse/epikarst sources shall be
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ignored for these simulations. As a result, the nutrient loads recorded within the turloughs were 

somewhat underestimated (for N more so than P). Results from these scenarios shall primarily be 

focussed on Blackrock and Coy turloughs as these two turloughs offer a prime example of river 

flow-through and surcharge tank behaviour. Also, these two turloughs are not influenced by 

external water sources nor are their inputs affected by attenuation processes, i.e. Lough Cutra's 

influence on the lower three turloughs. The input scenarios carried out are the following:

• Scenario one: Constant input (using mean observed nutrient concentrations).

• Scenario two: Modelling a contaminant plume at low water levels, based on the P plume 

recorded during July 2012 (Figure 7.40). As this scenario uses inputs which reflect the 

observed river behaviours, it offers an opportunity to compare observed and modelled 

output concentrations directly.

• Scenario three: Modelling a contaminant plume at high water levels.

• Scenario four: Modelling a contaminant plume at the onset of flooding.

7.4.1.1 Scenario One: Constant Input

In this scenario, the nutrient inputs were set as constant values based on the mean measured 

concentrations at the relevant river sites. So the inputs were 16.1, 23.61 and 20.0 n g /l for the 

Owenshree, Ballycahalan and Beagh Rivers respectively. Constant nutrient loading rates such as 

these are obviously unrealistic inputs and provide poor results in terms of nutrient variation but the 

overall nutrient loads reaching the turloughs should be reasonable. The results from these 

simulations can also be used as 'blanks' for future scenarios involving contamination plumes. See 

Figure 7.51 for the results of this simulation for TDP over the 2011-2012 flooding season (plots of 

the 2012-2013 flooding season can be seen in Appendix G). Modelled and observed data for all five 

turloughs is shown as well as KW (note: outflow from KW is presented as daily average values).
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Figure 7.51: Observed and modelled results for P loading from scenario 1 (constant nutrient 

inputs).
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From Figure 7.51 it can be seen that Blackrock and Coy turloughs are modelled quite poorly. 

Modelled nutrient loads fall considerably shorter than the quantities observed in the field. This 

lines up with the findings of Section 7.3.1.2 which suggest Blackrock (and indirectly Coy) act as 

sources of nutrients to the system (and that the river sampling suffered from poor temporal 

resolution, possibly resulting in underestimated mean concentrations). Results for the lower three 

turloughs prove to be more accurate, possibly as a result of the influx of low-nutrient external water 

from Cloonteen which would offset the model's diffuse-imderestimation error. The modelled P 

load in Caherglassaun is underestimated. Again, this is likely due to the diffuse-underestimation 

error (which would affect Caherglassaun worst as it lies at the end of the turlough network). 

Results from Kinvara line up well with observed results which indicates that the diffuse- 

underestimation error is again offset by the influx of external water or the removal of P due to 

chemical processes (Cable et al., 2002).

7.4.1.2 Scenario Two: M odelling P Plume of July 2012 (Low water Level Period).

For this scenario, the real contamination event that occurred in July 2012 shall be modelled. This 

scenario serves two purposes. Firstly, it provides a comparison between observed and modelled 

concentration outputs. This comparison can be used to draw conclusions about whether the 

nutrients behave conservatively (as the model requires) or are affected no non-conservative effects 

such as transformations or losses. Secondly, the scenario shows the effect of a contamination event 

across the turloughs during a relatively low water level period.

The inputs for this scenario were designed based on the river hydrochemistry data taken during 

July 2012. Concentrations of P peaked in the three rivers suggesting some contamination, possibly 

from a phosphate-heavy forestry fertiliser. These peaks were applied to mean concentration dataset 

used for scenario one. For the Beagh input, the peak P pattern from the Owendalulleegh River was 

transferred through the reservoir routing model (Section 6.4.3.1) to account for the attenuation 

effect of Lough Cutra. The inputs can be seen below in Figure 7.52.
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Figure 7.52: Observed and modelled P concentrations in the Owenshree, Ballycahalan and 

OwendalulleegVBeagh Rivers (scenario 2).
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Results of this simulation are shown in Figure 7.53. In this Figure, plots on the left show the 

observed (blue) and modelled (red) P concentrations, the turloughs volume (Black) and modelled 

outflow at Kinvara (Orange). Plots on the right show P-load from this scenario (red), and the P-load 

from scenario 1, i.e. the 'blank' (green).

Looking at Figure 7.53, results from Blackrock and Coy turloughs show underestimated 

concentrations of P (as expected) but their temporal patterns appear reasonably well modelled. 

Blackrock turlough experiences a peak in concentration quickly followed by a recession (with many 

sub-peaks and recessions due to the turlough emptying). Coy turlough shows a sharp (almost 

immediate) increase in concentration representing the influx of river water. This concentration then 

remains constant until the turlough is fed by more water, at which point the concentration drops. In 

terms of P-load, both turloughs show short-lived increases in load but these loads are quickly lost 

(especially for Blackrock) due to the turloughs draining. The contrast between modelled and 

observed results indicates that Blackrock and Coy are both subject to nutrient enhancement through 

non-conservative factors. Such factors could include N and P gain via the abattoir near Blackrock, P 

gain from grazing or N gain from diffuse input.

Coole turlough shows a similar modelled concentration pattern as Blackrock. This would be 

expected as both turloughs are primarily river fed. The turlough is receiving increased P-loads from 

all three rivers and as a result, the increase in nutrient load is considerable. However, again, the 

additional P-load only remains within the turlough until it drains halfway through the season. 

Garryland and Caherglassaun turloughs show similar but more muted P-loading to Coole. All three 

lower turloughs show modelled P concentrations exceeding observed concentrations. This indicates 

some nutrient loss mechanisms affecting these turloughs that were not accounted for by the model 

(nutrient loss mechanisms are discussed later in Section 7.5.2). At Kinvara, the modelled 

concentration peak and its associated increase in P-loading are plainly evident. The observed P 

concentrations are lower due to the nutrient loss processes in the turloughs but also a number of 

additional factors such as influx of separate catchment water and possible dilution in the large cave 

system known to exist behind Kinvara. The P-load (in kg/day) exiting the system at Kinvara is 

noticeably greater than Garryland and Caherglassaun turloughs for this simulation. This indicates 

that a significant proportion of the P-plume in the model bypassed under these turloughs and 

travelled directly towards Kinvara.
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7.4.1.3 Scenario Three: P-Plume Occurs During a High Water-Level Period.

In this simulation, the P-plume is altered so that it occurs later in the flooding season (peaking in 

December). The purpose of this scenario is to observe the change in nutrient loading when the 

plume occurs during a high water-level period rather than a relatively low water-level period as 

seen in the previous scenario. As the river flow during this contamination period is higher, the 

concentration of the P-plume was reduced so as to keep the contaminant mass consistent. The 

inputted time series data is shown below in Figure 7.54. Simulation results are presented in Figure 

7.55.

M odel Input

—  50 

| «  

I “ 
§ 20 u

10

Figure 7.54: M odelled P concentration in the Owenshree, Ballycahalan and Beagh Rivers

(scenario 3)

In this simulation, the most significant factor affecting the nutrient loadings of the upper two 

furloughs is the fact that Blackrock is flooded. This means Blackrock effectively acts as a damper to 

the system, slowing down the release of the Owenshree River P-plume. While the volume of water 

in Blackrock remains fairly consistent, the concentration of P can be seen changing over time (a 

peak followed by a recession). This implies that Blackrock is acting as a river flow-through system. 

The P-load can also be seen to follow this pattern. At the beginning of the flooded period, the P- 

load is almost double its corresponding 'blank' value while by the end of the period the majority of 

the P-plume has left the turlough. The behaviour of Coy, on the other hand, is strikingly different. P 

concentrations in Coy show no evidence of a sudden influx of P-enriched river water. Instead a 

gradual rise in concentration can be seen occurring across the entire flooding season until the 

turlough empties. This pattern of Blackrock concentration receding while Coy increases is similar to 

the findings of the physical model tracer studies (Section 6.2.6) which implied that the 'lower' 

turlough tracer (or nutrient) concentrations were being enhanced by water discharging from the 

'upper' turlough. So overall. Coy turlough acts as a surcharge tank rather than flow-through 

system, i.e. once water enters the turlough, it remains there until drainage. However, it does appear 

to receive some input from Blackrock which alters its nutrient concentration and mass over time.
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Figure 7.55: Model results for P loading scenario 3 (P-Plume occurs during a high water-level period)
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Again, the concentration in C ode follows the same pattern as Blackrock - a peak followed by a 

recession. The behaviour of Garryland however has changed. In this scenario, the concentration of 

Garryland more closely reflects that of Coole. This is due to the hydraulic link between the 

furloughs which occurs when Garryland reaches a depth of approximately 7 - 8m of water (Section 

5.2). Finally, the behaviour of Caherglassaun has altered similar to that of Coy, which matches the 

conceptual model of these two turloughs as slightly off-line surcharged tanks. The furlough now 

shows a gradual increase in concentration over the flooded period rather than a peak and recession.

7.4.1.4 Scenario 4: P Plume occurs at onset of flooding (Owenshree River)

The purpose of this scenario is to contrast the reaction of a flow-through system and a surcharge 

tank system to a P-plume which occurs at the onset of a large flooding event. As such, this scenario 

shall be focussed on Blackrock and Coy turloughs with the P-plume only occurring in in the 

Owenshree River. The main flooding event of the 2011-2012 flooding season was chosen for this 

simulation and the inputted P concentrations are shown below in Figure 7.56 (altered to keep mass 

consistent with other scenarios).

80
M odel Input

I  60

I 20 

10 

0
N o v l l  D e c l l  I a n l 2  Feb 12 M jr 12 Apr 12

Figure 7.56: Model P concentration in the Owenshree, Ballycahalan and Beagh Rivers (scenario

4).

Results for Blackrock, Coy and Coole turloughs are shown in Figure 7.57 (For results of other 

turloughs, see Appendix G). In this figure, an extra plot is shown for each turlough (middle 

column). These plots show a comparison between P-load and turlough volume (similar to Figures 

7.43 and 7.44).

Again, the concentration of Blackrock shows a peak-recession trend pattern. As a result, the P-load 

peaks before the water volume does and starts to recede earlier as well (middle column plot). For 

Coy turlough, the concentration can be seen to rise at the start of the flooding season, followed by a 

minor (and slow) drop in level until a constant concentration is reached. The slight reduction in

—— O w enshree 

—^ B ally cah a lan  

— Beagh
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Chapter 7 Hydrochemistry

concentration is due to the presence of an overspill drainage link at 10m depth, i.e. as purer water 

surges into Coy via the estavelle, a proportion of water is draining out of the top of the turlough 

(but only at depths greater than 10 m). Coole can be seen to follow similar behaviour to Blackrock 

(as expected). However the effect on concentration and P-load has been significantly attenuated due 

to the upper two furloughs.
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Figure 7.57: Model results from Scenario 4 (P plume occurs at onset of flooding).

Another simulation was also carried out whereby the P-plume occurred in the Beagh River 

(unlikely in reality due to attenuation from Lough Cutra). In this simulation, the furloughs behaved 

in a similar fashion, i.e. the river flow-through system (Coole) showed a peak-recession pattern 

while the surcharge tank system (Caherglassaun) showed an increase followed by a constant 

elevated P concentration. Results from this simulation can be seen in Appendix G).
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7.4.2 Diffuse Contribution.

in this section, the contribution of diffuse flow (and its associated nutrient load) into the furloughs 

is investigated. As the water quality model was incapable of modelling diffuse flow, nutrient 

loading from the different sources was manually calculated. This involved combining the modelled 

diffuse flow from each subcatchment with the measured mean groundwater nutrient 

concentrations. Groundwater concentrations were then multiplied by subcatchment outflow at each 

timestep to provide a loading rate in kg/hour. Seasonal trends were applied to river and 

groundwater input concentrations using the mean seasonal concentrations as calculated previously 

(Table 7.7 and Table 7.11). For a particular turlough, its diffuse contribution was calculated by 

comparing the flow (and nutrient content) of its main feeding conduit with the contribution from 

all subcatchments upstream of that turlough.

Condurt — Onfuse

Aug-10 Nov-10 Feb-11 Jun-11 Sep-11 Dec-11 Apr-12 Jul-12 Oct-12 J«n-13

NO, ->Conduit —  Difhjse

Aug-10 Nov-10 Feb-11 Jun-11 Sep-11 Dec-11 Apr-12 Jul-12 Oct-12 Jan-13

TDP
G>nduit  Drffuse

Aug-10 Nov-10 Feb-11 jun-11 Sep-11 Dec-11 Apr-12 Ju H 2  Oct-12 Jan-13

Figure 7.58: Blackrock turlough diffuse-conduit contribution comparison for Flow, NO 3 and TDP

(August 2010 -  March 2013).

See Figure 7.58 for results from the conduit feeding Blackrock turlough (August 2010 -  March 2013). 

Plots of flow, NO3 and TDP concentrations are presented. Over the analysis period, diffuse flow 

contribution amounted to 10% (of total flow) whereas NO3 and TDP load contributions were
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calculated as 38% and 24% respectively. It should be noted however that the TPD contribution is an 

estimate based on mean catchm ent TDP concentrations. In reality, groundw ater TDP concentration 

across the catchm ent are so erratic that applying the mean catchm ent TDP concentration to a 

particular catchm ent sub-section is an imprecise methodology.

Results for the conduit feeding Coole are show n below in Figure 7.59. For Coole, diffuse 

contribution for flow, NO3 and TDP am ounted to 11%, 39% and 22% respectively. These plots 

indicate the diffuse contribution from the main conduit feeding Coole and do not account for any 

contribution of external catchm ent water. Plots of diffuse contribution for turloughs dow nstream  of 

Coole are not presented as the models exclusion of external water hinders its accuracy.
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Figure 7.59: Coole turlough diffuse-conduit contribution comparison for Flow, N 0 3  and TDP

(August 2010 -  March 2013).
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7.4.3 Water Quality M odelling - Discussion

Overall, water quality modelling proved a useful tool for the understanding and quantification of 

nutrient transport/retention within the conceptual model of the Gort Lowlands (assuming 

conservative nutrient transport).

The nature of each turlough (flow-through or surcharge tank) has been determined. Blackrock and 

Coole operate as river flow-through systems. Although it should be noted that these furloughs do 

experience a considerable degree of surcharge tank behaviour during flooded periods which slows 

down their flow-through nature. In comparison, many of the turloughs studied by Cunha Pereira 

(2011) display much clearer flow-through behaviour (faster pjeak and recession patterns) such as the 

northern Galway/Roscommon turloughs, Coolcam and Ardkill (Figure 7.43). However, this 

comparison is flawed as the flow-through nature of these turloughs (epikarst diffuse-fed) is 

hydrologically unrelated to those of the Gort Lowlands (river-fed).

Both Coy and Caherglassaun turloughs displayed similar behaviour, seemingly both acting as 

surcharge tank systems. This echoes the findings of Gill et al. (2013b) who, through the use of Fast 

Fourier transform time-series analysis, found identical periods and similar recession patterns for 

these two turloughs. Garryland turlough appears to operate as both systems, acting as a surcharge 

tank at low levels and a flow-through system at high levels (above 7-8 m).

In terms of different flooding/contamination scenarios, the flow-through turloughs showed similar 

contaminant patterns for all scenarios -  a peak recession pattern with a considerable increase in 

nutrient load. Thus the effect caused by contamination could be deemed of relatively low 

sensitivity to water level in these turloughs. The water level in these flow-through systems does 

however have a large effect on the turloughs further downstream. At low water levels, these 

turloughs offer little storage and the contaminant quickly moves dovmstream and enters other 

turloughs. At high water levels, the contaminant is stored in the turlough and slowly released 

resulting in less loading of the downstream turloughs.

The surcharge tank systems, on the other hand, display varied behaviour depending on the 

flooding situation. At low water levels, the turloughs can be contaminated (due to poor storage in 

preceding turloughs) but the contamination is able to drain away. At high water levels, a 

contamination plume is unable to enter the turlough as easily and mostly passes underneath it. 

However, some slight enrichment can be seen over time, likely due to contamination draining out 

of an upstream system. At the onset of a large flooding event, the contaminant will easily enter the
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turlough at a low water level but will remain in the turlough for the entirety of the flooded period 

(as no drainage is occurring at high water levels). While these flow-through/surcharge tank effects 

are a reasonable reflection of the hydrological set-up of the furloughs, the disparity between 

observed and modelled turlough concentrations indicate that some non-conservative nutrient 

mechanisms are at work. These nutrient losses/gains/transformations are discussed further in 

Section 7.5.2.

Results from the diffuse contribution analysis suggest a high degree of NO3 contribution (just under 

40%) from non-conduit/river sources and a moderate contribution of TDP (20-25%). These 

contributions explain to a certain extent the general underestimation of turlough nutrient loads in 

the previous turlough nutrient retention scenarios. If diffuse flow had been included in that 

analysis, the modelled results would likely have shown a degree of attenuation (increasing with 

proximity to the catchment end point at Kinvara).

For any future water quality modelling of this catchment, a number of recommendations can be 

made to improve accuracy. These are the following;

• As with all models, the quality of output depends on the quality of the input. For future 

studies, river hydrochemistry should be monitored with higher temporal accuracy (e.g. 

daily/weekly). Also, a sampling site should be set up on the Beagh River (rather than using 

data from the Owendalulleegh River).

• The contribution of water from the southern Cloonteen catchment should be quantified. 

This would provide details on the extent of dilution caused by the external water source.

• Further improvements to the accuracy of the hydraulic model would lead to even greater 

accuracy for water quality modelling as some features which are hydraulically non

significant can be very significant for water quality modelling (such as mixing inside the 

furloughs).

7.5 Discussion

In this section, the findings of Sections 7.2, 7.3, and 7.4 are discussed in terms of catchment-wide 

behaviour and individual turlough behaviour.
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7.5.1 H ydrochem ical behaviour across the catchm ent

Samples were collected over the entire length of the catchment, from the peaks of the Slieve Aughty 

M ountains to the final outfall at Kinvara. The results of these sam ples (particularly the overall mean 

values) enable the characterisation of the hydrological and hydrochem ical characteristics of the 

water as it m oves through the catchment.

The majority of water feeding the karst network originates from precipitation falling on the Slieve 

Aughty M ountains. As this water runs off the m ountains via the three main rivers dow n towards 

the low lands, it starts to pick up alkalinity through dissolution but experiences very little nutrient 

enhancem ent above that of the original rainfall. This lack of nutrient enhancem ent indicates only 

minor input from agricultural/forestry practices in the Slieve Aughty Mountains. H ow ever som e 

enhancem ent of P is seen in the Ballycahalan River.

In the low lands, the groundwater of the non-active diffuse portions of the lim estone bedrock 

inevitably show s high levels of alkalinity with an average concentration of 365.1 m g/1 CaCOj. The 

primary land use in these low lands is agriculture and as such, there are significant additional 

sources of N and P. The effect of these sources can be seen by the N concentration of groundwater 

which has a mean value (2.3 m g/1) of double that found in the active conduit/turlough  network 

(T.12 m g/1). N is also well distributed across the catchment due to the high mobility and solubility 

of NO 3. Similar to N, the sources of P are widespread. H ow ever the ability' o f P to reach the 

groundwater is highly variable due to its poor mobility. As a result, concentrations of P in 

groundwater are highly erratic across the catchment. Water quality m odelling estim ated that the 

diffuse contribution of nutrient loads in the turloughs is approximately 40% for N and 20-25% for P.

In the con d u it/ turlough network, water enters at the top of the system  in Blackrock turlough. The 

alkalinity of the turlough matches that of its feeding river but the measured nutrient concentrations 

in the turlough exceed those measured in the river, particularly P. This suggests an internal source 

of nutrients such as from grazing or the nearby abattoir. Otherwise, the imbalance could be due to 

the poor temporal resolution of the river data. H owever overall, the elevated concentrations in 

Blackrock turlough su ggest it is a source of nutrients to the karst system . As the water m oves 

through the conduit network from Blackrock through Coole towards Kinvara, the nutrients are 

transported conservatively with N retaining its concentration throughout w hile concentrations of P 

seem  to drop en-route.
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At Coole, the alkalinity and nutrient concentrations of the water reflect that of the combined flow 

from the three main rivers (with alkalinity suggesting some contribution from diffuse sources). 

Although Garryland furlough lies beside Coole and is known to be hydrologically connected 

(particularly at high water levels), it shows evidence of influx from the southern Cloonteen 

catchment. The influx of this high alkalinity (alk), low nutrient water from the south results in 

Garryland having the lowest nutrient concentrations of the five furloughs. From this point on, the 

hydrochemistry of the karst system becomes more complex due to the combined contributions of 

Cloonteen water (high alk, low N, low P) and diffuse input (high alk, high N, low P). So between 

the Coole-Garryland complex and Kinvara, N and P behave differently. The reduction in N from 

the Cloonteen water is essentially cancelled out by contribution of high N diffuse water and so the 

water at Kinvara is relatively unchanged (1.10 mg/1 at Coole, 1.05 mg/1 at KW). P, on the other 

hand, experiences a reduction due to dilution from the low P Cloonteen water and the low P diffuse 

recharge. Due to this dilution, mean P concentration drops from 30.6 |xg/l to 22.9 (ig/1 between 

Coole and KW.

An alternative method of looking at nutrient dynamics throughout the catchment is to consider the 

changes between input (river) and output (KW) nutrient loads. The mean daily TN load entering 

the system through the rivers is approximately 590 kg. This value was calculated similar to the 

values in Table 7.8. However, instead of using the Owendalulleegh loading rate, a loading rate for 

Beagh River is estimated based on combining Beagh River flow with Owendalulleegh River 

nutrient concentrations. This estimate thus (dubiously) assumes negligible gains or losses of 

nutrients across Lough Cutra (in future studies, Beagh River should be sampled directly). The mean 

daily load exiting the system is estimated as 690 kg/day, as calculated with the aid of the Infoworks 

model. This indicates that even though the concentrations remain similar, there is a net gain of TN 

as water moves through the system. This net gain of N at Kinvara amounts to a 17% increase from 

that of the rivers. Considering that the overall diffuse input of N (as calculated in Section 7.4.2) was 

estimated as 40?4, this suggests that the contTibnfion of high-N diffuse water to the system is offset 

by losses, most likely within the furloughs (discussed in the following section). It should be noted 

that in reality, the outflow at Kinvara is further enhanced by the influx of water from separate 

catchments (as indicated by alkalinity results and tracer studies for the Gort Flood Studies Report).

Unlike TN, TP shows a slight reduction in daily loading rate between the rivers (16.46 kg/day) and 

Kinvara (15.15 kg/day) which indicates that a greater proportion of P is being lost from the system 

than is being gained. Again, these losses are most likely occurring within the furloughs and are 

discussed in the next section.
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7.5.2 Hydrochemical Behaviour w ithin turloughs

Hydrologically, turloughs fall under a spectrum of different types ranging from diffuse flow

through dominated to conduit dominated. Cunha Pereira (2011) suggested that the majority of 

turloughs fall under the diffuse flow-through category. The turloughs of the Gort Lowlands, 

however, predominantly fall under the conduit dominated category. These turloughs are known to 

operate as river flow-through systems (Blackrock and Coole), surcharge systems (Coy and 

Caherglassaun) and a mixed system (Garryland), all of which are heavily controlled by conduit 

type hydraulics. Conceptually, the flow-through turloughs reflect the hydrochemistry of their 

feeding rivers whereas the surcharge tank turloughs can be isolated from any nutrient input 

(depending on the flood conditions). In Section 7.4, the disparity between the conceptual model 

(which assumed conservative hydrochemical flow behaviour) and the observed behaviour of the 

turloughs was presented. In this section, the non-conservative hydrochemical effects are discussed.

7.5.2.1 Alkalinity, EC and pH

In terms of alkalinity, EC and pH, the turloughs behaved somewhat as would be expected from the 

conceptual model. Blackrock and Coole turloughs showed signs of flow-through behaviour as 

evidenced by quick drops in alkalinity during a flooded period. Coy and Caherglassaun, on the 

other hand, showed no such behaviour (as would be expected of a surcharge tank). Garryland also 

showed predominantly surcharge tank behaviour although, at high levels, the turlough appeared 

linked to Coole. The most noticeable trend, particularly for the surcharge tank turloughs, is the 

increase in alkalinity/EC across the flooding season. As mentioned in Section 7.2.1.2, this could be 

attributed to gradual recharge from the surrounding epikarst during recession due to a 

hydrological gradient between the turlough and its surrounding epikarst. This theory is contested 

however by the lack of a corresponding enhancement of N in the turloughs (from the N-rich diffuse 

water). However, as discussed in the next section, the lack of a corresponding N enhancement 

could be due to loss of N from the turlough through various reduction processes.

This trend of increasing alkalinity is unusual for turloughs. Looking at the data of Cunha Pereira 

(2011), out of the 22 turloughs he sampled, the only turloughs that showed alkalinity increasing 

over time were the three surcharge tank turloughs of the Gort Lowlands (Coy, Garryland and 

Caherglassaun). The reason this trend was not seen in the other turloughs is because their higher 

calcium carbonate concentration is in equilibrium with the surrounding bedrock, thus the addition 

of any diffuse/epikarst water would have no impact. It is this subsaturated nature of CaCOs in the 

Gort Lowland turloughs which provides another possible cause for their CaCOs enhancement:
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dissolution of their underlying bedrock. TTiis cause is likely to have a more minor influence, 

however, due to the large volum es of water involved  and the presence of overlying till on the 

turlough beds which w ould  disrupt the water-bedrock interaction.

7.S.2.2 N itrogen

The typical pattern of N  in turloughs w as described by Cunha Pereira (2011) as peak N 

concentrations occurring in m id-winter (coinciding with peaks or near-peaks in water levels) 

followed by a reduction in concentrations (and load) throughout the spring and summer. This 

pattern is also reported in num erous perm anent water bodies in Ireland such as Lough Bunny 

(Pybus et al., 2003) and Lough Carra (King and Cham p, 2000) as w ell as in Scotland (Petry et al. 

(2002) and Wales (Reynolds et al. (1992). The trend is usually explained by reduced effective 

rainfall and increased plant and microbial N-uptake in the catchm ents during the grow ing season  

(late spring to early autumn) and the reverse process occurring in the late autumn and winter 

(Cunha Pereira, 2011, Kaste et al., 2003). This pattern w ould  thus be expected of Blackrock and 

Coole turloughs (as they should reflect the N of the water feeding them), and indeed it is seen for 

the m ost part. Interestingly however, the trend can also be seen in Coy, Garryland and 

Caherglassaun turloughs for the 2011-2012 flooding season. This suggests that N is being lost from  

these turloughs by som e reduction process.

In wetlands, particulate forms of nitrogen (organic and inorganic) are rem oved through settling  

and burial, whereas the removal of d issolved  forms (inorganic only) is regulated by various 

biogeochemical reactions functioning in the soil and the overlying water colum n (Reddy and 

DeLaune, 2008). Losses of N from lakes are typically explained by three main processes; (a) net loss  

with outflow ing water (i.e. flow-through), (b) permanent loss of inorganic and organic nitrogen- 

containing com pounds to the sedim ents, and (c), reduction of N O 3 to N 2  by bacterial denitrification  

and subsequent return of N 2 to the atm osphere (W etzel, 2001). These possesses are of additional 

importance within the Gort Lowland as the lim iting nutrient in these turloughs has been show n to 

be N  rather than P (Cunha Pereira et al., 2010). An additional com plication for N  cycling in 

turloughs is the shift from flooded and dry phases w hich result in fluctuation between aerobic and 

anaerobic soil conditions. In the follow ing sub-sections, the primary effects likely to be causing N  

variation w ithin the turloughs are discussed.
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7.5.2.2.1 Net Loss w ith Outflowing Water.

Cunha Pereira (2011) concluded that the m ost plausible explanation for the decline of N 

concentration in his 22 turloughs w as d ue to an equivalent decline in N concentrations from the 

inflow ing water (i.e. declining losses from the catchments). These catchment losses were reflected in 

the turloughs due to their diffuse flow -through nature. This conceptualisation is plausible for the 

majority of Cunha Periera's turloughs as they are mainly epikarst fed system s rather than conduit 

and surcharge tank system s. Mass balance calculations carried out by Naughton (2011) show ed that 

in order for dilution to be the main process responsible for low ering TN concentrations, an 

extremely high level of turnover is required during the recession period. Blackrock furlough was 

shown to need a turnover of 15% within a m onth w hile Lisduff furlough (in Co. Roscommon) 

needed up to 55% turnover. These calculations were also based on the unrealistic assum ption that 

the diluting water w ould  have negligible nutrient concentration. Based on these calculations, 

Naughton concluded that, while flow-through behaviour is occurring, other N reduction processes 

are also likely to be taking place.

This ou tflow /d ilu tion  concept is a suitable partial explanation for the behaviour of Blackrock and 

Coole turloughs which are closely related to their respective river inputs. See Figure 7.60 for an 

illustration of Blackrock NOs concentration reducing in response to reduced river NO3. Similar 

behaviour can be seen for TDP (see Figure 7.61). This concept does not however explain the 

reduction of N in the surcharge tank turloughs. W hile these surcharge tank turloughs do experience 

som e dilution from diffuse water (as show n by alkalinity m easurements. Section 7.5.2.1), the 

incom ing water w ould be more likely to increase N concentration rather than reduce it. Thus 

internal reduction processes m ust also be taking place within these turloughs.
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7.5.2.2.2 Sedim ent and Soil Interaction.

In m any permanent lakes, sedim entation can be a major source of N loss. W etzel (2001) presents a 

number of nitrogen budgets calculated for various permanent lakes (e.g. Lake Mendotta, W isconsin  

and Mirror Lake, N ew  Hampshire). In these budgets, sedim entation accounted for approximately 

half of the entire N losses for the lakes. The losses occur because N is lost as a result o f permanent 

internment of partially decom posed biota and inorganic and organic nitrogen com pounds adsorbed  

to organic particulate matter in the sedim ents (W etzel, 2001). H owever, it is primarily organic 

nitrogen that is lost to sedim ents as dissolved forms of N such as am m onium  and nitrate are hardly 

adsorbed by sedim ent particles and do not normally precipitate to insoluble forms in the sedim ent 

(Scheffer, 1998). In the furloughs under study (and m ost furloughs in general), N is primarily found  

in an inorganic form. As such, the effect of sedim entation on the Gort Lowlands furloughs w ould  

be limited.

A lthough sedim entation of N in turloughs is minor, evidence for it has been seen. A study by 

Kimberley and Waldren (2012) showed evidence of N accumulation in turlough soils, particularly 

at lower elevations which are more often inundated with water. Kimberly also found a relationship  

between soil TN and organic matter content and concluded that the relatively higher TN 

concentrations within the lower turlough zones are likely the result of organic matter accumulation  

resulting from longer hydroperiods (periods of inundation). Overall however, Kimberly found very  

little relationship between soil N concentrations and turlough flooding behaviour (unlike for P, see 

Section 7.5.2.3.1). In a separate study, Kimberly concluded that results from the 22 NPWS-project 

turloughs indicated that land use, vegetation and soil depth are more important drivers of turlough  

soil TN than flooding factors (Kimberley et al., 2012). As such, sedim entation can be considered to 

have only a minor role in N loss from turloughs.

7.5.2.2.3 D en itrification

Denitrification is the process in which nitrate (NO3) and nitrite (NO2) are biochem ically reduced 

into nitrogen gas (N2) (with an associated oxidation of organic matter). The general sequence of 

denitrification is as follows;

NOJ NOJ ^  N jO  -» N j

This process can cause significant loss of N in lakes. For instance, a study by Jensen et al. (1991) 

carried out on a series of shallow  Danish lakes found denitrification was the cause of 77% of total N
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loss. For denitrification to take place, the key condition required is a lack of dissolved oxygen (DO), 

i.e. anoxic conditions. Due to this condition, denitrification is an unlikely cause of N loss in most 

furloughs as they tend to show' DO levels near saturation (>10 mg/1) (Cunha Pereira, 2011). As 

most turloughs are shallow with average depths between 1 - 3m (Naughton, 2011), the DO levels 

can be assumed to remain high throughout the turlough water column.

The turloughs of the Gort Lowlands however are deeper, typically reaching depths greater than 10 

m. These turloughs are also more eutrophic which would encourage a 'clinograde' oxygen profile 

whereby DO levels reduce with depth due to oxidadve process. In lakes where this 'clinograde' 

oxygen profile occurs, oxygen consumption is most intense at the sediment-water interface, where 

the accumulation of organic matter and bacterial metabolism are greatest (Wetzel, 2001). Thus the 

sediment surface is the most important site for denitrification (Scheffer, 1998). Analysis of soil 

samples by Kimberley and Waldren (2012) found that elevated concentrations of available forms of 

N and P in the lower turlough zones may be the result of anaerobic conditions. Thus implying that 

denitrification can take place within the turloughs of the Gort Lowlands.

Considering the observed losses of TN, and particularly NO3, in the turloughs (seen previously in 

Figures 7.43 and 7.44), denitrification is a plausible explanation for the N losses seen in the 

surcharge tank turloughs over the 2011-2012 flooded period. As this winter flooding season was the 

most 'normal' season, it offered the turloughs a degree of stability, i.e. the water remained 

stationary in the turloughs rather than constantly changing due to filling/emptying. Thus with this 

stability, and depth of water, the turloughs could form a clinograde oxygen profile which would 

promote denitrification at the base of the turloughs.

Reddy and DeLaune (2008) state that denitrification rates in lakes vary between 34 and 57 mg 

N /m ^/day. Looking at the example of Caherglassaun over the 2011-2012 flooding season, that 

would suggest a removal of 755-1266 kg N between sampling points A and B highlighted in Figure 

7.62 (sampling points are one month apart).

The actual amount of N removed can be calculated as follows:

• N load at point A is 3121 kg (1.1 mg/1 x 2,837,295 m^). N load at point B is 1724 kg.

• Supposing that N was removed by outflow only, the concentration should stay at 1.1 mg/1 

while the volume reduces to 2,463,686 m .̂ So the N load at point B would be 2710 kg.

• Thus 986 kg N (2710-1724) has been removed by non-conservative processes.
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Figure 7.62: Denitrification example, Caherglassaun. Denitrification occurring between points A

and B.

This value (986 kg) sits comfortably between the denitrification values as predicted for 

Caherglassaun (755-1266 kg N), based on the denitrification rates of Reddy and DeLaune (2008). As 

such, it can be concluded that denitrification is a very likely cause of N removal from the turloughs 

during flooded periods.

Daily N loading from the rivers has been calculated as 590 kg N /day (Section 7.5.1). Thus monthly 

N loading is approximately 17700 kg N, while monthly N loss from Caherglassaun was seen to be 

approximately 986 kg N. These values suggest that, during flooded periods, 4.8% of the N brought 

into the catchment from the rivers can be lost from Caherglassaun turlough alone. As such, the 

turloughs can be considered as considerable sinks of N (so long as the turloughs are deep enough 

and stable enough for denitrification to take place).

7.5.2.2A Vegetation, Algae and Grazing

Nitrogen is an essential nutrient for wetland vegetation and algae. As a result, plants and algae can 

assimilate ammonium, nitrate and in some cases, organic N. Sources of nitrogen to plants include 

external sources, mineralisation of organic nitrogen in the water and soil, and flux of ammonium 

from the soil to the water column (National Parks and Wildlife, in review). Assimilation by 

vegetation causes a net loss of nutrient from the water column (TN and NOj reduce) although the 

nutrients can later be released back into the water through decay. Uptake by algae however only 

reduces NO3 as the N taken up by the algae should still be picked up. However this depends on the 

algae. Filamentous green algae are known to accumulate at the edges of turloughs, thus removing it 

from the body of the turlough. Unicellular algae, on the other hand, is well dispersed and should be 

picked up by a sample (Catherine Coxon, pers. Comm.). It should also be noted that algae can also 

lead to N gain in turloughs due to assimilation of atmospheric N2 via biological fixation.
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Overall, the effect of algae on the Gort Lowlands turloughs is thought to be minor as algae 

concentrations in these turloughs are known to be low, most likely to the highly coloured water 

quality in these turloughs and their depths (Cunha Pereira et al., 2010). The effect of vegetation on 

the turloughs of the Gort Lowlands has not been thoroughly investigated although low soil-N 

concentrations in these turloughs indicate only low levels of vegetation assimilation during flooded 

periods. In dry periods however, N is known to be lost from the turloughs due to herbage removal 

via grazing (Kimberley, 2008).

7.S.2.3 Phosphorus

P has been identified as a major limiting nutrient in turlough floodwaters. Although it should be 

noted that P shows less significance within the Gort Lowland turloughs due to their relatively high 

SRP (soluble reactive phosphorous) values (Cunha Pereira et al., 2010). The major source of P to the 

turloughs is from their river inputs. For the lower three turloughs, mean turlough P concentrations 

are a clear reflection of their river input. The upper two turloughs, however, show P levels in excess 

of their water source (Owenshree River) which suggests that these turloughs act as a source of P (or 

perhaps Blackrock is the source and Coy P concentrations are only elevated by influx of Blackrock 

outflow). The cause of this elevated P is likely due to grazing on both turloughs and the abattoir 

located next to Blackrock.

The broad trend seen in all five turloughs was that P concentrations reduced over time during 

flooded periods. For the flow-through turloughs, Blackrock and Coole this trend can be explained 

by the altering P concentration of its feeding water but the surcharge tank turloughs, the pattern 

indicates that P is being removed from the turlough over time. Unlike N, the P cycle in lakes has no 

gaseous loss mechanism, thus any P added to the surcharge tank turloughs remains within the 

system until drainage, but not necessarily the water column (Reddy and DeLaune, 2008). The main 

processes causing P loss are described in the following subsections.

7.5.2.3.1 Sediment and soil interaction.

P is much more easily adsorbed onto particles than N. As such, sediment interaction and 

subsequent accumulation and soil deposition are key mechanisms of P removal/transformation 

within a lake system. During eutrophic periods when nutrient concentrations are high, P will 

adsorb onto sediment (oxides of iron, aluminium, calcium). Later, when concentrations are 

reduced, P can be re-released back into the water column. This process is known as 'internal
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loading’ and causes a delay in the response of lake P to a reduction in external loading (N responds 

faster as it does not sorb as easily to particulate matter). If P has been sorbed onto particulate 

matter, it can settle and accumulate at the base of the turlough, thus reducing the total P (TP) 

concentration of the water column, i.e. the flux of particulate matter is generally from the water 

column to soil. Dissolved P, on the other hand, is typically found in higher concentrations in soil 

than the overlying water, thus the flux of dissolved P is generally from soil to overlying water. 

Overall however, the net P flux is typically from the water column to the soils or sediments 

(National Parks and Wildlife, in review). This was confirmed by Keane (2010) who found that 

turlough soils do not re-release significant P amounts back into the water column (although it 

should be noted that Keane's study did not involve any turloughs of the Gort Lowlands). The 

retention of inorganic P is regulated by various physiochemical properties including redox 

potential, iron, aluminium, pH, calcium content of soils, P loading and ambient P content of soils 

(Reddy and DeLaune, 2008). Turloughs with mineral soils (such as the Gort Lowlands turloughs) 

are more likely to accumulate P than turloughs with organic soils (Kimberley, 2008). As the P is 

retained in the soil, it can transfer from available P pools into much larger immobile P pools and 

thus keep accumulating in the soil, a well-documented phenomenon in ordinary agricultural soils 

(Catherine Coxon, pers. Comm.).

The pattern of reducing P within the turloughs of the Gort Lowlands could thus be partially due to 

adsorption of P from a dissolved form to a particulate form and subsequent sedimentation out of 

the water column into the soil. The relative depth of these turloughs also contribute to this process 

as the settled P passes a 'point of no return' where it is incapable of returning to the upper water 

levels (Scheffer, 1998). This 'point of no return’ factor is less important in more typical, shallow 

turloughs (a possible explanation for why Cunha Pereira (2011) found less P loss pattern in many of 

his turloughs). The sedimentation process would result in a reduction of both TP and TDP species, 

as can be seen occurring in the turloughs. Indeed, this process is somewhat evidenced by 

(Kimberley and Waldren, ?012) who found elevated P concentrations in soil samples taken from the 

more saturated lower zones of turloughs. Kimberley et al. (2012) also found a positive correlation 

between soil P concentrations and the frequency of turlough flooding. Thus the turloughs of the 

Gort Lowlands, which flood relatively frequently, tend to have higher soil P concentrations. 

Catherine Coxon (pers. Comm.) however suggests that this correlation has less related to the 

flooding behaviour and more associated with the chemical signature of water which tends to fill the 

frequently flooded turloughs, i.e. frequently flooded turloughs tend to be conduit fed with larger 

nutrient producing catchments.
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7.5.2.3.2 Vegetation, Algae and Grazing

Dissolved P in the water column can be taken up by algae or vegetation, and interchanges with 

organic P via microbes, discrete phosphate minerals, metal oxides and clay mineral surfaces 

(National Parks and Wildlife, in review). Microorganisms integrate dissolved P into cellular 

constituents, thus increasing the particulate P concentration in the water column. In lakes with high 

algal concentrations, P is mobilised from the sediment into the water column by the algae through 

various mechanisms. This results in reduced sediment P storage and greater P concentration in the 

water column. In the Gort Lowlands, low algal concentrations suggest that this process is not 

important to the turlough P cycle.

Similar to N, vegetation can assimilate P from the water column but much of the P is released back 

into the water column upon vegetative decomposition (above ground biomass portion returned to 

water, below ground biomass portion returned to soil). Again, very little research has been carried 

out regarding nutrient assimilation within the turloughs of the Gort Lowlands, and so the level of 

water-vegetation interaction within these turlough is unknown.

Grazing was shown to have a positive correlation with P concentrations in turlough soil, thus 

increasing the soluble forms which can be released upon inundation (Kimberley et al., 2012). It is 

likely the cause of the spikes in turlough P concentration seen at the onset of flooding. Its effects are 

particularly evident in Blackrock and Coy turloughs which shown P concentrations in excess of 

their feeding river.

7.5.2.3.3 Interaction w ith Calcium Carbonate

In carbonate aquifers, P is known to be lost from water due to the formation of calcium phosphate 

compounds (Cable et al., 2002). This process is unlikely to affect water within the conduit network 

or the turloughs. It is however likely to be an active process within the diffuse/epikarst portion of 

the catchment. Thus this process does not directly affect the turloughs but it does indirectly 

influence the turloughs as any water seeping into the turlough via groundwater is likely to have 

somewhat reduced concentrations of P.

7.S.2.4 Internal turlough Processes - Overview

Overall, the hydrological behaviour of the Gort Lowlands turloughs appears to be controlled by a 

number of mechanisms. Blackrock and Coole turloughs are both primarily influenced by their
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riverine flow-through nature whereas within Coy, Garryland and Caherglassaun, other processes 

appear to be at work. Such processes include:

• Gradual influx of epikarst groundwater resulting in a gradual increase in Alkalinity.

• Denitrification resulting in N loss from the system.

• Sedimentation resulting in P loss from the water column.

• Vegetative assimilation resulting in loss of N and P from the water column.

7.6 Ballinduff

In this section, Ballinduff turlough is looked at briefly as it offers an interesting comparison (both 

hydrologically and hydrochemically) between conduit-fed turloughs and epikarst driven turloughs, 

particularly as it lies so near to the conduit fed turloughs under study in this thesis.

Ballinduff turlough is situated in a narrow limestone basin which lies 5 km north-east of Gort. See 

Figure 7.63 below for its mapped location and Figure 7.64 for aerial photos of the turlough during 

wet and dry periods. The turlough is quite shallow, rarely filling deeper than 4m and is protected 

as an SAC due to its unusual plant communities.

Ballinduff
' Kinvarra I-

Lydacan

Blackrock

I \  7

Figure 7.63: Ballinduff location map.
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Figure 7.64: Ballinduff turlough, dry vs. wet.

Ballinduff turlough lies in an area of minor groundwater fluctuation, sandwiched between the main 

active conduit system to the south and the northern flow route to the north. Consequently, the 

turlough exhibits behaviour more typical of an epikarst/diffuse driven turlough. The turlough is 

discussed in terms of hydrological and hydrochemical behaviours below:

HYDROLOGICAL

The flooding pattern of Ballinduff operates at a much slower speed to that of the conduit-fed 

turloughs. Typically, the turlough only fills once and empties once per year. The flooding pattern of 

the turlough between December 2012 and July 2013 can be seen below in Figure 7.65 (with 

Garryland for comparison). As can be seen in the plot, Ballinduff shows just one long slow 

recession whereas Garryland turlough shows a faster recession with multiple minor flood events. 

This indicates that the drainage of Ballinduff turlough is much more constrained than for the 

relatively freely draining Garryland turlough.

V
aon

to
4

Ballinduff

— Garryland
0  + - =  
Oct-12 Dec-12 Jan-13 Mar-13 May-13 Jun-13 Aug-13

Figure 7.65: Hydrographs of Ballinduff and Garryland turloughs (December 2012 -  July 2013).
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HYDROCHEMICAL

Hydrochemical data for Ballinduff turlough is presented below in Table 7.12 along with the mean 

hydrochemical data for the conduit-fed turloughs (sampling carried out between December 2012 

and April 2013). Looking at the data, Ballinduff appears much more akin to a typical autogenic-fed 

turlough such as those studied by Cunha Pereira (2011). Mean alkalinity is greater than twice that 

of the conduit fed turloughs (305.7 com pared to 131.8 mg/1 CaCOs) which indicates that the 

turlough is fed by hard, calcium carbonate CaCOs rich waters, i.e. local autogenic sources (a similar 

comparison is seen w ith EC data). Due to the heavy CaCOs content of the lake and the relatively 

long periods of inundation, a thin layer of CaCOs can be seen deposited on vegetation after 

drainage (noticeable in the 'd ry ' aerial photo in from Figure 7.64).

The mean TN concentration of Ballinduff is seen to be higher than the conduit-fed turlough. Again, 

this indicates a higher contribution from slow moving, N-rich, diffuse water. P also show s a similar 

pattern w ith a mean P concentration closer to that of groundw ater (31.28 ng/1) than to the conduit 

fed turloughs.

Table 7.12 M ean Hydrochem ical values for B allinduff turlough (and the conduit fed turloughs).

(mg/l) (MgA) (mg/l CaC03) (fiS/cm)

Ballinduff 1.37 30.3 305.7 611 7.9

Conduit-fed 1.12 33.7 131.8 291.2 7.8

Considering the hydrological and hydrochemical behaviour of Ballinduff turlough, it can be stated 

with confidence that the turlough is an ep ikarst/d iffuse driven turlough fed by local rainfall. The 

turlough base-level is situated approximately 8m above the base-levels of the nearby Coole- 

Garryland complex turloughs. This relatively high hydrological-gradient could suggest a possible 

drainage route for Ballinduff tow ards Coole, especially considering the high degree of ppikarst 

surrounding Coole turlough. Also, at high water levels, an overland flow route is known to exist 

between Ballinduff and Coole. Another possible drainage route for Ballinduff turlough is for the 

water to drain north-w estw ards, linking up with the northern flow route and discharging at 

Kinvara East. Tliese differing theories on the turlough 's likely drainage direction could be 

investigated by carrying out a simple tracer study at low water levels (not w ithin the scope of this 

thesis).
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Overall, Ballinduff turlough offers an interesting com parison w ith the conduit fed turloughs. The 

fact that various turloughs within the same catchm ent can operate so differently is an excellent 

example of the highly heterogeneous nature of a karst aquifer.
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8 STABLE ISOTOPES OF WATER, isO AND

Stable isotopes have long been used as a tool to characterise karstic systems. The close interaction 

between groundwater and surface-water in these systems makes them favourable for isotope 

analysis. In surface waters, the natural variations of stable isotopes can be considered as a tracer 

demonstrating the changes over time as surface water interacts with groundwater. Also, the 

isotopic composition of water may be altered by physical and geophysical processes such as 

evaporation and exchange. These processes can be observed using isotopes. In this study, the stable 

isotopes of water, '*0 and were examined.

It should be noted that 'KI isotopes were also considered for analysis based on the principle that 'Kr 

values become more enriched the longer water spends in contact with a carbonate aquifer. Thus, in 

theory, isotopes could be used to characterise where turlough water has originated, from 

diffuse/epikarst sources or directly from a river/conduit input. This technique has been used 

successfully in a number of previous studies on carbonate groundwater (Emblanch et al., 2003, 

Gonfiantini and Zuppi, 2003). However, the interaction of surface water and groundwater in the 

Gort Lowlands results in an insurmountable complication. As well as becoming enriched from 

bedrock contact, also experiences enrichment from exposure to the atmosphere. Thus any water 

sampled from a turlough could be enriched from either bedrock contact or atmospheric exposure, 

rendering the quantification of diffuse contribution impractical. However, a number of samples 

were collected. Results from these samples can be seen in Appendix F.

8.1 Background

A change in the ratio of isotopes in a particular phase is called fractionation. Fractionation occurs in 

any thermodynamic reaction due to the differences in the rates of reaction for different molecular 

species. Phase changes, evaporation, condensation, freezing, sublimation, melting and some 

chemical reactions are all causes of fractionation. A simple example of this is evaporation from a 

water body where the lighter isotopes of oxygen and hydrogen will preferentially evaporate 

leaving the water body enriched with heavier isotopes.

The study of environmental isotopes of water is based on the determination of the isotopic ratio 

between the more abundant isotope species (’*0, ’H) and its lesser abundant isotope, ('®0, ^H). So 

for '*K3, this ratio is denoted by R, such that;
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1 8 q
R =  Equation 8.1

This ratio is com pared to the known standard Vienna Standard Mean Ocean Water (VSMOW) 

which has an absolute R value of (2005.2 ± 0.45)*1Q-* for '®0 and (155.76 ±0.05)*10-* for (Baertschi, 

1976). Isotopic concentrations are reported in delta (5) units which are parts per thousand (%o) 

deviations from the standard (VSMOW) and are given by:

5 = -  f^standara Equation 8.2
^standard

Thus a positive 6 value indicates enrichm ent of an isotope relative to VSMOW, while a negative 

value indicates depletion. By definition, the ocean has a 5’*0 value of »0%o and water from the 

hydrologic cycle ranges from -50 in arctic regions to +10 in arid regions (Leibundgut et al., 2009). As 

mentioned previously, the most im portant fractionation process is that between water and vapour. 

As water evaporates from the surface of a reservoir, the vapour leaving the surface is depleted in 

heavy isotopes ('®0, ^H) as they have slightly lower saturation vapour pressures than the ordinary 

molecules (‘*0, ’H). This is known as kinetic isotope fractionation and leads to an overall 

enrichm ent in heavy isotope species in the rem aining water.

Craig (1961) proposed that the relationship between the ^5 (6^H) and (5'*0) values of 

precipitation from various parts of the world could be described by the equation:

26 = 8 '85 + 10%o Equation 8.3

This relationship is known as the Global Meteoric W ater Line (GMWL) and is characterised by a 

slope of 8 indicating that the equilibrium isotopic fraction of hydrogen differs from that of oxygen 

by about 8 times bu t m aintains a fixed relationship. TTiis relationship can be plotted graphically 

using a 'delta-plot' as shown in Figure 8.1. The intercept with the ^5 axis is known as the deuterium  

excess (d-excess o r 'd ')  and was first proposed by Dansgaard (1964) in order to characterise the 

deuterium  excess in global precipitation. The d-value is largely controlled by conditions of 

atm ospheric hum idity  (/i) during the vapour forming process, i.e. the greater the hum idity, the 

lower the d-excess value. For example, under conditions of 100% hum idity, water vapour is in 

isotopic equilibrium  with seawater, and so any rainfall should plot on a line through the origin 

(seawater plots through the origin, by definition). When hum idity is lower (e.g. h =50%), the
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vapour is highly depleted and precipitation should plot above the GMWL. As the global average 

humidity of w^ater vapour is approximately 85%, this produces a line that is displaced from 

seawater by +10%o for ^5, hence the value of 10 for the d-excess of the GMWL (Clark and Fritz, 

1997).

30

20

•XO

GM W L E vap o ra tio n  Line 
|sk>pe *  4 .S)

V = 8 x  ♦  1 0 60

Figure 8.1: Delta plot (’**5 vs. showing GMWL and theoretical evaporation line

(slope 4.5, /»= 50"/(.).

If water samples analysed for 5'*0 and are plotted against the GMWL (a delta-plot) and lie 

below the line (i.e. a relatively greater enrichment in 5'®0 than for S^H), this indicates the water has 

undergone evaporation (see Figure 8.1). This is because the evaporation is a non-equilibrium 

process (kinetic fractionation of 6’®0 exceeds that of S^H). TTius isotope fractionations are not 

necessarily related by a factor of 8. The slope of this evaporation line depends on atmospheric 

humidity - the lower the humidity, the lower the slope. For example, a humidity of 50% would 

produce a slope of 4.5 while a humidity of 95% would produce a slope of 6.8 (Gonfiantini, 1986). In 

Ireland, the average humidity is approximately 87% which suggests a slop>e between 5 and 6. The 

displacement of a sample along this evaporation line is dep>endent on the amount of evaporation 

(Darling et al., 2003). Also, the intersection of GMWL with the evaporation line represents the 

isotopic signature of the original non-evaporated rainfall.

At any specific location, the isotopic composition of rainfall can be different from the GMWL due to 

a number of factors. These factors can be both short-term and long-term in nature. Examples of 

short term effects include origin and rainout history of the air mass, temperature, rainfall intensity, 

cloud structure, whether the precipitation falls as rain or snow and the degree of evaporation 

during the descent of rain droplets to the ground (Gat, 2010). Factors such as these can cause rapid 

changes in the isotopic signature of rainfall for a particular region over a short space of time. For 

example, the Global Network for lsotof)es in Precipitation (GNIP) station in Wallingford recorded
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changes in 5'®0 between -2%o and -10%o on successive days (Darling and Talbot, 2003). Long-term 

factors include the 'latitude effect' (the higher the latitude, the more seasonal the isotopic signature 

of rainfall becomes), the 'continental effect' (progressive depletion in rainfall with increasing 

distance to the coast) and the 'a ltitude effect' (isotopes are more depleted at higher elevations). 

Overall, these factors cause the local meteoric water to deviate from the GMWL resulting in a Local 

Meteoric Water Line (LMWL). A round the globe, LMWLs show a w ide range of deviation from the 

GMWL in terms of both d-excess and slope. For example, d-excess can be seen up to 22 around the 

eastern M editerranean (Clark and Fritz, 1997) and dow n below -15 in Greenland (Mook, 2006) 

while in Tokyo, the LMWL slope is as low as 4.7 (Gat, 2010). LMWLs reflect the origin of water 

vapour and any subsequent modifications by secondary processes of re-evaporation and mixing 

(Clark and Fritz, 1997). As such, any detailed isotopic study should endeavour to define a LWML.

In the British Isles, evaporative effects on surface waters are relatively small (Darling and Talbot, 

2003). As a result, there have been comparatively few isotopic studies carried out in Ireland. 

However, out of the few studies that have been undertaken, a num ber have included sam pling 

from the Gort Lowlands (as m entioned in Section 2.4.5). Deifendorf and Patterson (2005) carried out 

a national survey during the sum m er of 2003.144 lake and river locations in Ireland were sampled 

over a three week period to give a snapshot of stable isotope values for one season. Their study did 

not include turloughs as they were dry but did include a num ber of surface water bodies w ithin the 

Gort Lowlands such as Lough Cutra and the Gort River. Bowen and Williams (1973) sam pled the 

Gort Lowlands and the neighbouring River Fergus catchm ent for 5 '*0  and Tritium (^H) values. 

Two reconnaissances were carried out in winter 1970 and spring 1971 in which 26 surface and 

groundw ater locations were sampled. Their study show ed how the groundw ater variability within 

the catchm ent is heavily influenced by seasonal patterns. Another recent study by Einsiedl (2012), 

used a range of isotopjes to characterise sea-w ater/groundw ater interaction in Galway Bay. 

Einsield's samples were collected during sum m er 2008 and February 2009 from the Kinvara 

springs, 7 groundw ater wells w ithin the catchment (between Caherglassaun and Kinvara) and one 

turlough. See Table 8.1 for further details of these studies. It should also be noted that isotopic 

studies using radon and radium  isotopes are on-going in Kinvara Bay. These studies are being 

carried out by Carlos Rocha (Trinity College Dublin) and have yet to be published.

A notable aspect of these previous studies is the brief sampling periods involved. The studies only 

sam pled the catchm ent at one or two periods during the year. These brief sam pling periods suited 

the aims and objectives of the studies but for a more complete understanding of the seasonal 

pattern and distribution of stable isotopes within the Gort Lowlands, a longer sam pling period is
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required. For this reason, the isotope study carried out as part of this thesis collected samples over a 

period of 2-3 years.

Table 8.1: Results from previous isotopic studies in the Gort Lowlands.

Deifendorf and Surface water; isq; -5.7 to -6.1
Summer 2003

Patterson (2005) 2H: -39 to -41

Surface water: '*0: -3.9 to -6.25

G round-w ater '* 0 -5.7 to - 7.2
Bowen and Williams Winter 1970 and

TU: 75 to 101
(1973) Spring 1971

Springs: '“O: -3.3 to -6.4

TU: 79 to 92

Ground-water: '*0: -6.07 to -6.56

2H: -36 to -38.9
Summer 2008 and

l-linsiedl (2012)
I'ebruary 2009

Turlough: '*0: -3.5%

^H: -26

8.2 Isotopes in Precipitation

When studying groundwater or surface waters using stable isotopes, it is essential to have 

understanding of the concentrations and distribution of isotopes in the local precipitation. The 

stable isotope concentration of the meteoric water serves as an input signal to the system and a 

baseline for groundwaters (Clark and Fritz, 1997).

Unfortunately, regular sampling of rainfall proved impractical for this study due to the irregularity 

of site visits. Also, any samples recovered during a particular site visit could only be characteristic 

of the particular weather system on the day of sampling (rather than a broader average figure). 

However, the Met Eireann weather station in Valentia (located 175 km from the study catchment) 

has been part of the IAEA's GNIP (Global Network for Isotopes in Precipitation) network since the 

1957 and has an excellent record of monthly meteoric isotope data for Ireland. The data is provided 

as monthly averages to account for short term variation (multiple samples collected over a month 

cumulated into a single bottle). See Figure 8.2 for the LMWL for Valentia based on data from 1990- 

2012 .
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Figure 8.2: Valentia measurments and LMWL (1990-2012).

The LMWL for Valentia is ^5 = 7.25’*6 + 4.8%o. The slope, 7.25, is below the GMWL. However tliis is 

consistent with the slopes of other long-term stations in NW Europe (Darling and Talbot, 2003). 

The deviation of Valentia LWML from the GMWL is likely in-part due to its location along the coast 

of the North Atlantic. Samples collected from the station are liable to include some sea-spray that 

has mixed with the meteoric water. Sea water is isotopically heavier with 5-values of approximately 

0%o for 1*5 and Consequently, any mixing of sea spray would result in a slight drop in d-excess 

from 10 towards 0.

Isotopic data from Valentia serves a useful purpose in observing variations in 6-values in time but 

cannot be relied upon as an accurate LWML for the Gort Lowlands. This was particularly evident 

as the Valentia LMWL lies significantly below the isotopic data from river samples from the 

catchment as shown in Figure 8.3. Efforts were taken to reduce the effect of sea spray (and 

evaporation) by removing Valentia samples Lliat occurred during low rainfall. When samples below 

100 mm per month were excluded, the LMWL became ^  = 7.41’*5 + 5.9%o and when samples below 

200 mm per month were excluded, the LMWL became ^6 = 7.6’*5 + 7.5%o. These equations point to 

the LMWL approaching the GMWL ( 5̂ = 8’®5 + 10%o) as rainfall quantity is increased. This is 

expected as the quantity of rainfall dilutes any deviations caused by sea-spray, evaporation, etc. A 

similar trend is observed when Valentia data is split between winter (Oct-Mar) and summer (Apr- 

Sept) samples. Summer rainfall is characterised by isotopically heavier samples and a lower d- 

excess (̂ 5 = 7.21'*5 + 3.6%o) compared to winter samples (̂ 5 = 7.84'*5 + 9.3%o) which almost match
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the GMWL. Nevertheless, the GMWL is still too low to characterise the relatively light *6 values 

found in the G ort Lowlands (Figure 8.3).
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Figure 8.3: G ort Lowlands River data plo tted  w ith  V alentia LMWL and  GMWL.

The relative isotopic lightness of the Gort Lowlands com pared Valentia has been observed before 

by Bowen and Williams (1973) and Einsiedl (2012). Both of these studies attribute the lightness to 

the greater quantity of light '*5 rainfall during the w inter com pared to the isotopically heavier '**6 

rainfall during the summer. This imbalance in seasonal rainfall volumes results in a depleted mean 

'®5 value for the Gort Lowlands relative to Valentia. Einsiedl suggested a LMWL of 6̂ = 8'®5 + 13%o. 

However, based on other NW Europe LMWLs, the suggested slope of 8 appears too high (LMWL 

slopes in NW Europe are typically around 6.5 - 7) . Deifendorf and Patterson (2005) attribute the 

isotopic variation across Ireland to 'a  combination of topographic and continental rain-out effects 

acting on m oisture from predom inantly west-to-southwesterly m oisture sources' and estimate the 

Gort Lowlands to be 2%o lighter than Valentia. Another factor that could be influencing the Gort 

Lowlands is the altitude effect. Darling and Talbot (2003) point out that, in the British Isles, for 

every 100m risen, '*6 drops by -0.3%o in w inter and -0.2%o in summer. In the case of the Slieve 

Aughty M ountains which rise above 350 m, this effect could im part a difference of up  to l%o for 

precipitation falling on the Slieve A ughtys (Valentia lies a t only 25m above sea level).

As rainfall data for the catchm ent w as unavailable, a best approxim ation of the LMWL could only 

be m ade using surface water data (as suggested by Rozanski et al. (2001)). The data chosen for this 

approxim ation was from sam pling site 'Forest' (F) as samples from this site are essentially runoff
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and show the least influence of evaporation from all surface water sites (as seen later in Table 8.2). 

As such, the site should provide the closest reflection of the isotopic signature of rainfall. Using 

runoff in this manner should also somewhat account for short term isotopic variations in rainfall as 

runoff consists of an accumulation of rainfall over a period of time unlike an instantaneous rainfall 

sample. Using this method, the best approximation for the LMWL is 6̂ = 6.4'86 + 4.5%o. In actuality, 

the LMWL slope is likely to be closer to 7 and the d-excess would likely fall between to 6 and 7 

(Deifendorf and Patterson, 2005). Thus based on the findings of Darling and Talbot (2003), the 

LMWL of the Gort Lowlands could more accurately be estimated as ^5 = 6.9’®6 + 7%o (see Figure 

8.4). The isotopic lightness of the Gort Lowlands can be seen in Figure 8.5 which shows a time series 

of Valentia rainfall '*5 data along with samples from F. The graph shows the Forest samples have a 

vaguely similar pattern to the Valentia rainfall data but generally lie approximately l-2%o below it.
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•  M W A  rainfa ll

V 1 6 .9 *  ♦ 7
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Figure 8.4: Gort Lowlands river data plotted with the approximate LMWL (^5 = 6.9i*5 + T'/on).
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Figure 8.5: Valentia rainfall and forest (F) ’*5 time series.
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The mean weighted average (MWA) isotopic composition of rainfall provides a long term estimate 

of isotopic input into a system. Also, the MWA of rainfall should give a sim ilar result to the average 

isotopic composition of groundw ater (Darling et al., 2003). The MWA is a mean isotopic value, 

calculated based on m onthly rainfall quantities and their relevant 5-values. The MWA isotopic 

composition of Valentia rainfall between 1990 and 2012 is ’*5: -5.37, ^5: -33.76. In Figure 8.6 below, 

the average m onthly precipitation and ’*5 values for Valentia between 1990 and 2012 are presented. 

A clear seasonal trend is evident w ith values highest and rainfall lowest during the sum m er 

months. Seasonal trends such as this are typically based on a relationship between tem perature, 

’*5, latitude and continentally. The fundam ental relationship is that between tem perature and '**5 

which becomes more pronounced at higher latitudes and greater distance from the coast. So the 

latitude of Valentia encourages seasonality but the coastal location discourages it. It could thus be 

inferred that a more inland location such as the Slieve Aughtys w ould experience a greater seasonal 

effect than the Valentia rainfall.

^50

■ ■ ■ I  M o n th s  . 018

.  ,  •  * * * ■
l i O O  •  ■  •  »  ■

%. -4., \  \  %

Figure 8.6: Average m onthly  precip itation and ’*5 values for 1990-2012 at Valentia.

As discussed above, Valentia rainfall is not suitable for direct com parison with Gort-Lowland 

rainfall so the MWA for Valentia cannot be considered as an input into the Lowlands system under

study. So to calculate a reasonable estimate of MWA rainfall, sam ples from F are used. Applying

the mean weighted average rainfall from Kilchreest rain gauge to the samples from F gave an 

value of -6.54. This result is similar to average isotopic com position of groundw ater, -6.57 (when 

evaporation-affected samples are removed, see Section 8.3.3). This correlation could be seen as 

partially validating the use of F as a substitute for rainfall. The position of the MWA rainfall along 

the LMWL is indicated by a blue dot on Figure 8.4.

The average m onthly variation in precipitation (i.e. runoff sam pled from 'F') for G ort Lowlands 

between 2010 and 2012 is shown in Figure 8.7. This data is in clear contrast to the Valentia long

term data show n in Figure 8.6 with lower rainfall during the early m onths of the year and heavier

io
b.OO 5

-a.oo g
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rainfall during the summers (particularly June 2012). The ’*5 values also show a contrast with long

term data with reduced '*5 levels during the summer. In tropical marine regions, this drop in ’*5 

could be assumed to be related to the rainfall amount. However in the case of the temperate Gort 

Lowlands, this relationship is minimal (R—0.1).

 ̂ 200 
E

■ ■ ■  M o n th V  ra in fa l l  
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Figure 8.7: Average monthly precipitation and >*5 values for 2010-2012 in the Gort Lowlands.

8.3 Isotopes in Surface water and Groundwater

In this study, 521 samples in total were collected from surface and groundwater sources between 

March 2010 and December 2012. Of these samples, 347 were tested solely for '®6 and 174 samples 

were tested for both ’*6 and The results of these tests are presented in Table 8.2

From this table it can be seen that groundwater shows the least influence from evaporation, rivers 

show minor evaporation and the turloughs show the most evaporation. This affect can be shown 

more clearly in a delta-plot as shown in Figure 8.8. In this plot, the effect of evaporation can be seen 

lowering the best-fit lines to slop>es of 5.97, 4.27 and 3.9 for rivers, turloughs and Kinvara West 

respectively. Groundwater points were excluded from this plot as the small isotopic range for these 

samples hinders the application of a best-fit line. Samples from KE were excluded for this same 

reason (for mure information oii tliese samples, see Sections 8.3.3 and 8.3.4). It should be noted that 

these best-fit lines do not represent the 'evaporation line' for the system. These lines are instead the 

result of a best-fit regression line which encapsulates the evaporated and non-evaporated samples. 

Thus the slope of the line indicates the relative influence of evaporation but not the actual 

evaporation line slope. The best fit line for river samples show a slight degree of evaporation, 

deviating away from the LMWL, from a slope of 6.9 to 5.97. The turloughs, on the other hand, 

present a much lower slope of 4.27. This is due to the evaporation effects that can be seen on the 

turloughs, particularly when they are low. Each of these systems and their respective evaporative 

effects are discussed in their relevant sub-sections within this chapter. As mentioned previously.
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the intersection of LMWL and evaporation line indicates the isotopic composition of the average 

rainfall input into the system. Figure 8.8 suggests an intersection at approximately -6.65, slightly 

lighter than the mean groundwater isotopic composition (perhaps suggesting a slight evaporative 

effect on groundwater).

Table 8.2; Minimum, maximum and mean values of *̂5 and 5̂ for rivers, turloughs, groundwater

and Kinvara (grouped and individual).

niin max mean min max mean

Rivers -8.63 -3.71 -6.04 -49.42 -19.70 -34.58

ORU -7.82 -4.80 -6.12 - - -

ORI. -8.02 ^.71 -6.28 -41.18 -31.56 -36.36

BRU -7.83 -4.23 -5.97 - - -

BRL -7.77 -3.78 -6.11 -42.75 -Z3..30 -33.85

ORU -7.47 -1.02 -5.72 - - -

ORL -7.81 ^.22 -6.(M -44.03 -24.18 -,34.a3

F -8.57 ^.22 -6.37 -19.42 -19.70 -34.08

I’ -8.63 -3.71 -5.75 - - -

Turloughs -8.22 -2.69 -5.92 -47.86 -27.81 -35.13

Blackrock -7.29 ^.47 -6.21 ^7.86 -29.21 -36.83

Coy -8.22 -2.69 -5.91 ^2.41 -30.51 -36.12

Coole -7.45 ^.36 -5.94 ^1.52 -27.81 -34.64

Garry land -7.15 ^.25 -5.72 - t l . l3 -28.37 -33.64

Cahergla.ssaun -7.55 ^.19 -5.84 -41.60 -28.39 -34.44

G roundw ater -7.81 -5.23 -6.44 -t5.03 -34.08 -39.61

BH3 -7.81 -6.11 -6.95 ^5.03 -39.05 ^2.69

BH5 -6.58 -5.91 -6.29 - - -

BH7 -7.59 -6.26 -6.68 -42.78 -39.30 ^ . 8 7

BHIO -7.49 -5.68 -6.68 - - -

BH ll -6.80 -6.06 -6.27 - - -

BH12 -6.48 -5.23 -5.86 - - -

BH14 -6.87 -5.40 -5.94 ^1.25 -34.08 -36.81

BH15 -6.98 -5.% -6.49 - - -

BH16 -7.45 -6.08 -6.60 -38.78 -37.33 -38.08

Kinvara -8.47 -2.24 -5.98 - - -

KW -8.05 -2.24 -5.75 -40.35 -29.32 -35.07

KE -8.47 -4.80 -6.20 -40.72 -33.41 -37.41
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Figure 8.8; D elta-plot for all surface-w ater sam ples (segregated into rivers, turloughs and KW).

The slope of the evaporation line can be calculated theoretically using the equations and param eters 

as defined by Craig and G ordon (1965). In order to carry out this calculation, a range of isotopic and 

climactic param eters are required. Values for m ost of these param eters are known through field 

observation. However some param eters such as the isotopic composition of atmospheric moisture 

(5a) require the use of an assum ption. The param eters required for this calculation are presented 

and discussed below (see Table 8.3 for their values):

• To: Lake surface tem perature (based on data from Coy turlough diver).

• h : Relative hum idity norm alised to average lake-surface tem perature (vapour

pressure of the air divided by the saturation vapour pressure at the lake- surface 

tem perature. Calculated using mean annual hum idity data from Oranmore 

weather station and To.

• av/i,: Equilibrium isotope fractionation factor of water vapour relative to liquid.

Specified as a function of tem perature by Majoube (1971). (Available from

Rozanski et al. (2001)).
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• Ev/L: Equilibrium fractionation factor, given as e v / l  = (av/L-l)*1000.

• Ae; Kinetic fractionation factor, defined as 12.5(1-//) for 25  and 12.5(1-/() for '*6.

•  e : Total fractionation factor, e  = Ev / l  + A e or £ = (av/L-l)*1000 + A e.

• 8 p: Isotopic composition of rainfall.

• 5a: Isotopic composition of atmospheric moisture. For moderate climates, 5a can

be assumed to be in isotopic equilibrium with rainwater (Rozanski et al., 2001), 

thus 5 a  = 5p-Ev/L.

Table 8.3: Variables used to calculate the theoretical evaporation slope.

T„(°C) 10.6 av/L  (ratio) 0.989 0.912

h (ratio) 0.889 Ev/l, 10.6 88.03

Ae 1.58 1.39

6p -6.65 -38.8

6a -17.14 -126.2

With these variables determined, the evaporation slope is defined as

h ( 6 a  -  6 1 ) 2  +  E 2  o ,
 cx  , ,  Equation 8.4

“ ( ° a  O 1J18 ^ 1 8

where subscripts ' 2 'and '18' represent their respective isotope and 61 represents the initial water 

composition. In this calculation, 5i represents rainfall (6 p). Using this equation, the slope of the 

evaporation line ( E s io p e )  is given as 4.12. This slop>e is noticeably lower than the slope of 5-6 as 

predicted for Irish surface waters (based on the relatively high humidity of Ireland, Section 8.1). 

This difference is because the slopes predicted by Gonfiantini (1986) are deviations from the 

GMWL, not a LMWL. For instance, if the rainfall input into this equation ('®5: -6.65, ^5: -38.8) was 

shifted so that it lay on the GMWL ('*6 : -6.65, 6̂ : -43.2), the calculated slope would be 5.5. However 

as the LMWL slope in the Gort Lowlands is approximately 6.9, the theoretical evaporation line

335



Chapter 8 Stable Isotopes of Water, and

slop>e also drops, giving a value of 4.12. TTiis slope is shown graphically in Figure 8.9 below (with 

’*6: -6.65, ^6: -38.8 as the intercept).
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Figure 8.9: D elta-plot show ing LMWL and theoretical evaporation line overlaid on isotopic data.

This theoretical evaporation line can be used as the basis for examining the effect of evaporation on 

surface water samples. The line is useful as the evaporation effect on samples is difficult to find due 

to the relatively low levels of evaporation and high variability around the LWML.

8.3.1 Rivers

All 8 river/surface-w ater sites were sam pled for stable isotopes. The lower sections of each river 

(and 'F ') were tested for '*6 and ^6 whereas the upper sections (and 'P )  were only tested for

The three rivers being studied are relatively sm all/short rivers which are sam pled close to the 

location of the originating rainfall. As a result, the isotopic composition of the river w ater is 

strongly influenced by that of precipitation. See Figure 8.10 for a time-series plot of ’*5 values for all 

8 river sites. From this graph, it is evident that all rivers follow a similar isotopic pattern and 

respond rapidly to changes in rainfall. This rapid response to rainfall is typical of small rivers as the 

surface runoff com ponent of the flow is more direct and pronounced (Mook, 2006). Rivers w ith a 

greater base-flow com ponent show much less variation. For example. Darling et al. (2003) present 

data from the River Thames which shows variation of less than 1 %o over a period of 8 months.
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Figure 8.10: ’*8 values for river samples (May 2010 -  Deceinber 2012).

River 6-values ranged from -8.63 to -3.71 for '*5 and -49.42 to -19.7 for ^6 w'ith mean concentrations 

for '*5 and ^5 of -6.04 and -34.58 respectively (Table 8.2). In Figure 8.10, it can be seen that the rivers 

display a degree of seasonality, typically showing isotopically lighter flows in winter and heavier 

flows in summer. The most isotopically depleted flows can be seen during winter 2010-2011 (-8.6). 

This is likely due to the contribution of snowmelt (snowfall is isotopically lighter than rainfall as the 

frozen water is unable to equilibrate with ambient moisture as the raindrops fall to the ground (Gat, 

2010)). Winter 2012-2013 also shows some isotopically light flows whereas winter 2011-2012 does 

not. The two highest sampling locations, F and P, display greater extremes in variation than the 

other rivers. This behaviour is to be expected as these sampling locations are the most likely to 

reflect the isotopic signature of rainfall compared to the other sampling locations further 

downstream. This behaviour is more clearly seen in a comparison of delta plots, particularly 

between ORL and F (Figure 8.11).

It should be noted that the upstream samples tended to show higher (heavier) '®5 values than the 

downstream samples (as can be seen in Table 8.2). The average *̂5 value for the lower sites was 

recorded as -6.2%o whereas, upstream the average ’*5 was seen to be -5.89%o. This contrast suggests 

some influence from the altitude effect (for every 100m risen, '*5 drops by -0.3%o in winter and - 

0.2%o in summer).

Looking at Figure 8.11, little evidence of evaporation can be seen from the rivers. Indeed the 

evaporative effect is very subtle, only dropping the best-fit line slope down from 6.9 (LMWL) to 

5.97 (as seen in Figure 8.8). TT\is is not surprising as the rivers are sampled quite near their source 

(within approximately 20 km) so there has been little opportunity for water to evaporate. Also, the
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typical stream cross-section for these rivers is relatively deep which limits the potential for 

evaporation.
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Figure 8.11: Delta plots for river sites ORL, BRL, DRL and F.

While evaporation was seen to have very little influence on the rivers' isotopic signatures, the rivers 

did appear to be influenced by weather patterns. This influence was evidenced by a number of 

unusual isotopic readings. In these instances, the unusual readings were found in all rivers on the 

same sampling date. For example, on the 20‘̂  of June 2012, each river displayed noticeably low d- 

excess values. These unusual readings can be seen in Figures 8.12 and 8.13. Figure 8.12 presents the 

delta plot for the rivers with the atypical values highlighted (colour coded by date). This data can 

be better presented using an ’®5 vs. d-excess plot (Figure 8.13). In this plot, the unusual readings can 

be seen more clearly with points having a d-excess value greater than (e.g. 18/10/11) or less than 

(e.g. 20/6/12) what would be expected given their value. TTiese deviations are the result of 

different weather systems occurring within the catchment producing rainfall that does not lie on
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the LMWL (but lies on that particular weather system's LMWL). Although these samples appear to 

be uncharacteristic of the catchment and result in misleading isotopic signatures, thev are included 

in the catchments LMWL so as to take account of all weather systems influencing the catchment. 

The influence of these different weather systems does however hinder the interpretation of 

evaporative effects (due to relatively scattered data points).

1
> 3 0

♦  Rivers 

0 1 8 - 10-11

♦  09-01-12  

■  13-03-12

♦  20-06-12

6“ 0  vs 6̂ H

♦ *

6^*0 vs d-excess

♦  ♦  ♦

• • " 'n  ■
♦ •V

4 ♦ ♦♦ o

♦  Rivers 

0 1 8 - 10-11

♦  09 -01-12 

m 13-03-12

♦  20-06-12

•9 -8 -7 -6 -5 -4 -3 -2 -9 -8 7 -6 5 -4 -3
6^*OH«VSMOW e^^OK.VSMOW

Figure 8.12: '*5 - ^5 plot showing all rivers with Figure 8.13: ’**6 - d-excess plot showing all

atypical readings highlighted. rivers with atypical readings highlighted.

8.3.2 Turloughs

For typical non-ephemeral lakes, the isotopic composition of the water is primarily determined by 

the river input and, to a lesser degree, by that of direct precipitation and the upwelling of 

groundwater (Mook, 2006). Further changes in the isotopic composition of the water are caused by 

evaporation. The Gort-Lowland turloughs act in a similar fashion. However in most cases the 'river' 

water reaches the turloughs via underground conduits rather than from the surface. In this section, 

the furlough variation is looked at first in terms of river input and secondly in terms of evaporation.

RIVER I N P U T

Comparative plots of river and turlough '*5 values are presented in Figure 8.14. Similar to Section 

7.2.1.2, Blackrock and Coy turloughs are compared to isotopic data from ORL whereas the lower 

three turloughs are compared to a weighted mean time-series (based on the overall contributions 

from each river, see Section 5.4.3.1).
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Figure 8.14:Time series plots of river and turlough isotopic compositions and turlough stage for 

Blackrock, Coy, Coole, Garryland and Caherglassaun furloughs.
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Chapter 8 Stable Isotopes of Water, '®0 and

From Figure 8.14, it can be seen that the furloughs broadly follow the patterns of the rivers feeding 

them. Accordingly, the furloughs tend to show isotopically lighter water during flooded periods 

and heavier water during emptier summer periods.

Blackrock turlough inevitably displays the closest relationship with the river water feeding it (and 

the least evaporation due to shortest retention time). The flow-through pattern in this turlough can 

most clearly be seen over the 2011-2012 winter period as evidenced by an inverted peak and 

recession pattern, i.e. the ’**6 level drops at the onset of flooding and gradually rises. Coy turlough 

also shows a similar pattern to ORL. However the turlough levels show enrichment relative to 

the river during low water level periods, indicative of evaporation. Coy shows no peak-recession 

pattern such as in Blackrock. Instead the turlough appears to become slightly isotopically lighter 

over the flooded period. This lightening is likely due to the influx of isotopically depleted 

groundwater from the surrounding epikarst (as seen previously with alkalinity measurements. 

Section 7.2.1.2). The trend also indicates negligible evaporation over winter (as would be expected). 

The time series of Coy shows one incidence of extreme evaporation in June 2010 where an '**5 value 

of -2.69%o was recorded. This anomaly is attributed to the extremely low water level of Coy and 

high summer temperatures. At such a low depth, the water in Coy becomes disconnected from the 

estavelle transforming the turlough into a shallow undrained pond, highly susceptible to 

evaporation.

The effect of isotope lightening over the flooding season is also seen in Coole and Garryland 

furloughs over the 2011-2012 winter season. Over this period, the furloughs appear to act 

oppositely to the combined river input. The rivers show a considerable initial drop followed by a 

gradual increase whereas the furloughs show gradual decreases over time until the water levels 

dissipate. Again, this trend suggests the influence of epikarst recharge but could also be due to 

attenuation and evaporation from Lough Cutra. It should be noted that, unlike the case of alkalinity 

where any input of groundwater results in a one-way change to a turlough (i.e. an increase because 

the groundwater alkalinity was always higher than that found in the furloughs), the influx of 

groundwater on values is more mixed (groundwater '*5 can be higher or lower than 

river/turlough '®6 depending on conditions). Indeed this mixed effect can be seen over the 2010- 

2011 season where the lower three furloughs dip to approximately -7%o after filling. During the 

following recession, the contribution of slightly heavier groundwater (“  -6.5 %o) enriched the 

furloughs isotopic signature. The furloughs then appear to continue enriching past the 

groundwater signature, most likely due to evaporative effects taking hold as summer approaches. 

For the start of the 2012-2013 season, all turloughs show *̂6 lightening over time. In this case, the
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pattern is likely due to the high frequency of minor flooding events during the early part of this 

season. These minor filling events preserve a degree of river-turlough interaction (as can be seen 

from the data). Unfortunately, '*6 data was not collected for the more 'typically flooded' second 

half of this season. If it was, it is likely that the surcharge tank mechanisms would have been more 

obvious, i.e. no interaction with river and slight dilution from epikarst (as was seen from the 

alkalinity/EC results in Section 7.2.1.2).

EVAPORATION

As can be seen from the overall delta-plot (Figure 8.8), the turloughs show a considerable degree of 

evaporation, having a best-fit line of slope 4.27, just slightly higher than the theoretical evaporation 

line. TTie evaporation is evidenced mostly during the summer when furlough levels are low, 

temperatures are higher and humidity is lower. This can be seen in a net daily 

precipitation/evaporation below in Figure 8.15.

i j i
V

Figure 8.15; Net daily precipitatioiVevaporation (March 2010 -  December 2012).

In order to determine the nature of evaporation from the turloughs, the samples affected by 

evaporation needed to be identified. This process was complicated however by the isotopically 

varying river inputs. So to identify samples affected by net-evaporation, a distinction needed to be 

made between varying river input effects and evaporation effects. This was carried out by 

comparing the isotopic signature in the river inputs and the turloughs for the same given day using 

a time series plot and delta plots. An example of this process is shown for Blackrock furlough in 

Figure 8.16. In this Figure, the river and turlough delta plots are compared and a number of points 

which show clear shifts to the right hand side of the LMWL are shown (Navy -  10‘h April, Yellow - 

23'''* July, Blue -  October). These points can then also be seen in the time series plot which shows 

these shifts more clearly. From this plot, it can be seen that these shifts typically occur when the 

turloughs are low.
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Figure 8.16; C om parison of tu rlough  and river isotopic com positions using  delta-pio ts and tim e 

series for the purpose of determ in ing  evaporation (Blackrock turlough, Septem ber-D ecem ber

2012).

This technique was applied to each turlough and tended to show net-evaporation occurring on the 

same dates on each turlough throughout the study period. The results of this analysis can be seen in 

Figure 8.17. In these plots, the evaporation influenced samples can be seen clearly following the 

theoretical evaporation line. It should be noted that these plots are limited to data from October 

2011 onw ards as prior to this time, only '*5 was measured.

In these plots (Figure 8 . 1 7 ) ,  little difference between each turlough can be seen in terms of 

evaporation w ith all turloughs experiencing an evaporative effect to roughly the sam e degree. 

Evaporation influenced samples tended to show  '* 5  values between -4  and - 5 % o  with an exception 

for Coy in sum m er 2 0 1 0  during a p>eriod a very dry period ( - 2 .7 % o ,  seen in Figure 8 . 1 4 ) .  Overall, 

evaporative effects are seen in only a third of sam ples from the turloughs. This relatively low 

am ount of influenced samples has two main causes: the climate of western Ireland and the nature
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Chapter 8 Stable Isotopes of Water, ’*0 and

of turlough flooding. The climate of western Ireland is not conducive to high levels of evaporation. 

Deifendorf and Patterson (2005) suggest that the entire west coast of Ireland has nearly half the 

evapotranspiration of eastern Ireland. Net-evaporation appears to only occur during the summer 

and is quite sporadic (as shown in Figure 8.15). This, combined with the relatively quick-changing 

nature of turlough flood water, makes the turloughs unsuited for high levels of evaporation, i.e. any 

evaporative effect caused to a turlough during the summer can quickly be washed-away by the 

influx of new rainwater. In comparison, permanent lakes (in steady-state) would be much more 

susceptible to evaporation than turloughs. In Irish permanent lakes, isotopic enrichment could 

theoretically reach up to approximately 0-2%o (’*5), although that would require a significant 

fraction of the lake volume to be evaporated (based on a humidity of 0.88 and using the 

graphs/calculations of Gonfiantini (1986)).
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Figure 8.17: Delta plots showing evaporation influenced samples for each turlough individually

and a group plot.

While Figure 8.17 indicates that the turloughs are affected by evaporation equally, some differences 

can be observed relating to the flooding/retention behaviour of the turloughs. The two turloughs 

with greatest range along the LMWL are Blackrock and Coole. They are also only turloughs which
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show ’**5 values below -7%o. TTiis is due to their close relationship with the rivers feeding them. The 

other three furloughs on the other hand, show more dam ped behaviour with less range along the 

LMWL. This trend can also be seen in Table 8.2 w here the tw o least enriched furloughs are 

Blackrock and C o d e  with mean '**5 values of -6.21 and -5.94 respectively. Overall it can be said that 

river input has greater degree of isotopic influence over the furloughs than evaporation.

8.3.3 G roundw ater

As discussed previously, in temfjerate regions the isotopic composition of groundw ater reflects the 

m ean isotopic composition of precipitation. In the Gort Lowlands, the mean composition of 

rainfall was found to be -6.65%o (based on the intersection of LMWL and evaporation line). Initially 

groundw ater appears m ore enriched than the rainfall with an value of -6.42%o (Table 8.2). 

However when evaporation influenced samples (from exposed wells, BH12 and BH14) are 

removed, this mean value becomes -6.57%o, only fractionally more enriched than the rainfall (and 

slightly lighter than -6%o, as predicted by Darling et al. (2003)). The delta-plot for groundw ater 

taken from sites BH3, BH7, BH14 and BH16 is show n in Figure 8.18 (other sites were not sampled 

for - S ) .  In this plot, the data shows considerable variation and a bias tow ards the evaporation side 

of the LMWL. However these values lie w ithin the variation shown by the other surface water data 

points (Figure 8.9).
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Figure 8.18: D elta p lo t of groundw ater.

Unlike the chemical nature of groundw ater which can be continuously altered by geochemical 

interactions w ith bedrock, the isotopic composition of groundw ater should rem ain relatively
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constant (unless temperatures rise above 60°C) (Gat, 2010). TTiis lack of variation is evident in the 

Gort Lowlands and can be seen in time series plots of ’*5 (Figure 8.19).

BH3

9 *
5> -7

Mar-10 Aug-10 Aug-11 Jut-12

BH7

Mar-10 Aug-10 F rb - ll  Aog-11 t«n-12 Jul^l2 Dec-12

B H ll

5 o 
S  '
i / t>

o

BH5

S
i
cn
>  -5

 ̂ -6 O  -6

l^ r - lO  Aug-10 Feb-11 Aug-11 Jan-12 Ju»-12 Oec-12

BHIO

Mar-10 Aug-10 Feb-11 Aug-11 Jan-12 Jut-12 Dec-12

BH12

sos
1/1
>

O

Mar-10 Aug-10 Feb-11 A i« - l l  Jan-12 Jul-12 Dec-12 Mar-10 A««-10 Feb-11 Aug-11 Jan-12 Jul-12 Oec-12

oa

BH14

Mdr-lO Aug-10 Feb-11 Aug-11 Jan-12 Jut-12 Dec-12

i
oS
>

P

BH15

M ar-10 Aug-10 Feb-11 Aug-11 Jan-12 Jul-12 Uec-1^

BH16

Mar-10 Aug-10 F e b -ll Aug-11 ian-12 Jul-12 Dec-12

Figure 8.19: Time series plots of '*5 in groundwater.
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These plots (Figure 8.19) show m uch less tem poral variation than their relevant alkalinity (Figure 

7.7) or nutrient plots (Figures 7 .4 7  and 7.48). However, the sites do show a degree of spatial 

variability. For instance, water in B H 3 appears quite isotopically light w ith a mean '®5 value of - 

6.95%o whereas B H 5 and B H ll show heavier mean values of approxim ately -6.3%o (Table 8.2). 

This relative lightness of B H 3 could possibly be explained by its proximity to the Slieve Aughtvs 

which w ould result in isotopically lighter rainfall due to the altitude effect. Overall groundw ater 

shows a slight seasonal effect w ith w inter show ing the heaviest mean value (-6.30% o) whereas 

mean '®5 values for the other seasons all lie between -6.48% o and -6.55% o. This trend is in noticeable 

contrast to precipitation which tends to show lightest isotopic composition in winter. A lthough this 

contrast could possibly be due bias as far more samples were collected during w inter than during 

summer.

No meaningful relationship was found between '*5 and depth of sample. H owever a slight pattern 

can be seen whereby only samples taken from depths less than 4m show '**5 values heavier than 

roughly -6%o and only values deeper than 5m show '*5 values lighter than -7%o. This trend is 

illustrated below in Figure 8.20.

35 

I  30 
o>
I  25 

o

o

5

0

V
■

■

> •
15

Q  10 ■ I
Q. H

-7 -6 -5
6**0%o VSMOW

Figure 8.20:1*8 verses depth of sample from surface.

8.3.4 Kinvara

As Kinvara (KW) is the main outlet for the whole Gort Lowlands system, the isotopic composition 

of its water could be expected to match that of the catchm ent feeding it, and indeed it does. This 

close relationship can clearly be seen in a time series plot of Caherglassaun alongside KW (Figure
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8.21). TTie temporal isotopic pattern of KW is essentially an extremely damped and attenuated 

version of the river isotopic time series shown in Figure 8.10 (which is itself, a damped time series 

of precipitation).
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Figure 8.21: Time series plot of Caherglassaun and Kinvara West (KW).

It is interesting to note the difference between the Caherglassaun-KW '*5 plot (Figure 8.21) and the 

Caherglassaun-KW alkalinity plot (Figure 7.11). In the alkalinity plot, KW showed alkalinity values 

consistently higher than Caherglassaun (by approximately 30%) whereas in the '*6 plot, tlie values 

are more or less the same. This differing behaviour is further evidence of the contribution of diffuse 

groundwater and external catchment water between Caherglassaun and Kinvara. The additional 

water has an alkalinity much greater than that within the active conduit system but the '*5 is quite 

similar. Thus the alkalinity of the water changes but the isotopic signature does not.

This relationship with the furloughs can also be seen in the delta plot of KW in Figure 8.22 which 

shows KW samples typically lying along the LMWL. Similarly to groundwater, there is a slight bias 

towards the right hand side of the LMWL. The occurrence of this bias at Kinvara confirms the 

considerable contribution of groundwater/diffuse flow that the pipe-network has picked up on its 

path towards Kinvara. The mean >*6 value for KW is -5.75%o, which is in line with the values found 

at Caherglassaun (-5.75%o) and Garryland turloughs (-5.72%o). KE, on the other hand, shows a 

lighter mean ’ 5̂ value of -6.20%o reflecting the greater component of isotopically lighter 

groundwater discharging from this spring. KE also shows a smaller range along the LMWL (Figure

8.22) which indicates how the spring is not influenced by the extremes of rainfall/surface water 

events to the same degree of KW.

348



Chapter 8 Stable Isotopes of Water, '*0 and

KW
IS

•20

-25

-45

SO

•55

KE

>  -35

~4.0 -3.0
VSMOW 8“ 0% . VSMOW

Figure 8.22: Delta plots of Kinvara West (KW  ̂and Kinvara East (KE).

The relationship between KW and KE is further investigated in Figure 8.23. Similarly to the rivers, 

KW shows isotopically lighter w ater in w inters 2010-2011 and 2012-2013 and a smaller d ip  in winter 

2011-2012. KE appears lighter than KW for the m ost part and show s less variation, noticeably 

show ing a much smaller and earlier d ip  than KW in w inter 2011-2012.
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Figure 8.23: Time series plot of at Kinvara West (KW) and Kinvara East (KE).

The m ost striking aspect of the time series plot (Figure 8.23) is the extremely light water in March 

2010 followed by extremely enriched water in June 2010. The light values in March can be 

attributed to the heavy flooding of the previous winter. The heavy flooding of 2009-2010 would 

have inundated the catchm ent w ith isotopically light w inter rainfall. This rainfall could likely have 

been especially depleted in '**5 as the intensity of rainfall may have invoked the 'rainfall am ount 

effect'. This effect involves rainfall becoming more depleted in ’*5 as rainfall intensity increases. 

Convective storms in NW Europe have been seen to lighten the ’*6 composition of w ater by up to 

7%o in one hour (Mook, 2006) (this effect was not dem onstrated through the rest of the study 

period). Similarly, the peak values of June 2010 are also w eather related. The p>eaks in KW and KE
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are the result of both direct and indirect effects caused by the relatively dry weather over this 

period. As the weather was quite warm and dry, it led to some instances of heavy enrichment such 

as that seen Coy turlough. Thus the evaporation directly enriched the water. However, on a 

catchment scale, the enrichment was minor (the other three non-empty turloughs showed little 

enrichment). The other indirect but more significant reason for the peaks is due to the low 

discharge from KW during the dry period. The lack of water pumping out of KW enabled a greater 

degree of salt-water intrusion into the aquifer/conduit network (verified by the Infoworks model). 

Thus even though samples were taken of water flowing out of Kinvara, the discharging water 

would have been somewhat mixed with seawater. As seawater has an ’*5 value of 0%o (by 

definition), the contribution of seawater would have enriched the samples. Unfortunately, EC 

measurements were not taken at this time to verify this theory.

8.4 Discussion

TTiis isotopic study offered a rare look into the behaviour of stable isotopes in an Irish catchment, 

particularly as the study incorporated almost three years of data. Compared to the more typical 

hydrochemical analysis methods of Chapter 7, isotope studies offer a set of parameters which 

operate differently. These parameters, '*6 and ^6, relate to the chemical composition of the water 

molecule itself rather than an external chemical signature. As such, the isotopic composition of 

water in the catchment does not alter due to processes such as water-rock interaction or pollution. 

The only process that can impart a measurable change to the isotopic composition of water (in this 

catchment) is evaporation. From this study, a number of findings and conclusions could be drawn 

about the catchment:

• The isotopic composition of rainfall in Western Ireland was shown to be relatively 

isotopically light, lighter than that of Valentia or the global average. The LMWL for the 

Gort Lowlands was estimated as -5 = 6.9’®5 + 7%o, showing a low’er slope and slightly 

higher d-excess than Valentia (^6 = 7.25'*6 + 4.8%o). As such, any future isotopic studies in 

the region (or regions further from Valentia) should endeavour to determine their own 

LMWL rather than using the Valentia LMWL, as use of the Valentia LMWL may produce 

misleading results.

• The most depleted values of ’*5 in the catchment were found in the groundwater, followed 

by the rivers and then the turloughs. '*6 values were seen to decrease as the water moved 

through the conduit network due to the frequent interaction with the atmosphere.

350



Chapter 8 Stable Isotopes of Water, '®0 and

Looking at the turloughs in particular, isotopic behaviour was found to be in accordance with the 

findings of Chapter 7.

• All turloughs (not just the flow-through turloughs) showed a close relationship with the 

isotopic composition of rainfall and the rivers feeding them. Evaporation effects were only 

observed at low-water levels during the summer. Thus overall, evaporation had only a 

minor effect on furlough water volumes.

• Turloughs displayed similar flow-through and surcharge tank behaviour to that found in 

the previous chapter. However, this behaviour resulted in more mixed hydrochemical 

patterns due to isotopic composition of groundwater being either higher or lower than the 

turlough depending on conditions (unlike alkalinity in which the groundwater is always 

higher). As a result, the isotopic composition of the turloughs showed drifts upwards or 

downwards depending its original '**5 signature. Carrying out a mass balance calculation 

during a turlough recessions showed similar results to those carried out for alkalinity 

(discussed in Section 7.2.1.2). Of the volume of water lost during a recession, approximately 

1-10% of that volume re-enters the turlough over the period of a month (based on a 

groundwater value of -6.57). Evaporative effects were also seen to become influential 

towards the end of a recession as summer approached.

• A sample taken from Ballinduff turlough (Section 7.6) in December 2012 had an isotopic

value of '**5: -6.76, ^5: -39.31, lying directly on the LMWL and only slightly more depleted 

than the average groundwater value ('*6: -6.57). This value is in accordance with the 

concept that Ballinduff is a primarily groundwater fed turlough (rather than river/conduit 

fed).
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9 CONCLUSIONS

9.1 Conclusions

In this project, the hydrology and hydrochem istry of the Gort Lowlands catchm ent was 

investigated with the aid of a pipe-netw ork model of the lowland karst conduit system. Analysis 

was carried out on a catchm ent-wide scale and at an individual turlough scale. This section 

discusses conclusions in term s of hydrological, m odelling and hydrochem ical findings. The various 

elem ents of this thesis and their inter-relationships are displayed as s synthetic sketch below in 

Figure 9.1.

In s tru m e n ta tio n  &
Field W ork 

Chapter 4Blackrock & Coy CTD 
stu d y

Section 7.2.3

Alkalinity, EC, pH 
Section 7.2
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Section 6.3.3

Iso to p es  
ChapterS

M odel Results 
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W a te r  B udget 
Chapter 9
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Section 7.2.2
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Physical m o d e l 
Section 6.2

Kinvara Bay S tudy 
Section 7.2.4

Section 7.4

D irectly  c o n tr ib u te d  to : --------»■
Verified th e  find ings of: --------->

Figure 9.1: Synthetic sketch displaying the relationship between the various elem ents of this

thesis.

HYDROLOGICAL

•  The developm ent of reliable rating curves was a key com ponent to the understanding of 

the hydrological regime within the Gort Lowlands. With these im proved rating curves in 

place, the inflows into the catchment and their associated loading rates could be
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determined. The mean flow contribution into the karst lowland system from each river was 

calculated as 55.3%, 24% and 20.7% from the Beagh, Owenshree and Ballycahalan Rivers.

• Reservoir routing was successfully applied to Lough Cutra and found that outflow had, on 

average, 23% more flow than the inflow. This discrepancy is due to a number of factors 

including the influx of an additional minor river, direct rainfall onto the lake and suspected 

inaccuracies with the Owendalulleegh rating curve.

• Under most conditions, flooding starts to occur within Blackrock furlough when the flow 

within the Owenshree River exceeds approximately 1.23 mVs.

• Groundwater levels within the karst aquifer were found to be either responsive or non- 

responsive to changes in furlough flooding depending on vicinity to the furloughs or the 

active conduit network. Responsive boreholes/wells indicated a hydrologic (but not 

necessarily a hydrochemical) linkage to the active karst system. Non-responsive boreholes 

indicated a more epikarst/diffuse portion of the aquifer with very litUe association with the 

active conduit network. In some cases, a non-responsive borehole was found in close 

proximity to a furlough. As the water levels within the epikarst tended to lie above the 

furlough water levels, a hydraulic gradient was produced between a furlough and its 

surrounding epikarst, thus indicating a potential influx of groundwater into a furlough, 

particularly during a recession. This influx of epikarst water was confirmed with 

hydrochemical analysis.

• The rainfall-runoff modelling software, NAM, was successfully used to model the 

Owenshree and Ballycahalan catchments. The output of this data could then be used to fill 

gaps in the river flow datasets for these rivers.

MODELLING

With this improved knowledge of the catchment, the hydrological model of Gill et al. (2013a) could 

be recalibrated for better accuracy. Initially, a physical model was constructed in order to test a 

range of different conduit configuration scenarios both in terms of water levels and water mixing 

(using tracer). These tests found that the diameter of a furloughs 'throttle' is the most important 

factor controlling water levels. Tracer tests also revealed that water can transfer from one furlough 

to the other via the conduit linkage. A sensitivity analysis was then carried out on the numerical 

model in order to find out which model linkages held the most influence on furlough water levels.
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Expectedly, it was found that the diameter of the conduit section directly downstream of a turlough 

had the greatest influence on that turloughs (and any other upstream turloughs) water level. Using 

the findings of these analyses (as well as a thorough investigation of previous tracer studies), the 

model was re-adjusted. The alterations to the model included:

• The use of more accurate river flow data.

• The application of more accurate turlough stage-volume curves.

• The addition of some new of conduit linkages (Blackrock River conduit links, Coole bypass 

and epikarst, Coole-Garryland epikarst linkage).

With these alterations, the estimation of water volumes was significantly more accurate for all five 

turloughs. Water level accuracy, on the other hand, was slightly reduced for Blackrock and Coy 

turloughs. Following the recalibration, the model was used for a number of purposes:

• After a successful simulation, a range of hydrologic data could be outputted. This was 

particularly useful for the outlet node as it gave an estimated time series for discharge at 

Kinvara. From this data, it could be seen that the mean flow at KW was 7.64 m ’/ s  (a result 

which was validated by a hydrochemical study of Kinvara Bay). This outflow is 

approximately 17% higher than the combined input from the three rivers. This increase is 

due to the contribution of rainfall on the epikarst which gradually feeds into the conduit 

network. This Kinvara flow data could then be used for hydrochemical analysis. Time 

series data was also used to fill in gaps in turlough stage data caused by equipment failure.

• Using the calibrated subcatchments from the model, the mean outflow from KE was 

calculated based on the premise that bedrock geology (and thus the model calibration) is 

similar for both KE and KW catchments. Outflow was estimated as 1.06 m Vs (i.e. an 

increase of 10.6% on the total outflow from KW).

• The sensitivity of a number of model parameters was carried out. Findings included:

o Increased conduit roughness led to increased turlough flooding, 

o Elliptical conduits led to reduced turlough flooding (unexp>ectedly). 

o Of the subcatchment parameters, the ones relating to percolation through the 

unsaturated zone proved to be most influential.
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o All five furloughs show very little sensitivity to temporal input variation on the

scale of 24 hours, i.e. any pattern of rainfall over 24 hours results in the same

flooding pattern (so long as the quantity of rain is kept constant). For the lower 

three furloughs, little sensitivity can be picked up from the sim ulations for a period 

of up to five days.

• A selection of climate change scenarios were applied to the model in order to estimate 

future flooding patterns. Projections for the 2020's, 2050's and 2080's indicated that, in the 

future, furloughs shall generally be em ptier for a greater proportion of the year. However, 

winter flooding shall be more severe. For instance, IPCC scenario A2 suggests that by 2080, 

a typical w inter flood could reach the levels of the 1-in-500 year floods of November 2009.

HYDROCHEMICAL

Hydrochemical analysis sheds light on the distinctive allogenic recharge nature of the Gort 

Lowlands. This behaviour is particularly evident when observing the altering alkalinity

concentrations (or EC) across the catchment. Some of the main findings from the alkalinity

m easurem ents were the following:

• The alkalinity of the furloughs was closely related to the alkalinity of their feeding rivers. 

Blackrock and Coy showed very similar concentrations to their feeding river whereas the 

lower three furloughs displayed higher alkalinity concentrations, most likely due to the 

contribution of high alkalinity w ater from the epikarst as water moved through the system. 

Using CTD divers, this epikarst contribution was estim ated as adding 8.7% to the total flow 

(between Kilchreest and Blackrock furlough). For this same stretch of river, the model 

predicted 10% epikarst contribution. The contribution increases with distance along the 

conduit netw ork (for example, the model predicts 11% contribution at Coole and 17% at 

Kinvara). Overall, alkalinity concentrations within the catchm ent and the furloughs 

confirmed the predictions of the hydraulic model.

• Blackrock and  Coole furloughs both exhibit flow-through behaviour whereas Coy and 

Caherglassaun present surcharge tank behaviour. The behaviour of Garryland changes 

depending on water level; at lower water levels, it acts as a surcharge tank and at higher 

water levels, it hydraulically joins with Coole and acts more like a flow-through system. 

Alkalinity m easurem ents also show ed an influx of diffuse groundw ater into the furloughs
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over the flooding season. The volume of water entering the turloughs amounted to between 

1 and 10% of the entire volume that drained from the turlough during a recession. The 

contrasting behaviour between a flow-through and surcharge tank turlough was shown in 

greater detail with the use of CTD divers in Blackrock and Coy turloughs. This sub-study 

illustrated the complex nature of turlough-groundwater interaction within Blackrock 

turlough (EC data suggests flooding and draining occurring at the same time) compared 

with the relatively simpler surcharge tank behaviour of Coy turlough.

• Combining alkalinity data with the hydrological model, a mass balance was carried out 

between Caherglassaun turlough and Kinvara West. This calculation found that flow at 

Kinvara West is enhanced by approximately 14-18% due to contribution from external 

catchments which are not included in the model.

Analysis of nutrient concentrations within the catchment presented the following findings:

• As water moves through the catchment, it becomes further enriched with N due to 

contribution from the N-enriched epikarst. As a result of this enrichment, the N load at 

Kinvara was shown to be approximately 17% higher than that of the combined river input 

into the system. This load is lower than would be expected (based on model results) due to 

N losses within the turloughs. The primary mechanism of N loss within the turloughs was 

determined to be denitrification.

• Unlike N, P loads decrease as water moves through the catchment. The P load discharging 

at Kinvara was found to be approximately 8% lower than the combined input from the 

rivers. This reduction is due to the minimal contribution of P from the epikarst and P losses 

from the turloughs. The primary mechanism of P loss within the turloughs was deemed to 

be sedimentation.

• Overall, the turloughs appear to act as nutrient sinks over the flooded period, particularly 

the surcharge tank turloughs. Blackrock and Coy turloughs, however, were found to be 

nutrient sources, primarily due to the presence of an abattoir at Blackrock (enhancing N 

and P) and a high degree of grazing during dry periods (enhancing P).

Isotopic analysis of the catchment revealed that the signature of water becomes slightly enriched 

as it moves through the catchment due to frequent interaction with the atmosphere (causing slight

359



Chapter 9 Conclusions

evaporative effects). Overall however, the effect of evaporation within the catchment is quite minor. 

Within the turloughs, evaporation tends to only take place during the summer when the turlough 

water levels are low. Thus the evaporative effect on turlough water volumes is negligible. Also, 

isotopic patterns within the turloughs backed-up the findings of the alkalinity measurements which 

suggested some contribution to the turloughs from their surrounding epikarst over a flooded 

period. Overall however, the isotopic study proved to be only marginally beneficial to the findings 

of this thesis, providing little information which could not be determined using other (cheaper, less 

work intensive) hydrochemical parameters such as EC or Alkalinity. Isotopes can be extremely 

effective in some well-designed experiments (involving high evaporation rates) however their 

effectiveness is limited in such a regional study.

Combining the findings of the hydrological, modelling and hydrochemical studies, an approximate 

water budget can be made. This budget is shown schematically in Figure 9.2. In this figure, the 

relative contributions of water to the system and their approximate mean flows are presented. The 

three rivers can be seen to contribute 25%, 21% and 55% each. This total river flow is then 

supplemented by an additional 17% from diffuse flow as water moves through the system. Then as 

the water reaches KW, its flow has been further supplemented by an additional 14-18% (of the 

combined river and diffuse flow) from external catchments which were not included in the model. 

Then at Kinvara, the flow from KW is combined with the additional discharge from KE to give a 

total discharge into Kinvara Bay of approximately 9.7 -  10 mVs.
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Beagh 
(3.67 mVs)

O w enshree 
{1.32 mVs)

Ballycahaian 
(1.26 mVs)

Diffuse
(+17%)

Kinvara W est outflow  
(from  G ort Lowlands)

S epara te  ca tch m en ts  (e.g. 
C loonteen, North Burren)

Kinvara East

+11%

Figure 9.2: Gort Lowlands water budget schematic.
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9.2 Recommendations for Further Research

HYDROLOGICAL M O NITO RING  N ETW O RK

• For future studies within this catchm ent, an additional rain gauge should be installed 

w ithin the O wendalulleegh River catchm ent. This would allow for more accurate rainfall- 

runoff modelling of the O w endalulleegh River.

• The river rating curves could be im proved upon with the m easurem ent of more high flow 

stage-discharge points, particularly for the Owendalulleegh River.

• A num ber of OPW river gauging stations are susceptible to data loss due to equipm ent 

failure. In future studies, it would be beneficial to install divers at these river stations to act 

as a back-up for the OPW gauges.

HYDROLOGICAL INVESTIGATIONS

•  It has already been show n by O 'Connell et al. (2011) that geophysical m ethods (electrical 

resistivity tomography) can be used w ithin the Gort Lowlands to characterise the karst 

bedrock and identify underground conduit. Thus far, only a limited num ber of geophysical 

investigations have been carried out. Further investigations could involve:

o Locating a conduit and tracing its path between turloughs. This would be

particularly interesting between Blackrock and Coy turloughs as the connection 

between these turloughs proves to be the m ost difficult to model.

o Attem pting to identify the path and size of the northern flow route between Castle-

Daly and Kinvara East (KE). A study such as this m ight start at Kinvara and work 

backwards as any hydraulic feature would be larger and more detectible a t the 

dow nstream  end.

o Proving the existence of conduits feeding water directly from the Cloonteen

catchm ent tow ards the western cave network (bypassing the turloughs). These 

conduits were suggested by the G ort Flood Studies Report (Southern W ater Global, 

1998).

• Aerial therm al imagery could be used during flooding periods to investigate which 

estavelles are m ost active within a turlough. Such a study would be hugely beneficial for 

the understanding of turloughs such as Blackrock which have m ultiple estavelles scattered
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across their base. The best periods for such a study w ould be w inter or sum m er as the lake 

tem perature w ould show  the greatest contrast to the groundw ater tem perature during 

these periods.

• Additional tracer studies could be carried out to further delineate hydrological linkages 

w ithin the karst lowlands. Potential future tracer studies could involve:

o Further investigation into where water in the northern portion of the lowlands

drains to, i.e. whether it drains northw ards tow ards the Dunkellin River 

catchm ents or tow ards Kinvara East (or possibly West).

o Determining the path  of w ater draining from Ballinduff furlough, i.e. w hether it 

joins the northern flow route and ends up at Kinvara East or drains southw ards 

and joins the active conduit network, ending up  at Kinvara West. A similar study 

could be carried out for Lydacan turlough which lies in-between Ballinduff and 

Kinvara.

o A tracer study of Blackrock and Coy furloughs (originally intended to be carried 

out as part of this thesis). For example, at the onset of a flooding event, tracer could 

be injected into the Owenshree River near Kilchreest. From this injection, a num ber 

of aspects of the turloughs' hydrology could be investigated:

■ The difference in tracer quantity w ithin the river between Kilchreest and 

Blackrock inlet could provide an approxim ation of losses from the river to 

the conduit network.

■ The retention time of w ater within Blackrock turlough could be estimated.

• W hat proportion of river water bypasses Blackrock and fills Coy.

• How much water drains from Blackrock into Coy over the course of a 

flooded fjeriod.

A tracer study such as this would require significant m anpow er, time and

tracer quantity. The tim ing of the study w ould also be critical. Ideal hydrologic

conditions for injection may only occur a few times a year.

M O D E L L I N G

•  Further developm ents could be m ade to the hydraulic model to im prove its accuracy. The 

m ost critical addition w ould be the inclusion of the Cloonteen catchm ent to the south. In 

order to facilitate this, the Cloonteen River w ould need to be gauged. Hawkhill and 

Newtown turloughs would also need to be monitored.
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• Climate change m odelling could be combined with the study of conduit dissolution rates. 

Thus it could be determ ined if the dissolution and expansion of the w ater carrying conduits 

could act in some way to m itigate the effects of climate change, i.e. as future flows w ithin 

the conduits increase (during winter), so do the conduit sizes, thus dim inishing the 

potential flood water volumes.

• Further work could be carried ou t in Kinvara in order to estimate the outflow of 

freshwater. This estimate could then be used to validate the hydraulic model.

• To im prove the accuracy of the model for low flow scenarios, the calibration procedure for 

the model could be overhauled such that low flow scenarios are calibrated first, then higher 

flow scenarios are subsequently accounted for by adding upper level conduits. For an 

example of this technique, see Jeannin (2001).

H YD R O C H E M IST R Y

•  In future, targeted sam pling cam paigns could be used rather than (or in addition to) 

continuous m onthly sampling. Two or three concentrated sam pling campaigns over some 

individual flooding periods may allow greater confidence in determ ining a furloughs 

nutrient flux. In addition to this, some high tem poral resolution nutrient sam pling of the 

rivers should be carried out a t the onset of a flooding event, particularly for the Owenshree 

River. High resolution river data such as this would rule ou t the possibility of missing any 

nutrient peaks which could be m easured in the furloughs but missed in the rivers. Thus, 

sam pling resolution could be ruled out as a cause for imbalanced river-turlough nutrient 

concentrations.

• Further investigations should be carried out into the homogeneity of furloughs in terms of 

nutrients. However future studies should p u t more em phasis into the vertical profile of the 

furloughs, particularly w ithin the surcharge tank furloughs. Such a study should include 

m easurem ent of both N and P but also dissolved oxygen which would shed light on the 

potential for denitrification at dep th  w ithin the furlough. Denitrification could also be 

investigated using stable nitrogen isotopes ('^N).
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• In future, nutrient sampling should be carried out at both ends of Lough Cutra

(Owendalulleegh and Beagh). This would allow for the analysis of nutrient gain or loss

across Lough Cutra and provide a more accurate hydrochemical input for the hydrological 

model.

• Further study of the heterogeneity of Blackrock turlough could be carried out using a

greater amount of CTD-divers. CTD-divers could also be attached to the rope between the

buoy and the diver platform in order to get multiple depth profiles.
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Figure A.16: Gort Flood Studies Conduit Network Conceptual Model 

(Southern Water Global, 1998)
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Figure A.16: Gort Flood Studies monitoring network locations 

(Southern Water Global, 1998)
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Figure B.l: Floodwater crossing the N18 at Kiltartan

Figure B.2: Flooding on the N18 at Kiltartan (image taken from www.facebook.com/pages/South-

Galway-Flood^99072411664)
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Figure B.3: Flooding at Kiltartan (image taken from Jennings O'Donovan & Partners (2011))

Figure B.4: Flooding at Thoor Ballylee Castle (left image from image taken from Office of Public 

Works (2013), right image taken from www.facebook.conVpages/South-Galway-

Floods/199072411664)
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Figure B.5: Flooding at Blackrock turlough (viewed from the nearby abattoir to the south east)

Figure B.6: Flooding at Blackrock turlough (flooding the road south of the turlough)
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The following set of images are screen-captures from OPW aerial imagery taken on the 26"’ of 

November, 2009. See Figure B.7 for image location and viewing angles.

view ing Angle

Figure B.7: Map showing image location and viewing angles of preceding images

Figure B.8: Location A -  Blackrock turlough. Image shows flooding extending northwards 

towards Castle-Daly River gauging station. (Owenshree River path highlighted in blue, flow

direction shown in yellow)
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Figure B.9: Location B -  Blackrock and Coy turloughs.

BaHyhut

Figure B.IO: Location C -  Ballycahalar^allylee River (river path -  blue, flow direction -  yellow)
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Figure B .ll: Location D -  Kiltartan. Image shows overland flow between Pollotoophill and 

Polldeelin (Overland flow direction shown in orange)

Figure B.12: Location E -  Kiltartan. Image shows flooding at Coole River (river path -  blue, flow

direction -  yellow, overland flow - orange)
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H aw khill T u rlo u g h

Figure B.13: Location F -  Coole turlough and surrounding turloughs.

Kinvara

turlough

Figure B.14: Location G -  Coole turlough and view towards Caherglassaun and Kinvara.
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Figure B.15: Location H -  Coole turlough (and surrounding turloughs) as viewed from Gort

town.
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Appendix C: Hydrological Data

Plots for BH5 and BH16 water levels.
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Figure D.l: Conduit names and locations (for circular conduits)



Appendix D: Sensitivity Analysis

Blackrock

Table D.l: Changes in max volume (1000 m )̂ of Blackrock turlough with altering conduit size 

(change in volume is positive unless indicated to be negative by a minus symbol).

Increasing conduit size  Reducing conduit size
Conduit name j 105% 110% ns% 150% 175% 200% 95% 90% 75% 50% 25%
21.1 -9.824 -9.824 -9.824 -17.268 -20.088 -21.062 6.17 12.062 35.948 81.017 106.229
21.R 108.868 108.868 108.868 108.963 109.019 108.885 -73.221 -156.531 -506.13 -1672.91 -2125.59
22.1 -15.282 -15.282 -15.282 -45.251 -48.212 -49.783 9.219 19.1 53.38 99.442 122.888
23.1 -3.042 -3.042 -3.042 -6.685 -6.971 -6.96 2.973 6.376 25.368 68.663 101.158
24.1 -22.464 -22.464 -22.464 -46.493 -48.86 -49.78 17.818 42.492 192.279 1198.124 1860.449
25.1 -1.055 -1.055 -1.055 -1.812 -1.646 -1.174 1.025 2.261 10.941 100.491 379.997
25.2 -36.665 -36.665 -36.665 -62.716 -66.809 -68.901 30.832 70.773 268.935 890.676 1484.144
26.1 -6.107 -6.107 -6.107 -13.223 -14.504 -15.236 5.152 12.197 54.938 238.097 435.66
27.1 -7.691 -7.691 -7.691 -17.23 -18.906 -19.566 6.11 15.113 64.551 270.546 481.908
28.1 -0.786 -0.786 -0.786 -2.28 -2.522 -2.343 0,776 2.158 8.326 74.177 414.706
29.2 -1.079 1.079 -1.079 -8.537 -15.363 -23.042 1.079 0.872 2.485 4.124 4.796
30.1 3.706 3.706 3.706 6.554 6.301 10.289 0.108 -0.034 -0.008 0.106 -0.102
31.1 -1.107 -1.107 -1.107 -3.699 -4.534 -6.596 0.625 1.581 8.519 89.906 798.909
32.1 ■1.194 -1.194 -1.194 -3.586 -4.333 -5.997 0.575 1.766 8.611 96.781 821.27
33.1 -0.459 -0.459 -0.459 -0.905 -1.455 -0.807 0.265 0.307 1.099 12.216 371.466
34.1 -1.463 -1.463 -1.463 -3.37 -3.994 -4.179 0.882 2.394 11.471 101.186 1020.125
35.1 -9.261 -9.261 -9.261 -21.708 -23.918 -25.542 7.466 15.873 69.923 481.043 1273.001
36.1 -7.932 -7.932 -7.932 -18.925 -21.227 -22.463 5.817 14.499 61.418 440.081 1267.247
37.1 -9.633 -9.633 -9.633 -21.556 -23.679 -25.07 7.889 16.642 70.721 489.585 1275.881
38.1 -17.787 ■17.787 -17.787 -40.993 -45.121 -47.556 13.724 32.199 151.986 796.865 1081.718
39.1 -14.766 -14.766 -14.766 -34.584 -41.019 -44.456 11.337 26.24 139.923 798.289 1078.938
42.1 0.064 0.064 0.064 -0.17 0.148 -0.118 -0.027 0.053 -0.035 0.183 0.246
43.1 0.067 0.067 0.067 -0.115 -0.053 0.062 -0.066 0.116 -0.135 0.709 36.79
44.1 -0.148 -0.148 -0.148 -0.115 -0.045 -0.058 0.241 0.004 0.01 0.873 37.699
45.1 1.03 1.03 1.03 0.156 -0.091 -0.054 0.357 -0.149 -0.022 -0.422 34.711
46.1 -0.093 -0.093 -0.093 -0.061 0.019 -0.646 -0.091 0.335 0.222 0.023 21.428
47.1 0.298 0.298 0.298 0.051 0.015 -0.623 -0.019 -0.005 -0.074 -0.007 12.226
48.2 -0.08 -0.08 -0.08 -0.42 -0.224 -0.156 0.088 -0.099 -0.37 4.852 14.751
49.1 -0.011 -0.011 -0.011 -0.015 0.286 -0.429 0.211 0.289 -0.189 0.073 12.155
50.1 -0.063 -0.063 -0.063 0.436 0.039 -0.062 0.14 0.086 -0.139 0.274 15.025
51.1 -0.338 -0.338 -0.338 0.347 -0.393 -0.364 -0.013 -0.075 0.041 0.099 48.293
52.1 0.234 0.234 0.234 -0.332 -0.417 -0.403 0.31 -0.04 -0.128 -0.091 16.942
53.1 -0.007 -0.007 -0.007 -0.363 -0.453 -0.488 -0.089 0.085 -0.084 -0.04 17.389
54.1 -0.214 ■0.214 -0.214 -0.4 -0.466 -0.234 0.264 -0.376 0.248 0.236 15.199
55.1 -0.395 -0.395 -0.395 -0.461 -0.424 -0.309 -0.108 0.064 -0.067 0.109 44.295
56.1 -0.187 -0.187 -0.187 -0.51 -0.517 -0.402 0.371 1.506 0.499 1.37 37.513
B7.1 1.682 1.682 1.682 8.098 10.172 12.647 -0.363 -0.424 -1.205 -58.764 -133.525
BIck.l -173.89 -173.89 -173.89 -450.417 -498.209 -518.552 183.939 393.195 1122.696 1860.449 1860.449
Caherglassaun.l -0.004 -0.004 -0.004 0.166 -0.051 -0.096 0.01 0.068 -0.033 0.227 -0.22
Coole.l -0.556 -0.556 -0.556 -0.601 0.197 0.131 -0.091 -0.126 0.069 0.57 47.596
Coole.2 0 0 0 0 0 0 0 0 0 0 0
C oole.estav.i -0.083 -0.083 -0.083 0.049 0.047 -0.169 0.197 0.262 -0.235 -0.094 -0.176
Coole_estav.2 -0.075 -0.075 -0.075 0.212 -0.201 -0.152 -0.291 0.029 0.144 0.054 0.335
Coole_01.1 0 0 0 0 0 0 0 0 0 0 0
Coote_02.1 0 0 0 0 0 0 0 0 0 0 0
Coole_03.1 0 0 0 0 0 0 0 0 0 0 0
Coole_04.1 0 0 0 0 0 0 0 0 0 0 0
Coole_05.1 0 0 0 0 0 0 0 0 0 0 0
Coy.l -1.821 -1.821 -1.821 -4.324 -4.763 4.836 1.547 3.439 16.895 119.424 407.426
Coy.o 1.944 1.944 1.944 11.282 17.905 24.754 -0.813 -1.724 -4.119 -7.065 -7.868
G42.1 0.542 0.542 0.542 -0.003 -0.076 -0.018 0.085 0.163 0.11 -0.002 -0.008
G43.1 0.258 0.258 0.258 -0.165 -0.276 -0.22 0.029 0.435 -0.09 0.334 0.192
Garry_e$tav.l -0.017 -0.017 -0.017 -0.084 0.193 -0.084 0.217 0.172 -0.13 0.138 0.032
Garry_estav.2 -0.069 -0.069 -0.069 -0.128 0.214 0.032 0.126 -0.052 0.309 0.182 -0.076
Garryland.l -0.003 -0.003 -0.003 -0.118 -0.306 0.151 -0.094 0.014 0.11 0 -0.021
G B l.l 0.009 0.009 0.009 0.056 -0.016 0.008 0.095 0.024 0.245 -0.104 -0.092
GB2.1 0.016 0.016 0.016 -0.066 -0.097 0.007 0.128 0.059 0.186 0.036 -0.398
GB3.1 0.045 0.045 0.045 -0.039 0.037 0.046 0.397 0.029 -0.253 -0.224 0.07
GB4.1 -0.092 -0.092 -0.092 0.037 0.116 -0.55 0.004 0.049 0.09 0.079 0.062
P L l -36.173 -36.173 -36.173 -61.232 -64.62 -66.115 30.376 69.893 267.373 886.75 1484.66
P2.1 -36.132 -36.132 -36.132 -61.695 -65.288 -66.837 30.496 69.939 267.346 886.768 1483.983
P3.1 -36.124 -36.124 -36.124 -61.847 -65.619 -66.725 30.584 70.053 267.477 886.962 1482.877
X14.1 0.784 0.784 0.784 1.397 1.54 1.254 -0.767 -2.219 -12.003 -44.628 -59.184
X5.1 0.137 0.137 0.137 0.288 0.013 -0.246 0.031 -0.437 -2.557 -30.165 -48.648
X6.1 -0.142 -0.142 -0.142 0.225 -0.098 0.137 0.093 -0.338 -3.831 -32.743 •49.855
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Coy

Table D.2: Changes in max volume (1000 m )̂ of Coy turlough with altering conduit size 

(change in volume is positive unless indicated to be negative by a minus symbol).

Increasing condu it size Reducing condu it size
Conduit nam e 105% IlOK 125% 150% 175% 200% 95% 90% 75% 50% 25%
21.1 4.952 4.952 9.599 13.94 14.639 15.101 -3.351 -7.554 -22.986 -50.578 -65.255
21.R 21.273 21.273 21.017 20.837 20.747 20.736 -18.032 -39.891 -133.147 -528.605 -916.179
22.1 8.63 8.63 16.562 22.589 24.788 25.635 -5.106 -10.944 -30.604 -59.105 -72.175
23.1 1.85 1.85 3.238 4.292 4.587 4.669 -1.135 -2.799 -11.628 -51.168 -82.63
24.1 11.37 11.37 18.978 23.528 24.97 25.611 -9.194 -21.681 -95.314 -544.203 -973.657
25.1 3.109 3.109 5.502 7.157 7.85 8.393 -2.33 -5.689 -26.26 -159.948 -698.345
25.2 -62.333 -62.333 -105.937 -134.612 -144.959 -149.387 37.043 66.847 135.567 230.097 307.3
26.1 13.643 13.643 22.204 28.229 30.299 30.989 -11.091 -26.031 -93.547 -364.609 -861.216
27.1 15.39 15.39 25.201 32.266 34.514 35.425 -12.841 -29.546 -103.831 -404.761 -939.362
28.1 1.791 1.791 3.042 3.649 3.848 4.085 -1.299 -2.938 -15.073 -111.201 -682.576
29.2 -5.237 -5.237 -15.121 -35.913 -62.785 -94.473 2.641 4.307 9.539 14.782 16.927
30.1 4.358 4.358 4.138 7 298 6.049 9.076 0.075 -0.03 -0.031 0.044 -0.089
31.1 -1.252 -1.252 -2.344 -3.634 -4.163 -5.283 0.878 2.104 10.518 80.026 1006.376
32.1 -1.314 -1.314 -2.001 -3.423 -3.903 -4.841 0.786 2.153 10.298 81.128 1006.376
33.1 -0.379 -0.379 -0.56 -0.728 -0.922 -0.153 0.218 0.301 1.292 14.894 232.158
34.1 -0.77 -0.77 -1.755 -2.269 -2.561 -2.645 0.55 1.556 7.23 50.136 1006.376
3S.1 -5.856 -5.856 -10.467 -13.553 -14.713 -15.528 4.678 9.938 37.232 287.685 1006.376
36.1 -5.005 -5.005 -8.705 -11.768 -13.174 -13.79 3.719 8.993 33.744 245.026 1006.376
37.1 -6.063 -6.063 -10.524 -13.482 -14.792 -15.571 4.848 10.237 37.283 315.231 1006.376
38.1 -12.488 -12.488 -21.861 -29.578 -32.823 -34.905 9.373 21.034 75.284 531.012 1006.376
39.1 -10.312 -10.312 -18.114 -25.166 -30.246 -32.828 7.443 16.758 69.284 530.272 1006.376
42.1 0.042 0.042 -0.062 -0.126 0.099 -0.072 -0.011 0.043 0.017 -0.214 -0.444
43.1 -0.002 -0.002 0.097 -0.201 -0.166 -0.105 0.014 0.115 -0.353 17.216 89.056
44.1 -0.115 -0.115 -0.221 -0.167 -0.131 -0.159 0.183 0.033 -0.289 17.864 89.554
4S.1 0.489 0.489 0.059 -0.007 -0.115 -0.14 0.229 -0.045 -0.034 5.523 86.89
46.1 -0.042 -0.042 -0.045 -0.023 0 003 -0.365 -0.021 0.204 0.147 -0.543 73.967
47.1 0.158 0.158 0.001 0.037 0.053 -0.196 0.007 0.002 -0.015 -0.194 58.355
48.2 -0.244 -0.244 -0.278 -0.305 -0.251 -0.275 0.021 -0.481 2.74 55.028 66.405
49.1 -0.07 -0.07 -0.118 -0.202 0.008 -0.453 0.182 0.206 -0.503 12.493 66.329
50.1 -0.032 -0.032 0.161 0.504 -0.029 -0.065 0.111 0.112 -0.102 1.889 67.324
51.1 -0.197 -0.197 -0.037 0.164 -0.292 -0.276 0.003 0.001 0.028 1.808 89.416
52.1 0.12 0.12 -0.004 -0.24 -0.286 -0.283 0.201 0.007 -0.061 1.67 69.173
53.1 -0.066 -0.066 -0.23 -0.26 -0.296 -0.296 -0.008 0.093 0.002 1.682 71.521
54.1 -0.149 -0.149 -0.26 -0.266 -0.305 -0.211 0.198 -0.195 0.188 1.723 70.048
55.1 -0.269 -0.269 -0.271 -0.3 -0.281 -0.214 -0.023 0.063 0.02 0.855 87.875
56.1 -0.223 -0.223 -0.318 -0.354 -0.351 -0.321 0.348 1.046 0.48 0.616 66.702
B7.1 1.186 1.186 2.318 6.373 8.851 10.159 -0.114 -0.257 -0.635 -32.294 -71.687
BIck.l 88.581 88.581 134.074 156.525 162.821 165.085 -96.443 -198.617 -531.254 -871.11 -954.529
Cahefglassaun.l 0.004 0.004 -0.005 0.116 -0.002 -0.026 0.018 0.044 -0.005 0.111 -0.091
Coole.l -0.138 -0.138 -0.216 -0.143 0.117 0.131 -0.044 0.006 0.118 -0.183 94.121
Coole.2 0 0 0 0 0 0 0 0 0 0 0
C oole .estav .l -0.041 -0.041 0.01 0.043 0.053 -0.14 0.122 0.157 -0.142 0.006 -0.115
Coole_estav.2 0.045 -0.045 -0.198 0.062 -0.181 -0.17 -0.146 0.046 0.142 -0.189 -0.4
Coole_01.1 0 0 0 0 0 0 0 0 0 0 0
Coole_02.1 0 0 0 0 0 0 0 0 0 0 0
Coole_03.1 0 0 0 0 0 0 0 0 0 0 0
Coole_04.1 0 0 0 0 0 0 0 0 0 0 0
Coole_05.1 0 0 0 0 0 0 0 0 0 0 0
Coy.l 4.096 4.096 6.921 8.594 9.083 9.34 -3.07 -7.499 -33.038 -190.461 -805.06
Coy.o 3.144 3.144 8.175 16.467 23.478 30.152 -1.373 -2.833 -6.521 -10.861 -12.502
G42.1 0.868 0.868 0.054 -0.028 0.019 -0.003 0.068 0.122 0.097 0.044 -0.029
G43.1 0.105 0.105 -0.049 -0.089 -0.203 -0.155 0.053 0.228 -0.019 0.236 0.145
Garry_estav.l -0.003 -0.003 0.01 -0.052 0.142 -0.059 0.132 0.104 0.049 0.1 0.071
Garry_estav.2 -0.036 -0.036 0.166 -0.089 0.137 0.017 0.084 -0.02 0.193 0.173 -0.047
Garrytand.l 0 0 -0.064 -0.062 -0.166 0.147 -0.041 0.003 0.08 0.027 0.008
G B l.l 0.006 0.006 -0.156 0.033 -0.001 0.013 0.064 0.026 0.18 -0.018 -0.041
GB2.1 0.02 0.02 0.132 -0.006 -0.074 0.022 0.099 0.062 0.132 0.069 -0.211
GB3.1 0.026 0.026 0.129 -0.026 0.028 0.028 0.221 0.039 -0.097 -0.006 0.068
GB4.1 -0.113 -0.113 -0.32 -0.192 -0.118 -0.375 -0.008 0.107 0.085 0.033 0.025
P l . l -61.935 -61.935 -105.248 -133.383 -143.167 -147.175 36.789 66.606 135.309 229.911 307.655
P2.1 -61.957 -61.957 -105.339 -133.754 -143.722 -147.737 36.829 66.627 135.304 229.892 307.607
P3.1 -61.939 -61.939 -105.484 -134.451 •144.462 -147.624 36.857 66.646 135.316 229.892 307.576
X14.1 0.414 0.414 0.774 0.766 0.861 0.736 -0.348 -1.113 -7.073 -38.122 -52.018
X5.1 0.077 0.077 0.042 0.186 0.014 -0.139 0.049 -0.232 -1.08 -29.117 -45.894
X6.1 -0.064 -0.064 -0.01 0.145 -0.055 0.093 0.055 -0.213 -2.111 -31.746 -46.702
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Coole

Table D.3: Changes in max volum e (1000 m )̂ of Coole turlough with altering conduit size 

(change in volume is positive unless indicated to be negative by a minus symbol).

Increasing conduit size Reducing conduit size
Conduit nam e | 105% 110% U5% 150% 175% 200% 95% 90% 75% 50% 25%
21.1 -0.637 -0.637 5.873 9.595 3.465 6.355 0.359 -2.115 -7.266 -32.287 -41.825
21.R 10.359 10.359 10.552 9.722 9.663 12.9 -3.659 -13.053 -73.391 -360.71 -946.367
22.1 8.466 8.466 15.142 16.551 20.795 20.841 -1.6 -4.67 -27.286 -45.308 -56.538
23.1 4.123 4.123 3.645 5.97 5.962 6.329 -0.32 -1.307 -8.365 -56.573 -76.832
24.1 9.602 9.602 14.088 17.885 16.74 19.262 -3.885 -8.032 -66.579 -390.211 -1202.546
2S.1 0.47 0.47 -1.421 0.964 0.401 1.741 4.436 2.472 8.041 57.957 194.876
25.2 51.98 51.98 85.802 120.193 128.462 129.744 -45.505 -84.123 -250.332 -624.496 -961.353
26.1 -4.848 -4.848 -5.484 -6.503 -7.62 -11.031 3.732 8.616 33.41 118.684 212.935
27.1 -3.754 -3.754 -4.332 -7.949 -9.545 -10.465 4.134 10.709 34.317 132.79 231.396
28.1 3.406 3.406 2.893 2.149 -0.912 0.955 1.193 4.577 5.206 35.1 193.049
29.2 6.286 6.286 11.632 25.007 38.709 61.243 3.186 -6.379 -4.155 -7.234 -8.768
30.1 29.349 29.349 46.704 76.556 102.303 122.388 1.559 0.238 -0.068 2.941 -1.164
31.1 1.27 1.27 -1.542 -2.914 7.527 -0.417 -0.911 -0.929 -7.953 -109.742 -1012.563
32.1 -2.666 -2.666 9.85 -8.699 5.529 -1.007 -4.06 -1.273 -16.464 -115.851 -1045.334
33.1 -6.648 -6.648 -7.265 -6.046 -7.945 5.957 2.412 1.433 1.164 -22.405 -370.353
34.1 2.962 2.962 -2.145 -2.286 -2.242 -9.411 -8.349 -3.158 -25.792 -184.814 -1975.504
35.1 22.418 22.418 31.461 44.084 51.194 56.807 -8.242 -30.516 -118.645 -738.035 -3107.138
36.1 17.544 17.544 35.24 33.218 27.764 36.054 -16.142 -23.323 -98.464 -663.2 -3068.595
37.1 14.026 14.026 28.351 38.298 40.655 37.519 -6.253 -35.544 -122.401 -747.838 -3139.368
38.1 41.355 41.355 73.512 80.967 93.11 95.187 -34.031 -79.284 -325.948 -2209.126 -4174.576
39.1 31.998 31.998 60.46 80.229 77.698 88.793 -24.822 -69.597 -308.414 -2564.861 -4186.453
42.1 -10.717 -10.717 -26.644 -30.691 -27.105 -38.546 11.475 23.751 78.279 371.24 839.718
43.1 -67.402 -67.402 -120.781 ■160.694 -170.751 -176.06 54.391 128.789 545.012 2958.679 6832.966
44.1 -69.783 -69.783 -127.343 -159.782 -170.558 -182.285 55.651 129.432 555.908 2988.03 6844.961
45.1 -33.8U -33.812 '65.629 -93.631 -100.658 -104.141 32.787 70.486 326.71 2201.372 6690.629
46.1 -15.338 -15.338 -24.448 -23.744 -25.846 -34.067 10.02 23.059 96.409 852.534 6010.959
47.1 -2.966 -2.966 -7.312 -9.812 -10.126 153.391 4.151 11.214 50.207 473.723 5139.956
48.2 -522.718 -522.718 -1056.682 -1486.124 -1657.149 -1716.279 320.022 669.626 1909.4 5005.625 5419.445
49.1 -92.688 -92.688 -168.771 -223.542 -233.7 -247.151 72.26 168.513 666.876 2963.978 5335.29
50.1 -22.571 -22.571 -41.433 -48.615 -57.233 -62.173 24.639 55.803 262.066 1730.647 5508.236
51.1 -28.964 -28.964 -40.495 -49.386 -67.458 -64.47 21.421 49.693 260.389 1732.931 5974.9
52.1 -20.622 '20.622 -42.213 -55.251 -60.258 -61.59 21.567 46.146 250.917 1725.805 5535.174
53.1 -24.227 -24.227 -42.035 -52.871 '64.016 -57.213 19.119 44.101 230.015 1720.05 5544.659
54.1 '28.53 -28.53 -40.213 -50.409 -54.617 -63.867 18.797 33.964 207.333 1702.355 5526.654
55.1 -23.622 -23.622 -35.199 -43.326 -54.495 -50.221 14.773 34.255 172.313 1560.22 5921.468
56.1 -10.971 -10.971 -15.383 -17.451 -19.497 -20.503 9.687 21.175 52.827 603.89 5272.866
B7.1 29.991 29.991 51.513 122.026 138.274 158.219 -2.825 -7.167 -5.657 -153.095 -1100.355
BIck.l 104.199 104.199 269.124 409.479 464.59 485.541 -68.943 -123.372 -363.212 -826.31 -1118.099
Caherglassaun.l 1.743 1.743 3.057 5.036 4.369 3.835 0.606 -5.792 0.126 4.577 144.936
Coole.l -1.952 -1.952 16.389 72.79 -37.763 -3.671 14.233 29.73 127.265 1156.608 6721.875
Coole.2 0 0 0 0 0 0 0 0 0 0 0
C oole.estav .l -3.943 '3.943 -6.184 -7.256 7.165 -22.254 7.425 10.637 25.798 156.317 334.474
Coole_estav.2 -34.1 -34.1 -77.718 -87.961 -105.444 -107.236 19.183 54.378 177.748 545.389 911.715
Coole_01.1 0 0 0 0 0 0 0 0 0 0 0
Coole_02.1 0 0 0 0 0 0 0 0 0 0 0
Coole_03.1 0 0 0 0 0 0 0 0 0 0 0
Coole_04.1 0 0 0 0 0 0 0 0 0 0 0
Coole_05.1 0 0 0 0 0 0 0 0 0 0 0
Coy.l 0.46 0.46 1.412 0.931 -1.382 -0.219 3.381 0.611 10.287 62.315 218.016
Coy.o 0.352 0.352 1.476 3.566 6.612 7.892 3.072 -0.113 0.914 -5.255 0.372
G42.1 -2.118 -2.118 -12.046 -26.164 -19.126 -21.61 10.331 15.314 56.739 202.106 351.682
643.1 -10.384 -10.384 -23.583 -34.845 -43.379 -54.564 10.169 20.47 52.976 122.755 169.967
G arry_estav.l -2.224 -2.224 -3.191 -5.673 -3.045 -12.328 4.877 6.434 20.218 77.44 155.455
Garry.estav.2 -0.89 -0.89 1.509 -12.25 -0.961 -9.026 3.164 3.532 17.279 86.763 261.033
Garryland.l 1.312 1.312 -1.17 0.395 8.083 17.934 0.19 0.255 3.446 1.316 9.42
G B l.l -0.852 -0.852 -2.302 -11.452 -3.509 -1.124 3.438 4912 15.865 84.792 267.531
GB2.1 -1.244 -1.244 1.407 -1.447 -4.257 -2.576 4.25 5.782 13.638 86.065 261.731
GB3.1 -0.115 -0.115 0.082 -2.481 -1.144 -2.174 6.711 5.163 12.092 85.986 269.972
GB4.1 -76.133 -76.133 -199.83 -363.111 -483.023 -555.485 26.669 67.999 164.803 268.017 314.127
P L l 51.9 51.9 87.591 115.666 132.257 134.305 -41.05 -92.415 -255.326 -627.04 -958.93
P2.1 52.003 52.003 92.916 117.434 130.547 133.892 -41.236 -86.877 -251.329 -627.351 -960.684
P3.1 54.116 54.116 92.634 123.018 127.661 135.644 -41.496 -86.233 -252.406 -628.812 -962.793
X14.1 8.386 8.386 13.031 13.332 15.599 14.954 -4.626 -15.005 -264.502 -1831.354 -2316.819
X5.1 0.915 0.915 2.58 4.67 1.156 -3.092 4.145 -4.782 -34.489 -1461.514 -2074.314
X6.1 -0.034 -0.034 1.098 2.359 -0.045 3.081 0.98 -4.884 -113.622 -1603.439 -2103.477
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Garryland

Table D.4: Changes in max volume (1000 m )̂ of Garryland turlough with altering conduit size 

(change in volum e is positive unless indicated to be negative by a minus symbol).

Increasing condu it size Reducing condu it size
Conduit nam e 105% 110% 125% 150% 175% 200% 95% 90% 75% 50% 25%
21.1 -0.122 -0.122 1.046 1.714 0.608 1.128 0.068 -0.373 -1.284 -5.763 -7.456
21.R 1.842 1.842 1.879 1.729 1.719 2.295 -0.641 -2.31 -13.037 -63.709 -165.309
22.1 1.516 1.516 2.71 2.956 3.718 3.726 -0.284 -0.831 -4.88 -8.088 -10.089
23.1 0.741 0.741 0.653 1.071 1.068 1.135 -0.055 -0.233 -1.497 -10.121 -13.716
24.1 1.718 1.718 2.515 3.192 2.986 3.439 -0.69 -1.423 -11.858 -68.917 -208.417
25.1 0.084 0.084 -0.259 0.171 0.069 0.31 0.8 0.445 1.456 10.45 34.976
25.2 9.334 9.334 15.518 21.764 23.276 23.516 -8.099 -14.942 -44.459 -110.308 -167.703
26.1 -0.877 -0.877 -0.996 -1.187 -1.394 -2.011 0.674 1.558 6.034 21.315 38.272
27.1 -0.682 -0.682 -0.794 -1.457 -1.724 -1.878 0.747 1.938 6.203 23.863 41.597
28.1 0.613 0.613 0.52 0.386 -0.166 0.171 0.215 0.825 0.942 6.351 34.675
29.2 1.123 1.123 2.069 4.44 6.92 11.016 0.578 -1.141 -0.73 -1.274 -1.546
30.1 5 17? 5.172 8.219 13.51S 18.115 21.647 0.282 0.044 -0.009 0.532 -0.205
31.1 0.217 0.217 -0.302 -0.558 1.314 -0.124 -0.16 -0.157 -1.389 -19.467 -176.688
32.1 -0.49 -0.49 1.752 -1.605 0.943 -0.235 -0.726 -0.218 -2.919 -20.53 -182.219
33.1 -1.192 -1.192 ■1.302 -1.083 -1.426 1.035 0.436 0.262 0.218 -3.98 -65.582
34.1 0.497 0.497 -0.38 -0.403 -0.398 -1.691 -1.503 -0.566 -4.636 -32.761 -294.139
35.1 4.022 4.022 5.61 7.861 9.105 10.082 -1.482 -5.483 -21.209 -129.028 -501.638
36.1 3.164 3.164 6.306 5.925 4.943 6.425 -2.904 -4.192 -17.665 -116.124 -496.367
37.1 2.512 2.512 5.078 6.865 7.28 6.696 -1.122 -6.395 -21.859 -130.91 -505.984
38.1 7.394 7.394 13.173 14.59 16.77 17.143 -6.113 -14.197 -57.394 -336.625 -606.728
39.1 5.747 5.747 10.844 14.376 14.01 16.014 -4.461 -12.501 -54.295 -423.821 -606.842
42.1 -0.882 -0.882 -2.919 -3.084 -2.237 ■4.222 1.289 2.478 7.158 36.71 83.86
43.1 -12.724 -12.724 -22.741 -30.168 -32.065 -33.052 10.28 24.545 105.304 591.854 1433.204
44.1 -13.142 -13.142 -23.904 -29.992 ■32.014 -34.144 10.502 24.649 107.282 597.758 1435.865
45.1 -6.397 -6.397 -12.345 -17.518 -18.829 -19.475 6.153 13.321 62.543 435.187 1401.01
46.1 -2.847 ■2.847 -4.551 -4.466 -4.858 -6.346 1.872 4.313 18.223 164.83 1247.615
47.1 -0.578 -0.578 •1.396 -1.87 -1.936 27.609 0.782 2.104 9.446 90.933 1072.157
48.2 -97.723 -97.723 -194.317 -267.762 -296.179 -308.412 61.893 130.277 382.836 1027.849 1113.346
49.1 -17.488 -17.488 -31.753 -41.963 -43.942 -46.378 13.805 32.41 129.686 599.672 1095.308
50.1 -4.315 -4.315 -7.882 -9.295 -10.853 -11.754 4.654 10.685 50.879 345.613 1136.827
51.1 -5.453 -5.453 -7.696 -9.396 -12.673 -12.151 4.062 9.524 50.586 345.988 1660.207
52.1 -3.94 -3.94 -7.986 -10.429 -11.364 -11.619 4.073 8.82 48.829 344.516 1142.568
53.1 -4.575 -4.575 -7.936 -9.981 -12.018 -10.816 3.619 8.39 44.671 343.272 1144.643
54.1 -5.338 -5.338 -7.587 -9.518 -10.313 -11.994 3.547 6.516 40.148 339.643 1140.625
55.1 -4.424 -4.424 ■6.636 -8.183 -10.225 -9.478 2.799 6.5 33.215 310.206 1660.207
56.1 -2.021 -2.021 -2.847 -3.243 -3.623 -3.81 1.781 3.903 9.978 117.557 1085.469
B7.1 5.333 5.333 9.127 21.75 24.608 28.072 -0.518 -1.279 -1.006 ■27.372 -190.678
BIck.l 19.113 19.113 48.94 74.326 84.331 88.138 -12.284 -21.923 -64.155 -144.662 -194.342
Caherglassaun.l 0.337 0.337 0.599 0.974 0.866 0.773 0.099 -1.062 0.112 1.708 28.16
Coole.l 5.101 5.101 12.7 25.94 6.716 13.422 -1.628 -4.409 -22.042 -178.506 -599.382
Coole.2 0 0 0 0 0 0 0 0 0 0 0
C oole .estav .l 1.464 1.464 2.744 3.659 6.666 1.484 -0.323 -1.931 -11.458 -50.087 -90.324
Coole_e$tav.2 -3.123 -3.123 -8.244 -7.981 -10.334 -10.314 1.435 5.449 17.621 55.079 92.19
Coote_01.1 0 0 0 0 0 0 0 0 0 0 0
Coote_02.1 0 0 0 0 0 0 0 0 0 0 0
Coote_03.1 0 0 0 0 0 0 0 0 0 0 0
Coole_04.1 0 0 0 0 0 0 0 0 0 0 0
Coo)e_05.1 0 0 0 0 0 0 0 0 0 0 0
Coy.l 0.081 0.081 0.245 0.163 -0.252 -0.044 0.61 0.111 1.866 11.254 39.163
Coy.o 0.059 0.059 0.256 0.623 1.161 1.38 0.555 -0.019 0.171 -0.936 0.08
G42.1 4.057 4.057 5.837 5.635 7.753 7.636 -1.425 -4.656 -18.682 -63.905 -93.146
G43.1 -5.146 -5.146 •11.224 -16.682 -19.697 -22.341 3.672 7.459 19.137 38.753 49.875
Garry_estav.l -0.964 -0.964 -1.59 -2.338 -1.973 -3.686 1.294 2.115 7.344 26.524 46.711
Garry_estav.2 -0.187 -0.187 0.222 -2.269 -0.241 -1.696 0.592 0.688 3.354 17.44 53.124
Garryland.l 0.235 0.235 -0.21 0.07 1.455 3.232 0.033 0.045 0.616 0.181 -5.953
GB1.1 -0.182 -0.182 -0.463 -2.127 -0.7 -0.272 0.641 0.934 3.099 17.086 54.306
GB2.1 -0.253 -0.253 0.203 -0.323 -0.834 -0.534 0.788 1.093 2.698 17.313 53.251
GB3.1 -0.049 -0.049 -0.036 -0.51 -0.273 -0.46 1.23 0.982 2.418 17.292 54.751
GB4.1 -15.203 -15.203 -39.582 -72.038 -95.546 -109.622 5.547 13.749 33.333 54.38 63.795
P1.1 9.321 9.321 15.84 20.953 23.959 24.338 -7.288 -16.42 -45.345 -110.755 -167.293
P2.1 9.339 9.339 16.793 21.27 23.651 24.263 -7.32 -15.427 -44.638 -110.812 -167.582
P3.1 9.717 9.717 16.742 22.273 23.143 24.582 -7.366 -15.31 -44.83 -111.057 -167.97
X14.1 1.513 1.513 2.35 2.404 2.812 2.694 -0.838 -2.713 -46.458 -312.108 -388.648
X5.1 0.165 0.165 0.465 0.841 0.209 -0.557 0.746 -0.865 -5.467 -250.326 -351.134
X6.1 -0.006 -0.006 0.197 0.424 -0.009 0.554 0.175 -0.88 -19.557 -273.457 -355.697
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Appendix D: Sensitivity Analysis

Table D.5: Changes in max volume (1000 m )̂ of Caherglassaun furlough with altering conduit size 

(change in volume is positive unless indicated to be negative by a minus symbol).

Increasing conduit size_________________  Reducing conduit size
Conduit nam e 1 105% 11096 125% 150% 175% 200% 95% 90% 75% 50% 25%
21.1 -0.137 -0.137 1.232 2.023 0.742 1.347 0.072 -0.449 -1.533 -6.793 -8.761
21.R 2.169 2.169 2.218 2.042 2.034 2.666 -0.767 -2.736 -15.359 -73.886 -186.171
22.1 1.774 1.774 3.172 3.477 4.37 4.383 -0.339 -0.979 -5.693 -9.457 -11.798
23.1 0.8G4 0.864 0.76 1.246 1.239 1.32 -0.058 -0.276 -1.745 -11.763 -15.979
24.1 2.015 2.015 2.948 3.744 3.523 4.052 -0.817 -1.686 -13.908 -79.843 -233.267
25.1 0.104 0.104 -0.298 0.211 0.091 0.374 0.923 0.501 1.654 11.945 40.956
25.2 11.068 11.068 18.302 25.621 27.394 27.673 -9.658 -17.424 -51.054 -126.096 -189.721
26.1 -0.984 -0.984 -1.055 -1.18 -1.389 -2.093 0.764 1.77 6.849 24.709 44.852
27.1 -0.752 -0.752 -0.776 -1.416 -1.715 -1.886 0.843 2.203 7.008 27.659 48.764
28.1 0.711 0.711 0.609 0.453 -0.187 0.206 0.247 0.95 1.064 7.147 40.486
29.2 1.328 1.328 2.468 5.302 8.225 13.007 0.661 -1.344 -0.892 -1.547 -1.88
30.1 5.442 5.442 8.571 14.287 19.373 23.025 0.329 0.054 -0.008 0.614 -0.23
31.1 0.236 0.236 -0.376 -0.663 1.508 -0.163 -0.193 -0.19 -1.655 -22.552 -199.001
32.1 -0.573 -0.573 2.016 -1.889 1.034 -0.297 -0.844 -0.256 -3.408 -23.706 -204.937
33.1 -1.349 -1.349 -1.462 -1.204 -1.603 1.045 0.507 0.312 0.269 -4.63 -75.728
34.1 0.401 0.401 -0.408 -0.417 -0.416 -1.916 -1.733 -0.636 -5.292 -37.467 -365.769
35.1 4.573 4.573 6.226 8.756 10.047 11.039 -1.691 -6.26 -24.527 -142.987 -556.714
36.1 3.68 3.68 7.101 6.612 5.516 7.202 -3.335 -4.786 -20.586 -129.197 -550.542
37.1 2.825 2.825 5.725 7.791 8.247 7.511 -1.254 -7.315 -25.287 -144.398 -562.66
38.1 8.26 8.26 14.862 16.889 19.389 19.841 -6.989 -16.231 -64.994 -402.711 -752.268
39.1 6.556 6.556 12.286 16.191 16.178 18.511 -5.113 -14.349 -61.453 -462.796 -759.84
42.1 3.553 3.553 4.798 7.046 8.903 6.914 -1.921 5.048 24.135 -97.953 207.179
43.1 21.811 21.811 38.372 48.196 52.53 53.991 -16.053 -37.511 -157.516 -574.266 ■768.663
44.1 21.339 21.339 36.938 48.482 52.668 52.623 -15.836 -37.462 -156.253 -574.079 -780.097
45.1 12.025 12.025 19.855 23.248 24.984 25.521 -7.958 -20.381 '88.94 -474.108 -768.177
46.1 2.027 2.027 4.072 6.78 7.228 5.823 -2.011 -4.985 -26.027 -219.3 -720.457
47.1 2.129 2.129 3.291 4.116 4.513 39.598 -1.275 -2.767 -13.691 -127.427 -475.025
48.2 -191.435 -191.435 -354.628 -464.064 -503.566 -520.133 134.983 297.492 956.502 2365.118 2365.118
49.1 -37.048 -37.048 -65.982 -85.357 -90.47 -94.022 28.991 68.362 294.978 1500.738 2365.118
50.1 -9.271 -9.271 -16.486 -20.152 -22.552 -23.955 9.056 21.659 105.726 820.794 2365.118
51.1 -10.353 -10.353 -15.908 -19.749 -24.196 -23.978 8.108 19.57 105.52 820.911 2365.118
52.1 -8.371 -8.371 -15.848 -20.46 -22.241 -22.9 7.86 17.984 102.892 817.419 2365.118
53.1 -8.855 -8.855 -15.395 -19.464 -22.482 -21.486 7.088 16.804 93.33 813.785 2365.118
54.1 -9.487 -9.487 -14.576 -18.444 -20.045 -22.34 6.77 13.965 82.581 805.06 2365.118
55.1 -7.915 -7.915 -12.571 -15.758 ■18.672 -18.137 5.479 12.906 66.656 728.61 2365.118
56.1 -3.122 -3.122 -4.659 -5.516 -6.124 -6.432 2.69 6.035 19.017 248.403 2365.118
B7.1 5.833 5.833 9.798 23.907 26.84 30.181 -0.643 -1.427 -1.11 -31.602 -212.203
BIck.l 23.036 23.036 58.968 89.263 101.188 105.723 -14.423 -25.962 -74.43 -164.118 -217.885
Caherglassaun.1 1.116 1.116 1.991 2.806 2.828 2.773 -0.428 -2.507 -5.3 -24.841 -269.768
Coole.l 5.645 5.645 14.263 29.572 7.122 14.888 -1.688 -4.84 -24.56 -192.318 -712.758
Coole.2 0 0 0 0 0 0 0 0 0 0 0
Coole_estav.l 0.174 0.174 0.467 0.743 3.941 -2.154 0.777 0.408 '2.64 -12.963 -42.675
Coole_estav.2 9.475 9.475 15.092 24.131 24.572 25.975 -7.22 -13.617 -47.331 -135.252 -217.673
CooIe_01.1 0 0 0 0 0 0 0 0 0 0 0
Coole_02.1 0 0 0 0 0 0 0 0 0 0 0
Coole_03.1 0 0 0 0 0 0 0 0 0 0 0
Coole_04.1 0 0 0 0 0 0 0 0 0 0 0
Coole_05.1 0 0 0 0 0 0 0 0 0 0 0
Coy.l 0.103 0.103 0.269 0.205 -0.271 -0.033 0.7 0.104 2.1 12.764 45.827
Coy.o 0.065 0.065 0.298 0.744 1.443 1.859 0.642 -0.03 0.192 -1.097 0.078
642.1 1.41 1.41 1.105 -0.814 1.025 0.65 0.619 -0.396 -3.075 -20.224 -45.655
643.1 5.83 5.83 11.105 15.433 16.325 15.08 -2.811 -6.232 -19.58 -42.117 -56.2
Garry_estav.l 0.974 0.974 1.902 2.143 2.956 1.112 -0.062 -1.175 -6.122 -27.63 -53.184
GarrY_estav.2 -0.154 -0.154 0.351 -2.503 -0.149 -1.832 0.642 0.692 3.409 16.729 50.81
G arryland.l 0.267 0.267 -0.241 0.082 1.689 3.765 0.038 0.05 0.719 0.265 -0.9
G B l.l -0.155 -0.155 -0.437 -2.344 -0.681 -0.177 0.699 0.966 3.118 16.314 52.183
GB2.1 -0.238 -0.238 0.326 -0.249 -0.831 -0.486 0.871 1.162 2.655 16.573 50.96
GB3.1 -0.002 -0.002 0.05 -0.469 -0.183 -0.392 1.382 1.033 2.326 16.519 52.703
GB4.1 -14.606 -14.606 -38.282 -67.964 -89.768 -102.922 4.963 12.965 31.753 52.286 61.537
P L l 11.057 11.057 18.682 24.663 28.197 28.639 -8.678 -19.104 -52.061 126.623 -189.277
P2.1 11.077 11.077 19.8 25.038 27.831 28.55 -8.708 -17.963 -51.249 126.696 -189.561
P3.1 11.521 11.521 19.738 26.234 27.237 28.916 -8.756 -17.821 -51.475 126.928 -190.112
X14.1 1.742 1.742 2.693 2.737 3.197 3.046 -0.97 -3.141 -51.901 346.833 -445.652
X5.1 0.189 0.189 0.531 0.963 0.23 -0.661 0.868 -0.997 -4.258 278.292 -407.582
X6.1 -0.006 -0.006 0.228 0.497 -0.005 0.644 0.2 -1.012 -20.674 303.321 -412.166



C
ha

ng
e 

in 
V

gl
uf

nc
llO

O
O

 
m

3}

Appendix D: Sensitivity Analysis

C aherglassaun

-I- . 1  - ■ _____ !!L

8  :oa I

I  a 3  i
O■jk I

mo i 

S wa i

6 00

■ o ' S s  £ 0 0 0 0 0 ,S i s  ^ c  :: V

i  . 3 3  ----------- -

■ ‘100% ■•75'a

■ *SCH| « »2S%

*lO< 'S-v

C undu it K i'm e
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% Change in 
turiough Volume

Figure D.20: Percentage changes in volume of Caherglassaun turiough from reducing size of

individual conduits by 50"/<i
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Figure D.21: Percentage changes in volume of Caherglassaun turiough from increasing size of

individual conduits by 100*’/o
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Figure E.l: Turlough flooding patterns according to em sem ble em ission scenario.



Appendix E: Climate Change Data

Blackrock
12

10

1 8

2

0
20 30

^  OuritVon (%)
70 SO 90 1000 10

Coy
10

8

2

0
20 30 70 80 1000 10

Coole
10

8

X € 6 
t a

2

0
70 900 ID 20 30 ao 100

G arryland
10

8
E
« 6 
Q

4

2

0
70 ao 90 1000 10 20 30

C aherglassaun
10

8
E 
€ 6 
Q

4

2

0
0 10 30 70 80 9020

Figure E.2: Turlough flood duration curves according to emsemble emission scenario over the

period Jan 2011 -  Jan 2012.
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BH3
PollBcuna

o w i/a w i Depth

(m)

HMd

(mAOD)

N itn tt

(mg/l}

NKrfte

(m ^ l)

Total N

(mg/t) Im ^ l)

Total Ptns|oharus

(K9/I)

Total Dissolved 
Ptio»phons

(ug/t)

Attainfty

(m ^ o s
CaC03l

EC 6“ OV5MOW

%.

C'h VSMOW 

%,

«“ CVP0B Cemmcnt

31-03-10 13:00 6.97 21.78 120 7J1

30-04-10 10:45 17.49 11.26

23-06-10 15«) 22.5 6.2S 0.1 <0.02 0.09 168 674

0»^07-10 16:15 6.37 22.38 0.9 <0.02 0.14 6.94 168 537 -6.85

21-0710 10:45 13.87 14.88 <0.02 OJS 7 170 530 -&76

1»08 10 12:40 5.4 23.3S 0.1 o jn 0.09 m 644 -6l77 -12.184S4
1509-10 13:50 5.87 22.88 0.1 <0.02 a37 7.46 186 670 7.00 -13.59S17
IS -IM O  11:30 4.81 23.94 OJ 0.01 0.4 0.03 7J1 216 •7.23 -11.25303
15-02-1113:10 4.89 23.86 2.S 3.9 1050 7.64 144 633 7.61

02 03 11 17:35 8.83 19.92

21-03-11 13.00 14.86 13.89 0.7 2.3 7.88 9.81 4.10 128 567 ‘7.44

06-04-11 11:15 11.15 17.60

1304 11 12:45 16.04 12.71 1.9 1.9 ia3S 5.49 192 744 -7.26

17-05-11 121» 21.18 7.57 0.6 2.2 7.5 210 862 701

01-06-n 15:50 18.98 9.77

21-06-11 10:45 17.80 ia95 0.8 7 J l 18.27 15.41 190 7W

IS-10-1112:50 11.77 1698 1.1 3.7 7.33 9.49 7.93 274 927 6.86 44.89

08-11 11 11:45 12.16 1659 0.4 0.4 7.03 6.45 1.45 284 955 6.11 45.03

04-12-11 12:10 7.8b 8.20 264 -692 -44.70

09-01 12 12:1S 1 1 7.03 5.96 0.00 256 987 664 42.75

06-02-12 13:10 2.8 3.9 7.18 ia4 6 1.63 262 954 640 39.70

13-03-12 10:SS 3.6 7.2 2.98 3 38 212 829 660 39.05

10-04-12 11:15 3.4 3.6 6.96 11.89 2.88 236 840

22 OS-12 11.00 1.8 7.4 23.49 6.98 248 848

2006-12 10:30 2.4 7.61 23.62 22.83 242 868

23-07-12 10:20 13.96 14 79 2 2 6.98 15.24 7M 224 895

23-08 12 10:10 2.1 3.4 6.91 9.70 i M 248 910

0» 10-12 12:10 2.5 2.6 7.482 7J6 4.10 266 789

07-11-12 12:10 1.8 2.1 6.% 12.04 8.98 222 975

04-12-12 11:40 1.2 1.93 7.15 sa76 M88 240 846

23-01-13 13:30 2.6 3.3 7.51 8.13 136 637

2^02-1310:00 3.5 7.35 &61 0.48 106 501

25-03-13 ia3 5 1.5 3.1 7.9 15.39 3.97 70 487

BH5
KIttsrtan

DMa/ttm* 0«pth

(m)

H««d

(mAOOl

Nftratr

( m ^ i

Nftrite Total N

Img/t)

Ammorva

(mg/l)

ph Total Ptnsphons

i } ^ l

Total Dissetvcd 
Phnsfihena

AtkaBnitv

fm g/liB
COC03I

EC

(U^cm)

6'*0 VSMOW VSMOW «“ CWP0B

%•

Comment

31-03-10 13;45 9J4 651

3004-10 16;1S 13.4 2.95

24-06-10 14:30 13.14 3 31

08-07-10 12:30 14.43 1.92 0.4 0.02 o m 7.39 150 628 -&34

21-07-1010:10 13.14 3.21

19 08 1010:30 13.18 3.17 1 <ao3 2.U 0.01 154 581 652 -a04G434
1609-10 13:20 10.70 5.65 0.6 <0.02 1.31 0.01 7.94 144 553 -655

13-10-10 1900 17.53 -1.18

18 11-10 16:45 7.92 8.43 0.3 0.01 0.4 0.01 7.64 128 S66 6.58 -8.855291
15-02-11 17:50 801 834 0.2 0.3 8.22 76J0 136 596 630

02-03-11 14:40 12.50 3.85

21-03-11 17X10 10.15 6.20 0.8 7.97 8.99 4.51 134 S89 -627

06-04-11 ISOO 9.93 6.42

13-04-11 15:45 ia45 5.90 0.1 0.8 28.54 15.20 136 595 ‘6.38

17-05-11 1400 13.10 3JS 0.3 1.2 7.76 24.11 23.28 631 -6.30

21-06-11 19:20 15.34 1.01 0.8 2.4 7.72 30.48 16.23 158 -618

10-08-11 10:50 11.90 4.45 0.4 2 7.83 65.49 43.56 654 -&42

18-10-11 17:50 9.81 6.54 1 3.1 7.59 S81.9S 484.93 162 634 -618

06-11-11 16:40 12X0 4.35 0.6 1.3 7.44 75.38 52.75 160 619 -5.97

04-12-11 16:30 8 00 8.35 0.9 2.8 7.31 104.33 8107 168 701 -5.91

09-01-12 16:40 6.00 ia35 1.4 1.4 7.5 77.59 65.43 160 594 -612

06-02-12 17:15 8.50 7.85 0.4 2.1 7.58 53iX 508 162 673 &16

10-04-12 14:45 12.50 3.85 0.2 105 7.13 50.39 42.20 160 595 -6.40

22-05-12 15:15 13.00 3.3S 0.2 0.3 7.74 63.78 32.31 160 610

23-07-12 14:20 11 5.35 0.4 7.4 3L32 21.43 168 621

23-08-12 17:50 12.00 4.35 0 3 7.32 28.01 21J5 164 597

09-10-12 16:30 13.00 3.3S 0 7.967 33J5 19.14 174 61S

07-11-12 16:20 11.00 5.35 1.12 7.22 25.09 18.18 174 667

04-12-12 15:30 9.00 7.3S 0.3 1.7 7.1S 35.71 23.17 174 626

23-01-13 11:10 8.50 7.85 1.3 l . l 7.45 25.68 148 577

26-02-13 IlOO 11.00 5.35 1 7.46 21.93 15.42 154 577

25-03-13 14:40 11.00 5.35 0.2 7.66 28.72 21.10 144 602
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BH7
G nnntoh

0«pth

(m)

H««d

(mAODl

N ttn is

(mg/l)

Nltrtte

(mg/l)

Toul N

(mg/l)

Ammorda

(mg/l)

P*> Total Phosphoruf

(na/f)

Total Dhiolvcd 
Photphonjs

( tv /fl

AlkaKnItv

Im g/tas
CaCOH

EC

(ilS/cm)

6*^) VS MOW 

%.

&'h VSMOW 

V.

6**C VPOB Comment

23-06-10 1S:S0 34.46 3 J0 0.2 <a02 <aos 180 7.43

21-07-10 11;1S 31J 6.46 0 .0 2 0.27 7.26 170 788 -7 JO

19-08 10 12;10 24^2 13.44 0.2 OXB 0.01 182 796 7.03 -14.97827
1&-09-10 16:10 18.17 20J19 2 S <0X12 331 o m 7.54 190 659 7.59 -17.60353
14-10-10 15:45 30.15 8.11 0 0 0 7J8 176 101 7,39 -15.35135
18-11-10 11:4S 18 20.26 7.6 oxn 0.<B 7.16 168 G93 -7XJ3 12.6(BS8
16-02 11 11:10 21.04 17.221 174 5890 6.58 Extramlyhigh EC

13-04-11 13:00 30.99 7.27 0.6 1.6 7.11 5.90 182 738 -673

17-05-11 12:20 35.3 2.96 0.5 1.8 7.48 11.16 8.73 184 742 -654

21-06-1111:20 32.1 6.16 4.3 6 7.6 9.92 5.23 174 -6.32

18-10-11 13:15 24.76 13.50 5.7 7.34 2045 7.53 206 833 -627

0 » - ll 11 13:50 22.28 15.98 5.7 6.2 7.12 9.08 8.68 200 807 -626

04-12-11 12:45 18J)3 20J3 5.8 7.12 9.74 4.78 212 813 -6.26

0901-12 12:45 15.6 22.66 103 ia 4 7.3S 11.99 7.09 180 787 -&27

06-02-12 1 3 J0 18.24 2a02 3.1 7.11 53.08 5X8 218 87.8 •631

1 3 ^ -1 2 1 1 :1 5 25.4 12.86 1.4 1.4 7.32 7.77 4.97 216 836 -647

10-04-12 11:50 29.12 9.14 0-2 0.4 6.98 8.41 4.92 186 772 -6.37

22-05-12 lld O 27.S8 ia 3 8 0.6 1.7 7.25 10J2 7,75 204 829 649 -42.78

20-06-12 11:40 23.7 1456 3.6 7.36 10.29 7.94 196 774 -637 -40.55

23-OM2 10-.50 2&3S 11.91 I S 1.6 7 M 23j07 11.12 200 834 -656 -41J0

09-10-12 UXX} 24.4 13.86 4.8 4.8 7.653 1413 5.36 204 790 -630 -39.30

07-11 12 12:25 21 17.26 3.92 6.98 14.73 6.29 196 808 -7.05 40.11

04-12-12 11:55 19.35 18.91 1.6 2.71 6.88 1&49 6.46 202 792 -678 -40.70

23-01-13 13:45 19.7 18.56 2.2 3 7.04 1440 200 779

2602 13 10:10 22.9 15.36 1.3 7.02 10J2 10.82 160 665

25-03-13 10-^5 27.57 10.69 0.5 0.6 7.32 15.01 12.35 194 721

BHIO

B»llymn—n South
O ata/tkna Depth

(m)

HcmI

{mAOOl (mq/l} (mq/t) (rrm/ll

ph Totai Phoiphana

(n/i)

Total 0l*Mlv«d 
Pttocpfw u

In /J !

M k a d r^

( m ^ a s
CaCOi)

EC

W c m l

VSMOW 6 ^  VSMOW «“ CVP0B Comment

31-03-10 U:45 29 10.65 196 -7.22

3004 10 180 ) >13 <26.65 186 -659

1908 10 14SX> 0.9 <002 oxa 176 671 -694

15-09-10 18:30 <002 1.34 0 7.58 170 638 7.49

13-10-10 18:30 2.00 0 3.2 0.01 7.56 174 707 •7.23

15-02-11 18:10 2.60 3.3 7.74 158 6C0 -674

21-03-11 16:20 1.70 4.2 7.39 12.26 7.77 180 687 -7.04

13-04-11 18:00 2.5 162 661 695

17 05-11 17:15 7.48 0.00 4.28 160 690 -6J5

c e l l  11 17:20 1.3 7.18 i . a 1.97 196 516 -6.72

04-12-11 17:10 3 7.1 12.65 9.91 182 671 609

09-01-12 17:30 2.1 7.12 3.70 2.95 204 710 5.68

06-02-12 18:30 1.4 7.23 5.47 5.47 202 725 -5.96

13-03^12 19:00 7 J6 2.18 2.18 238 704 -6.31

10-04-12 18:15 1.8 7.1 9.43 0£3 650 636

23-07-12 18iX> 1.8 7.33 5.35 4.11 188 688

2308-12 U:40 2.7 7 M 2.63 1.38 206 702

0910-12 1830 1.8 7.626 6.61 3.68 210 733

07-11-12 18:00 2 J 639 476 0.92 212 803

04-12-1217:10 2 6.99 2.70 0.61 216 782

2602 13 17:20 0.1 7JJ3 1.63 2.39 224 770
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B H ll
Bunngh
O aw/ttm* Depth

(m)

Heml

(mAOO)

N ttn te

fm g/l)

Nitrite

(mg/l)

ToUiN

(mq/l)

Ammonia

(mg/l)

P*> Total
Total Dissolwed 

PhM |)tena
AHcattnitv

(m g /lo i
CcCOil

EC 6'*OVSMOW VSMOW

%,

*‘*C VPOB Cam mem

30-04-10 16:4S 4.7 19-20 1S4 -622

24-06-10 17:30 6.31 17,59 0.2 < om 033 140 ,618

0fr07 10 12:00 S.97 17.93 1.40 0.01 0.07 7.04 168 631 6.27

21-07 1014:40 5.19 18.71

19-08-10 11;4S S.5 18.40 0.S 0 .0 2 0.02 174 656 -623

14-10-1014:20 4.70 19.20 0.6 <0.02 1.3 0.44 7.S3 150 631 -627

lS-11-1017:00 3.89 20.01 0.2 <002 1.2 002 7.35 ISO S93 661

lS-03-11 l&SS 3.81 2a09 0.7 2.2 7.72 91.59 1J.68 152 62S 6.80

02 03 11 16XK> 4.40 19.50

21-03-1118:00 4.20 19.70 1.2 7.34 8.99 21.23 164 635 6.25

0&04 11 U:SO 4.51 19.39

13-04-11 16:SS 2.9 31.77 4.68 148 640 633

17 OS-11 13:10 0.6 1.7 7.48 156 662 -617

01-06-11 1S:1S S .ll 18-79

21-06-11 20K» 0.6 2.4 7.61 3a08 ia 9 3 160 -612

10-08-11 10:20 0.3 7J7 9.88 5.38 669 -6.23

18^10-11 18:20 0.2 0.8 7.42 11.25 6.7S 162 613 -611

O S -lM l 1S:30 0.2 0.3 7.32 5.39 5.39 168 628 628

04-12-11 16:00 3,73 20.17 0 3 1.5 7.22 14.70 5.46 188 690 -606

09-01-12 16:00 3.7 20.20 0 0.2 7.23 8 a i i 5.21 172 614 -625

06-02 12 16:tS 3.9 20.00 0.4 7.27 36.57 432 170 641 628

13-03-12 13:4S 3.(- 20.30 O.S 0.8 736 ?a93 7.T7 170 641 609

ia04 -12  14:10 3.95 19.95 0.6 2.2S 7 iS S7.76 4.S2 168 619 -641

22-OS-12 14:S0 4,27 19.63 0.S 1.4 7.48 40.76 1005 160 594

20-06-12 12.-00 3.8 2a i o 0.5 7.49 27.14 10.29 160 601

23-07-12 13:40 4,3 19.60 O.S 1.4 7-34 25.55 9.88 174 651

23-08-12 14:00 3.6 20.30 0.4 2 7.09 ia 7 4 3.87 164 612

09-10-12 1S:30 347 20.43 0.2 0.2 6.637 12.25 3.68 160 595

O M l-12 1S:S0 2.1 7.07 15.11 4.37 166 660

04 12-12 15:45 0.6 1.29 61 15.65 4.16 166 646

23 01 1311:55 3.4 0.2 1 7J1 7.71 163 622

2602 13 10:50 3.4 1-4 7 in 1676 3.74 174 662

2V03 13 ISO ) 0-4 0.45 7.42 128.84 5.49 162 625

BH12
Crannsgh
Oata/ltm* Depth

(m)

Head

(mAOO)

Nftjate

(mg/l)

Nitrite

(mg/lt

Total N

(mg/l)

Ammonia

(mg/1)

Total Phcaphcrus

(iO/l)

Total Dissolved 
Phosphons

Aikattiritf

(m g/tos
CaC03)

EC

(lii/cm)

&'*0 VSMOW 

%,

CSl VSMOW 

%,

*“ CVPOB

V.

Comment

08 07-10 11:30 3-7 12.60 O in 0.71 6.85 198 871 5.86

1 908  1010£0 3.73 12.57 1.30 o m 1.34 0.06 200 701 6.14

16-09 10 9:20 274 I3.S6 1.20 <0.02 1.14 0 6 6 7.57 196 686 601

18-11-10 16:20 0,89 15.41 0.2 0.01 0.3 oxn 7.35 180 713 5.92

16-02-11 10:30 0,82 15.48 1.70 2.6 7.74 27-99 11.77 752 5.89

02-03-11 15:00 1,12 15.18

21-03-11 17:30 1,60 14.70 3.60 4 7.13 46-72 10.22 200 780 648

06-04-11 15:20 1,67 14.63

13-04 11 16M) 1.60 14.70 1.2 4.6 12.37 1.86 176 700 601

01 06-11 ISM) 3.12 13.18

21-06-11 18:45 3.20 13.10 2.3 3.1 7.37 ia s 3 4.82 214 5.75

10 08 11 11:15 3.30 13.00 2.1 3.6 7.25 1654 2.06 797 -5.70

18,10-11 17:10 2.08 14.22 1.1 S.2 7.37 949 3J2 218 786 5.48

08-11 11 15:50 1.72 14.58 l . l I J 7.28 7.50 3iH 222 79S 5.69

09-01-12 16:45 O.SO 15.80 1 3.8 7.26 30.81 5.59 208 745 -606

06-02-12 1730 1.10 15.20 3.8 3.9 7.41 13.15 5.47 204 754 •5.89

13-03-12 17:30 1.56 14.74 3 J 7.S1 212

10-04 12 15:10 2.25 14.05 2.7 4.2 695 9.02 1.65 192 719 -SJ3

22-05-12 15:50 3.00 13.30 2.1 3.3 7.21 29.24 10.44 228 8G8

20-06-12 12:45 2.30 14i)0 3.1 7.31 35.38 28.71 200 744

23-07-12 13:40 2.85 13.45 2.5 3 J 7.2S 9.88 S-3S 196 749

23-08-12 17:25 2.73 13.57 1.9 7.06 1636 3J87 202 741

09-10-12 16:00 1.90 14.40 1.3 0.6 7.797 12iM 5.36 196 709
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BH14
S M tM tg h
OaM/ttiM Depth

(ml

Head

(mAOOl

Nhnte

(mg/0

Nttrtte

(mg/l)

TettIN

(mg/l)

Afnmorda

(mg/l)

Total Phos|>hans

( l ^ l

Tot*l OisiolvMl 
Ptnsfhons

iUkallirftv

(m gfloi
CpC03)

EC

(t/5/cm)

6 ^  VS MOW 

%,

VSMOW

%,

fi“ CVPOe Cofnmenl

33-06-10 2.73 33.43

08-07 10 1S;1S 2 £ 22.36

22-07-10 11:50 2.27 3Z89

16-0»-10 10:40 1.91 23^5
14-10-10 1S:10 2.40 22.76

lS-02-11 15:50 1.90 23.26

02-03-n 16:50 2.16 23X0

22-03-11 14:15 2.26 22.90 0.6 7.65 37.95 28.98 180 729 -6J7

13-04-11 MAI 2.22 22.94 3 4.4 37.03 31.77 ISO 629 •6.47

17-05-11 U:10 OJ 1.1 8.28 51.17 3aS6 128 535 5.40

01-06-11 1S:S0 2.S0 22.66

2106-n 11:40 a 9 3-5 8.21 66.33 64.49 84 •5.69

19^10-11 1450 2.19 22.97 0.6 1.5 7J4 7a97 57.13 200 727 -5.74 -38.06

0811-11 12:15 2.12 23M 3.4 3.6 7.16 35.12 33J1 238 851 •6.19 41.25

04-12-11 13:20 1.73 23.43 3.2 1.6 i m 57.46 52.33 228 802 6.09 -39.00

09-01-12 13:10 1.93 23.23 7A 3.3 7 53.77 sai9 216 800 •5.62 34.35

06-02-12 13:50 2.4 3 7X8 5L93 43.48 222 817 -5.47 34.08

13-03-12 11A5 2.5 4.6 7.62 41.68 33.30 218 794 -5 i7 •34.12

10-04-13 13:00 2.40 22.76 3A 4.05 7.59 39.74 31.55 186 678

22-05-12 12.20 1.3 7J9 82.21 34.23 164 625

20-06-12 10:50 1.7 7 .e 67.91 36.94 170 631

2307-12 11:10 0 U 7J5 164 606

2 3 ^ 1 2 1 1 :0 5 1.3 5 7.39 33.21 3Q71 204 720

09-10-12 12:45 0.1 7.625 54.66 46.72 238 821

07 11-12 U:25 2.7 1.62 6.85 55.58 48.87 216 814

05^12-12 12:25 1.4 3.35 7.15 58.70 53.26 226 839

23-01-13 12:45 I J 2.6 7.1 53.26 210 757

26-02-13 17:10 2 J 7.26 560)3 46.45 236 807

25-03 13 16X» 2.4 2.4 7.56 53.08 33.29 218 757

!o

Ocpth

(m)

Hmd

(mAOOt

NMnto

(mg/ll

1 1 Total N

(mg/t) (mg/ll

Ph Total Phoi|iharu(

<M/>I

Total Ottfdvad 
Ptmfhanm

(VQ/i)

MhalMtv

(m g /\o i
CbCDJJ

K

itS /tm )

<‘̂ >VSMOW V5M0W 6“c  vpoe Commcnl

0ft07 10 14:40 0.63 2a  59

1908-10 14:15 0.68 2aS4

02-03-11 12A) 0.61 2061

22-03-11 13:40 0.51 2071 0.6 1.1 7.15 54J7 38.98 202 724 6.98

06-04-11 12:30 0.60 2062

13-04-11 14:45 0.61 20.61 0.3 1.1 5057 47.74 196 710 •6.98

1705-11 17«> 0.63 2059 0.2 0.4 7 48 192 710 ‘6.78

la o e - l l  16:30 0.64 2058 0.4 7J7 79.98 44.34 746 -6.86

191011  15:20 0.61 2061 OJ 1.5 7J3 5L39 49.04 200 77* 6 4̂4

08 11-11 12^40 0.60 2062 0.1 OJ 6.88 3091 3065 234 794 6.43

04-12-11 13:40 0.59 2063 1.5 1.5 6.95 43.26 42.41 243 788 •5.96

09 01 12 13:45 0.58 2063 OA 3.1 6.97 62.05 57.53 330 758 •6.33

06-02-12 14:15 0.5 0 5 6.94 58.46 33.50 240 797 -6.34

13^03-12 U:15 I J 1.9 7j07 44.07 40.08 250 813 -6^16

1004-12 18:45 1.9 2 6.91 52.03 42.61 234 741 6.18

22-05^12 13:10 OJ 1.1 7J1 48.05 4037 218 741

2 0 0612  11:20 0.7 7.3 48.31 216 727
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BH16
Near Coole

Date/tfm* Depth

(m)

He*d

{mAOO)

Nttnte

(mg/l)

Nitrite

(mg/ll

ToUiN

(mg/l) (mg/l)

(*> Tot»l Phosf^tons
Total DKsotvcd

A lk a tr^

(mg/l os 
CaCOi)

EC

(liS/cm)

i'\> VSMOW 

%,

6^1 VSMOW 

%,

6“ C V«)B

15-09-10 20«J 15.12 9.42 1.90 <0.02 3.65 0.54 7.6 180 654 -7.45

13-10-10 19:15 13.10 11.44

18-11 10 1400 13.50 11.04 3.00 <0.02 3.9 004 7.19 180 680 •7.23

15-02-11 17:15 16.50 8.04 4.30 4.3 7.6 1686 9.86 164 675 -6.91

24-02-11 13XK} 16.97 7.57

02-03-11 13:45 15.50 9.04

21-OMl 16:00 15.70 8.84 4 .x 4.8 7.19 18.78 25.61 182 690 6J0

06-04-11 14:45 17.80 6.74 2.9

1M 4  11 15:15 4 2.8 15.20 14.79 166 683 -6.70

17-05 11 17«J 1.1 5-5 7.19 182 722 -6.60

21‘0&11 1605 2.1 1.9 7.4 38.83 33.54 176 -6.55

10-08 n  13:45 2.6 7.17 22.80 19.28 755 -6.77

06-02 12 18:00 1.9 7.09 17.76 8.54 204 728

13-03-12 14:10 2.1 7.16 1654 12.95 210 742 -6.10

10-04-12 17:50 2.9 6.92 11.07 14.76 194 713 6.13

22-05-12 18:20 1.6 2.2 7J5 16.58 16.19 198 722 608 38 78

20^06-12 14:55 2.7 3.4 7.39 18.52 10.68 194 702 6.86 -37.71

23-07-12 17:35 2.1 0.3 7.15 21.84 17.72 210 746 -633 38.11

23-08-12 18:20 1.8 0.87 6.9 22.60 21.77 240 744 -6.40 37.68

09 10 12 15:20 <1.0 7.525 20.40 19.56 214 752 6.26 37.33

07-11-12 17:30 2 2.4 6.85 15.88 14.73 206 790 &40 38.53

04 12-12 16:45 1.1 7.21 21.50 17.74 210 745 -6.66 ‘38.40

23-01-13 11:20 2 3.3 7.1 22.76 196 732

26-02-13 14:20 I 6.94 16.19 15.42 200 723

25-03-13 14:00 3.3 7.32 18.82 17.68 200 7)6

BH17
Near Coy turtouah

D«pth

(mi

HMd

(mAOOt

Nitrate

(mg/t}

NKrtta

(mg/n

Total N

(mg/l)

Ammarta

(mg/t)

Total n>osphms
Total Oiuotvad 

Ptmphons

lng/>)

JUkaMtv

(mg/l Of 
CaCOH

EC 6*^) VSMOW 

%.

VSMOW * “ CVP0B

«•

Com (nan

13^10-10 16:50 9.68 11.24

18-11-10 17:25 3.80 17.12

15-02-11 16:15 3.06 17.86 6.10 7.34 29.47 14-32 7.2 647 6.66

24-02-11 14:15 3.24 17.68

02-03-11 16:30 3.66 17.26

22 03 11 13:00 7.86 13.06 480 7.25 65.28 9.81 160 695 6.91

0&04 11 12:45 8.00 12.92

13-04-11 14:20 8.87 12.05 1.50 4.8 48.35 17.22 140 631 6.50

01-06-11 15:50 10.84 iao8

21 06-11 13:30 ia i7 ltt75 0.6 1.9 7.43 79-97 25.19 152 6.481

BH19
Near Cooh(nni)

Data/llma Depth Head Nitrate Nitrite TouIN Ammonta Total Ptna|iharxB
Total Ditiolvad 

Pho>phons
MkalMtr EC VSMOW VSMOW 6“ cvPoe Comment

(ml (mAOO) (mg/l) (mg/l) (">9/0 (mg/l) ivo/i) (l̂ Q/t)
(mg/l os 
CaCOi) (l6 /tm ) Ik Ik

24-02-11 13:10

03-03-11 13:50

21-03-11 16:15

06-04-11 14:20

17-05-11 170) 

01 06-11 14:15

18-10-11 1900

08-11-11 17:15 

10-01-12 9:40

06-02-12 1800 

13-03-12 14:20 

10-04-12 17:55

22-05-12 18:20 

20-06-12 14:55

23-07-12 17:40 

23-08-12 18:20

09-10-12 15:1S

07-11-12 17:20

04-12-12 16:50 

23-01-13 11:20 

26-02 13 14:20

25-03-13 1400

8.40

8.67

8J0

9.05

9.15

9.26

8.72 

8.66 

8.19 

8.47 

8.99 

9.08 

9.30 

8.83 

9.10 

8«4 

8.63 

8-54

8.72 

8.75 

880 

9.17

18.22

17.95 

17.82 

17.57 

17.47 

17.36

17.90

17.96 

18.43 

18.15 

17.63 

17.54 

17.32 

17.79 

17.52 

17.78 

17.99 

18.08

17.90 

17J7 

1742 

17.45



Appendix F: Hydrochemistry Results - Tables

BH20
KHtartan(nn^

Ocpdt

(m)

HMd

(mAOO)

Nitrate

( "V /l)

NItrfte

(mg/!)

ToUiN Ammvila

(mg/tf

ph Total Phofphons Toul Olttolved 
Photphons 

(fV/l)

MkvHrrftv
(m ^ ios

EC

(l£/cm)

6 ^  VS MOW fi*H VSMOW 6“ CVP0B Com mem

03-03 11 14:40 

21-03-11 IM S  
06-04-11 ISXO 

13-04-11 1S;40 

17-OS-ll 15:50 

01-06-11 IS;1S

21-0&11 19:10 

IS - lO ll  17:40

0 5 - ll- l t  16:20

06-0212 17:10 

13-03-12 17:40 

10-04-12 14:3S

22-05-12 15:10 

2006-12 13:10 

2^07 12 12:10

23-0»-12 17:40 

09-10-12 16J0

07-11-12 16.15

04-13-12 1S:1S 

23-01-13 11:10 

26<R 13 l\1X) 

3S-03-13 14:4S

12.11

12.60

12.67

12.50 

12-93

12.98 
12.S7

12.50 

12.3S 

11.40

12.67 

12.83 

12.90

12.56 

12.73

12.56 

12.43 

12iX> 

12.17

11.99

12.50 

13J0

10.71

10J8

lO J l
1038

9.95
9.90

loo t
1038

lOSO

11.48

1031

lOOS

9.98

1033

1015

10.32

1046

10.88

1071

1089

1038

10.08

BH21
Kittartan (a/ong N18)

Dtta/Mm* Howl NItnto NItrttK Total N Ammonia ph Total Phos|rfms
Total Dissolved 

Phosphorui
A lk a lr ^ EC 6 * ^  VSMOW VSMOW 6*^ VP08 Commant

(m} (mAOO; (mq/1) (mg/n (mgfl) Img/I} (VQ/II (po/f}
(mq/ios
aeon ll6 /a n )

21-0311 16JS 

0&04 11 14:45 

13-04 11 IS:20 

17-OS-ll 16:1S 

2106-11 19:40 

08^1111 16:50 

04-13-11 17£0 

10-01-13 9-J0

3.S2

3.S6

3.&1

3.67

3.81 

3 A

3.82

3.82

14.71 

14.67

14.72 

14.S6 

14.42 

14.35

14.41

14.41

n
Blackrock

Depth

(m)

HMd

(mAOt^

NItrale

(mg/t)

Nftrtte

(mg/l)

Total N

(mg/l)

Ammonia

(mg/l)

Total Phosphorut

f« / i ;

Total Dissolved

(iv/i>

AlkaHntty

(m g/tia
CpCOat

EC

(l6/em)

6 * ^  VSMOW 

Sb

6'h VSIMOW 

%,

6“ c vpoe 

%,

Comment

31-03 10 19:45 36

21-07-10 11:45 0.02 0.04 8.08 24 159 -6.67

1609-10 i ia > 1.4 0.01 1.97 o in 7.92 46 206 5.20

18 11 10I7:4S OJB 3 003 78 76 333 6J1

t& 0 3 -ll 13:10 OJS 075 7.91 4&12 41.66 52 243 7J1

22-03-118:15 1.1 I.IS 8.19 61.34 43.05 92 400 6.66

1304-11 19-45 1.5 1.S 21.67 13.18 124 497 -6.51

19-10-11 14:l& 0.6 t.5 7.88 43.9S 22J)2 90 377 •S.14 29.21

0911-11 13:15 0.6 1.4 787 33.02 1S.26 104 405 5.35 -3S.60

OS-1211 U A ) OJ 7.SS 40.53 34.54 64 376 •6.42 -38.78

10-01-12 1 6 tfl 0.5 0.6 7.97 4000 33.90 84 345 -6.21 •32.78

07-02-12 124S 0.4 0.6 78 30.81 17.76 88 378 •S.84 -31.13

10-04-12 12:40 0.6 1.95 7.71 48.75 37.86 S3 218 -5.10 -3S.10

2006-12 ISJS OJ 7.88 38.12 20.09 28 27S -7.22 47.86

23-07-13 18:SS 03 1.8 8.04 115.43 61.43 60 250 -4.47 •29.27

23-08-12 UMO 0.8 7S 59.84 42.78 82 311 -6.61 •40.29

09-10-12 17:10 1 B.079 34.00 33.00 74 388 •5.81 -34.32

08-11-12 13X15 1.4 7.71 46.57 37.39 74 324 -7J9 -45.39

05-12-12 1250 07 0.994 7.82 53.26 36.53 88 347 -7 JO 42J6

33-0113 13iX> 0.4 1.3 7.78 28.61 62 294

2M>2-13 16:40 OJ 0.S 7.89 42.00 16.00 112 444

25-03-13 16:20 I J 7.89 56.13 21.86 70 309



Appendix F: Hydrochemistry Results - Tables

n
Coy
Oatc/tlme Ocptti

<m)

Hewl

(mAOO)

NHrate

(mg/l)

NMrtte

(mq/f)

ToUlN

(mg/f) (mg/l)

(* Total Pttoapharus
Toul Ohaetv«d 

P tvsphons

(ygfl)

Mkaknitv

Im g /to i
CaCOll

EC

(nS/cmi

6'\>VSMOW

k .

CHfVSMOW ft"CVPDfi Comment

31 03-10 19--00 86

30-04-10 18:30 76 8.22

11-OS 10 11:15 82 7.S8

I&O&IO 14:15 QZ 0i315 0.14 S4 ‘2.69

21-07 10 12:45 0.02 0.22 6.8 30 152.6 -677

16-09-10 11:40 t- l <ao2 1.2 0.01 7.94 64 279 6l33

14-10-10 U-OO 0.2S 0.03 0.2S 0.S3 7.94 66 326 5.86

18-11-1017:35 0.25 0.01 0.25 0.03 7.73 n 329 ‘660

16-02 11 U 3 S 1.1 2.1 7.99 50.09 26.88 70 314 685

22-03-11 9 0 ) 0.1 1.05 8.32 3a20 8.18 78 334 677

lJ-04 '11 19:25 0 1.6 27.73 17J2 74 3U 611

17-OS-ll 18:1S 0.1 0.3 9.38 60 269 3.68

21-Oe-U 12:40 0.4 0.4 7.9 47.39 29.87 30 -5.09

19-10-11 13:20 0.8 1.S 8 26.91 S.96 82 344 4.74 30.51

09-11-11 U:30 0.5 0.8 7 3 24.99 1066 96 365 ■5.28 ‘33.58

OS 12-11 12:10 0.7 1 7.74 47.88 25.99 98 372 627 36 21

10-01-12 13:15 0.6 0.8 7S2 30.43 2232 96 392 S.93 34.68

07-02-12 12« ) 0.S 1 731 28.51 1/.37 98 402 6.23 33.24

13-03-12 12:30 0.1 0.3 7.56 45.87 8.96 106 421 663 •33i)S

10-04 12 18:30 1.1 2.85 7.75 53.67 29.91 54 248 4.4S 32.17

22-05-12 13:55 0.1 3 8.23 56.49 1044 114 432 -539 36.76

2&06-12 15:1S 0.8 7.9 49.88 16 S6 no 231 S.68 42 41

23-07-12 18:30 0.2 0.7 7.98 63.48 45.55 70 292 -&03 -41.44

23-08-12 11:40 0.S 7.71 S6.72 42.S7 80 312 5.99 38.37

10-10-12 12:00 1 8.011 44.00 41.00 84 330 -5.70 ‘33.41

08 11-12 12:25 O.S 0.907 7.S9 36.59 2 a  10 90 361 643 39.47

OS-12-12 11:20 0.6 1.03 7.72 34.88 22 34 88 3S7 6.81 -40.37

23-01-13 12:3S 1.1 0.9 7J6 18. S8 102

26-02-13 16:10 0.2 0.3 7.92 2800 14.00 104 393

25-03-13 15:50 1.2 8.01 S6.S1 14.63 80 348

T3
Coote
O M /tlm a Depth

(m)

HMd

(mAOOi

Nitrate

(mg/f)

NRrtte

(mg/l)

Total N

(mg/l) (mg/0

1* Total Pftoifihcsis

iM /li

Total DliMlvwi 
P tn s^h tn s

( n / f i

AMiallrftv

(m g/l os 
CaCOit

EC

(i&/tm)

&'\>V5MOW SSlVSMOW 6“ c v p o e Comment

31-03-10 18:00 6.61 32

11-OS-lO 14.-00 80 7.39

10-06-10 13:15 I 0.02 0-07 7-99 122

24-06-10 13:15 0.5 0 0.17 7.81 90 634

21-07-10 14.00 0.02 a i 7 7.71 22 152.6 660

19-08 10 11:15 as 0J}2 <aos 7-67 50 240

16-09 1010:10 0.7 <a03 I.IS 0.01 7.95 42 200 5.49

14-10-10 11:1S 0.02 1.6 0.39 54 219 5.64

18-11-10 14:30 1-1 0.01 2.5 0-01 8.75 42 225 -6.50

1602-11 11:45 1.6 1.7 739 33.08 2a99 46 256 7.01

22-03-11 9:50 O.S l.S 7.88 28.57 8.58 60 277 -655

1304-11 17:30 0.3 1.3 7.59 2692 17.62 54 277 -612

17-05-11 16:30 0.2 0.4 7.54 42 237 S47

21-06-11 16:30 0.7 7 J 29.26 1939 28 5.13

19-10-11 11:50 O.S 1.6 7.64 25.54 21.63 54 249 •4.36 -2731

09-11-11 11:4S 0.6 7.S3 23.SS 15.65 82 335 4.48 33X«

05-12-11 11:2S 0.9 0.9 7.59 29.75 2159 50 223 S.36 36XU

10-0112 10:10 0.6 0.7 8.11 27.04 19.51 62 284 -S.53 ‘32 iM

07-02 12 lOOO 0.6 O J 7.46 24.67 12.00 66 307 -5.64 30-98

13-03-12 14:30 0.7 0.7 7.63 34.10 17.34 66 289 -532 2734

1&04 12 17:20 1.1 3.15 7.81 44.66 3337 56 206 ‘4.66 -30.71

22-05-12 17:40 0.3 0 4 73S6 2694 22.53 60 264 5.42 -3134

20^06-12 14:35 0.8 7.46 32.63 11.07 62 232 -5.92 -41.52

23-07-12 17:10 0 3 0 3 7.56 38.33 23.49 52 218 S32 39.19

33-08-12 14:30 0.6 7£3 36.33 26.76 60 242 648 37.67

l a  10-12 11:10 0.3 0.3 7.59 30.84 22.49 62 263 6.28 35.10

08-11-12 11:50 0 3 7.87 35.06 28.16 70 269 ‘7.12 40.49

04-12-12 16:10 O.S 1.07 7.56 34.25 25.47 60 258 7.45 -40.59

23-01-13 11:35 O J 1.1 7.63 2237 66 2S2

2602-13 14:00 0.2 0.4 7 .» 25iD 12iD 90 353

25-03-13 13:30 0.2 0.4 7 J7 24.53 14.63 60 256



Appendix F: Hydrochemistry Results - Tables

GMf r y t an d

Ocfith HMd

(mAOD)

NHnte

(mg/ll

Mttrfte

(mg/l)

Total N

(mg/l) (mg/l)

(* Total Phemahoria

(yo/>l

Total OKsolved 
P tn tp tn n s

AlkafiiJty

(m g flo i
CoC03#

ec 6*^3 VS MOW 

Urn

fiSl VSMOW 

%.

VPOB Comment

31-03-10 15:40 88

30-0*1014:30 74

11-05-10 15:15 72 7.15

21-OMO l&X) 0.01 029 6.7 40 1S4.6 -&61

lb-0»-10t:30 0.6 <0.02 1.11 0.(B 7.97 46 214 5.6S

14 -ia iO  10:30 I .l 0.01 1.3 0.31 7J9 66 295 -S.67

IS-IM O  15:10 0.7 0.01 0 7.64 243 6.01

16-02-11 M S 1-7 2.7 7.82 2099 14.00 48 2S2 -6.67

22-03-11 10:45 0.7 0.8 7J6 19.60 12.26 70 325 -&50

13-04-1! 17:00 0.3 1.S 17.83 13.58 66 281 S.99

17-05-11 15:00 0.2 0.4 8.5 86 396 4.88

21-06-11 1701 0.1 0-3 8.1S 17.04 12.56 S6 -4.81

19-10-1111:00 0.6 1.8 7A7 1340 13.99 72 298 -S.28 28.37

09-11-119-.30 a 2 7.53 1S.13 i a 26 72 320 4.52 -31.11

OS-12-11 lO-JO 0.7 1.3 7.S8 18-29 1735 70 303 -S.29 -32.29

1 0 0 M 2  11:45 0.6 0.7 7.8 19J9 18.0! 64 284 5.58 -33.14

07-02 12 «:4S O J 0.7 7.75 19-48 1 4 A 72 3C8 S.28 -31.44

13-03-12 16:20 0.4 0.4 7.9 18.54 ia s 6 88 363 5.70 -28.75

1004-12 16.-45 2.4 8.1 1&39 5.33 88 352 -4.2S 29.43

22-OS-12 17U0 0.3 0.4 8.39 2080 78 307 4.84 -30.21

20-06-12 14:05 0.5 7.48 34.40 2S.18 60 246 -6.0S -41.13

23-07-12 16:2S 0.4 1 7.72 24.31 16-89 66 272 -5.19 36.24

23-06-12 15:45 0.5 7.67 2S.93 24.26 68 -5.98 37,79

1& 10-12 UhOO 04 0.4 7.842 28.13 20.40 62 24S -5.94 33.99

0S-1M 2 10:1S 1.2 7.51 21i)6 12.24 74 310 6-38 -37.92

05-12 -12 lOdO 0.7 0.87S 7.55 2a25 18.58 70 279 -6-80 -39.18

23-01 13 UUO 1.2 7.71 17.32 317

26-02-13 12:50 0.3 0.4 7.66 20il0 lUX) 88 332

2S-03-13 13fl> O.S 0.7 7J7 27.58 15.39 84 344

T5
CMhtrglmMssun
Ornahtmm Depth KMd

(mAOOj

Nilrau

(mq/n

NitriU

/mg//;

Total N

(mg/f) (tng/l)

P** Total Phokphma

(M/>)

Total Oissohred 
Pteaphoru

(VQ/H

AlkaHnftv

(m q /la i
CoCOi)

EC 6'V> snMOW 

%.

c' h VSIttOW 8*’c VPOB 

K.

Comment

3103 10 16J0 60

KV04-10 1S:1S 82 -7.55

1105-10 16:15 60 •7.07

1006-1011:10 0.35 0.065 0.1 122 6.17

24 061 0  10:45 0.3 0.01 <005 76 •5.51

21 07-1017:15 0.01 0-4 6.67 42 232 6.42

19-08-10 9^)5 0.6 0D1 0.78 O in 56 251 SJ3

1609-10 9A1 0.5 <002 0X)1 7-99 40 189 SJS

14-10^10 9:30 2.4 0-01 4.3 0.23 7.96 68 32S 5J2

I »  11-10 1S:2S 0.8 0X)1 1.4 OJS 7.7 68 236 6.10

1&02 11 8:45 0.5 1.6 7.81 23J2 19X19 40 223 6.97

22-03-11 11:20 1 I J 7.91 21.64 8.18 62 295 -6.S0

13-04-11 16:20 0.2 1 26.S2 13-98 48 252 -6.16

17-05-11 15JS O J 0.3 8.52 32.74 22.07 58 279 S.34

21-06-11 17:40 o i 0 3 8.19 34.15 22.75 42 -S.23

1008-11 12:15 •5.15

19-1011 UhOO 0.6 1.6 7-tS 26l72 23.98 249 249 4.19 28.39

09^1111 UW» 0.1 7.58 21.97 15.13 283 283 4.44 -32-24

05-12-11 lOflO 1.2 1.2 7.61 33.17 25-99 234 234 -4.96 33.58

10-01-12 10:50 0.7 1.1 7 J 22.90 18.57 287 287 5.97 -32.93

07 02-12 9-JO 0-5 7.74 21.40 2083 307 307 5.74 -30-96

13-03-12 16:50 0.9 7.96 30S1 14-SS 348 348 -5.78 -28.54

10-04-12 16:15 0.9 1.S 8.04 25.40 21.72 352 352 -4.S3 30.23

22-OS-12 16:10 O.S 0.S 8-43 21.57 15.43 301 301 •SX)8 32.21

2006-12 13:25 1 7.63 24.79 2009 216 216 -6J0 -41.60

23-07 12 15:45 0.9 0-8 7-GS 31.73 2349 242 242 5.86 38 98

2 3 ^ 1 2  16c20 0.9 7.66 36.33 28.42 216 216 -5.58 -37.77

1010-12 10:30 0.3 0 4 7.845 3233 24.S7 226 226 5.91 34X)7

08-11-12 10:50 1.2 7.15 32.37 22.40 243 243 6.74 40.80

OS-12-12 10:30 0.3 1-17 7SJ 25.68 22J4 277 277 6-80 39.83

23-01 13 UhOO 0-3 L3 7.S7 2237 278 278

26-02-13 L3-J0 0.6 7.7 1&87 18.48 330 330

25-0^13 12:30 0-3 0.4 8.02 27.19 20.34 296 296

T6
B a l l i n d u f f

O M /ttm c Dapth

(m)

H*ad

(mAOOt

Nttrate NKrite

(mq/D

Total N

(mq/!)

Ammonia

Imq/I)

ph Tota4 Ptnsphona

(VQ/f)

Total Ol«*ohr«d

(vo/f)

AlkaUntty

fmg/>as
CaO)3)

EC

tiiS/cm}

6'^3 VSMOW 

%,

S 'h VSMOW t^’cVPOB

%,

Comment

05-12-12 11:40 0.1 0.87 7.79 002 0.01 0 174 638 -6.76 •39-31

12-12-12 12:10 0 148 625

23-01-13 12:05 1.2 0.9 7.89 0.01 0 184 652

26-02-13 10:30 9 1.7 731 OOl 0.01 0 168 6 U

25-03-13 15:20 0.6 1.8 8.02 0.06 0.02 0 120 527.000



Appendix F; Hydrochemistry Results - Tables

KW
Kinvarra West
O M /llfnc Depth

(m)

Head

(mAOO)

Nitrate

(fng/0

NKrite

(mq/n

Total N

(mg/l)

Ammonia

(mg/l)

to u l  Ohsotwcd
AHtaMty

(m q /lo t
CaCOi)

EC

(liS/cm)

6 ^  VS MOW 

%,

6 'h  VSMOW 

%,

6“ CVTO0

%.

CtsnmefH

31-03-10 17:20 8.05

10-06-10 10:1S t . l 0.01 0 <OSK 92 -3.75

2 * 0 6 1 0  17:20 0.4 <0.02 0 0.05 80 2.24

22-07 10 9:15 <0J)2 0-3S 7.32 S8 321 -6.56

19-Oe-lO 8:15 8140 sa lt w atar

16-09-10 7:4S 0.9 <a02 2.27 0.01 7.76 76 333 -6.01

14-10-10 U:30 5410 sa lt w «ter

18-11-10 1S:5S I J 0.02 1.8 OiD 7.5 68 -6.15

16-02-11 I IJO 7.79 23.54 17.81 64 312 -6.95

22-03-11 12fiS 7.66 20.01 10.42 76 389 6.61

17-OS-lt 13;30 6490 sa l t  w ater

21-06-1116:10 0.6 0.8 7.94 19.08 15.82 68 5.23

IS-10-11 1S:2S 0.9 1.2 7.54 21.63 19.28 82 358 4.77 29.32

09-11 1110:40 0.3 0.4 7.35 19.34 11.97 94 383 4.66 •33.13

OS-12-11 9:10 0.6 0.7 7.28 24.62 21.20 88 5.68 35.00

10-01-12 12:2S 0.2 0.6 7.S2 19.14 19.14 90 352 -6.20 33.11

07-02-12 11:15 0.4 0.7 7.49 17.76 12.76 84 368 5.44 31.32

13-03-12 15:40 O J 7.78 32.50 14.95 104 417 5.58 29.56

10-04-12 15:30 2S00 sa ltw a te r

20-06-12 12:25 0.7 7.7 19.70 14.99 74 309 -5.95 40.35

23-07-12 1SK» 0.6 O J 7.28 29.67 2a60 80 362 -5.77 38.51

23^08 12 16.40 O J O J 7.3 n .5 0 21.77 W 343 S.74 37 J 7

09-10-12 19.-00 1.6 7.701 2666 19.56 90 355 5.71 34 51

07-11-12 17<n 1 1.43 6.94 25.85 17 JO 94 401 6.97 19.04

04-12-12 14:45 1.1 1.2 7.33 21.08 17.74 92 360 6.72 ‘39.59

23-01-13 9:30 0.4 1.1 7.53 13.98 92 373

26-02 13 11:40 0.1 1 7.58 9.29 8.14 96 m

25-03-13 11:20 0.4 l.I 7.32 29.48 19 58 50 *39

KE
Kinvarra East
Oata/Uma Depth

(m)

Heed Nitrate

tm q/l)

NItrtte

Imgfl)

Total N AmrMmia

(mq/t)

TottI Phesphons
Total DKioivad 

PtosphonB
AlkalnMy

(m q /to s
CoCOa

EC

(tIS/cmt

6**OVSIMOW

«.

8 ^  VSMOW 

%.

*“ CVP0B

%,

C«mmefil

31-03-10 17:30 122 8.475

1&06-10 10:10 5.766

24-06-10 17:30 0.4 <002 7.91 <0.05 102 4.798

08-07-10 10:50 0.2 0.01 <0.05 6.7 130 5.547

22-07-109:25 0.01 0.28 7.68 84 381 6.826

19-08^10 8:15 8140 sa lt w ater

16^09-10 7:45 1.8 <0.02 2.35 0 7.58 130 501 6.683

14-10-10 14:20 I J 0 0.41 7.54 128 561 6.65

16-02 11 10«5 7.79 20.6a 16J6 134 560 7.11

22 03 11 12:20 7.37 2 U 3 8.18 128 558 6.30

17-05-11 13:35 3000 sa l t  w ater
21-06-11 16:15 0.6 0.8 7.65 22.34 78 5.54

18^10-11 15:30 1.5 1.6 7.29 23.19 20.06 595 -6.20 36.52

09-11-11 10:50 1.7 1.9 7.15 2a92 14.08 174 640 5.75 39.20

1001-12 12:35 1.8 2.1 7.2 22.90 17.25 158 587 5.81 35.38

07-02-12 11:25 0.7 7.39 21.60 18.14 132 500 5.85 34.52

13-03-12 15:50 1.8 7.59 2L33 14.15 150 575 -5.60 33.41

1004-12 15:40 1.2 1.5 7.21 19.67 16J0 156 640 5.75 36J5

20-06-12 12:30 7.51 24.40 17.74 144 541 6.29 40.72

23-07-12 15:10 1 1.1 7.11 25.55 i& o ; 126 463 6.01 38.74

23-08-12 16:50 t.2 7XB 31.34 23i)t 138 502 5.62 37.94

09-10-12 19:10 7.475 3669 21.23 180 644 -&18 36.38

07-11-12 17.-00 2.3 2.3 7.54 3034 2 a  10 178 692 &91 39.64

04-12-12 14:50 0 J6 8 7.15 22.34 21.08 134 5t3 6.79 39.68

23-01-13 9:30 2.1 2.7 7.14 18.58 170 630

26-02-13 11:45 1.8 7.21 2&S3 18.10 168 617

25-03-13 11:25 2.5 7.68 19.20 11.97 90 524



Appendix F: Hydrochemistry Results - Tables

OA-U
Owenshne river (uppar)

DefNh

(ml

Hcwl

(mAOOl

NMnte

Img/I)

Nitrite

(mg/0

Total N

(mq/l)

p*» Total PhosphoriB

ivofl)

T«t*l Db«olv«d 
Ptmirfnns

AtUIMty

ai
CaCOJ)

EC

M e m )

6‘^)V5MOW VSMOW 6^^ VP08 Camm*m

(mgfll

11-05-10 -6.567

03-06-10 OJl 38 •6.414

ia o 6 - io lA 0.(» a i 7.442

24-06-10 0.6 0.01 Oi» -6.203

OB-07-10 0.5 OXQ OXB 5.699

2007-10 1.7 0.01 <OJ)S 24 -6.727

!»<]»-10 a2 OJM a i5 56 -5J17

15-09-10 14£0 1 <a02 OJD 7.7 24 94.3 •5.37

1^10-10 15:20 OJ 0.01 0.3 0.04 8.36 42 214 5.70

18-11-10 ID-JO 0.6 0.01 1.3 OiQ 6.47 6 878 •7.82

15-02-11 11:30 1.1 7.9 2a99 16.22 18 97.6 •7.23

21-OMl 11:00 1.9 7.81 17.15 13.89 18 108 664

13-04-11 IIJO 0.3 1.5 33.39 21.26 16 101.2 -6.81

17-05-11 10:50 0 OJ 8.4 14.79 10.38 40 117 -5.54

71 06-11 8:50 0.3 0.5 7.87 49.63 29.67 16 -5.57

OS-11-11 950 0.6 i J 7.59 16.44 IIJ K 56 167 -535

04-12-11 10:10 0.6 0J8 7.37 25.99 24.28 22 352 -6.11

06-02 1210:50 0.3 0.3 7.49 2083 18.91 18 124 5.44

1»03-12 9D0 0.4 0.4 7.87 1535 12.95 34 153 •4 JO

10-04-12 9:10 ae 0.9 7.17 2&22 22.13 12 78.6 5.14

22-05-12 9:25 0.7 2.3 8.23 11.20 9.67 54 210

20-06-12 930 0.6 7.34 1852 16.56 40 160

23-07-12 9:00 OJ 1.7 7.25 120.79 57.71 12 70,4

23-08-12 8:50 0.8 7.67 40J)7 31.75 34 125

07-11-12 10:15 1.1 7.36 17.80 13.58 26 139

04-12-12 10:10 a s 0.62 7A3 17.74 18.16 20 90

23-0113 1430 1.5 1.6 7.71 1732 34 149.3

26-02-13 8:50 a7 7.74 6.61 6.99 42 208

2^03-13 9:10 a5 1.7 7.47 15.77 12.16 26 161

OR-L

Owenshree river (lower)

O aM /ttM Depth

(ml

HMd

(mAOOt

Nlmta

(mg/t)

NIvh*

(m t/l)

TotalN

/ma/Q

Afnmorts

(mu/!)

Total no fiha nB

( te /ii

Total DISMlvwl

(UO/I)

MfcklMtv

{m g/lot 
(MX) 31

EC

(\6/cm)

fi’V) VSMOW 

«>

S'h  VSMOW 6 *^  VPOB Canmcfil

11-05-10 6.639

03-0&10 0 21 35 -6.530

10-06-10 1.5 0.03 0.01 -7.380

24-06-10 1.2 0.02 o in -5575

08-07-10 OJ 0.05 0 48 -5.732

2007-10 0X12 012 12 -6.780

19-08-10 0.5 0.02 0.U 30 -5.949

15-09-10 12:45 <002 OOl 7.6 54 340 -5,72

13-10-10 150) 0.1 0 oxn 8.37 114 418 -6.55

18-11 101005 0.6 0.01 1.3 0.03 7.23 22 135.1 •8.02

15^02 11 IIDO 0.2 0.3 8.01 19.09 1L77 70 324 -6.95

21-03-11 10-30 1.2 7.94 16.74 11X13 76 339 -6.64

13-04-11 11:15 a5 1.4 3137 18.43 68 316 7.08

17-05 11 10:30 04 05 8.22 14.89 12.97 70 314 -S.74

2106-11830 0.5 05 8.1 29.67 2234 50 6.01

18-10-11 10:40 07 7.58 3&12 2554 245 -4.71

08-11-119-30 0.3 0.4 7.95 15.92 9-34 106 468 5.66 37.12

04-12-119:45 0-7 0.9 6.98 2034 11.45 88 366 -6.08 -38.14

0901 12 10:10 07 1 7.93 26.10 19J9 100 413 •5^82 -32.60

06-02-12 1030 0.2 02 7.96 13.53 14.30 92 370 -6.26 -33 JO

13-03-12 8 :» 0.5 7.98 15-75 1036 102 392 -5.76 31.56

1004-12 8:50 0.6 2.25 7.38 33.19 2131 42 16BJ -5.38 •32.72

22-05-U  850 0.2 0.4 8.23 2003 8-32 122 458 -6.16 -37.42

200^129:10 0£ 7.79 1655 13.23 118 432 •640 -4 0 ^

23-07-12 8>40 0.9 1.1 756 113.16 44.10 50 207 -5.56 3339

23-08-12 8:30 1.4 3.4 7.82 43.61 27.59 88 326 •6.04 -37 JO

09-10121030 02 0.3 8091 15.17 9.33 126 432 6.38 -36.57

07-11-12 930 1.2 7.79 18.95 11.28 102 422 •7J7 -41.18

04-12-12 950 0.2 0.3 7.66 32.16 2088 62 257 690 -40.07

23-01-13 1635 02 03 7.98 16.49 118 434

26^2-13 830 07 U 739 15JM 8.14 128 481

25-03-13 8:45 0.2 0.3 7.95 24.91 6.26 88 375



Appendix F; Hydrochemistry Results - Tables

BR-U
Mtyemhalan river fiippari
O M /flm * D«pth

(m)

Ha»d

(mAOD!

Nitrate

(mq/l)

Nitrite

(mg/n

rat*l N

(mg/0

Ammonia

(mg/l)

ph Total PhoiphanB
Total OKsolvcd 

Phoaphofva

( 1 ^ )

AlkaMty

(m g/los
CaCOV

K

(US/cmi

e,“o  vsM ow  

%,

VSMOW 6“c  vpoe Conment

11 OS 10 6.491

03-06-10 0.21 35 •6.622

1006-10 1,9 0.03 0.01 7.666

24-06-LO 0.01 <005 -5.867

0»^0710 0X>1 <0X>5 50 -5.772

2007-10 1.6 0.01 <0.05 4 -6.816

1»08-10 1.2 0.03 0.09 16 5.984

15-09-10 1S:20 U 0.01 2 J7 0 7.3 10 53 -4.97

1^10-10 16;1S 0-3 a m 1.8 0.01 7.9 34 177^ -5.62

lS - l I -1 0 11:10 0.02 0.0* 6.15 8 75.7 733

lS ^ - 1 1  U.-40 2.1 ;.16 25.92 20.04 8 6 a 6 -7.12

21-0^-11 12:20 1.7 8.06 24.90 ia 6 2 12 73 &46

13-04-U 12:15 1.1 41.75 23.08 10 77J -6.54

17-05-11 11:40 8.1 18.22 17.62 14 9&3 -5.65

21-06-11 10:10 7.6 28.45 24.37 12 5.78

IS-10-11 12:00 7.65 40.82 36.90 6 73J -4.23

08-11-11 i i x n 7.48 3 a  78 2434 18 99 5.33

04-12-11 11:30 1.7 6.8 33.52 28.55 6 61 -&29

09-01-12 11:40 7.64 26.10 2 iX » 8 100.5 5.18

06-02-12 11:50 7.23 77.66 25.82 6 80.8 5.34

13-03-12 10:20 8xn 33.30 28.11 18 989 -4.65

10-04 12 10:30 6 74 37.6A 3196 10 66.1 5.08

22-05-1210120 8.03 23J7 21.57 42 164

2006-12 10:10 8.03 33J1 31.06 18 84.9

2)07-12 10:00 1.3 1.3 6.19 73.38 67.60 6 38.7

23-08-12 9:40 7.61 58.80 52.97 22 109.6

0 »  10-12 11:40 0.3 7.383 31.68 24 99 14 84.7

07-11-12 11:30 2.4 6.8 53.47 33.53 8 71

04̂  12-12 11:10 1.45 6.79 41.56 36.55 6

23-01 13 UdO 1 OJ 7.61 26.10 14 91.5

26-02-13 9:30 0 7.76 22.70 13.12 42 172

25-03-13 10:05 7.57 19.20 17.68 16 1U.5

BR-l
M lyethslan river Qowt)
Data/tim* Oapth

(m)

Haad

(mAOD)

Nttrata

(mq/l)

NUrft*

Img/I)

TotatN

(mg/n

Ammcxia

(mg/l)

P*> Total Phoaphorui Total Dlisotved 
P tn sf ih w

M O

MkalMlv

fm g /lo i
CaC03i

K 6'^> VSMOW fi'H VSMOW 

%,

6**C VJ>OB Comment

11 05-10 ,6.559

03-06-10 0.21 40 -6.174

10-06-10 1.6 ao3 0 7.507

24-06-10 Oi)l <0X75 5 940

08-07 10 0.02 0.06 64

2007  10 0.01 0 10 6.883

19-08-10 0.04 0.03 18 5.730

15-09-10 15:20 <ao2 1.94 OXD 7.64 24 134 5.366

13-10-101705 0.01 0.4 0.03 8.05 60 285 -5J7

18-11-10 12:10 0.02 1.1 0.02 5.8 8 97.3 -7.77

15-02-11 12:40 1.3 1.3 7.25 2a99 19.40 24 144.2 6.95

21-03 11 14:10 0.4 0.6 7J1 20J}1 13.07 6 147 6.53

13-04-11 13:45 0.7 1 19.24 15.20 48 221 6.49

1705-11 17:45 0.1 0.6 7.95 26.46 19.65 34 165.1 -5.55

21-06-11 14fl0 0.3 0.4 7.56 40.67 28.45 20 -5.72

1008-11 15:45 2.9 7.42 38.47 26.72 14 107.7 5.74

18-10-11 14:30 1,1 0 7.49 39.64 30.63 54 2 9 -3.78 23.30

08-11-11 UO> 0.5 6.96 23.55 15.39 24 152 -6.13 33.18

04-12-11 14.-40 1.4 7.48 31.80 23.2S 34 199.6 -5.95 -36.86

09-01-12 14:20 0.3 7.44 25.91 22.52 28 166.6 5.12 -29.01

06-02 12 14:50 0.3 l .T t 26.59 23.13 40 202 5J2 -30.74

13-03-12 12:50 6.96 23.73 18.14 16 106.1 5.36 26.44

10-04-12 1:30 l . l 1.65 7.99 30J2 27iM 68 277 5.15 29.94

22-05-12 14:10 l . l 1.9 8.04 19.26 17.34 46 194.2 -6.17 -35.41

20-06-12 16XXI 6.94 44.00 35.38 10 58.1 -6J0 -42.75

23-07-12 11:50 l . l 7.66 101.82 63.89 60 244 -5.52 31.74

23-08-12 12:10 3.1 7.724 33.83 29.26 44 213 -6.12 -37.40

09-10-12 U A 5 0.5 0.5 7J2 22.07 23.32 40 193 -6.34 -34.92

07-11-12 13:50 1.1 7.15 23.94 18.37 20 98.2 7.44 -42.30

04-12-12 13XX) 1.12 7.68 57.44 29.86 42 218 • 7 i» 39.84

23-01-13 14:45 0 3 7.81 24.43 106 292

26-02-13 15:45 1.3 2.3 7.74 24.23 8.14 30 193.8

25-03-13 16:45 0.3 1.3 7.74 15.77 9J7 90 193.8



Appendix F: Hydrochemistry Results - Tables

DR>U

Dtryw— nver (upper)
O tm /U m i Depth

( m ) (mAOO)

NMraM

(mg/t)

MIbitt

(mg/lf

Total N

(mg/l) (mg/))

pt» Total Phosphons

(m /ll

Total OtMolved 
ftosphons

( tv/i)

AlkaMty

(m g/i at 
CaCOi)

EC 6'^>VSM0W s'h VSMOW 6“ CVPDB Comment

11 <»-10 -6.332

03-06-10 0.22 35 ■6.563

10-06-10 2 .3 OJB <ao5 7.450

24-06-10 1.3 0.01 <ao5 •5.759

08-07-10 0.05 <ao5 -5-499

» 0 7 - 1 0 2.1 0.01 <ao5 14 -6.530

19-08-10 0.7 0.03 0.08 6 -5427

is^0»-10 17:10 0.1 o m 0.01 12 -4.64

19-10-10 17:40 0.1 o x a 3.1 0.09 5.83 8 56 5.18

18-11-10 12:40 O X B 2.3 0JO2 8.1 28 161 •7.47

IS ^ n -ll ISiX) I J 5.13 15.43 14.33 6 88.) 7.16

21-03-11 12:20 2.5 6.56 13J)7 7.56 6 56J -6.30

13-04-11 18:2S 0.7 1 746 1642 15.60 8 70 -6.08

21 06-11 15:00 OJ 0.4 23.15 17.86 10 89 5.78

lOOe-11 IStt) 0.4 7.U 32.01 19.67 6 •5.30

18-10-11 1S:10 1.3 6.33 27.11 25.94 2 724 -4.02

08-11-11 14:20 a 2 0-2 7.14 21.71 10 94 •5.16

04-12-11 ISO) 0.5 1.9 5J5 3078 18.46 8 57 5.09

09-01-1214:50 O J 0 3 6.48 22.90 30J7 4 914 -437

0&02-13 1S30 0.3 0 3 7 X » 65.37 58X8 4 77.2 -5.37

13-03-12 U:10 0.2 743 33.70 34.53 8 86.7 -4.31

1004-12 18:40 1.3 3.9 635 35J4 25.40 10 77J -5.10

22 OS-12 19:10 0 4 7.99 27.71 24.25 38 139

20-06-12 16:30 1 7.79 3048 27.14 8 69.1

23-07-12 12:25 1.3 1.3 6.16 58.12 43.04 6 38

23-08-12 12:50 1.1 7.57 44.65 30 88

0»-10-12 14:10 1 7.29 2543 21.65 13 72.9

07-11-12 14^45 1.5 7.18 33.94 25.09 12 70

04-12 12 U JO 1 1 6.7 34.04 2445 14 504

2301-1315:15 0.9 7.44 3445 14 75.6

2&02-13 14:40 0.2 0.3 7.55 19.63 18.10 18 137

25-03-13 17:15 0.4 0.9 7.07 1692 12.35 6 104.1

DR-l

Oerrywee river (lower)
OaM/M«n« Oepth

(m)

HMd

(mAOO)

Nttrato

(mg/t)

Nttrtte

(mg/l)

Total N

(mg/lt

ph Total ftnMphertB
Total O luolw d 

PtMphon* MMUnltv

(m g/to i
CaC03l

EC

(uS/an)

VSMOW

%,

VSMOW

%•

S’ Ĉ VPOB Commtm

11-05-10 -6.507

03-06-10 O Jt 36 5.961

to o & io 0 4 0.06 0JJ2 -7.477

24-OfrlO 0 4 O in 0 •5.683

08-07 10 0.2 0.<B <0X6 38

2& 0M 0 14 oxn <005 8 -6.734

19-08-10 0.6 0£Q Oi)5 30 5.648

1509 1017:35 0.2 Oin 1.04 0 7.23 10 84.2 5.00

13-10-1014:10 0.2 Oin 3.3 037 7.75 32 80.7 545

18-11-10 13:10 0.2 0.02 0.02 5.7 6 77.6 -741

15^02 1115:30 6.7 11.45 10 94.9 -7.10

21-03-11 15:30 0.4 7.64 21.64 6.95 14 107 644

13-04-11 14:50 a 6 a 9 18.03 15.60 28 166 543

2106-1) 15:35 0.1 7.47 34.37 13.38 14 -543

lOOB-ll 15:30 0.6 7.76 31.42 22X12 138 5.61

18-10-11 15:40 0 4 i j 6.S3 35.73 37.11 12 92.5 -4.22 24.18

08^11-11 14:50 O J 0.3 733 17J3 14.60 30 163 -5.65 -3247

04-13-11 15:30 0.5 0.9 6.33 33J3 16.41 13 101 -6.35 -37.29

09-01 12 15:30 0.1 0.2 7.11 35.91 18.38 18 136.4 -5.99 29.51

06-03-12 16AI 0.5 7J3b 22.75 16.32 18 118.9 -5J1 -30.60

13-03-13 18:30 0.3 0.3 7J>7 23.73 18.54 24 137.5 4.26 -26.57

1004-12 19:10 0.6 3.45 646 3073 3541 0 4 81.6 •5.17 -30.22

22-05-13 19:40 0.4 0.5 744 40 184 •537 -34.57

20-06-12 16:50 0 4 0 4 7.67 23J2 3047 33 115.6 •6.50 44.03

23-0M 2 13A) 0 4 I J 7xn 72.96 4864 8 6 U 5.50 -32.06

33-08-12 U:15 3.1 3.1 7.46 39.36 3844 36 1444 6i}6 -37.53

09-1^13 14:45 0.3 7.546 8643 19.14 36 133.4 6iX> -35.13

07-1M 2 15a> 1.3 7.13 59.23 33.94 8 119 7.64 -42.55

04-12-12 14D0 1.3 1.93 7 34.04 26.52 8 74 -7X)5 -39.36

23-OM3 15:40 0.6 0 4 742 1631 36 136.4

26-02-13 15:20 0.1 0.1 7.49 12J6 9.67 48 192

25-03-13 17:40 0.6 1.9 7.09 14.63 10.44 18 129.3



Appendix F; Hydrochemistry Results - Tables

Forest
Oapth

(ml

HMd

(mAOO)

H ttn te

(mg/ll

Nitrite

(mg/l)

Tdtal N

(mq/l)

Ph Total PtvnfihvxB

(M /»

Total OKnlved 
PtvMphDriB

A14a«rVTy

(mg/loi
CaCOH

EC

(l6/cm i

VSMOW 6 ^  VSMOW 6“ CVP08

« •

Com mem

1105-10 -7.614

03-06-10 0.22 -7.407

1006-10 OA 0.02 <0.05 7.680

24-06-10 0-8 o m < 0 i» -7.772

Oe-07-10 0.2 <002 0.01 4 -6J73

20-07-10 18 0.01 <OXK 1 -6.667

19-08-10 0.6 0.02 0.05 16 5.736

lS-09-10 14:20 2.4 0.03 0.02 4.55 57.8 -5.36

13-10-10 15:45 0 0 2.2 021 7.75 10 80.7 5.08

lS-11-10 10:30 0.6 oin 2.4 0.01 6.17 57.1 8.45

lS-02-11 11:50 0.6 1 7.32 4.78 0.00 4 42 7J7

21-03-11 11:15 0.4 0.S 6.34 12.66 4.10 4 48 -6.65

13-04-11 11:45 12.37 7.92 .&72

17-05-1111:10 0.1 0.6 7.88 9 .U 2 51J 5.36

21-06-119:20 0.2 0.3 6.3 11.34 13.38 5.88

18 lO -ll lt:15 0.S 1 6.68 9.10 9.49 4 67.2 4.54 19.70

OS-11-11 10:20 0.2 0.3 6.64 ia 6 6 8.29 8 66 -4.93 30.16

04  ̂12-11 10:30 0 1 6.44 11.96 laOB $4 6.79 » .6 8

09-01-12 10:45 0 0 6.76 784 4.83 4 83.9 5.51 24.98

06-02-12 11:00 6.73 5.47 5.47 GO ‘4.83 29.27

13-03-12 9:30 0.2 0.3 7.56 8.96 6.57 14 67.8 4.22 70.24

1&04 129:30 0-7 0 6.75 8.41 595 0.4 sa 6 4.98 29 46

22-0S-12 9:4S 0.4 0.4 7.64 12.35 1044 90.4 -6.34 35.89

2& 06-12 9:45 0.8 7.6 13.42 1068 12 57,1 7J6 49.42

23^07 12 9:15 0.2 0.6 6.95 21.43 14.00 40.8 5.40 33.67

23-08-12 9:10 0.8 3.7 7.32 16.77 22 74 -6.28 39.45

09-10-12 11.00 1 7.302 12.04 786 10 60.7 6.60 34.45

OM l-12 10:30 0.9 6.7 9 74 898 12 S6.9 8.57 48 76

04-12-12 10:25 0.4 0.539 6.77 s a o 9 K 34.7 7.93 42.93

23-01 13 14:20 0.2 0.2 7.19 8.55 10 55J

26-02-13 9:00 0.2 0 5 7.19 19.25 1.2S 22 128

25-03-13 9:30 0.4 1 696 6.26 6.26 16 8 t5

p

Peat
D*t«/flm« Depth

(ml

Head

(mAOO)

Nitrate

(mg/ll

NttTfte

(mgfll

Total N

(mq/l)

Ammviia

(mg/t)

ph Total Phoipherut

(m /<)

Total Ditsolvad

(M /»

AlkaUrrity

(m gflas
CaCOi!

£C

(liS/cm)

VSMOW VSMOW

1b

6“ CVP08 Comment

1105-10 -6.596

03-06-10 0.24 -6.537

10-06-10 2.1 0.06 <ao5 -7J05

24-06-10 2.4 0.03 <0X15 4.269

08-07 10 0.9 0.01 <005 4 5.311

20-07 10 1.2 OOl <005 2 6.164

19-08-10 0 4 002 0.05 10 -5,094

15-09-10 14:45 0.8 0 0.01 5.67 4 24.6 4.27

18-11-10 10:45 0.6 OOl 1.4 0.03 5.14 4 53.5 8.63

15-02-11 1205 3 6.5 5.73 5.41 2 6a3 -7,37

21-03-11 11:40 2.3 5,51 1062 0.43 4 40 6,47

13 04-11 1200 1 1 15,20 3.07 4 37.7 6.47

1705-11 11:15 0.6 0.4 5.45 9,94 6.85 2 48.3 4.95

2106-119:40 0.3 0.4 5J9 12,36 7.88 8 •5,73

18-1011 11^40 0.6 1.6 5.57 8,71 4.79 2 48.3 -3,71

04-12-11 10:50 0 1 5.69 8.88 0,00 4 40 -6.42

09-01-12 1105 0.6 0.5 5.22 3.70 2,58 2 70.5 4.89

06-02-12 11:20 0.3 5.59 508 4,70 4 43.5 5.48

13-03-12 9:45 a 6 0.8 5.7 9,76 3.78 6 43.1 -4.15

10-04-12 lOOO 0.9 1.35 5.58 8.20 7,38 0,4 44 5.16

2006-12 9:50 0.4 6,74 9.50 4.02 6 28.5

23 07 12 9:30 0.7 0.9 5,94 13.18 8.64 4 24,2

23-08-12 9:25 1.2 2.2 5.85 1053 5.95 8 27

07-11-12 11:15 0.5 6.72 5501 41.96 0.7 70

04-12-12 10:50 0.2 0.292 7.33 5,62 3.53 10 49.7

23-01-13 14:10 0.5 0.6 704 35.29 10 75.6

26-02-13 9:10 0.1 0.2 7J3 16.57 1J.89 16 138

25-03-13 9:45 OJ 0.4 6.88 29.48 2605 10 104,5
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Figure G.8: Full Results for Scenario G4
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Figure G.9: Alteration of Scenario 4 -  P-Plume occurs in Beagh River.


