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ABSTRACT 
 

Low-lying coastal areas in the west of Ireland, such as the Galway and Clare coasts, have 

seen recent increases in flooding frequencies coupled with overall increases in sea level. The 

impacts of these changes are most strongly felt in coastal karst catchments and this study 

focuses on one such area, the Bell Harbour catchment (~50 km²), where there is a clear 

interaction between rainfall inputs and tidal influences, to create a terrestrial saltwater 

wedge. The groundwater circulating in this catchment drains to the bay via submarine 

springs and intertidal diffuse springs. Data (specific conductivity and water levels) have been 

collected at two coastal springs, six boreholes, three lakes, and from discrete locations in 

the middle of the bay, using dedicated loggers over extended periods. Two approaches that 

provided consistent results were used to explain the different hydrodynamic behaviours 

identified in the boreholes (conduits, fissures and matrix flows): i) analysis of the recession 

curves of the groundwater data, and ii) analysis of the impact of the tide on groundwater 

data using the Ferris equations. Specific conductivity variations and water chemistry 

measured in six boreholes and two lakes allowed for assessment of the spatial extent of the 

saltwater wedge into the aquifer as a function of both karst recharge and tidal movements 

at high/low and neap/spring tidal cycles. The extent of the saltwater wedge depends on the 

intrinsic properties of the aquifer but also on the relative influence of the recharge and the 

tide on groundwater levels, which induce opposite behaviours. This dynamic between 

recharge and the tide thus controls the seawater inputs, hence explaining temporal and 

spatial changes in the saltwater wedge in this coastal karst aquifer. Large tidal amplitudes 

seems to be the motor of sudden saltwater intrusion observed in the aquifer near the shore 

while the relative elevation of the groundwater appears to influence the intensity of the 

salinity increase. The magnitude of annual recharge in the area is high enough to limit 

saltwater intrusion to no more than about one kilometre inland from the shore. Given the 

anticipated decreases in summer precipitation (~10 percent), coupled with anticipated sea 

level rises, the extent of the saltwater wedge into the aquifer and frequencies of flooding 

are likely to increase in coming decades.  

 

Keywords: coastal karst aquifer, tidal influence, saltwater wedge, hydraulic gradient, 

submarine groundwater springs. 
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RESUMÉ 
 

La côte ouest irlandaise située dans les comtés de Clare et Galway est depuis récemment 

affectée par une augmentation de la fréquence des inondations et une montée du niveau 

marin. L’impact de ces changements climatiques se fait particulièrement ressentir au niveau 

des aquifères karstiques côtiers de ces régions, tel que le bassin karstique de Bell Harbour 

(~50 km²) sélectionné dans le cadre de ce projet: le positionnement d’un biseau salé dans 

cet aquifère est clairement dû à l’interaction entre sa recharge liée aux événements 

pluvieux et la forte influence de la marée. Des données (niveaux d’eau et conductivités 

spécifiques) ont été collectées à l’aide de sondes, à deux sources côtières, six forages, trois 

lacs et au milieu de la baie durant des périodes prolongées. Trois types d’environnement 

hydrodynamiques (conduits, fissures et matrices) ont été définis pour chacun des six forages 

en comparant deux méthodes qui se sont avérées cohérentes entre-elles : l’analyse des 

courbes de récession des niveaux piézométriques et les équations de Ferris utilisant l’impact 

de la marée sur les niveaux piézométriques. Les variations des conductivités spécifiques 

combinées à la chimie des eaux des six forages et de lacs ont permis d’évaluer l’étendue du 

biseau salé dans l’aquifère en fonction de la recharge de l’aquifère et des cycles de marée 

haute/basse et vives eaux/basses eaux: l’étendue du biseau salé dépend des propriétés 

hydrodynamiques de l’aquifère mais aussi de l’influence relative de la recharge et de la 

marée sur les niveaux piézométriques, induisant chacun des comportements opposés. Ainsi, 

la compétition entre la recharge et la marée contrôle l’intrusion d’eau de mer dans 

l’aquifère, ce qui explique les changements spatio-temporels du biseau salé dans l’aquifère. 

Les fortes amplitudes de marée semblent être le moteur des brèves intrusions salines dans 

l’aquifère proche de la rive alors que la position du niveau piézométrique semble influencer 

l’intensité de cette augmentation de la salinité. La recharge karstique de la région est 

suffisamment importante tout au long de l’année pour que le biseau salé ne s’étende pas 

plus loin qu’un kilomètre de la rive. La diminution des précipitations durant l’été (~10 %) 

ainsi que l’augmentation du niveau marin prévues pour les prochaines décennies, 

contribueront certainement à une intrusion plus importante du biseau salé dans l’aquifère 

et à des inondations plus fréquentes. 

 

Mots-clés: aquifère karstique côtier, influence de la marée, biseau salé, gradient 

hydraulique, sources d’eau douce sous-marines. 
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RESUMÉ SUBSTENTIEL 
 

INTRODUCTION 

Avec la montée du niveau global de la mer et une urbanisation côtière croissante, la 

demande en eau souterraine se fait particulièrement ressentir en milieu côtier: celle-ci est 

d’autant plus vulnérable en milieu karstique – de nature très perméable - où de larges 

volumes d’eau peuvent circuler à travers des conduits karstiques. La compréhension de 

l’interaction entre l’eau douce et l’eau de mer dans les aquifères karstiques côtiers est ainsi 

cruciale pour l’actuelle et les futures gestions de l’eau, particulièrement dans le contexte de 

nombreuses directives européennes (directive-cadre sur l'Eau, directive sur les inondations, 

directive-cadre «stratégie pour le milieu marin»). L’équilibre naturel entre l’eau de mer et 

l’eau douce n’est pas encore bien compris dans de tels environnements hétérogènes, 

principalement dû à la complexité des processus de mélanges (Dörfliger, 2005).  

 

Malgré une relativement faible demande en eau au niveau des zones karstiques côtières des 

comtés de Galway et Clare en Irlande, l’augmentation fréquente d’inondation et la montée 

du niveau marin ont été observées ces dernières années, ce qui confirment l’impact d’un 

changement climatique sur ces aquifères. Alors que la plupart des études réalisées à ce jour 

se sont concentrées essentiellement sur des aquifères karstiques côtiers en milieu aride à 

semi-aride tel que la région méditerranéenne (Arfib et al., 2002; Bayari et al., 2010; Fleury et 

al., 2007; Maramathas et al., 2003; Tulipano, 2005), ce projet a porté sur un aquifère 

karstique côtier situé à l’ouest de l’Irlande comprenant une faible densité de population 

dans un milieu rural agricole, et sujet à une forte amplitude de marée et à une recharge 

abondante et continue toute l’année. Le but de ce travail a été d’apporter une bonne 

compréhension des mécanismes d’intrusions salées dans la zone d’étude afin de mieux 

gérer les ressources en eau souterraines de la région en fonctions des conditions actuelles 

et présagées. Ce projet est le premier en Irlande qui s’est concentré sur une meilleure 

compréhension du biseau salé dans un aquifère karstique. 

 

L’aquifère de Bell Harbour a été sélectionné car il comporte une petite superficie (~50 km²) 

et ses limites sont relativement bien définies. Cet aquifère est situé dans une vaste zone 

karstique appelé le Burren situé au sud de la baie de Galway à l’ouest de l’Irlande. Le sujet 

de cette étude a été en premier lieu de caractériser le fonctionnement hydrodynamique de 

Bell Harbour et en second lieu, d’évaluer quels facteurs contrôlent l’étendue et les 

mouvements du biseau salé au sein de l’aquifère ; la marée et la recharge de l’aquifère ont 

été estimé être à l’origine de ces changements dans le temps, et il a été montré que les 

variations temporelles du biseau salé résultent de l’interaction entre ces deux processus. 
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I – DESCRIPTION DE LA ZONE D’ETUDE 

I-1 Géographie 

Bell Harbour est situé dans le comté de Clare, à l’extrémité nord du Burren qui possède une 

superficie de 360 km². Cette région forme un large plateau calcaire légèrement incliné vers 

le sud, d’une atitude de ~300 m au nord à ~75 m au sud. Le Burren est bordé par l’Océan 

Atlantique à l’ouest, par la baie de Galway au nord et par une région karstique de basse 

altitude à l’est, nommée la plaine de Gort-Kinvarra (figure 1). La limite sud correspond à une 

ligne est-ouest allant du village de Corofin à Kilfenora puis Lisdoonvarna jusqu’à Doolin sur 

la côte ; les calcaires à cette limite sont alors recouverts par des roches gréseuses et 

schisteuses (en jaune-orangé rayé sur la figure 1). 

Figure 1: Carte du Burren et localisation de l’aquifère de Bell Harbour. 

La zone d’étude (l’aquifère de Bell Harbour) est localisée dans la partie nord-est du Burren 

et couvre une superficie de 50 km2 (figure 1). Des collines d’une altitude maximale de 330 m 

surplombent la vallée centrale (Turlough Valley) qui se termine par un port, Bell Harbour, au 

nord, et s’étend par une baie, nommée Bell Harbour bay. 

 

I-2 Géologie 

Les roches exposées à Bell Harbour font parties de la formation du Burren (337.5-333 Ma), 

déposées durant le Carbonifère inférieur et sont caractérisées par (Figure 2): 



 

 

 Des calcaires purs comprenant
(membres de Lissylisheen, Ballyelly, Fahee 

 Des strates de calcaires épaisses comprenant des couches d’argiles observées sur la 
pente des collines (membre d’

 Des calcaires massifs faiblement fissurés dans le milieu de la vallée (membre de 
Maumcaha); 

 Des strates de calcaires moyennement épaisses à épaisses intercalées de couches 
siliceuses et comprenant des couches de dolomie au sommet et à la base de l’unité. 
Ces roches sont observées le long de la baie de Bell Harbour (membre de 
Head).  

 

Figure 2

 

Ces calcaires plongent légèrement vers le sud (2 à 3 degrés) et recouvrent des calcaires 

impurs d’environ 400 m d’épaisseur. Ces derniers reposent sur les vieux 

Dévonien et sur le pluton granitique de Galway. Une faille majeure nommée la faille de 

MacDermott’s s’étend approximativement du nord au sud dans la partie ouest de Bell 

Harbour (figure 2). 

Finavarra
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comprenant des bandes siliceuses au sommet des collines 
Lissylisheen, Ballyelly, Fahee et Balliny); 

Des strates de calcaires épaisses comprenant des couches d’argiles observées sur la 
pente des collines (membre d’Aillwee); 

Des calcaires massifs faiblement fissurés dans le milieu de la vallée (membre de 

Des strates de calcaires moyennement épaisses à épaisses intercalées de couches 
siliceuses et comprenant des couches de dolomie au sommet et à la base de l’unité. 
Ces roches sont observées le long de la baie de Bell Harbour (membre de 

Figure 2 : carte géologique de Bell Harbour. 

Ces calcaires plongent légèrement vers le sud (2 à 3 degrés) et recouvrent des calcaires 

impurs d’environ 400 m d’épaisseur. Ces derniers reposent sur les vieux 

Dévonien et sur le pluton granitique de Galway. Une faille majeure nommée la faille de 

MacDermott’s s’étend approximativement du nord au sud dans la partie ouest de Bell 
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MacDermott’s s’étend approximativement du nord au sud dans la partie ouest de Bell 
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Des investigations géophysiques (par electrical resistivity tomography) ont été réalisées au 

niveau de la faille dans le cadre du projet de recherche Griffith. Les premiers résultats 

suggèrent que la faille s’étend sous la baie de Bell Harbour, au-delà de ce qui est indiquée 

sur la carte géologique (Figure 2) (O'Connel, 2012). 

 

II-CONNAISSANCES BIBLIGRAPHIQUES DE L’HYDROGEOLOGIE ET DES INTRUSIONS SALINES 

DE LA ZONE D’ETUDE 

II-1 Hydrogéologie de la zone d’étude 

Les précipitations annuelles du Burren évoluent en moyennes autour de 1500 mm pour 

lesquelles 1000 à 1100 mm deviennent de la recharge pour l’aquifère. La recharge est 

estimée diffuse pour environ 80% de la région (Drew, 1990). Ainsi, les eaux de surface 

disparaissent rapidement sous terre liée à une faible épaisseur ou absence de sol et à la 

présence d’un épikarst bien développé sur les 2 à 10 m d’épaisseur depuis la surface. Le 

plateau du Burren est par conséquent drainé majoritairement par des conduits karstiques : 

le réseau d’écoulement de surface est uniquement limité à des rivières intermittentes, des 

lacs saisonniers (Turloughs) et un drainage provenant des roches imperméables du 

Namurien situées au sud de la région.  

Drew (1990) estime que l’aquifère du Burren est caractérisé par une faible réserve et une 

transmission rapide des eaux souterraines. La plupart des vitesses de circulation des eaux 

souterraines ont été mesurées  entre 50 et 150 m/h à partir d’essais de traçage réalisés 

durant des conditions de basses eaux. Ces vitesses pourraient être quatre fois plus 

importantes pendant les épisodes pluvieux (Drew and Daly, 1993). 

 

Au niveau de l’aquifère de Bell Harbour, la vallée est également caractérisée par une 

absence quasi-totale de drainage en surface ; seulement trois lacs saisonniers fortement 

connectées avec l’aquifère (nommés turloughs) ont été remarqués : Luirk Lough, 

Gortboyheen Lough et Turloughnagullaun Lough, ainsi qu’un lac permanent : Muckinish 

Lough. Cinq sources intertidales majeures ont été observées sur la rive est de la baie de Bell 

Harbour ; ces sources sont submergées à marée haute (Figure 3).  

A partir de photographies aériennes de la baie de Bell Harbour, des marques sombres ont 

été remarquées le long de l’extension présumée de la faille de McDermott’s (Figure 3). De 

plus, la carte LIDAR du fond de la baie a permis d’observer la présence de cavités aux 

mêmes emplacements que ces marques sombres et la présence de chenaux depuis ces 

cavités jusqu’à la sortie de la baie : ces chenaux ont certainement été creusés par 

l’écoulement des eaux sous-marines provenant de ces cavités qui seraient alors des sources 

sous-marines. 
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Les eaux souterraines s’écouleraient ainsi vers le nord –inversement au pendage- et se 

déverseraient dans la baie à travers ces sources intertidales et sous-marines. 

 

 

 

 

 

 

 

 

 

Figure 3 : localisation des sources 

intertidales et des sources sous-

marines estimées (points rouges) le 

long de la prolongation de la faille 

dans la baie. 

 

 

II-2 Intrusions salines de la zone d’étude 

Dans le cadre du même projet de recherche Griffith qui débuta en 2007, des études 

antérieures ont montrées que les eaux souterraines situées au sud de la baie de Galway 

peuvent être influencées par une intrusion saline jusqu’à deux kilomètres de la côte 

(petrunic et al., 2012). La proportion de l’eau de mer semblerait variée en fonction des 

saisons. Une influence de la marée a également été observée sur les niveaux 

piézométriques de certains forages situés jusqu’à quatre kilomètres de la côte. 

 

III - MISE EN PLACE D’UN RESEAU DE SUIVI HYDROGEOLOGIQUE A BELL HARBOUR 

III- 1 Le réseau de suivi hydrogéologique  

Le réseau de suivi hydrogéologique mis en place dans le cadre de ce projet est reporté sur la 

figure 4, et comprend les forages, les sources intertidales et terrestres, les points de mesure 

dans la baie, les turloughs, le lac et les pertes utilisées pour des essais de traçages. 

La plupart des forages sont privés et sont utilisés à usage domestique et pour l’élevage. 

Chaque forage est équipé d’une pompe immergée qui prélève de l’eau plusieurs heures par 

jour. Les caractéristiques de chaque forage sont disponibles en annexe A-1 de la thèse. 
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Figure 4 : réseau de suivi 

hydrogéologique de l’aquifère 

de Bell Harbour. 

 

III- 2 Paramètres mesurés 

 Données climatiques : 
� Les données de précipitations proviennent des stations de Met 

Eireann les plus proches  (Galway, Kinvarra, Carran, Ballhyvaghan) 
ainsi que d’un pluviomètre installé à Bell Harbour au cours de l’étude. 
Elles sont disponibles à la fréquence journalière ou horaire en 
fonction de la station. 

� Les données d’évapotranspiration proviennent de la station de Met 
Eireann la plus proche (Birr) et sont disponibles à une fréquence 
mensuelle. 
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 La marée : les niveaux d’eau de la station du port de Galway de l’institut 
océanographique irlandais ont été utilisés, et sont disponibles à un pas de 
temps de six minutes (http://data.marine.ie/). 

 Le niveau piézométrique, la conductivité spécifique (SpC) et la 
température : des mesures discrètes ont été prises durant les premiers mois 
afin d’obtenir un aperçu global des variations de ces trois paramètres. 
Différentes sondes ont ensuite été placées sur plusieurs forages (six au total), 
deux sources intertidales, au milieu de la baie, dans un lac et deux turloughs 
afin d’obtenir des données en continu (pas de temps de 15 et 5 minutes) sur 
de longues périodes (plusieurs mois). 

 

IV – ANALYSES INITIALES DES DONNEES COLLECTEES SUR LE TERRAIN 

Une observation visuelle des données discrètes et continues collectées à Bell Harbour a 

permis le développement d’une meilleure compréhension du comportement 

hydrodynamique de cet aquifère karstique : les variations des niveaux piézométriques, des 

SpC et des températures dépendent principalement des événements pluvieux, de la marée 

et des effets de pompages (dans la plupart des forages suivis). 

 

Les données mensuelles donnent un aperçu global des fluctuations du niveau 

piézométrique, de la SpC et de la température au niveau des points de mesures terrestres  

(forages et lacs) et des sources intertidales. Cependant, la faible fréquence des données 

discrètes ne permet pas une observation des effets de la marée et de pompage. La totalité 

des variations observées aux points de mesure ont ainsi été résumée dans le tableau 1 à 

partir seulement des données en continu et les commentaires suivants en ont été déduits : 

 

 L’influence de la marée et des pompages ne se font presque pas ressentir sur la 

température et les précipitations ont une influence allant de 0 à 1,8°C en fonction 

des points de mesure. 

 Les plus fortes augmentations des niveaux piézométriques (jusqu’à 15 m) dues aux 

précipitations ont été observées aux forages B08, B57 et B59 situés au milieu de la 

vallée. La plupart des eaux souterraines semblent être drainées vers le centre de la 

vallée et ensuite vers la baie. Le développement d’un conduit karstique le long de la 

faille de Mc Dermott’s pourrait amener les eaux souterraines directement dans la 

baie et agirait ainsi comme un axe de drainage secondaire. Les deux turloughs se 

comportent comme des réservoirs d’eau : lorsque l’aquifère est « plein » après de 

forts épisodes pluvieux, il se déverse dans ces zones de stockage via des sources 

karstiques : le niveau d’eau dans l’aquifère est alors supérieur au niveau d’eau dans 

le turlough. Inversement, lorsque le niveau piézométrique diminue, le niveau d’eau 
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dans le turlough diminue également via les sources karstiques qui se transforment 

alors en pertes, et sont ainsi nommées estavelles : le niveau d’eau dans l’aquifère 

devient alors inférieur au niveau d’eau dans le turlough. 

 La SpC varie de 300 à 1500 µS/cm pour tout l’aquifère excepté pour le lac Muckinish 

(L01) où elle a été observée bien supérieure (900-30000 µS/cm). Au niveau de tous 

les points de mesure terrestres, seuls les forages B05 et B08 ont des pics de SpC 

temporaires > à 1000 µS/cm. Il est ainsi probable que le biseau salé soit présent à 

L01 et la zone de mélange eau douce-eau salée influence les valeurs de SpC à B05 et 

B08. De plus, de fortes variations de la marée sur les niveaux d’eau et de SpC ont été 

remarquées à B05, B08 et L01. 

 Les SpC mesurées à deux sources intertidales (BH Quay et Oyster) varient avec le 

cycle de marée haute et basse : une intrusion saline se produit à travers ces sources 

côtières à chaque cycle de marée mais est inversement proportionnelle à l’intensité 

des précipitations.  

 

Tableau 1: influence des pompages, de la marée et des précipitations sur les données mesurées en 

continues (température, niveau d’eau et SpC) collectées à six forages, un lac et deux turloughs au sein de 

l’aquifère de Bell Harbour. 

Points de 

mesure 

Influence des précipitations Influence de la marée Influence des pompages 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

B03 no 7 = no 0,2 no 0,6 4,5 no 

B05 1,5 6,5 300 no 2 140 no 0,2 no 

B08 1,8 13 200 no 1,5 44 no 0,5 no 

B15 0,2 5,8 100 no no no no 1 no 

B57 0,6 15 20 no 0,5 no 0,1 1,5 no 

B59 0,1 11 100 no 0,05 no - - - 

L01 no 1,7 >10000 1 to 5 0,4 4770 - - - 

L02 2 0,5 250 no 0,04 no - - - 

L03 no 2,5 20 no no no - - - 

 “      “signifie “diminution de”,”    “  signifie “augmentation de”, “=” signifie “stable” et aucun signal 

correspond à une valeur d’amplitude. “no” signifie qu’aucune influence n’a été observée et “-“ signifie que 

l’influence des pompages n’est pas applicable au point de mesure car il n’y a pas de pompe installée.  Temp. 

correspond à la température, SpC, à la conductivité spécifique et WL aux niveaux piézométriques. 
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V – CARACTERISATION DU COMPORTEMENT HYDRODYNAMIQUE DE L’AQUIFERE 

KARSTIQUE DE BELL HARBOUR  

V-1 Bilan hydrologique 

Le bilan hydrologique est obtenu à partir de la formule suivante : P – P.ETP – S = R 

Où P correspond aux précipitations, P.ETP à l’évapotranspiration potentielle, S aux 

variations des réserves d’eau dans l’aquifère et R au débit sortant dans la baie.  

Comme la recharge de l’aquifère est soutenu tout au long de l’année, il est considéré que les 

variations de stockages d’eau dans l’aquifère ne varient presque pas et ainsi,  S est estimé 

nul (Cave et al., 2011). P-P.ETP correspond à la recharge de l’aquifère et R est représenté 

par les débits d’eau sous-marines et intertidales (SiGD) se déversant dans la baie. 

La méthode du prisme de la marée a été utilisée pour estimer ces SiGD dans le temps 

(expliquée en détails dans Cave and Henry, 2011). Cette méthode consiste à calculer la 

quantité d’eau douce sortant de la baie à chaque marée descendante. Une surestimation 

des SiGD a été observée à Bell Harbour à partir de cette méthode. Une sous-estimation de la 

superficie de l’aquifère et de la recharge  pourraient expliquer partiellement la 

surestimation de SiGD observée. Cependant, la principale raison proviendrait plus des fortes 

hétérogénéités de salinité remarquées dans la baie qui ne sont pas prises en compte par 

l’unique sonde qui a mesuré la salinité dans la baie. Ces hétérogénéités pourraient être dues 

à l’étroitesse de l’entrée de la baie et sa faible superficie et profondeur. 

 

V-2 Estimation des propriétés hydrodynamiques de l’aquifère karstique 

Les propriétés hydrodynamiques de l’aquifère karstique ont été évaluées à partir de deux 

méthodes différentes : 

 L’analyse des variations des niveaux piézométriques en réponse aux précipitations 
(analyse des courbes de récession) a permis de déterminer des comportements 
hydrodynamiques typiques à chaque forage (Tableau 2) ;  

 L’analyse des variations des niveaux piézométriques en réponse aux oscillations de la 
marée (à partir des équations de Ferris) a permis de déterminer une valeur de 
diffusivité hydraulique pour chaque forage et lac (Tableau 3). 
 

Les résultats tirés de ces deux méthodes se sont avérés cohérents (Tableaux 2 et 3). Une 

analyse des variations de la SpC en réponse aux précipitations a également été réalisée pour 

chaque forage et lac et a permis de déterminer des réactions de SpC typiques à partir de la 

forme des courbes de SpC en fonction du temps et de l’intensité des variations de SpC. La 

connexion de chaque point avec la recharge et l’axe principal de drainage karstique en a été 

déduite (Tableau 4). 
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Tableau 2: Type d’environnement hydrodynamique déduit à partir de réponses hydrodynamiques observées 

à chaque forage suite aux événements pluvieux.  

Forage 
x 

(m) 
Typologie 

Amplitude 

(m) 

Période  

d’influence P 

(j) 

Pente de la 

courbe de 

récession S 

(m/j) 

Type 

d’environnement 

hydrodynamique 

B57 2400 D1 10.4 1.6 6.3 conduits 

B08 1065 D2 6.25 4.3 2.6 
conduits / large 

fissures 

B59 2300 D3 5 > 10.4 

sa = 1.5 / sb = 

0.5 / 

sc = 0.4 

fissures et 

matrice 

B05 265 D4 3.3 4.5 0.9 petites fissures 

B15 4490 D5 4.4 6.4 
sa = 0.7 / sb = 

0.3 
matrice 

B03 560 D6 3.75 9.1 
sa = 0.7 / sb = 

0.1 
matrice 

L’amplitude (en mètre), la période d’influence “P” (en jour) et la pente de la courbe de récession “S” (en 

mètre/jour) ont été estimés à partir des courbes de récession des niveaux piézométriques. x (m) correspond 

à la distance entre le forage et la baie. 

 

Tableau 3: réponse hydrodynamique des forages et lacs aux oscillations de la marée.   

Forage x (m) f Df 

(m²/s) 

d (h) Dd 

(m²/s) 

Rapport 

Df/Dd 

B57 2400 0.131 97.3 3h35 124 0.8 

B08 1065 0.4036 98.2 1h55 91.5 1.07 

B59 2300 0.0045 12.7 8h45 19.1 0.65 

L01 485 0.0637 2.8 2h20 18.2 0.15 

L02 900 0.0052 2 3h55 14.6 0.14 

B05 265 0.4 5.8 1h25 12.4 0.47 

B03 560 0.0407 2.1 3h30 7.1 0.3 

Les diffusivités hydrauliques (Df et Dd en mètre carré / seconde) ont été calculées à partir du facteur de la 

marée efficace (f) et du facteur de retard (d, en heure). 
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Tableau 4: Typologie établie à partir des réponses de conductivité spécifique pour les six forages, le lac et le 

turlough utilisant différents critères (amplitude, période d’influence (en jour), forme de la courbe). 

Nom 

du 

type 

Point de 

mesure 

Amplitude 

(µS/cm) 

Période 

d’influence 

(j) 

Forme de la courbe 
Réaction typique de la 

SpC 

S1 
B05, B08  

& L02 
200 to 400 3 to 4 

corrélé 

négativement avec 

la recharge 

Bonne connexion avec 

la recharge et le 

système karstique 

S2 
B03, B57  

& L01 

20 to 

>10000 
> 30 

Dilution et très 

lente augmentation 

après un épisode 

pluvieux  

Bonne connexion avec 

la recharge mais pas 

avec le système 

karstique 

S3 B03 150 to 200 > 30 
Augmentation et  

idem que S2 

effet de chasse d’eau 

de l’eau contenue dans 

la matrice plus 

conductrice en 

premier + idem que S2 

S4 
B59 & 

B15 
100 to 150 > 30 

Dilution et plusieurs 

augmentations et 

diminutions après 

un épisode pluvieux  

Bonne connexion avec 

la recharge, moyenne  

avec le système 

karstique 

S5 B15 60 > 30 

Idem que S4 + 

variations diurne de 

la SpC 

Idem que S4 + 

influence de la 

respiration des racines 

Amplitude (en µS/cm), période d’influence (en jours) et la forme de la courbe ont été estimées à partir des 

courbes de récession de conductivité spécifique (SpC).  

 

VI – VARIATIONS SPATIO-TEMPORELLES DE L’ETENDUE DU BISEAU SALE 

VI-1 Etendue spatiale du biseau salé 

Des mesures ponctuelles de chimie de l’eau collectées aux forages et aux lacs de la zone 

d’étude ont montrées que les eaux souterraines sont caractérisées par un faciès  Ca-HCO3, 

typique des eaux circulant dans les calcaires, excepté à L01 où l’eau contient une forte 

proportion de Na, Cl, SO4, Mg and K, représentatif d’un apport significatif de l’eau de mer. 

La chimie des eaux collectées à B05 et B08 correspondent toutes à de l’eau douce. Ces 

points de mesure peuvent cependant être affectés temporairement par la zone de mélange 
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eau douce-eau salée (> 1000 µS/cm). L01, B05 et B08 affecté continuellement ou non par le 

biseau salé sont situés à moins de deux kilomètres de la côte. 

 

VI-2  Etendue temporelle du biseau salé 

Les variations de SpC liées à la marée ont été observées à L01, B05 et B08, et augmentent 

avec l’amplitude de la marée. Ainsi, l’amplitude de la marée semblerait avoir un impact 

direct sur le positionnement du biseau salé dans l’aquifère. 

Des augmentations temporaires et signifiantes de SpC ont été mesurées à B05 

(> 1000 µS/cm) et L01 (>15000 µS/cm) : la zone de mélange atteint alors toute la colonne 

d’eau du forage B05 (la sonde étant placée en haut) alors que la concentration en eau de 

mer du biseau salé augmente durant ces périodes occasionnelles. Les conditions nécessaires 

pour obtenir ces intrusions du biseau salé (et de la zone de mélange) plus loin dans 

l’aquifère ont été identifiées en comparant les SpC, les niveaux piézométriques, le niveau 

d’eau dans la baie et les variations du gradient hydraulique en fonction du temps pour 

plusieurs périodes à B05 et L01 : 

 A B05, le niveau piézométrique à marée basse serait < ~2 m au dessus du niveau 
moyen marin (MSL) et l’amplitude de la marée dans la baie serait > ~4 m pour que le 
processus de l’intrusion se mette en place. Le plus faible gradient hydraulique 
observé durant un cycle marée haute/basse était d’environ 0 à 0,5%. 

 A L01, le niveau piézométrique à marée basse serait < ~1,8 m au dessus du niveau 
moyen marin (MSL) et l’amplitude de la marée dans la baie serait > ~3,5 m pour que 
le processus de l’intrusion se mette en place. Le gradient hydraulique observé était 
alors égal à 0 ou légèrement inversé. 

Ces augmentations temporaires de SpC s’arrêtent à B5 et L01 quand l’amplitude de la marée 

dans la baie diminue. Ainsi, l’amplitude de marée semble être le moteur de ce processus en 

inversant le gradient hydraulique à L01 ou en provoquant de fortes amplitudes du gradient 

hydraulique (> 1 m) à B05.  Il semblerait que l’intensité des augmentations de SpC varie avec 

l’altitude du niveau piézométrique aux points de mesure : plus le niveau piézométrique est 

bas, plus l’augmentation de SpC se fait ressentir. 

 

Les variations temporelles du biseau salé et de la zone de mélange peuvent être visualisées 

à travers un modèle conceptuel d’hydrogéologie sur lequel B57, B08 et B05 ont été 

projetés.(Figure 5, a, b): 
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Figure 5: modèle hydrogéologique conceptual de l’intéraction de l’eau douce-eau de mer dans l’aquifère 

côtier de Bell Harbour ; (A) : positionnement du biseau salé et de la zone de mélange durant un épisode 

pluvieux et une période de mortes eaux ; (B) : positionnement du biseau salé et de la zone de mélange 

durant une période de sécheresse et une période de vives eaux. WL est le niveau piézométrique dans 

l’aquifère ; Tampl. Est l’amplitude de la marée ; HT correspond à la marée haute et LT à la marée basse. 

 Durant un fort et long épisode pluvieux et en période de mortes eaux (Figure 5, a), 
les conduits situés le long de la faille de McDermott’s connectés à B57 sont 
seulement affectés par la zone de mélange près du rivage (< 500 m) par lesquels de 
l’eau douce à saumâtre se déverse au milieu de la baie via des sources sous-
marines : l’aquifère serait alors très faiblement affecté par le biseau salé localisé au 
moins à 20m sous le niveau de la mer au niveau du rivage. 
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 Durant une période de « sécheresse » et de vives eaux (Figure 5, b), le biseau salé 
entrerait plus loin dans l’aquifère, préférentiellement dans les zones fissurées via les 
sources intertidales qui deviennent alors des pertes à marée haute et dans les 
conduits proche de la faille majeure via les sources sous-marines qui deviennent 
également des pertes. Ainsi, le biseau salé pourrait entrer dans la partie profonde du 
forage B05 situé à 265 m du rivage. La zone de mélange s’étendrait alors plus loin et 
moins profond dans l’aquifère et pourrait atteindre la zone peu profonde du forage 
B05. Il est estimé que la zone de mélange pourrait s’étendre à 20 m sous le niveau 
marin à 1000m du rivage. 

 

CONCLUSION 

Les eaux souterraines de l’aquifère de Bell Harbour se déversent par des eaux sous-marines 

et intertidales. Ces exutoires agissent également comme des passages préférentiels 

d’intrusion d’eau de mer du fait de leur forte diffusivité hydraulique. La connaissance 

spatiale des propriétés hydrodynamiques de l’aquifère est ainsi indispensable pour localiser 

ces passages préférentiels. L’analyse des courbes de récession et les équations de Ferris 

appliquées aux variations de niveau piézométrique dans l’aquifère ont permis de les 

estimer. Ces propriétés intrinsèques de l’aquifère ainsi que sa géologie structurale ont été 

observés très liées aux variations spatiales de l’extension du biseau salé. 

La variation temporelle de l’étendue du biseau salé semble dépendre de l’équilibre entre 

l’influence de la recharge et l’influence de la marée sur l’hydrodynamisme de l’aquifère : la 

position du niveau piézométrique semble contrôler l’intensité de la SpC dans l’aquifère 

tandis que l’amplitude de la marée serait le moteur du processus d’intrusion. 

Malgré un aquifère karstique bien développé et la présence de conduits ouverts directement à 

la mer, la plupart du temps l’eau se déversant dans la baie reste assez douce (< 1000 µS/cm) et 

le biseau salé reste près de la côte (< 500 m) ; ces observations diffèrent des études réalisées le 

long de la côte Méditerranéenne où le biseau salé peut s’étendre jusqu’à 15 kilomètres dans 

les terres (Cotecchia et al., 2005). Ceci peut s’expliquer par la forte recharge de la zone d’étude 

qui maintiendrait un niveau piézométrique relativement haut toute l’année, ce qui 

empêcherait toue intrusion saline. 

Comme l’étendue temporelle du biseau sale est contrôlé par les niveaux piézométriques et de 

la baie, un changement des conditions climatiques pourrait avoir un sérieux impact sur 

l’intrusion d’eau de mer dans l’aquifère. Alors que les changements prédits pour les 

précipitations (diminution  d’environ 10% en juin seulement pour les prochaines dizaines 

d’années) auraient un faible impact sur le gradient hydraulique,  l’augmentation du niveau 

marin (augmentation de 1m d’ici 2100) pourrait refouler les eaux souterraines dans les terres 

et ainsi augmenter le niveau piézométrique de l’aquifère : le gradient hydraulique serait 

également influencé et de plus fortes et fréquentes inondations dans le bassin versant seraient 

alors à prévoir.  
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ABBREVIATIONS 
 

 

BOEC: Burren Outdoor Education Centre 

BH: Bell Harbour 

CTD: Conductivity, Temperature, Depth 

d: delay factor 

Dd: hydraulic diffusivity calculated from delay factor 

Df: hydraulic diffusivity calculated from tidal efficiency factor 

DSD: Deep Saltwater Discharge 

DSI: Deep Saltwater Infiltration 

DSW: Deep Saltwater Wedge 

ER: Effective Rainfall 

f: tidal efficiency factor 

FGD: Fresh groundwater discharge 

GNSS: Global Navigation Satellite System 

GPRS: General Packet Radio Service 

GPS: Global Positioning System 

GSI: Geological Survey of Ireland 

GSM: Global System for Mobile Communications 

HT: High tide 

iampl: hydraulic gradient difference between high and low tide 

imin: lowest hydraulic gradient observed during a low/high tidal cycle 

IRUSE: the Informatics Research Unit for Sustainable Engineering 

ISC: Intertidal Saltwater Cell 

ISD: Intertidal Saltwater Discharge 

ISI: Intertidal Seawater Infiltration 

LL: Lower limit 

LT: Low Tide 
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MSL: Mean Sea Level 

NUIG: National University of Ireland, Galway 

NT: Neap Tide 

OD: Ordnance Datum 

OSi: Ordnance Survey of Ireland 

P: Periode of influence of a recharge event 

P. ETP: Potential EvapoTransPiration 

R: Runoff 

RTK: Real Time Kinematic 

S: slope of a recession curve 

SGD: Submarine Groundwater Discharge 

SiGD: Submarine and intertidal Groundwater Discharge 

SpC: Specific Conductivity 

SST: Strong Spring Tide 

ST: Spring tide 

UL: Upper limit 

Tide-BH: tide estimated at Bell Harbour by taking account 55 minutes of delay from Tide-G. 

Tide-G: tide measured at Galway port station by the Marine Institute. 

VRS: Virtual Reference Station 

WL: Water Level 
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CHAPTER I - INTRODUCTION 
 

 

Karstified limestone covers approximately 10% of the land surface of the Earth and Ford & 

Williams (1989) estimate that 25 % of the world’s population is supplied with water from 

karst regions. These aquifers are typically dominated by high permeability channel networks 

where large volumes of groundwater can be stored and can flow at large velocities (50 to 

150 m/h in the Burren; (Drew et al., 1993). However, due to climatic and human factors, 

more pressures are being placed on these aquifers, especially in coastal zones where 

urbanization is expanding (Ferguson et al., 2012): globally, coastal karst aquifers are 

experiencing increased water demand, and are subject to a global sea-level rise and a 

possible decrease of precipitation (in certain regions). In this case, the overexploitation of 

the resource will force a rebalancing between freshwater and saltwater inputs which can 

lead to a salinisation of the freshwater resources (mainly due to seawater intrusion) with, 

sometimes, a strong inland movement (Tulipano et al., 2005). 

Understanding the interaction between freshwater and seawater in coastal karst aquifers is 

thus critical for current and future water management, especially in the context of various 

EU Directives (Water Framework Directive, Floods Directive, Marine Strategy Framework 

Directive) and given the potential impacts of changing weather patterns and sea levels 

(Ferguson and Gleeson, 2012). The natural equilibrium between seawater and freshwater is 

still poorly understood, largely due to the complex mixing processes in such heterogeneous 

environments (Dörfliger, 2005). The presence of karst conduits that allow discharge of 

freshwater and ingress of sea water makes it difficult to predict changes in the temporal and 

spatial nature and extent of the saltwater wedge (Bakalowicz, 2005).  

 

In these aquifers, the extent and nature of the saltwater wedge thus depends on the flow 

path network, frequently resulting in irregular patterns of saltwater intrusion (Arfib et al., 

2002). Previous work on saltwater wedges in karst aquifers revealed the effect of areas of 

high hydraulic conductivity on the distribution of the mixing zone (Moore et al., 1992; 

Stringfield et al., 1971). The morphology and geometry of conduits have been shown to be 

first order controls over groundwater temperature and specific electrical conductivity 

gradients in the aquifer (Beddows et al., 2007). An understanding of the spatial variations in 

the hydrodynamic properties of the aquifer is therefore required to understand the extent 

of the saltwater wedge.  

Previous studies have shown that saltwater intrusion is driven by the hydraulic gradient, 

which in turn, is controlled by the difference in hydraulic heads between the sea and the 

aquifer (Cooper, 1959; Henry, 1959; Herzberg, 1901; Hubbert, 1940). The hydraulic gradient 

depends on boundary conditions (including recharge) and spatial heterogeneities of 
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hydrodynamic properties. Tidal fluctuations may be a major factor in determining variations 

in boundary conditions. For example, Beddows et al. (2007) showed that variation in 

pressure heads driven by the tide can increase the rate of mixing. Natural recharge of the 

aquifer may also be a major factor driving variations in inland hydraulic heads; the extension 

of the saltwater wedge over time could depend on the equilibrium between groundwater 

recharge and the influence of tides that modify the boundary conditions.  

 

Despite a relatively low water demand in karst areas along the Galway and Clare coasts of 

Ireland, increased flooding frequencies and sea-level rise have been observed in recent 

years, which may signal the initial impacts of climate change. While most published studies 

to date focus on coastal karst aquifers in arid to semi-arid areas such as the Mediterranean 

region (Arfib et al., 2002; Bayari et al., 2010; Fleury et al., 2007; Maramathas et al., 2003; 

Tulipano, 2005), this study focused on a coastal karst aquifer located in the west of Ireland 

in a low population density, rural agricultural setting, where a large range of tidal amplitude 

is observed and large and consistent recharge occurs throughout the year. 

Bell Harbour catchment was selected due to its small size (~50 km²) and its well-defined 

boundaries. The catchment is located in a large karstic area called the Burren at the south of 

Galway Bay, in west of Ireland. The catchment is defined by upland areas to the west, south 

and east rising to an altitude of about 300 meters above sea level. The groundwater 

circulating into this catchment flows to the north into Bell Harbour bay through submarine 

springs and intertidal diffuse springs.  

The aim of this study was to provide a good understanding of the saltwater intrusion 

mechanisms in this area to better manage the groundwater resource under current and 

predicted conditions. This is the first study in Ireland focused on developing a better 

understanding of saltwater wedge in a karst aquifer. Groundwater level and specific 

conductivity were the two main parameters measured continuously inland and in the bay: 

they helped to better define the temporal and spatial variations of the saltwater wedge into 

the aquifer. Specific conductivity collected at monitoring points inland allow determining 

the saltwater wedge (specific conductivity > 10000 µS/cm) and the freshwater-seawater 

mixing zone (1000 µS/cm < specific conductivity < 10000 µS/cm). Structural geology and 

hydrodynamic properties of the aquifer have been taken account to observe spatial 

variations of the saltwater wedge while extreme tidal amplitude periods (spring tide and 

neap tide periods) and groundwater level fluctuations were used to estimate temporal 

variations of this saltwater wedge. 

The different objectives of the study were: 

 to establish a hydrogeological monitoring network of Bell Harbour catchment 

including the bay; 
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 to get an insight of the karst  hydrodynamic behavior of Bell Harbour aquifer by 

observing visually mainly the groundwater level and specific conductivity data 

collected at different monitoring points; 

 to estimate the water balance of Bell Harbour aquifer by quantify the groundwater 

flow discharging into Bell Harbour bay as a function of time; 

 to determine the type of hydrodynamic environment (conduit, fissure or matrix) and 

diffusivity values associated at each monitoring points; 

 to evaluate what factors control the extent and movements of the saltwater wedge; 

both the tide and the natural recharge of the aquifer were assessed as the driving 

forces of these changes over time, and it is shown that temporal saltwater wedge 

variations results from the interactions between these processes. 

 

The research project has been carried out in cooperation between the Biogeoscience 

Research Group at National University of Ireland, Galway (NUIG) and the Laboratory 

Hydrosciences at the University of Montpellier 2 (UM2) in France. This joint Ph.D. has been 

funded by the Griffith Geoscience Award Programme. The funding for the award was 

established in Ireland as part of the National Geoscience Programme 2007 – 2013 and the 

award was administered by the Geological Survey of Ireland. The award was used to support 

researchers within the Biogeoscience group at NUIG through funding of Ph.D. and M.Sc. 

studentships, postdoctoral fellows, and research costs. The first two years of the Ph.D. 

focused on data collection in the Bell Harbour catchment, and were completed in NUIG. 

Year three and four focused on data analysis and write up and was based in Hydrosciences 

at Montpellier. 

This thesis is composed of seven chapters including the introduction (chapter I): 

 Chapter II is a general presentation of hydrodynamic karst aquifer functioning and 

saltwater-freshwater interactions in coastal aquifers: a bibliographic overview is 

presented.  

 Chapter III introduces the geographical, climatic, geological and hydrogeological 

context of the study area: the broad Burren area is initally described, and then the 

study area (Bell Harbour catchment) is described.  

 Chapter IV focuses on the monitoring network established in the catchment: each 

monitoring point is described, as well as continuous and discrete parameters 

measured. A detailed calendar of continuous data collected is presented. Comments 

and problems encountered in the field are also reviewed in this chapter. 

 Chapter V covers the initial data analysis of the field data. Groundwater level and 

specific conductivity data measured inland and at intertidal springs are presented for 
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Session I (from August 2010 to April 2011) and Session II (from December 2011 to 

August 2013). The visual observation of these data allowed for the development of a 

better understanding of behaviour of the karst aquifer. 

 Chapter VI presents the results from specific data analysis methods. The volume of 

the groundwater discharge in the bay is firstly estimated using the tidal prism 

method which allowed for a better understanding of the submarine groundwater 

springs’ hydrodynamic functioning. Secondly, hydrodynamic karst properties of the 

aquifer were assessed using two different methods: Ferris equations, and analysis of 

recession curves of groundwater level data. Finally, the connectivity of the main 

karst drainage network with the recharge was evaluated by assessing specific 

conductivity variations due to recharge events in the aquifer. 

 Chapter VII focuses on the spatial and temporal variability of the extent of the 

saltwater wedge including analysis of groundwater chemistry data. Conditions likely 

to lead to sudden saltwater intrusion in the aquifer have been assessed and a 

conceptual model of the temporary variability of the saltwater wedge is proposed 

for two extreme tidal and meteorological periods. 
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CHAPTER II - THEORY ON KARST HYDROGEOLOGY AND 
SALTWATER INTRUSION IN COASTAL KARST 
AQUIFER 

II.1 Karst aquifers 

II.1.1 Generalities 

Karst aquifers differ from porous and fissured aquifers by the size and development of void 

space. Void space in karst aquifers not only have genetic and tectonic origins but result from 

the enlargement of original voids due to a complex physico-chemical erosion process: the 

karstification, arising principally from the dissolution of carbonate rocks due to the flow of 

water (Arfib, 2001; Ford and Williams, 1989; White, 1988). 

II.1.2 The karstification process 

In groundwater movement, dissolution and mechanical erosion are both fundamental 

process of the karstification.  

II.1.2.a Dissolution 

This process depends on the solubility of minerals which make up carbonate rocks (calcite, 

aragonite, magnesite and dolomite). It is expressed by the dissociation constants of 

minerals: the higher the constant, the greater the solubility of the mineral. In deionized 

water, the dissociation constants of principal minerals of carbonate rocks are very low 

(Table 1). The presence of carbon dioxide (CO2) is needed to increase the acidity of the 

water and enable the dissolution of carbonates. A triphasic reaction occurs between 

carbonates, water and CO2: it includes a gas phase represented by the CO2, a liquid phase 

composed of infiltration water and a solid phase constituted of carbonate rocks (CaCO3). 

 

Table 1: Dissociation constants values of principal minerals of carbonates rocks in deionized water 

(Bakalowicz, 1979). 

Mineral Calcite Aragonite Magnesite Dolomite 

Dissociation 

constant 
3.8 10-9 6.09 10-9 5.75 10-9 about 10-17 

 

The transition of CO2 (gas) to CO2 (dissolved) causes a chain of reactions which increases the 

acidity (ions H+) needed for the dissolution of carbonates in the subsurface. The CO2 found 

in the groundwater is largely derived from the shallow soils found in the epikarst: organisms 
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and micro-organisms living in the soil produce CO2 and the degradation of the organic 

matter produce large quantities of CO2 gas, frequently as much as 100 times the 

atmospheric content. The CO2 is involved and dispersed in gaseous and dissolved forms in 

the water during the slow diphasic flow in infiltration zone of the aquifer (Atkinson et al., 

1976). 

 

Dissolution or precipitation reaction of a carbonate is a reversible equilibrium process which 

can be represented by a general equation which results from nine reactions: 

CO2 + H2O + MeCO3             2(HCO3
-) + Me2+ 

Where MeCO3 is the solid phase (Me corresponds to Ca or Mg), HCO3
-
 is the bicarbonate ion 

and Me
2+

, a divalent cation (calcium or magnesium). 

The details of the nine equations are described in Bakalowicz (1979) and each of them 

corresponds to an equilibrium constant. In addition to the presence of the CO2 (dissolved), 

groundwater flow is required: indeed, once the water is saturated, it is no longer chemically 

aggressive. Conditions which determine the existence or not of a karstification are based 

principally on the hydraulic gradient1, the content of CO2 (dissolved) and the amount of 

precipitation. 

Finally, another particularity of the karstification is the phenomenon of self-organisation of 

void space: the water flowing through fissures creates voids which facilitate the drainage. 

This enables an intensification of the dissolution and then the increase of voids. This self-

organisation of voids enables the hierarchisation of voids and the elaboration of an 

underground drainage network (Mangin, 1975) which defined a karst aquifer. 

II.1.2.b Mechanical erosion 

Even if mechanical erosion plays a smaller role, it is caused by the gravity (e.g. collapse) and 

the water movements, eventually charged in suspended matter. Therefore, mechanical 

erosion interacts closely with the dissolution, since the enlargement of voids increases the 

water movement and facilitates the dissolution. 

II.1.3 Karst structure and functioning 

A karst landscape is formed by the dissolution of carbonates rocks (mainly limestones and 

dolomites). Rainwater seeps through the rocks dissolving CO2 produced in the soil creating 

the carbonic acid that can dissolve the rocks. The surficial landscape is generally 

                                                      
1 given by the difference in elevation between the top of the karst recharge area and the spring level. The 

spring level is defined as the base level, i.e. the place where groundwater flows out, either at the bottom of 

major regional valleys or at the impermeable footwall of the carbonate formation. Karst rocks commonly 

extend below the base level, so that the karst features may develop at depth below it. 
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represented by closed depressions (dolines, poljés...) and is associated with an underground 

network of caves and sinkholes (Figure 1).  

The karstification process transforms a fractured carbonate formation into a karst aquifer. 

The water which flows through fissures and conduits accumulates and emerges via springs, 

frequently with a flow rate that can be highly variable through time. A mature karst aquifer 

has an organised conduit network where groundwater flows from upstream (the surface) to 

downstream (the spring(s)).  

Thus, a triple permeability (or porosity) model can be associated to a well developed karst 

aquifer, which is composed of matrix, fissure and conduit permeability (White, 2002). Each 

permeability item has a specific role within the karst aquifer, with defined aperture sizes, 

distributions and flow mechanisms (White et al., 2005):  

 The primary porosity (matrix) is associated with intergranular permeability of the 

unfractured rock, as well as small karst voids and micro-fissures (Figure 1); 

 The secondary porosity (fissure) is formed from rock fractures (mechanical joints, 

joint swarms and bedding plane partings) (Figure 1); 

 The tertiary porosity (conduit) consists of enlarged pipe-like dissolution pathways, 

which themselves vary in size, carrying capacity and interconnectivity (Ford et al., 

2007) (Figure 1). 

 

Figure 1: Block diagram of a heterogeneous karst aquifer illustrating the duality of recharge (allogenic vs. 

autogenic), infiltration (point vs. diffuse) and porosity/flow (conduits vs. matrix) (Goldscheider et al., 2007). 

Infiltration zone 

Saturated zone 

fissures 
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Additionally, three distinct environments can be identifying in a karst aquifer (Figure 13): 

� The epikarst is located in sub-surface, generally in the upper ten metres below the 

soil surface (Figure 1). It is represented by a local aquifer where fissures are 

numerous and most of them have been enlarged by intense dissolution around plant 

roots. Therefore, infiltration water can be stored for a time before deeper infiltration 

or evaporation (Williams, 1983). 

� The infiltration zone (or vadose zone) ensures the water transfers toward the karst 

aquifer. The infiltration is slow where the opening voids are small and is rapid where 

there is presence of large and open vertical discontinuities. This infiltration zone can 

be also a storage area in the fractured carbonate matrix and in poorly karstified 

conduits. 

� The saturated zone (or phreatic zone) constitutes the principal water storage of the 

karst aquifer. This zone is fed via conduits from the infiltration zone and is 

characterized by an organized and interdependent drainage network composed of a 

main and annex drains. The main high-permeability drain ensures the transmissive 

function where water flows can be turbulent while the annex systems represented 

principally by a low permeability micro-fissured matrix (primary and secondary 

porosity) ensure the storage function of the aquifer (Figure 1). This entire zone 

consists of a double porosity environment. 

 

During rainy seasons, strong upwelling in the conduit network can induce flooding of some 

upper normally dry conduits and reactivate temporary springs. In certain cases, high 

groundwater levels in topographic depression can lead to the formation of temporary lakes 

in depression zones of the ground surface. These temporary groundwater-fed and 

groundwater-draining lakes are common in the Burren and lowland karst areas in Ireland 

(and in the study area of this project) where they are called turloughs (Coxon, 1986).  

 

II.1.4 Conclusions 

A karst aquifer is a carbonate fissured aquifer where fissures have been enlarged by 

dissolution of calcium carbonates due to the presence of CO2 dissolved in the water, and the 

replacement of saturated with unsaturated water. Nevertheless, not all the fissures are 

karstified and structural heterogeneities are not uniformly distributed which differs from a 

“classic” (porous) aquifer. At a large scale, a water table exists inside limestone but the 

runoff to the outlet occurs preferentially in karst conduits. Storage of large volumes of 

water is possible in different parts of the aquifer: the epikarst, the infiltration zone, the 

matrix or annex voids to the drainage in the saturated zone. 
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II.2 Saltwater-freshwater interaction 

II.2.1 Introduction  

The hydrogeological and morphological development of coastal karst aquifers is directly 

dependent on sea level changes over geological time: this led to the development of a large 

variety of karst features globally, due to the different original lithological, structural and 

palaeo-morphogenic conditions. Therefore, the resulting coastal karst systems are complex 

and often intensively karstified also below the present sea level (Tulipano et al., 2005). 

Seawater intrusion in coastal karst aquifers has been studied extensively through field and 

laboratory experiments and theoretical approaches. The main goal of these studies was to 

establish mathematical relationships that could explain the natural equilibrium between 

freshwater and seawater in the aquifer, to define the shape, the position and the thickness 

of the transition zone between the fresh and seawater. Understanding these relationships is 

critical in controlling and managing of groundwater resources in coastal areas. These 

mathematical problems were solved with numerous assumptions mainly for porous aquifers 

which are more simple to model (Arfib, 2001). Some of these mathematical relationships 

may be suitable to (some) karst aquifers and the most pertinent are reviewed below. 

II.2.2 Seawater intrusion in porous aquifers  

The density difference between freshwater and seawater is the key factor in the movements 

of these two fluids. Seawater entering the porous aquifer generates a saltwater wedge 

under the freshwater. Two different approaches have been considered to study this 

phenomenon: the older (and simpler) approach considers a sharp interface where fluids are 

assumed to be immiscible; the newer approach considers the presence of a transition zone 

(due to a dispersion effect) between the two fluids which are assumed to be miscible. 

II.2.2.a The sharp interface: the immiscible fluid approach 

The existence of a sharp interface between freshwater and seawater was the first important 

assumption established in the late 1800s by Ghyben and Hertzberg. They assumed that the 

two fluids are immiscible. The basis of their formula is the balance of the height of two 

columns of fluids of different densities. At the interface, equality of pressures in the two 

fluids gives the Ghyben-Herzberg formula: 

�� ∙ � ∙ � =  �� ∙ � ∙ (� + ℎ) 
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Where z is depth of the interface below the sea level, ρs is the density of the saltwater, ρf is 

the density of the freshwater and h is the freshwater head above the sea level (Figure 2). 

 

 Figure 2: Ghyben-Herzberg principle for a cross section of a coastal porous aquifer (after Barlow (2003)). 

 

The depth of the interface can be then deducted: 

� =  ℎ . ��
�� −  ��

 

Accepting the average values of �� = 1000 ��/�� and �� = 1025 ��/��, the depth of the 

interface below sea level as function of the freshwater head above the sea level 

corresponds to:                                                 � = 40 ∙ ℎ 

 

The second approach was developed in the 1930s where the real dynamic of the interface 

was taken account. Indeed, the hydrostatic equilibrium assumed by Ghyben and Herzberg 

implies no flow but this assumption is invalid at points close to where the aquifer discharges 

into the sea: in this case, it would imply zero depth of freshwater at the intersection of the 

aquifer with the sea, which is physically impossible. Hubbert (1940) introduce the function 

of “hydraulic potential” to explain the difference between the real depth of saltwater and 

the depth estimated by Ghyben-Herzberg equation. He defined potentials hf and hs for both 

fluids (freshwater level (m) and seawater level (m) respectively) and derived the following 

equation that governs the interface. This equation is valid for either stationary seawater or 

both fluids in motion: 

� =  ℎ� . �� − ℎ� . ��  
�� −  ��

 

 

ƿs 

ƿf 
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II.2.2.b The transition zone: miscible fluids approach 

In reality, however, a mixing of the fluids occurs by diffusion/dispersion processes and forms 

a transition zone at the contact of the saltwater and freshwater (Figure 3). This mixing zone 

in dynamic conditions was taken account for the first time by Cooper (1959) and the effects 

of dispersion were determined quantitatively by Henry (1964). The fluids are therefore 

miscible and coupled groundwater flow and solute transport equations are required to 

simulate this dispersed transition zone. From this point, analytical equations are very 

complicated and the application of numerical methods is often more appropriate (Diersch et 

al., 2002).  

More recently, use of variable density 3D models of real cases is becoming increasingly 

frequent in solving porous media problems (Abarca et al., 2007; Kerrou et al., 2010; Sanford 

et al., 2010; Xue et al., 1995).  

 

 

 

 

 

 

 

 

 

Figure 3: Transition zone taken account in a cross-section of a coastal porous aquifer, after Barlow (2003). 

 

In porous aquifers, a zone of diffusion exists between freshwater and seawater. In karst 

aquifers, it is envisaged the presence of the same zone in the matrix, fissures and conduits 

environments. 

II.2.2.c Tidal impact 

Besides the impact of the dispersion on the seawater circulation into the aquifer and so, the 

presence of a Deep Saltwater Wedge (DSW), tidal pumping drives saltwater into the aquifer 

at high tide (HT) and this is reversed at low tide (LT). In porous media, that enhances the 

hydrodynamic circulation in the coastal zone and the presence of an intertidal saltwater cell 

(ISC) has been observed from field studies (Henderson et al., 2010; Urish et al., 2004) and 

numerical applications (Ataie-Ashtiani et al., 1999; Robinson et al., 2007a). Then, fresh 
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groundwater discharge (FGD) to the sea is often bounded by these two saline recirculation 

zones (ISC and DSW; Figure 4). 

At the interface between freshwater and the DSW, mixing caused by diffusion and 

dispersion creates a convective region in which saline water that flows landward mixes into 

freshwater and is subsequently flushed back to the sea by the discharging flow. There are 

thus two fluxes associated with the DSW, the deep saltwater infiltration of the seawater 

(DSI) and the deep saltwater discharge (DSD) (Figure 4). At steady state, DSI equals DSD, and 

their values depends largely on transverse dispersion (Abarca et al., 2007a). 

The ISC, by contrast, forms in unconfined aquifers beneath the intertidal zone but above 

discharging freshwater (FGD). The ISC is filled by intertidal saltwater infiltration (ISI) during 

high tides. Saltwater discharges back to the ocean at receding tides, comprising the 

intertidal saltwater discharge (ISD) (Figure 4). 

It is assumed from these models that ISC represents a more active zone for mixing and 

reaction than the dispersion zone of the DSW (Robinson et al., 2007b). 

 

 

 

Figure 4: Conceptual model of a coastal porous aquifer subject to tidal oscillations, after Abarca, Karam et al. 

(2013). FGD is the fresh groundwater discharge; DSI, the deep saltwater infiltration; DSD, the deep saltwater 

discharge; ISI, the intertidal saltwater infiltration; and ISD, the intertidal saltwater discharge. 

 

Robinson (2007c) suggested that the amplitude of tidal oscillations and the inland hydraulic 

gradient result in changes in the dimensions of the ISC. Abarca (2013) confirmed these 

results and found that: 

 recharge to the ISC is largely controlled by the HT elevation;  

 FGD is positively correlated to the LT elevation and DSD is negatively correlated to 

the HT elevation; 

 Offshore inflow of saline water (DSI) is largely insensitive to tides and the lunar cycle. 
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II.2.3 Seawater intrusion in karst aquifers 

Like porous aquifers, coastal karst aquifers are subject to seawater intrusion. However, 

mechanisms of these intrusions need to be considered differently than in porous aquifers; 

some aquifer properties specific or not to the karst have to be taken account, to better 

understand these mechanisms: 

 The heterogeneities of the karst aquifer, 

 The connection(s) of the karst aquifer with the sea (e.g. direct entrance via 

submarine spring), 

 The difference heads between groundwater and the sea, 

 The tidal movements in the sea. 

II.2.3.a Effect of heterogeneities of a karst aquifer  

Coastal phenomena observed and analyzed in porous media are often not applicable in 

karst environments due to the hydrodynamic complexity of the latter. Indeed, strong 

heterogeneities are created by groundwater flow and high flow velocities in conduits 

(Bakalowicz, 2005). These highly conductive conduits or pipes mostly discharge to the sea 

along the shore or directly into the sea via intertidal springs and submarine groundwater 

springs. The location of the seawater-freshwater mixing zone in these aquifers is thus 

affected by this groundwater organization network and irregular patterns of saltwater 

intrusion into the aquifer can result (Arfib et al., 2002). Beddows et al.(2007) showed that 

the morphology and geometry of conduits are first order controls on the groundwater 

temperature and specific conductivity gradients into the aquifer. Many other studies 

revealed the effect of the high hydraulic conductivity areas on the distribution of the mixing 

zone (Moore et al., 1992; Stringfield and LeGrand, 1971).  

Indeed, underground water flow are concentrated in conduits and in these conditions, the 

head of the aquifer can vary strongly from one point of the aquifer to another. The system is 

not in hydrostatic equilibrium within the conduits or the open fractures. Freshwater “lens” 

thickness is therefore reduced compared to the one expected using the Ghyben–Herzberg 

formula. For instance, freshwater thickness was reduced by 40 percent at the Yucutan 

Peninsula compared to the idealized static conditions (Moore et al., 1992). However, a study 

of the Almyros spring in Greece (Arfib et al., 2002) showed that the micro-fissured matrix of 

this karst aquifer is affected by seawater: thus, a seawater-freshwater mixing zone could 

exist in the matrix for some karst aquifers. It could be explained by the relative homogeneity 

of the micro-fissured carbonate matrix which is quite similar to porous aquifers. 
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II.2.3.b Effect of the connection of the aquifer with the sea 

Several authors describe how seawater intrudes into karst-spring conduits, i.e. by the direct 

input of seawater at the mouth of a submarine spring, by the indirect entrance through 

secondary conduits connected to the sea (Blavoux et al., 2004; Bonacci et al., 1997) or by 

the diffusion of the seawater as the karst-system conduits penetrate the saturated of the 

limestone contaminated by marine intrusion below the sea level (Arfib et al., 2002; Arfib et 

al., 2004): 

� Direct entrance via a submarine spring: karst conduits exit under current sea level 

and were developed either during a geological period where sea level was lower 

than present or above sea level and subsequently displaced by vertical tectonic 

movements. Freshwater discharge can then be observed along the coast through 

these submarine springs. As in porous media, if the karst conduit is enough large, a 

saline wedge can be formed in the conduit due to density differences between the 

freshwater and seawater (Figure 5). When this equilibrium state can be reached, a 

karst conduit is then compared to a pipe and hydraulic laws for pipe are therefore 

applicable. The famous Portmiou spring (Cassis, France) illustrates this kind of spring 

(Blavoux et al., 2004). 

Figure 5: Saltwater wedge into a circular pipe, after (Chadwick et al., 2013), where ρsw and ρfw are the 

density of seawater and freshwater respectively; U1 corresponds to the velocity of freshwater before the 

intrusion wedge; Usw and Ufw are the velocity of the seawater and freshwater layers respectively in the 

intrusion zone; y is the pipe diameter; Lsw is the length of the saltwater wedge; τ is the shear stress. 

 

� Indirect entrance through secondary conduits: brackish springs exist in karst areas 

from the seashore up to a few hundred meters inland and are a common 

phenomenon of every karst coastal aquifer (Tulipano et al., 2005). Observations of 

their salinity variations with discharge over hydrological cycles can be used to 

determine which seawater intrusion mechanism affects the aquifer: 

• An increase of salinity at spring(s) proportional to discharge would be due to 

a sudden depression in the main conduit created by another smaller conduit 

directly connected to the sea. This occurs because the freshwater conduit at 

the intersection becomes narrow enough to create a depression and this 
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phenomenon could be similar to the Venturi effect. Therefore, the pressure 

in the freshwater 

conduit because of its geometry

Figure 6: Schematic cross-section of a brakish spring due to Venturi effect, after Arfib 

• On the contrary, a decrease of salinity at springs inversely proportional to 

discharge could be due to a decrease of seawater contribution in

discharge or due to a simple dilution effect of the freshwater component 

increase (Arfib, 2001
 

� Diffusion of the seawater

karst conduit containing some freshwater originating from recharge in t

part has been already observed from the diffusion of more salty water present in the 

surrounding calcareous matrix where seawater has been intruded. Head differences 

between the two environments allow fluid exchanges of different densities (

7). The first case study of this mechanism intrusion has been described by Arfib 

(2001) and Arfib et al. 
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phenomenon could be similar to the Venturi effect. Therefore, the pressure 

in the freshwater conduit at the intersection is less than that in the seawater 

because of its geometry (Figure 6). 

section of a brakish spring due to Venturi effect, after Arfib 

On the contrary, a decrease of salinity at springs inversely proportional to 

discharge could be due to a decrease of seawater contribution in

discharge or due to a simple dilution effect of the freshwater component 

Arfib, 2001). 

seawater from the matrix to the conduit: seawater intrusion in a 

karst conduit containing some freshwater originating from recharge in t

part has been already observed from the diffusion of more salty water present in the 

surrounding calcareous matrix where seawater has been intruded. Head differences 

between the two environments allow fluid exchanges of different densities (

The first case study of this mechanism intrusion has been described by Arfib 

and Arfib et al. (2002) for the brackish spring of Almiros of Heraklion (Crete).

 

 

 

 

Figure 7: Schematic cross-section of a freshwater 

karst conduit polluted by a diffuse salinity intrusion 

from the surrounding micro-

Arfib (2001). 
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phenomenon could be similar to the Venturi effect. Therefore, the pressure 

less than that in the seawater 

section of a brakish spring due to Venturi effect, after Arfib (2001). 

On the contrary, a decrease of salinity at springs inversely proportional to 

discharge could be due to a decrease of seawater contribution in the total 

discharge or due to a simple dilution effect of the freshwater component 

: seawater intrusion in a 

karst conduit containing some freshwater originating from recharge in the inland 

part has been already observed from the diffusion of more salty water present in the 

surrounding calcareous matrix where seawater has been intruded. Head differences 

between the two environments allow fluid exchanges of different densities (Figure 

The first case study of this mechanism intrusion has been described by Arfib 

for the brackish spring of Almiros of Heraklion (Crete). 

section of a freshwater 

karst conduit polluted by a diffuse salinity intrusion 

fissured matrix, after 
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II.2.3.c Effect of the hydraulic gradient between the aquifer and the 
sea 

The different connections of a karst aquifer with the sea have been described above and 

confirm that the geometry of the aquifer plays an important role in seawater intrusion 

mechanisms. However, it must be stressed that the difference of hydraulic heads between 

the seawater and the groundwater is one of the major factors affecting these mechanisms: 

� In the case of a large submarine spring where the saltwater wedge is observable, the 

difference of hydraulic heads between the sea and the groundwater has a direct 

impact on the position and the length of this saltwater wedge. The larger the 

difference of hydraulic heads, the larger the saltwater wedge expands into the 

aquifer. However, this extent is limited by the hydraulic gradient in the aquifer near 

the shore.  

� In the case of indirect seawater intrusion through secondary conduits where no 

Venturi effect occurs (i.e. the freshwater conduit that abuts to the spring intersects 

another conduit that comes from the sea), the freshwater becomes brackish at the 

intersection when the pressure in the freshwater conduit is less than the pressure in 

the seawater conduit. The depth Hθ of the intersection below the sea level needs to 

be large enough to get seawater intrusion since seawater density is greater than 

freshwater density (Figure 8). The depth below sea level of the submarine springs 

plays an important role in the balance of the water head inside karst conduits (Fleury 

et al., 2007). Thus, the seawater intrusion mechanism is driven by the head 

difference between the two fluids of different density (Arfib, 2001; Fleury, 2005): 

when freshwater discharge increases, the head in the freshwater conduit increases 

which decreases the seawater intrusion from the secondary conduit. Depending on 

the hydraulic gradient between the sea and the karst aquifer, the conduit connected 

to the sea discharges either freshwater - it acts as a submarine spring - or seawater 

and acts then as a submarine sink.  

 

 

 

Figure 8: Schematic cross-section of a 

freshwater karst conduit where the 

seawater intrusion mechanism is 

based on the difference between the 

freshwater head and the seawater 

level (Maramathas et al., 2006). Q1 is 

the karst system discharge and Q2, 

the seawater discharge. 

Groundwater level 



CHAPTER II – THEORY ON KARST HYDROGEOLOGY AND SALTWATER INTRUSION IN COASTAL KARST AQUIFER 

 

46 

 

A freshwater submarine spring can therefore occur when freshwater head is very 

high (i.e. flood period) in comparison with seawater level: the discharge in the 

secondary conduit inverses and seawater is then pushed back up to the sea. If this 

happens a large change in the salinity at submarine springs can be due to a hydraulic 

gradient inversion between the sea and ground water (Fleury, 2005). In this case, 

salinity changes are inversely proportional to discharge where as salinity changes 

would be proportional to discharge in the case of a Venturi effect. 

� In the case of the diffusion of the seawater from the surrounding matrix to the 

fresher conduit (Figure 7), the exchange of fluids is proportional to the head 

difference between the two flow systems (ΔH), the hydraulic conductivity of the 

matrix system, the exchange surface between the conduit and the matrix and the 

position to the sea (Tulipano et al., 2005). As above, high flood period can reverse 

the exchange rate: the spring is then fresh and some freshwater from the conduit 

can infiltrate into the matrix (Arfib, 2001). 

Thus, an inversion of the hydraulic gradient between either a karst conduit or the micro-

fissured matrix with the sea can have two different causes: either the evolution of hydraulic 

head into the aquifer due to variations of groundwater recharge - e.g. the submarine spring 

of Chekka in Liban; (Kareh, 1966) - or the sea level changes due to the tide - e.g. Kras of 

Slovenia, Yugoslavia; (Drogue et al., 1984). 

 

All these mechanisms explained in this section have been mainly observed on 

Mediterranean karst aquifers which are subject to a low tidal range and to a Mediterranean 

climate. Thus, coastal (and inland) springs are generally freshwater only during flood 

periods. Mediterranean climate is thus considered extreme between dry and flood periods, 

involving very low or high hydraulic gradients between groundwater level and seawater 

level. While the oceanic climate in Ireland involves different behavior of the hydraulic 

gradient: high groundwater levels in coastal aquifers are observed through the year but are 

strongly affected by the tidal range amplitude. 

II.2.3.d Tidal impact 

As in porous media, tidal impact affects the variations of the boundary conditions of the 

head load which fluctuates over time and space. The hydraulic gradient between the aquifer 

and the sea can fluctuate and for some karst aquifers, be inverted periodically due to tidal 

movements of the sea. Thus, the impact of the tide on seawater-freshwater interaction 

depends principally of the scale of hydraulic gradient changes, which can vary over time. 

The high-low tide cycle (a tidal cycle) or/and the neap/spring tide cycle (changes of tidal 

amplitude) can inverse the hydraulic gradient between the aquifer and the sea. Observation 

of the salinity variations at submarine springs could be useful in assessing the tidal impact of 
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seawater intrusion into the aquifer. Martin (2012) worked specifically on the tidal variations 

which lead to head gradients that drive exchange between the matrix and conduits and has 

quantified these exchange by tidal cycle. Few studies has observed the tidal impact on 

seawater intrusion due to a reverse of the hydraulic gradient but only on HT/LT time scale 

(Stringfield and LeGrand, 1971) and not on neap/spring tide time scale. 

However, others studies showed the pressure head variations in a limestone aquifer driven 

by the tide influence groundwater seepage rate variability in a bay (Chanton et al., 2003) or 

an increase rate of mixing due to a tidal influence (Beddows et al., 2007).  

 

Elsewhere, groundwater responses to tides have been investigated for many years in 

different hydrogeological situations with the aim of characterizing aquifer properties. Jacob 

(1950) and Ferris (1952) provided the simplest analytical solution for water levels in a one-

dimensional (1D), homogeneous, isotropic, confined, and semi-infinite aquifer with a sharp 

boundary subject to oscillating forcing. Subsequently, more complex analytical equations 

have been developed in different hydrogeological contexts (Dong et al., 2012; Guo et al., 

2010; Li et al., 2007; Mehnert et al., 1999; Townley, 1995) and specifically in karst 

environments (Drogue et al., 1984; Krivic, 1982; Razack et al., 1980; Rotzoll et al., 2008). 

The Jacob-Ferris method has been used in the project to get a better understanding of karst 

properties of Bell Harbour aquifer and it is explained in the chapter VI.2.1.b. 

II.2.4 Submarine and intertidal groundwater discharges (SiGD) 

SiGD represents all groundwater which discharges via intertidal or submarine springs into 

the sea. This groundwater seepage can be patchy, diffuse, temporally variable and may 

involve multiple aquifers. It can be freshwater or brackish water if seawater has been 

intruded into the aquifer and thus has been mixed with the freshwater of the aquifer. 

SiGD are now well studied over the world due to their importance for the marine 

geochemical cycles of elements and to environmental deterioration of coastal zones. SiGD 

from porous aquifer occur anywhere that the aquifer is connected hydraulically with the sea 

through permeable bottom sediments with a positive head relative to sea level (Burnett et 

al., 2006; Johannes, 1980; Li et al., 1999; Moore, 1996): almost all coastal zones are subject 

to such flow.  

SiGD from karstic systems do not differ so much from porous aquifer, except they have the 

ability to transmit large quantities of groundwater, particularly through preferential flow 

paths such as conduits, to karst springs (Einsiedl, 2011; Fleury et al., 2007) that can 

discharge directly into the ocean. 

The Proportion of freshwater/ seawater from SiGD can varies over time and space 

(depending of the distance from the shore) (Martin et al., 2007; Moore, 1996; Taniguchi et 
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al., 2008) and a variety of techniques have been developed in the aim to estimate this 

proportion: direct measurements of total SiGD have long been made using seepage meters 

or a variety of manual and electronic techniques to detect flow (Krupa et al., 1998; 

Taniguchi et al., 2008). Recently, chemical and isotopic tracers have been used to estimate 

magnitudes of total SiGD (Einsiedl, 2011; Martin et al., 2007; Moore, 1996) which could 

represent a point source or an integrated value across a wide region. Another technique 

applied to this project,  have been inspired from tidal prism models (Luketina, 1998):  direct 

measurements of the salinity in the bay are used in equations which allow estimating SiGD 

magnitude for each tidal cycle (Cave and Henry, 2011; Smith et al., 2012).  

II.2.5 Conclusion 

Approaches to understanding seawater intrusion mechanisms in porous and karst aquifers 

are very different. While the evaluation of the position of a well-defined freshwater-

seawater mixing zone in most of porous coastal aquifers is possible, it is very difficult to get 

same information in coastal karst aquifers. Indeed, each of these aquifers is unique and it 

needs therefore a specific evaluation of seawater intrusion mechanisms which generally do 

not follow the mathematics of porous aquifers. 

This evaluation could be the most precise possible by taking account the geologic and 

hydrogeologic elements of the karst aquifer studied such as: lithology, tectonic, historic of 

sea level changes, geometry of karst conduits, connection with the sea, hydrogeologic 

characteristics of the aquifer (porosity and permeability of the matrix, fissures and 

conduits). 

The hydraulic gradient between groundwater and seawater plays one of major roles in 

seawater intrusion mechanisms into karst aquifers beside the geometry of karst conduits 

and their connections with the sea. Tidal movements and groundwater recharge may be the 

two main elements which could change hydraulic heads either in the sea or in the aquifer 

and could sometimes reverse them. This inversion implies either a seawater intrusion into 

karst conduits when seawater head is higher than freshwater head or a freshwater 

submarine spring (with expulsion of seawater present in the conduit) in the opposite 

direction. However, the data required for determining inversion of the hydraulic gradient 

are different for each aquifer and need to be studied over time and space. This was one of 

the objectives for Bell Harbour catchment study. 
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CHAPTER III - DESCRIPTION OF THE STUDY AREA 

III.1 Geography 

III.1.1 Geography of the Burren 

Bell Harbour is situated at the northern end of the Burren which covers an area of 360km2 in 

County Clare. It forms a large and gently inclined limestone plateau that decreases from 

~300 m OD in the north and ~75 m in the south. The Burren is bordered to the west by 

Atlantic Ocean, to the north by Galway Bay and to the east by the lower-lying limestone of 

the Gort-Kinvarra lowlands. The southern boundary corresponds to an east to west line 

from Corofin through Kilfenora and Lisdoonvarna to the coast at Doolin. Geologically, it may 

be defined as the southern extremity of the outcrops of limestone that are covered by non 

limestone rocks composed of shale and mudstone (Figure 9). 

The only significant areas of lowlands below 50 metres consist of a narrow coastal strip to 

the west and two valleys extending inland for several kilometres south from Ballyvaghan 

and Bell Harbour. The Burren is considered a barren landscape and is characterised by a 

paucity of surface drainage, extensive areas of bare rock and rocky pasture, cliffed and 

terraced hills. Thus, the meaning of “Burren” is derived from boireann, the Irish for a rocky 

place (Williams, 1970). 

Figure 9: Map of the Burren area. 



 CHAPTER III – DESCRIPTION OF THE STUDY AREA   

50 

 

III.1.2 Geography of Bell Harbour catchment 

The study area (Bell Harbour catchment) is in the northeast part of the Burren and covers an 

area of around 50 km2 (Figure 9). The Turlough Valley embedded in the middle of the 

catchment is flanked by two rows of hills: Moneen Mountain (262 m) and Aillwee Hill 

(305 m) on the west part, and Turlough Hill (280 m) and Slievecarran (326 m) on the east 

part (Figure 10). This valley is a composite structure comprising of three smaller 

embayments: Glenamanagh, Aughawiniaun and Oughtmama (Plunkett Dillon, 1985). The 

catchment is terminated by a port, Bell Harbour, which is extended by Pooldoody Bay 

defined by the Finavarra peninsula. 

 

 

Figure 10: Aerial photography of Bell Harbour catchment. 

 

III.2 Climate 

Located on the extreme Atlantic fringe of Europe (53°N, 9°W), the climate of the Burren is 

considered oceanic, with a direct and strong exposure to the Atlantic Ocean. It is uniformly 

humid and moist and the mean annual temperature is estimated at 9°C with a range of only 
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8°C between the warmest and coolest months.  Several climatic stations are present close or 

in the Burren area which allow to get an insight of its climatic pattern (Figure 11). 

Figure 11: Location of the different climatic stations: rainfall, potential evapotranspiration and temperature 

stations. 

III.2.1 Precipitation 

III.2.1.a Historic view of the precipitation 

More than 100 years of precipitation are available at Galway station from 1862 to 2002 

(with a gap from 1952 to 1965). The mean annual rainfall plotted against the time shows an 

increase of the precipitation over the time from the 1970s to 2002: the yearly rainfall was 

established at about 980 mm in average for the period 1880-1970 and increased up to 

1190 mm in 2002 (Figure 12). The most recent Met Eireann data suggests that the average 

annual rainfall at NUIG (1981-2010) is 1257mm (Walsh, 2012). There has been a rise in the 

average annual rainfall in the area over recent decades. That may be explained by climatic 

changes which increase precipitation in the west of Ireland. This observation is confirmed by 

Kiely (1999) who assessed climatic changes in Ireland from precipitation and streamflow 

observations. He found an increase in annual precipitation occurring after 1975 in Ireland 

and this is most noticeable in the west of the island. Additionally, he observed an increase in 

precipitation in March and October which are associated with increases in the frequency of 

wet hours with no change in the hourly intensities. Furthermore, he noticed by the analysis 

of extreme rainfall events that a much greater proportion of extremes have occurred in the 

period 1975-present. 

 

 



 

 

Figure 12: Mean annual rainfall at Galway station from 1862 to 2002.

 

A comparison of the monthly mean of the rainfall between Kinvarra and Galway stations has 

been made for the period from

differences in precipitation on a long term period between

north of Galway Bay (Galway)

Kinvarra (1078 mm) than in Galway 

the two (R2 = 0.98): the difference is more prono

difference) than from November to February (0 to 3 mm difference). Despite this slight 

divergence, the yearly and seasonal patterns are similar

to July (minimum in April with 60 mm a

January (maximum in August with 129

 

Figure 13: Mean monthly rainfall data at Kinvarra and 

 

 

CHAPTER III – DESCRIPTION OF THE STUDY AREA  

52 

ean annual rainfall at Galway station from 1862 to 2002.

A comparison of the monthly mean of the rainfall between Kinvarra and Galway stations has 

been made for the period from 1966 to 1997 (Figure 13). The aim was to observe 

precipitation on a long term period between the south (Kinvarra) and the 

north of Galway Bay (Galway) (Figure 11). The mean annual rainfall is 

Galway (1166 mm) and there is a very good correlation 

: the difference is more pronounced from March to October (8 to 16 mm 

difference) than from November to February (0 to 3 mm difference). Despite this slight 

the yearly and seasonal patterns are similar: drier months occur from February 

to July (minimum in April with 60 mm at Kinvarra) and wettest months start in August until 

January (maximum in August with 129 mm at Galway).  

y rainfall data at Kinvarra and Galway stations on the period from 1966 to 1997.

 

ean annual rainfall at Galway station from 1862 to 2002. 

A comparison of the monthly mean of the rainfall between Kinvarra and Galway stations has 

). The aim was to observe the 

the south (Kinvarra) and the 

rainfall is slightly lower in 

a very good correlation between 

unced from March to October (8 to 16 mm 

difference) than from November to February (0 to 3 mm difference). Despite this slight 

: drier months occur from February 

t Kinvarra) and wettest months start in August until 

Galway stations on the period from 1966 to 1997. 



 

 

III.2.1.b Measured precipitation

♦ Comparison between Ballyva

for the year 2010. 

From the available data, it has been poss

in the Burren and the one at NUIG

rainfall for the year has been estimated respectively at 1109 mm, 1305 mm and 1030

for Ballyvaghan, Carran and NUIG

coefficient calculated from daily data, range fr

Ballyvaghan to 0.87 between NUIG 

The driest months were in May, June, Dece

month) and the wettest months were in September to November (100 to 223 mm by 

month). It is not surprising the highest values of precipitation have been recorded at Carran 

station most of the year due to its highe

difference is particularly noticeable during the wettest mon

60 mm is observable in comparison 

July, September and November months and from 36 to 53 mm with Bally

July and September. Despite a better daily correlation coefficient, the difference between 

Ballyvaghan and NUIG station

January, October and November. Albeit there is only one year of 

comparison, it suggests that

valley (Ballyvaghan) and in the north of Galway Bay

NUIG are not well correlated but they show the same pattern for monthly data over the 

year with few mm more by month (up to 24 mm) at Ball

Figure 14: Monthly precipitation at Ball
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precipitation data 

n between Ballyvaghan, Carran and NUIG (Met Eireann)

From the available data, it has been possible to do comparisons for the two

in the Burren and the one at NUIG (Met Eierann) for the year 2010 (Figure 14

rainfall for the year has been estimated respectively at 1109 mm, 1305 mm and 1030

ghan, Carran and NUIG (Met Eireann) stations (Figure 11). Their correlation 

d from daily data, range from 0.67 between NUIG (Met Eireann)

87 between NUIG (Met Eierann) and Carran (Table 2).  

The driest months were in May, June, December, January and February (35 to 65 mm by 

month) and the wettest months were in September to November (100 to 223 mm by 

month). It is not surprising the highest values of precipitation have been recorded at Carran 

station most of the year due to its higher location in altitude (134 m) than the others. The 

difference is particularly noticeable during the wettest months: a divergence from 26 to 

in comparison with the NUIG (Met Eireann) station for January, March, 

July, September and November months and from 36 to 53 mm with Bally

July and September. Despite a better daily correlation coefficient, the difference between 

ghan and NUIG stations is much lower ranging from 22 to 24 mm for the months 

January, October and November. Albeit there is only one year of 

suggests that precipitation is higher at altitude (Carran) than in 

ghan) and in the north of Galway Bay (NUIG). Daily rainfall at Ball

NUIG are not well correlated but they show the same pattern for monthly data over the 

year with few mm more by month (up to 24 mm) at Ballyvaghan. 

 

: Monthly precipitation at Ballyvaghan, Carran and Galway stations for the year 2010.

 

(Met Eireann) stations 

ible to do comparisons for the two stations set up 

Figure 14). The total 

rainfall for the year has been estimated respectively at 1109 mm, 1305 mm and 1030 mm 

. Their correlation 

een NUIG (Met Eireann) and 

mber, January and February (35 to 65 mm by 

month) and the wettest months were in September to November (100 to 223 mm by 

month). It is not surprising the highest values of precipitation have been recorded at Carran 

r location in altitude (134 m) than the others. The 

ths: a divergence from 26 to 

station for January, March, 

July, September and November months and from 36 to 53 mm with Ballyvaghan for March, 

July and September. Despite a better daily correlation coefficient, the difference between 

from 22 to 24 mm for the months 

January, October and November. Albeit there is only one year of data used in the 

altitude (Carran) than in a nearby 

(NUIG). Daily rainfall at Ballyvaghan and 

NUIG are not well correlated but they show the same pattern for monthly data over the 

ghan, Carran and Galway stations for the year 2010. 



 

 

 

Table 2: Correlation coefficient between Carran, 

NUIG-Ballyvaghan

0,67 

 

♦ Comparisons between NUIG 

stations for one year (2012-2013)

Rainfall data has been collected 

Outdoor Education Centre (BOEC) 

(IRUSE) station at which data is also 

rainfall for the 12 months has bee

(IRUSE) stations. The correlation coefficient calculate

is 0.75. 

The driest months were in February 

months were in November to January (150 to 200

two stations are particularly visible during these wettest months and in April 

Precipitations at BH outdoor centre are higher (up to 60 mm).

Figure 15: Monthly precipitation at 
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orrelation coefficient between Carran, Ballyvaghan and NUIG stations

ghan NUIG-Carran Carran-Ballyvaghan

0,87 0,71 

Comparisons between NUIG (IRUSE) and Burren Outdoor Education Centre

2013) 

collected for one year (August 2012 to August 2013) 

(BOEC) in Bell Harbour allowing for comparisons with 

at which data is also recorded on an hourly basis (Figure 

has been estimated at 1480 mm for BOEC and 

correlation coefficient calculated between BOEC and IRUSE daily data 

The driest months were in February and March (40 to 55 mm by month) and the wettest 

to January (150 to 200 mm by month). Differences between the 

two stations are particularly visible during these wettest months and in April 

Precipitations at BH outdoor centre are higher (up to 60 mm). 

onthly precipitation at Burren Outdoor Education Centre and Galway (IRUSE) station

September 2012 to August 2013. 

 

and NUIG stations. 

ghan 

Burren Outdoor Education Centre 

to August 2013) at the Burren 

comparisons with the NUIG 

Figure 15). The total 

 1266 mm for NUIG 

d between BOEC and IRUSE daily data 

5 mm by month) and the wettest 

Differences between the 

two stations are particularly visible during these wettest months and in April and May: 

Burren Outdoor Education Centre and Galway (IRUSE) station from 



 

 

III.2.1.c Conclusions about 

An increase of precipitation on an annual mean basis has been observed at NUIG station 

from 1960-1970s to present 

climate change on rainfall in West of Ireland.

change in the North Atlantic circulation 

distribution and seasonal pattern of rainfall over Ireland

(Alexander et al., 2006; Leahy et al., 2011

Comparisons between Kinvarra and NUIG

between Ballyvaghan and NUIG

the same monthly mean fluctuations of the rainfall over the year. The three stations are 

located on lowland areas, either on the northern or southern 

annual quantity of the rainfall shows 

Galway Bay (< 100 mm by year

the comparison in 2010 between the precipitations rec

half-way with the plateau (Carran) display a notic

with altitude. The comparison between the data collected 

valley at Bell Harbour and at 

220 mm higher in Bell Harbour for the 12 months and show 

fluctuations of the rainfall for the two stations 

III.2.2 Air temperature 

Athenry is the nearest Met Eireann 

at 35 km northwest (150280 E, 228003 N) (

temperature data from 1981 to 2010 are presented 

Figure 16: 30 years average monthly temperature at Athenry station.
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Conclusions about precipitation 

An increase of precipitation on an annual mean basis has been observed at NUIG station 

 and can be seen as a possible indicator of the impact of the 

climate change on rainfall in West of Ireland. These observations converge with the 

change in the North Atlantic circulation since the 1970s which has affected the spatial 

distribution and seasonal pattern of rainfall over Ireland by increasing annual total rainfall 

Leahy et al., 2011).  

Comparisons between Kinvarra and NUIG (Met Eireann) data for a 30 yea

ghan and NUIG (Met Eireann) data for the year 2010, show in both cases, 

same monthly mean fluctuations of the rainfall over the year. The three stations are 

located on lowland areas, either on the northern or southern sides of Galway B

annual quantity of the rainfall shows significant differences between the two sides

by year), either during the 30 year period or in 2010. In the Burren, 

the comparison in 2010 between the precipitations recorded in a valley (Ball

way with the plateau (Carran) display a noticeable difference: precipitation is 

altitude. The comparison between the data collected at BOEC in the 

at NUIG (IRUSE) stations at Galway show that pre

mm higher in Bell Harbour for the 12 months and show same monthly mean 

for the two stations over the period.  

emperature  

Met Eireann station where temperature data is recorded: it is

at 35 km northwest (150280 E, 228003 N) (Figure 11). The 30 years average monthly 

temperature data from 1981 to 2010 are presented here (Figure 16).  

: 30 years average monthly temperature at Athenry station.

 

An increase of precipitation on an annual mean basis has been observed at NUIG station 

indicator of the impact of the 

onverge with the notable 

the 1970s which has affected the spatial 

by increasing annual total rainfall 

data for a 30 years period and 

for the year 2010, show in both cases, 

same monthly mean fluctuations of the rainfall over the year. The three stations are 

of Galway Bay. Only the 

between the two sides of 

2010. In the Burren, 

orded in a valley (Ballyvaghan) and at 

eable difference: precipitation is higher 

in the middle of the 

at Galway show that precipitation is 

same monthly mean 

is recorded: it is located 

). The 30 years average monthly 

: 30 years average monthly temperature at Athenry station. 



 

 

Athenry is located in a lowland area at about 20 km from the shore. The maximum monthly 

temperatures occurs in summer (about 15.5°C in July and August) and decrease 

progressively to the minimum during the winter (about 5

February). The annual mean is estimated at 10°C. The temperature at Bell Harbour 

catchment can be expected to be 

III.2.3 Potential evapotatranspiration

Annual potential evaporation is 

Potential evapotranspiration (P.ETP) data 

so regional values have to be used. The nearest estimates of evaporation data come from 

Met Eireann’s station at Birr located inland at about 90 km east in lowland area (

The data available are the mean monthly values of the ETP during the perio

1990. The station is located at 207400 E and 204400 N and its altitude is at 73 m. 

In order to evaluate the effective precipitation and thus the recharge into the aquifer, P.ETP 

values are needed. The 30-year average monthly P.ETP at Birr s

project despite these values do not reflect the coastal and altitude effects that it may be 

found on the P.ETP in the Burren (

occurs during the end of the spring and the summer time (maximum is 80 mm in June). 

Minimum data are observable in winter time (

Indeed, temperatures are lower

lower due also to patchy soils and extensive rock outcrop: this rock is usually karstified and 

recharge to the aquifer is more likely than runoff or evaporation/evapotranspiration 

1990). Therefore, the P.ETP values used from Birr might be 

Figure 17
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lowland area at about 20 km from the shore. The maximum monthly 

in summer (about 15.5°C in July and August) and decrease 

progressively to the minimum during the winter (about 5.5°C in December, January and 

February). The annual mean is estimated at 10°C. The temperature at Bell Harbour 

to be similar and to follow the same general pattern

Potential evapotatranspiration 

otential evaporation is estimated to be about 400 mm in the west of Ireland.

Potential evapotranspiration (P.ETP) data is not measured at any location in the study area 

regional values have to be used. The nearest estimates of evaporation data come from 

Birr located inland at about 90 km east in lowland area (

The data available are the mean monthly values of the ETP during the perio

1990. The station is located at 207400 E and 204400 N and its altitude is at 73 m. 

In order to evaluate the effective precipitation and thus the recharge into the aquifer, P.ETP 

year average monthly P.ETP at Birr station has been used for the 

project despite these values do not reflect the coastal and altitude effects that it may be 

found on the P.ETP in the Burren (Figure 17). Maximum of P.ETP recorded at Birr station 

during the end of the spring and the summer time (maximum is 80 mm in June). 

are observable in winter time (0.7 mm in December). 

temperatures are lower and humidity higher in the Burren and so evaporation is 

lower due also to patchy soils and extensive rock outcrop: this rock is usually karstified and 

recharge to the aquifer is more likely than runoff or evaporation/evapotranspiration 

. Therefore, the P.ETP values used from Birr might be slightly over-estimated. 

17: 30 years average monthly ETP at Birr station. 

 

lowland area at about 20 km from the shore. The maximum monthly 

in summer (about 15.5°C in July and August) and decrease 

5°C in December, January and 

February). The annual mean is estimated at 10°C. The temperature at Bell Harbour 

similar and to follow the same general pattern. 

in the west of Ireland. 

is not measured at any location in the study area 

regional values have to be used. The nearest estimates of evaporation data come from 

Birr located inland at about 90 km east in lowland area (Figure 11). 

The data available are the mean monthly values of the ETP during the period from 1961 to 

1990. The station is located at 207400 E and 204400 N and its altitude is at 73 m.  

In order to evaluate the effective precipitation and thus the recharge into the aquifer, P.ETP 

tation has been used for the 

project despite these values do not reflect the coastal and altitude effects that it may be 

). Maximum of P.ETP recorded at Birr station 

during the end of the spring and the summer time (maximum is 80 mm in June). 

in the Burren and so evaporation is 

lower due also to patchy soils and extensive rock outcrop: this rock is usually karstified and 

recharge to the aquifer is more likely than runoff or evaporation/evapotranspiration (Drew, 

stimated.  
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III.3 Geology 

III.3.1 Geology of the Burren 

III.3.1.a Palaeogeographic and tectonic setting 

The Iapetus Ocean (precursor of Atlantic Ocean) existed in the Paleozoic time and was 

situated in the southern hemisphere, between the paleocontinents of Laurentia, Baltica and 

Avalonia (including south part of Ireland). The gradual closure of the Iapetus Ocean through 

subduction of oceanic lithosphere under the bordering continents produced the rock 

sequences of the Ordovician and Silurian periods and thick sediments which are still visible 

through Ireland. The final closure took place during late Silurian to early Devonian, marked 

by the formation of the Appalachian-Caledonian mountain belt (Pracht et al., 2004; Simms, 

2003). The closure of Iapetus is marked in Ireland by a broad suture zone that extends 

south-west to north-east from the Shannon to coastal county Meath. The Galway granite 

batholith was formed by the intrusion of large volumes of molten magma into the upper 

crust following closure. The Caledonian mountains raised were mainly eroded during the 

Devonian and early Carboniferous periods and provided huge volumes of mud, sand and 

gravel which were deposited in a sub-equatorial environment by large river systems (Pracht 

et al., 2004). These sediments are represented by the Old Red Sandstones which advanced 

northwards from the south coast of Ireland to a line a little south of the latitude of Galway 

(MacDermot et al., 1972). They are still visible in the Slieve Aughtly Mountains at the East of 

the Burren. A radical climatic change occurs between the late Devonian and the early 

Carboniferous by a progressive marine transgression and a mixed of sandstone and 

mudstone are deposited as the Lower Limestone Shales. 

 

In the early Carboniferous, the palaeocontinents of Gondwana and Laurussia were 

separated by the palaeo-Tethys Ocean and Ireland was located approximately 10°S of the 

equator (Figure 18). The rocks of the Burren region which were deposited during the 

Carboniferous period span 359-299 Ma and are mainly limestones. 

During the Visean stage (345-326.5 Ma) of the Lower Carboniferous succession, the marine 

transgression which progressed northward across Ireland resulted from both tectonic 

subsidence generated by crustal extension due to the closure of the palaeo-Tethys Ocean 

and, to a lesser extent, eustatic rise of sea level (Sevastopulo et al., 2009). It allowed a 

deposition of a thick (~800 m) succession of limestones on a shallow-water platform across 

a large area. At the same time several intracratonic sedimentary basins in Laurussia were 

formed separated from the major oceans which facilitated the accumulation of thick 

volumes of sediment.  
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Figure 18: Plate reconstruction during the Early Carboniferous period. (from “Understanding Earth 

processes, rocks and the geological history of Ireland” published by the Geological Survey of Ireland.) 

 

The first marine deposits show an important influence of nearby rivers bringing mud and 

sand into the shallow coastal waters. But as the sea level continues to rise, these muddy 

Ballysteen Formation limestones give way upwards to fairly pure limestone, which reflects 

deposition in a clear, shallow and tropical sea (the Burren formation is a part of these 

limestone; Sharry, 2005).  

The limestones are succeeded abruptly by siliclastic rocks deposited during the Namurian 

stage (328-316 Ma) of the Carboniferous. This transition reflects a dramatic deepening of 

the basin (now termed the Clare Basin) possibly due to rapid subsidence and/or glacio-

eustatic changes in sea levels, and access to new sediment source areas. The basin was 

tectonically relatively quiescent during its evolution. The palaeogeography of Ireland during 

the Visean and Namurian is illustrated by Figure 19. The geological evolution of the Burren 

region is summarised in Figure 20. 

The Burren is bounded to the east by the lowlands limestone of the Gort Lowlands (lower 

than 30 m) and to the south by the Namurian shale and sandstone, producing a subdued 

topography (maximum topography 100 m) in the southern half of County Clare (Gallagher et 

al., 2006). 
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Figure 19: Palaeogeography during the Carboniferous period at 330 Ma (A) and at 318 Ma (B). (from 

“Understanding Earth processes, rocks and the geological history of Ireland” published by the Geological 

Survey of Ireland). 

III.3.1.b Stratigraphy 

The geology of the Burren is composed of a thick succession of fairly pure limestones of 

early Carboniferous age (Visean Limestone) sandwiched between two thick clastic 

sequences of lower Paleozoic and Devonian, and Upper Carboniferous age (Namurian Clare 

shales and sandstones) confined in the south-east and south-western part of the area 

respectively (Figure 21). The description of these formations with the landform associated is 

summarized on the Table 3. 

The substratum underlying these rocks is represented by the Galway Granite Batholith. This 

composite intrusion is well exposed on the north side of Galway Bay and extends south east 

for several kilometres under Galway Bay (Pracht et al., 2004; Sharry, 2005).  

The extensive Lower Carboniferous Limestones (Visean stage) produce the characteristic 

stepped topography of the Burren. These limestones record a progression from shallow-

water shelf limestones down a gentle ramp to deeper-water limestones deposited in the 

basin. However, the presence of “clay wayboards” in some place within the upper part of 

the Burren formation results from the periodical exposition of the limestone above sea 

level. These thin clays represent fossil soils that formed on a karstified land surface (Pracht 

et al., 2004).  

The Namurian rocks were deposited in a deep-water sedimentary basin which was 

progressively filled with the high deposition rate: firstly by shale and then by turbidites 
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which formed submarine fans; they were in turn covered by slumped continental slope and 

shelf silstones and mudstones and then, by progradation of river deltas (Pracht et al., 2004).  

 

 

Figure 20 : Geological timescale showing the major events occurring in and affecting the rocks of the Burren 

region (McNamara 2009). 
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Table 3: Geologic ages, formations, members and their thickness with their lithological characteristics and associated landforms found in the Burren (modified from Drew, 2001). 
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326.5-

280 

Ma 

Age Formation 
Member/ 

Unit 
Thickness Lithological Characteristics Associated Landforms 

NAMURIAN Clare Shales   Shales, mudstones and sandstones 
Gentle slopes with slumping, 

rivers have incised gorges 

Lo
w

er
 C

ar
b

o
n

if
er

o
u

s 

V
is

ea
n

 

326.5-

333 

Ma 
BRIGANTIAN 

Slievenaglasha 
Limestone 

Lissylisheen 

95 m 
Clean, coarse-grained limestone 

with chert bands and silicious 
fossiliferous horizons 

Well developed limestone 
pavements near the top. Many 

enclosed depressions 

Ballyelly 

Fahee 

Balliny 

333-

337.5  

Ma 
ASBIAN 

Upper 

Burren 
Limestone 

Aillwee 152 m 
Thick bedded with layers 

(wayboards) of shale between 
some beds; 9 cliffs distinctives. 

Cliff and terrace topography on 
northern flank. Fossil caves (e.g. 

Aillwee) above wayboards 

Maumcaha 

80 m 

(near 
Aillwee 
cave) 

Massive limestone with no bedding 
and poorly developed jointing 

Forms a distinctive straight slope 
beneath the terraced limestones 

Lower  

Burren 
Limestone 

Fanore 70 m  
Medium bedded with thin shale and 

chert layers; dolomitisation is 
common. Medium grained. 

Extensive limestone pavements 
near to sea level 

Black head 90 m 

dolomites (at the top) 

Uniform grey, medium to thickly 
bedded. Fine grained with chert 

layers 

341-

337.5 

Ma 

HOLKERIAN 
Tubber 

limestone 
Finavarra 

26 m (at 

least) 

dolomites (at the top) 

Thickly bedded, Fine to medium 
grained with shales, cherts 

Small caves above dolomite layer 
ARUNDIAN 
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Figure 21: Simplified map of the geology of north Clare and south Galway, after (Simms, 2003). 

♦ Upper Dinantian (Visean) 

The Visean limestone (345-326.5 Ma)  is divided into three formations based on lithofacies, 

age and topographic expression (Gallagher et al., 2006): the Tubber Formation, the Burren 

Formation and the Slievenaglasha Formation. Their localisation around Bell Harbour 

catchment is shown on the geologic map of the area (Figure 21). 

 

The Tubber Formation (TU) (341-337.5 Ma) can attain a thickness of 300 m. The formation is 

characterised by medium-grey, crinoidal calcarenites with shaly partings at some levels and 

several cherty horizons. The upper part of the formation is represented by the Finavarra 

Member which is at least 26m thick in the Black Head section (Table 3). It represents the 

basal exposed unit of the Burren succession which is commonly dolomitic (Pracht et al., 

2004; Sharry, 2005). This member is encountered at the extreme north of the Burren: at 

Blackhead, at the north and east of Corranroo Bay and at the north of Finavarra peninsula in 

Bell Harbour catchment. This section comprises grey, thickly bedded (1-3 m), strongly 

bioturbated and partially dolomitised limestones with a dolomite bed at the top. The 

limestones are peloidal grainstones with wackestones. 

The Tubber Formation represents deposition on a shallow water shelf. The Finavarra 

Member represents deposition within the photic zone of shallow water, open marine, 

subtidal environment. 

MacDermott’s 
fault 

Black Head 
fault 
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The Burren Formation (BU) (337.5-333 Ma) has a thickness of about 370-390 m. This 

formation appears extensively in the north Burren region of County Clare (Gallagher et al., 

2006) and in most part of Bell Harbour catchment (Figure 21). The lower contact with the 

underlying Tubber formation is marked by a laterally continuous dolomite horizon parallel to 

the bedding. The formation is represented by pale-grey thickly bedded to massive 

limestones with some intervals that are darker grey, medium-bedded and cherty. The top of 

the formation is taken at an irregular palaeokarstic surface that is overlain by the limestones 

of the Slievenaglasha Formation. The Burren Formation can be subdivided into two 

stratigraphic intervals:  

 the lower Burren Formation comprising two members in the Burren: 

- Black head Member 

- Fanore member 

 the upper Burren Formation comprising two members: 

- The Maumcaha Member 

- The Aillwee member 

 

� The lower Burren Formation (160 m) 

The three following members are replaced by a unique member, the Hawkhill Member of 

135.5 m thick in the eastern Burren and Gort Lowlands. 

� The Black head Member is 90 m thick at the type locality and consists of uniform, grey, 

medium to thickly bedded limestones with a dolomite horizon at the top of the section. It 

was deposited in an open marine, shallow-water subtidal environment within the photic 

zone and above normal wave base. The microfacies are characteristically of coarse-grained, 

skeletal and peloidal packstones and grainstones.  

� The Fanore Member is 70 m thick and his lower boundary overlay the dolomite layer of the 

Black Head Member. It consists of grey, medium bedded limestones with undulating 

bedding-planes and thin calcareous shale interbeds. The dolomitisation in this member is 

common and chert can occurs in the top of bed, especially at Black head. The deposition 

environment was in subtidal, open-marine conditions in the photic zone below normal wave 

base. Texturally, the rocks range from fine to medium-grained, and from 

packstones/wackestones to grainstones. The grain-types are skeletal and peloidal.  
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� The upper Burren Formation (232 m) 

� The Maumcaha Member is 80 m thick near the Aillwee cave. The base of this massive 

limestone member is localised above a thin, laterally continuous dolomite horizon. The unit 

consists of pale-grey massive limestones capped by two clay bands and an irregular 

palaeokarstic surface with rhizoliths (approx. 0.2 m thick) and forms a distinctive bare, 

evenly sloping facet in the landscape. The environmental of deposition was a shallow 

subtidal environment in the photic zone below normal wave base. The microfacies is 

medium to coarse-grained, skeletal and peloidal packstones/ wackestones and grainstones.  

� The Aillwee Member is 152 m thick and is divided into an upper and lower part based upon 

the presence of a specific spiriferid brachiopod (Davidsonia septosa). Its base is marked by a 

palaeokarst surface. The member is characterised by alternations between thick (10-12 m) 

intervals of limestone and thin (usually <0.2 m thick) clay bands. Twelve cycles are recorded 

in the Burren (only nine form prominent terraces) and each of them is attributed to glacio-

eustatic cycles which they can be traced across much of Ireland, Britain and beyond 

(Sevastopulo et al., 2001). The topographic slope changes significantly from the underlying 

massive limestone to this terrace, well bedded morphology of the Aillwee Member. These 

cycles present a palaeokarst surface with clay wayboards near the top which are generally 

less than 0.2 m thick (Gillespie et al., 2001). They are rarely seen at outcrop because they are 

either weathered-out or covered by vegetation and thus form a bench in the landscape due 

to the differential erosion of clay horizons and recent karst dissolution (Gallagher et al., 

2006). The limestones are pale grey, thickly bedded to massive packstones and wackestones, 

richly fossiliferous in certain horizons, usually at the top of the cycles.  

This member represents deposition during cyclical variations in sea level. The relatively fossil 

free limestones in the lower part of each cycle were deposited in deep, quiet, subtidal 

environments. The fossiliferous upper parts of each cycle represents deposition under 

progressively shallow-water conditions, culminating in limestone emergence and 

pedogenesis (McNamara, 2009). 

 

The Slievenaglasha Formation (SL) (333-326.5 Ma) represents the uppermost unit of Lower 

Carboniferous Limestone succession in this region and is about 95 m thick. It is seen in the 

southern hills bounding the Bell Harbour catchment (Aillwee Hill, Slievecarran and 

Gortaclare mountains). This formation is particularly rich in bands of chert nodules and the 

base of the formation is marked by a pronounced palaeokarstic surface. The following four 

members are recognised into this formation: 

� The Balliny Member is 36 m in thickness, and is characterized by five cycles (3 to 10 m of 

thickness). Each cycle comprises an alternating thick-bedded crinoidal limestone and thin 

units of crinoid-poor limestone. The depositional environment was subtidal and open-
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marine. The microfacies is variable, including fine to medium-grained, skeletal peloidal 

packstone to wackestone, and medium-to coarse-grained crinoidal packstone to grainstone. 

� The Fahee North Member is 25 m thick and is dominated by dark, cherty, nodular-bedded 

wackstones and packstones. No cyclicity has been observed. This member was deposited in 

a deep open-marine subtidal environment. 

� The Ballyelly Member is 30 m thick, has medium-bedded, nodular wackestones and thickly 

bedded crinoidal packstones, with bands and nodules of chert. A low energy deeper water 

subtidal environment is suggested for this member. 

The Lissylisheen Member is 1-2 m thick. This member comprises interbedded wackstones 

and crinoidal packstones and grainstones. This unit was deposited in shallow water, subtidal 

open-marine environment. 

♦ Namurian Clare Shale (Upper Carboniferous) 

The lower Carboniferous limestones are succeeded abruptly and uncomfortably by a thick 

succession of dark mudstones and sandstones comprising the Clare Shale group of Namurian 

age (326.5-313 Ma) (Pracht et al., 2004). This group covers only the south-west part of the 

Burren and it is not encountered around Bell Harbour and Ballyvaghan valleys. It comprises 

five cyclothems, repeated sequences of mudstones, siltstone and sandstone. These deposits 

probably accumulated in fairly deep water with a domination of mud sedimentation and the 

contained fauna was certainly mostly pelagic (Gallagher et al., 2006). 

♦ Post Namurian geology 

The geologic history of the region is not well defined during the Mesozoic and early 

Cenozoic. All the country would have certainly been land during the Triassic, with some 

portions drowned by marine transgression during the Jurassic. Subsequently, much of 

Ireland may have been submerged by the late Cretaceous sea and buried beneath a Chalk 

cover. In contrast, the region was subjected to a terrestrial denudation for about 50-

60 million years throughout much of the Cenozoic, that has played an important role in 

sculpting the landscape of the Burren and Gort Lowlands into its present form (Simms, 

2003).  

III.3.1.c Tertiary and Pleistocene evolution of the Burren 

The evolution of the landscape of the region during the Tertiary was controlled by the 

presence of the Slieve Aughty anticline to the east of the Gort-Kinvarra Lowlands and the 

persistence of a cover of siliciclastic rocks in the Burren (Figure 21). As the limestone uplands 

in the Burren is anomalously extensive compared to the Gort lowland limestones, Simms 

(2007) assumes the Burren was probably capped by a protective shale cover which was 

stripped only relatively recently, certainly since the late Cenozoic, when the region was 

exposed to a subaerial weathering and erosion processes. Thus, a sharp boundary has been 
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formed between the Burren uplands and the Gort-Kinvarra Lowlands, due to a more rapid 

lowering of the exposed limestone to the east. 

Additionally, the recent Pleistocene glaciations (~ 1.5 Ma to 13,000 years) have had a major 

impact on the landscape. Chemical solution and fluvial erosion were the primary denudation 

processes which have started in the Cenozoic and continue nowadays. The Pleistocene 

period however played the major role in the denudation by freeze-thaw action and erosion 

by ice (McNamara, 2009): over the last one-two million years the Earth’s climate has 

changed dramatically, with alternating cycles of short warm period and longer cold or glacial 

periods. Despite of lack of Pleistocene onshore records, two glacial (the Munsterian and the 

Midlandian) and one interglacial periods have been recorded in the Burren with the ice 

finally retreating around 15,000 yr BP (Drew, 1983). The action of the ice was first probably 

erosive, removing regolith and partly weathered rock to leave a bare rock surface 

(Farrington, 1964). And during the most recent glacial advance which had a northeast to 

southwest direction, the composition of the deposited till was dominated by limestone 

debris (Mullan, 2003). An earlier glacial advance came from the north-west granite and a 

range of metamorphic lithologies from north of Galway Bay (Simms, 2003).  

♦ Evolution of Gort-Kinvarra lowlands 

Initial erosion was concentrated in the Gort-Kinvarra area. The erosion process led to the 

development of two major karst drainage networks due to the successive role of two 

impermeable catchments: firstly, the erosion of the Namurian Shales cover which would 

have created a karst window by exposing the underlying limestones and then, the exposition 

of the Old Red Sandstone to the Eastern part at the core of the anticline (Figure 22). Point 

recharges to the karst aquifer have been formed at the boundaries between these 

impermeable rocks and the limestone fed by streams draining these siliclastic rocks. 

Substantial sections of the eastern system indicate that the overall drainage direction across 

much of the Gort-Kinvarra Lowlands has always been to the north-west. Nowadays, the 

groundwater system, which is assumed to have been completely underground before, 

consists of fragments of conduits that may be several kilometres in length due to the 

lowering surface by erosion. Deeper parts of the system continue to operate as the main 

drainage conduits of the area. 

Due to a slow denudation of the area, the age of the Gort-Kinvarra Lowlands is difficult to 

estimate. Assuming an average limestone dissolution rates of 40-50 m ka-1 (Drew, 2001) for 

the Cenozoic, the lowering of the limestone surface of Gort-Kinvarra Lowlands may have 

been ongoing for the last 30 Ma (McNamara, 2009). Other hypotheses give a limestone 

dissolution rates through the Tertiary with an average of 100-200 m ka-1, and then an order 

of 10-15 Ma since the limestone was first exposed at the crest of the Slieve Aughty anticline 

to bring the corrosion plain to its present fairly uniform altitude of only 20-30 m (Simms, 

2007). Using these ranges of dissolution time, Simms (2007) assumes a surface lowering of 

about 1.5 Ma and about 7.5 Ma has elapsed since unroofing of the limestone at the eastern 
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border of Gort lowland area (immediately east of Slievecarran), and then, the north and east 

parts of the Gort lowlands must be considerably older than this. 

 

Figure 22 : Diagrammatic cross-section of the geologic evolution across the Burren, Gort lowlands and Slieve 

Aughty Mountains (Simms, 2003). 

♦ Evolution of the Burren 

In contrast, the limestones presents further west in the Burren region are younger than 

Gort-Kinvarra Lowlands and expressed as higher topography, suggesting that the overlying 

cover of Namurian rocks persisted until relatively recently. However, the erosion of shale 

cover is not regular and significant indentations in the shale edge is currently visible, notably 

towards Lisdoonvarna and around Kilfenora, interrupted by ridge of shale such as at 

Knockavoarheen and Clifden Hill (Figure 21). This landscape may reflect preferential removal 

from fluvial erosion superimposed upon a general trend of retreat from northeast to 

southwest (McNamara, 2009; Simms, 2007). This process is influenced as well by a subtle 

geological structure of the Burren, represented by shallow synclines for the shale ridges 

(included Slieve Elva) and the limestone hills unroofed (as Aillwee or Gortaclare mountains; 

Figure 10) and the limestone-floored indentations between correspond to the intervening 

anticlines.  

During the Tertiary, the Burren was covered by several tens of metres of Clare Shales 

succeeding Namurian strata which formed a large unbroken plateau. Only two valleys 

(Turlough and Ballyvaghan) located in the northern area would have been excavated in the 

early phase of the Burren’s development. This preferential erosion would be ascribed to the 

rivers draining northwards across the shale cover and against the dip, creating these valleys 

with steeply flanks and exposing with the time the underlying limestone beneath. Figure 22 

and Figure 23 show the proposed succession of landscapes through the Tertiary and 

Pleistocene due to prolonged dissolution of this exposed limestone which has greatly 

NE sw 

10 km 
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enlarged the original valley profiles and lowered the valley floors to their present level 

(Simms, 2007).  

 

Figure 23: Diagrammatic geology maps across the Burren region from the late Neogene (A), Pre-Pleistocene 

(B), Beginning of Pleistocene (C) to the Mid-Pleistocene (D) (Simms, 2007). Shale cover is in grey and 

carboniferous limestone in white. 
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Indentations in the Shale cover would have been existed also in the Tertiary and/or 

Pleistocene, and some karst windows would have been created by a breach across these 

gentle anticlines (like the Slieve Aughty anticline). It is represented for example by the vast 

uvala at Carran which was developed along a subtle northeast-southwest anticline, 

separated by a col below 150 m from the Turlough valley to the north (Figure 23, B). Much of 

the surface drainage was captured into an underground route down-dip to the south and at 

the present day, the groundwater reappears in the Fergus River springs to the south (Simms, 

2007). 

The successive glacial periods are a major factor in the shaping of the landscape of the 

Burren and they leave vast areas of limestone pavement by stripping shale and soils. 

Elsewhere there are extensive deposits of till, such as drumlins or moraine. However, glacial 

erosion of the limestone appears to have been relatively superficial and for instance, many 

of the large scale feature such as the Ballyvaghan and Turlough valleys relate to the Tertiary 

landscape and have just been modified by ice (Simms, 2007).  

Simms (2005) noted the northern flanks of the limestone hills were rounded and smoothed 

by ice sheets moving south, unlike the southern flanks of the Burren, where some large 

masses of limestone became separated along joints and broke along the clay wayboards, 

creating crags and terraces specific of the Burren. The shale continued to be eroded 

unevenly and a shale cap still persists today on Poulacapple and Slieve Elva in the south-west 

Burren (Figure 23). It is suggests the limestones became progressively unroofed from 

northeast to southwest and thereby let a deeper karstification in the north-east of the 

Burren than further to the south-west. 

 

III.3.2 Geological structure of the Burren 

The most important influence on the structure of the different Palaeozoic sequences 

deposited in the Burren was during the Variscan orogeny. Three principal structural features 

are encountered in the Burren and detailed further: faults, veins and joints. 

III.3.2.a The Variscan Orogeny 

The rocks of the Burren exhibit evidence of the late Carboniferous Variscan orogeny which is 

a consequence of continental collision, associated with the formation of the supercontinent 

Pangaea. However, the effects of this orogeny are not homogeneous across the Burren and 

there was little impact on the succession in the north and west of the region (Graham, 

2001).  

The stabilising presence of the Galway Granite pluton underneath of the northern Burren 

may explain this limited deformation. Thus, this succession shows a very gentle dip of the 

limestone beds of only 2-4° S with minor 100m scale variations but further south in the 

Burren, it is broken by a series of minor flexures.  
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The only major Variscan fold traces are present in the southeast Burren and are associated 

with the Slieve Aughty Mountains, where the rocks were folded into a gentle anticlinal ridge 

(Simms, 2003). On the southeast Burren and on the eastern side of the Gort-Kinvarra 

Lowlands, the dip of the limestone is often more than 10°S and is superimposed by several 

kilometre-scale asymmetric and monoclinal folds trending northeast-southwest, such as 

those visible at Mullaghmore, Slieve Roe and Clooncoose (McNamara, 2009). The 

deformation evident in the southeast of the Burren may reflect Variscan reactivation of 

northeast-southwest trending Caledonian structures. Further to the west, the fold of Slieve 

Elva show a north-south axe and is much more gentle than those of the southeast (Simms, 

2003). 

III.3.2.b Structural features 

Faulting is only a minor geological element of the region (Pracht et al., 2004). Mineralization 

of the faults is relatively rare but some are infilled with calcite and may extend for many 

hundreds metres and be several metres wide. 

In contrast, subvertical fractures are very abundant in the Burren region and they are sites of 

preferential dissolution by the rainwater forming fissures termed grikes. Two prominent 

types of fracture occurred are barren joints and mineralised veins, both are Mode I-fracture: 

they have no displacement parallel to the fracture plane. However, they have contrasting 

scaling properties.  

Both joints and veins play a significant role on the development of the cave system beneath 

the Burren. It has been demonstrated from maps of caves down to 300 m below the present 

topography, these fractures have an influence on the geometry of these caves and also, they 

extend at least at this depth (Gillespie et al., 2001). 

♦ Faults 

In the Burren, faults can be identified both on the surface (Simms, 2001) or underground 

(Judd et al., 1994). Their principal orientations are N-S to NE-SW. They are mainly parallel to 

the dominant N-S joint sets or parallel to the axis folding located in the southeast of the 

Burren. Only three major mapped faults have the same orientation NNE- SSW (visible in red 

on Figure 21): 

� MacDermott’s Fault which runs approximately between Moneen Mountain and 

Rockview House in Bell Harbour catchment. It shows a slight sinistral displacement of 

members of the Burren and Slievenaglasha formations; 

� Black Head Fault which located in the North West of the region which also shows a 

slight sinistral displacement; 
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� An unnamed fault located between Cappaghmore and Glencolumbkille house which 

shows minor sinistral displacement of the lower Aillwee Member of the Burren 

Formation.  

Pracht, Lee & al. (2004) assume the apparent displacement on either fault is minimal, 

probably less than 200 m. Many lesser faults may exist in the Burren but they could certainly 

be obscured by the extremely abundant fractures that permeate the succession. 

♦ Mineralised veins 

Veins have a consistent NNE strike over the whole of the Burren and form a series of parallel 

array: Figure 24 shows a view at Black Head with these veins markedly visible. They are 

strongly clustered and pervasive which means they typically extend vertically through 

limestone beds, cross bedding surfaces, thin shale layers (< 0.5 m) and pressure solution 

surfaces. They are thus termed non-stratabound fractures. The propagation of the veins is 

facilitated by the thin shale layers in the Burren which tend to be less than 0.2 m thick (the 

thickest shale was observed in the Aillwee Cave, having a thickness of 0.5 m). This vertical 

persistence of the veins can be seen in the Terraced and Maumcaha Members of the the 

Burren Formation on the northern flanks despite the presence of a quite thick shale layer 

(Gillespie et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

Figure 24 : 3D image of Black Head area showing prominent set of approximate NNE-SSW trending veins 

(from Google Earth). 

 

Vein geometries suggest they have formed under relatively high differential stresses, during 

the north-south directed compression of the Variscan orogeny, prior to folding. They were 

buried to depths of at least 1.25 kilometres, estimated from the thicknesses of Upper 
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Carboniferous rocks at this time. Their thickness varies from a few microns to 0.5m. The vein 

fill is predominantly sparry calcite but often contain a variety of other minerals (Sharry, 

2005). Nonetheless, vein fill is only preserved where grykes are not well developed, for 

example under glacial erratics (Gillespie et al., 2001). 

In addition to the vertical veins, high quality exposures within the Aillwee Cave reveal a set 

of subhorizontal veins with thicknesses of up to 0.5 m within shales between the massive 

limestones of the Terraced Member and close to the boundary with the Maumcaha Member 

(Gillespie et al., 2001).  

♦ Stratabound joints 

In contrast, joints in the Burren are stratabound features that form organised connected 

networks in plan (Gillespie et al., 2001). The dominant systematic joint set is observed 

throughout the Burren consisting of long, horizontally persistent smooth joints that can have 

lengths in excess of 50 m. Shorter cross-joints abut the earlier systematic joints, serving to 

link adjacent joints. These cross-joints are either oblique or perpendicular to the systematic 

joints and vary in density and orientation (Sharry, 2005). 

Joints do not continue across bedding discontinuities and form strata-bound arrays: 

individual joints are mostly confined to a single limestone bedding unit. If the unit is more 

than a few metres thick, joints commonly do not extend throughout the full vertical extent 

of that individual unit. Indeed, joint spacing is controlled by mechanical layers which are bed 

layers and pre-existing vein sets. These layers define a layer thickness in which the joints can 

propagate (Sharry, 2005). 

Joints are typically subvertical but regularly spaced in contrast with the clustered veins. They 

formed during regional uplift under low-differential stress conditions as unloading joints and 

they were developed parallel to the maximum principal stress. They post-date folding which 

is Variscan in age and therefore post-date the veins. Their orientations vary and are 

restricted in their geographic extent. For instance, Sharry (2005) and Gillespie & al. (2001) 

studied two fracture sites and they conclude that the systematic joints in Cappanawalla 

(located in west of Ballyvaghan valley) strike NW-SE and the ones in Sheyshmore (located in 

south of Ballyvaghan valley) strike E-W. Thus, progressive rotation of joint orientations may 

reflect the small changes in local stress orientations arising from the uplift of weakly folded 

bed (Gillespie, Walsh et al. 2001). The systematic joints terminate either via abutment 

against other joints or as isolated tips (Sharry, 2005). 

 

III.3.3 Quaternary Geology (Subsoils) of the Burren 

The Quaternary deposits were laid down during the Pleistocene glaciations (1.6 Ma to 

10,000 years ago) and most of these depositions occurred during and following the 

maximum extent of the last glaciation (Midlandian) about 18,000 years ago with an advance 
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from northeast to southwest. These successive glaciations produced vast areas of limestone 

pavement by stripping shale and soils while elsewhere they leave extensive deposits of till, 

such as drumlins or moraine dominated by limestone debris (Simms, 2007). Till and boulder 

clay were deposited initially below or at the margin of the ice sheet whereas sand and 

gravels were deposited as the ice melted (Drew and Daly, 1993). An earlier glacial advance 

which came from the northwest, brought sediments produced by erosion of granite and of 

metamorphic rocks from north of Galway Bay (Simms, 2003). 

Thus, many glacial features such as drumlins, moraine and limestone pavement can be seen 

across the entire Burren (Coxon, 2005). The subsoil map of the Burren (Figure 25) is 

subdivided in two parts:   

� In the north and north-east part corresponding to the area where the shale cover has 

been removed, limestone tills are predominant. They are scattered only in low lands 

into the valleys and along the coast and peninsulas. Thus, in the upper land the 

limestone rocks are directly exposed. 

� In the south-west part, blanket peat forms a plateau in the upland portion. Drew 

(1983) shows that approximately 90 % of the Burren plateau soils are rendzinas with 

up to 35 % organic content, low carbonate contents and a pH below 7. Shales and 

sandstones tills are present around the plateau corresponding to the Namurian rock 

formation.  

Figure 25: Quaternary map of the Burren (from GSI data) and legend associated (located on the following 

page). 
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III.4 Geological characteristics of Bell harbour catchment 

In the catchment, the rocks exposed at the surface are part of the Burren formation (Figure 

26) and are characterized by (cf. section III.3.1.b for more details): 

 clean limestone with chert bands on the hills (Lissylisheen, Ballyelly, Fahee and 

Balliny members),  

 thick bedded limestone with layers of shale on the slope of the hills (Aillwee 

members), 

 massive limestone with poorly developed jointing in the middle of the valley 

(Maumcaha member), 

 medium to thickly bedded limestone with chert layers and with dolomites layers at 

the top and the bottom along the bay of Bell Harbour (Black Head member). 

 

These limestones dip gently (2-3 degrees) to the south and are underlain by impure 

limestones (which are not expressed at the surface) (~400m of thickness), which in turn 

Type Textural labels for sorted sediments Texture Text on map 

Tills 
Limestone till (Carboniferous) Variable TLs 

Shales and sandstones till (Namurian) Clayey TNSSs 

Glaciolacustrine 

Sediments 
Lake sediments undifferentiated Variable L 

Alluvial sediments Alluvium undifferentiated Variable A 

Marine Deposits 

Marine sands and gravels Gravelly MGs 

Beach/raised beach sand Sandy Mbs 

Estuarine sediments (silts/clays) Clayey Mesc 

Peat 

Blanket peat Peaty BktPt 

Fen peat Peaty FenPt 

Cutover peat Peaty Cut 

Aeolian Blown sand in dunes Sandy Wsd 

Other deposits 

Made ground Variable Made 

Bedrock at surface n/a Rck 

Karstified limestone bedrock at surface n/a KaRck 



 

 

overlie Devonian Old Red Sandstones and the Galway Granite pluton. 

MacDermott’s Fault, runs approximately north

catchment (Figure 26 and 27). 

Geophysical investigation of this fault 

tomography, as part of the Griffith 

beyond its current mapped extent running under Bell Harbour bay

line) (O'Connel, 2012). 

Figure 

Finavarra
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overlie Devonian Old Red Sandstones and the Galway Granite pluton. A major fault

runs approximately north-south in the western part of the Bell Harbour 

).  

Geophysical investigation of this fault has being completed, using electrical resistivity 

the Griffith research. Initial indications suggest that the fault extends 

beyond its current mapped extent running under Bell Harbour bay (Figure 

Figure 26: Geologic map of Bell Harbour catchment. 

 

 

Figure 27: Collapse observed i

caused by the presence of the 

Dermott's Fault (Photography taken by M. 

Perriquet). 
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III.5 Hydrology and hydrogeology 

III.5.1 Hydrological and hydrogeological context of the Burren  

The hydrological unit of the Burren covers an area of 367 km2. The plateau rises to between 

200-300 m above sea level, although some 15 percent of the area consists of embayments 

with altitudes less than 60 m above sea level, in particular those inland of Ballyvaghan and 

Bell Harbour (Drew, 1990). The surface discharge network in the Burren is confined only to 

ephemeral streams, the seasonal turloughs and drainage from the adjacent (overlying) 

Namurian rocks (Figure 28). Thus, the plateau is drained almost wholly by underground 

channels and is one of the most exposed karstified areas of Ireland with a significant portion 

of groundwater flowing in large cavernous conduits.  

 

Figure 28: Map of the Burren with karst features reported: lakes, turloughs, rivers, streams and internal, 

intertidal and external springs (data from GSI). 

III.5.1.a Karstification 

Flow and transport through a karst aquifer is strongly dependant on heterogeneities such as 

fractures that have been enlarged by chemical dissolution. In the Burren, surface water 

quickly disappears underground due to thin or absent of soil and the presence of a well-

developed epikarst in the uppermost 2-10 m of the limestone. It is represented by 

solutionally enlarged grykes and bedding parting (Figure 29).  



 CHAPTER III – DESCRIPTION OF THE STUDY AREA 

77 

 

Over time the conductivity of fractures increases by dissolution and these solutionally 

enlarged conduits provide preferential flow pathways through the system. The driving force 

for flow through the system is groundwater recharge and discharge, as the amount of 

recharge, either by precipitation (diffuse recharge) or via sinking streams (concentrated 

inputs), and the heights of the base level of resurgences and rivers (discharges), establish the 

hydraulic gradient for flow within the aquifer (Sharry, 2005). 

Figure 29: Surface epikarst (photograph taken in study area by Perriquet M.). 

 

Karst conduits are developed preferentially along fractures and stratification plans: thus, the 

characterization of fracture systems allows for a better understanding of how the 

groundwater flows are controlled. Sharry (2005) noted that the presence of vein clusters has 

a strong influence on the subsurface drainage and that the NNE-trending clustered veins are 

cross-cut by joints which increases the connectivity of the fracture system. Moreover, vein 

clusters control most of cave passages in the Burren such as Aillwee cave at an altitude of 

92 m (which coincides with a surface vein 110 m above) or such as PollnagCeim, the deepest 

cave in the Burren at a depth of 181 m. This evidence suggests that individual vein sets have 

a vertical persistence in excess of 200 m (Sharry, 2005). However, the majority of mapped 

cave systems have a vertical extent under 60 m with very few caves breaching impermeable 

units (principally shale and cherty band units). The majority of the caves are located in areas 

adjacent to the limestone and shale contact due to a focused input of the recharge via 

sinking streams. They are therefore present in the Brigantian limestone which is rich in chert 

layers: almost all presently active and fossils cave system are perched above these chert 

bands. These cave conduits are mainly horizontal and confined to individual beds and are 

layer parallel flow features.  

In lowlands area at the northern portion of the Burren (principally Ballyvaghan and Bell 

Harbour valleys; Figure 9), the shale and chert bands were eroded a long time ago and no 
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important cave systems have been identified here. Intertidal springs are often rising from 

fracture groups but submarine springs at few metres to several hundred metres from the 

shore might be bigger outlets. All of the explored caves are detailed and mapped in The 

Caves of County Clare and South Galway (Mullan 2003). 

III.5.1.b Recharge 

Annual precipitation on the Burren averages approximately 1500 mm of which 1000-

1100 mm becomes recharge, equivalent to an annual runoff volume of 390 Mm3 due to the 

extensive area of exposed limestone rocks, weathered rock fragments or patchy soils 

enough thin to limit their capacity to store water (Drew, 1990; Drew, 2003). About 80 

percent of the area allows diffuse recharge and water sinks underground almost where it 

falls (Drew, 1990). The epikarst facilitates the absorption of even intense rainfall events, and 

therefore, runoff enters very rapidly into the groundwater system. 

Nonetheless, recharge into the aquifer is also present in the form of concentrated inputs 

from sinking streams at the Namurian/Lower Carboniferous boundary (Figure 28) and the 

presence of caves are particularly common along this boundary (Drew, 2003).  

III.5.1.c Drainage flows 

♦ Surface water  

Although the Burren is a karst system, there are surface water features such as ephemeral 

streams, lakes and turloughs present (Figure 28). 

 Ephemeral streams: 

Streams in the Burren are largely ephemeral and few of them reach the sea except under 

relatively high flow conditions (Figure 28): 

� The Aille River which the majority of its course flows on the Namurian rocks, drains 

the southwest area to the sea at Fisherstreet;  

� The Caher River rising from springs north east of Slieve Elva, flows to the sea at 

Fanore in all except the driest conditions;  

� The Rathborney River and Berneens Stream drain into the Ballyvaghan Valley and 

both streams flow along calcareous drift on parts of their course and sink in the 

gravelly drift flooring much of the valley. Their waters are presumed to rise at the 

intertidal and submarine springs in Ballyvaghan Bay (Drew, 1990); and, 

� The south western part of the Burren is covered by the relatively impermeable 

Namurian sandstones and shales and thus, short streams run on these strata and sink 

underground at the junction with the underlying limestones. 
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 Lakes:  

Numerous lakes are present in the area mainly occupying shallow hollows in the limestone. 

Large lakes are located to the southeast of the plateau, such as Loughs Inchiquin Bunny and 

seem to be in hydraulic connection with the groundwater of the lowlands. Other smaller 

permanent lakes around Ballyvaghan and Bell Harbour valleys are close to the sea. Loughs 

Rask, Muckinish and Ballyvelaghan are of this type (Figure 28). The first two are fed by 

freshwater springs along their shore and they are apparently connected to the sea: 

according to Drew (1990) they are brackish and their degree of salinity and the water level 

vary with the tide and the quantity of freshwater inputs. 

 Turloughs: 

Definition: Turlough is a term derived from the Irish words tuar and loch meaning 

disappearing lake. Turloughs are temporary (largely seasonal), shallow, groundwater-fed 

lakes surrounded by a rocky rim and lined with boulder clay, which are replenished and 

drained through discrete openings connected with the water table.  

While turloughs are referred to as Irish karst feature because of the combination of high 

rainfall and low-lying karst topography, examples of similar karst features have been 

reported in Wales, Slovenia, Spain and Canada (Naughton et al., 2012). 

More than 300 turloughs have been recorded in Ireland (from GSI database) and occur 

either on, or immediately adjacent to, areas of pure bedded limestone (Coxon, 1987a). The 

highest density of turloughs is found in the western third of Ireland, where rainfall more 

frequently exceeds evapotranspiration and the degree of exposure of the limestone (due to 

shallower glacial drift) is more extensive, facilitating karstification (Sheehy Skeffington et al., 

2006). 

Turloughs are generally linked via swallow holes to subterranean karst geomorphological 

features and their flooding is manifestation surface expression of groundwater. They 

(generally) fill in the autumn and empty in the spring (Figure 30, a and b) via same cavities 

which act either as springs or swallow holes, termed estavelles2. They are mostly located 

around the periphery of the basin, where bedrock is at or close to the ground surface and at 

the edge of the unconsolidated deposits such as peat and marl which occupy the turlough 

floor, often to a thickness of several metres (Sheehy Skeffington et al., 2006). Sometimes, 

the swallow holes occur in the centre of the turlough or are scattered over the floor as 

depressions or collapses in the deposits (Coxon, 1986, 1987b). 

The mechanism for filling and emptying of the turloughs is complex, depending of the nature 

of the karst aquifers feeding them. To some extent they can be viewed as water-table 

phenomena, filling as the water table rises and the zone of saturation intersects the ground 

                                                      
2 Estavelles are like springs which can reverse when water level in the aquifer is lower than the water level in 

the turlough. 
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surface and emptying as the water table falls. Alternatively they can be viewed as pressure 

release points along an underground pipe network, filling when the discharge through the 

conduit and the pressure increases and water is forced up to the ground surface at a 

particular location, and emptying when the pressure falls again. The role of shallow 

epikarstic water inputs is also likely to be significant in many instances. 

Figure 30: View of Gorthoyheen Lough: (a) winter: December 17, 2011; (b) spring: March 24, 2011 

(photograph taken by Perriquet M.).  

♦ Groundwater flows 

Beside these surface water features, most of the water drains through the epikarst and flows 

underground. Drew (1990) assumed the Burren aquifer is characterized by low storage and 

rapid transmission of water. Most of the groundwater flow rates have been recorded within 

the range 50-150 m/h from tracer tests performed under baseflow conditions. Flow 

velocities are assumed to increase by up to four fold in flood and halve under very low 

conditions (Drew and Daly, 1993).  

Most of the water moves through the Brigantian (upper) and Asbian (lower) stages of the 

Carboniferous limestones and is strongly influenced by the lithology of these different units 

(Table 4). Thus, on the plateau and along the flank of the hill, the geology is mainly 

represented by the Brigantian stage and the Aillwee member which contains numerous 

chert and shale bands: groundwater flow is controlled by the horizontal bedding partings 

and the impermeable shale layers or chert lenses, which limit the vertical movement of the 

groundwater (Drew, 2003). Much of the water is therefore assumed to flow at a shallow 

depth, approximately parallel with the slope of the land surface. Due to this shallow and sub-

horizontal groundwater flow, small springs can be found where bedding planes intersect the 

land surface. More than 150 such springs have been noted on the plateau of which half flow 

under low base flow conditions. Generally the water remains at the surface for only a short 

distance and sinks underground (Drew and Daly, 1993). Moreover, almost all active and 

fossil caves in the Burren are perched above the chert rich layers presents in the Brigantian 

limestones. 

(a) (b) 
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In contrast, the Maumcaha unit comprises massive limestones which outcrop mostly at the 

north of the Burren in Ballyvaghan and Bell Harbour: no specific karst features are associated 

with this geological member and groundwater flows through this unit in conduits and 

fractures enclosed in a very low permeability matrix (Table 4). In these areas, groundwater 

flows up-dip (to the north) and joint systems might play an important role in the recharge 

and direction of the flows to the north via submarine and intertidal springs.  

Table 4: Associated hydrogeological features to the geological units (modified from Drew, 2001). 
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Age Member/ Unit Thickness 
Lithological 

Characteristics 

Associated 

Hydrological 

Features 

CLARE 

SHALES 
  

Shales, mudstones and 

sandstones 

Largely impermeable, 

with some springs at 

the limestone contact 

Lo
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er
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er

o
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BRIGANTIAN 

Lissylisheen 

~95 m 

Clean, coarse-grained 

limestone with chert 

bands and silicious 

fossiliferous horizons 

Sinking streams and 

overflow springs at the 

shale contact, 

associated with cherts 

near the base 

Ballyelly 

Fahee 

Balliny 

ASBIAN 

Aillwee upper 
~152 m 

Thick bedded with layers 

(wayboards) of shale 

between some beds; 9 

cliffs distinctives. 

Many small  springs 

and fossil caves (e.g. 

Aillwee)  above the 

clay wayboards Aillwee lower 

Maumcaha ~80 m 
Massive limestone with 

no bedding 

Springs at the top and 

at the base 

Fanore ~70 m 

Medium bedded with 

thin shale and chert 

layers; dolomitisation is 

common. Medium 

grained. 

Few springs 

Black head ~88 m 

dolomites (at the top), 

uniform grey, medium to 

thickly bedded. Fine 

grained with chert layers 

Intertidal or submarine 

springs at Ballyvaghan, 

Bell Harbour and 

Corranroo Bay 

HOLKERIAN Finavarra 
26 m 

at least 

dolomites (at the top) 

Thickly bedded, Fine to 

medium grained with 

shales, cherts 

Small caves and 

springs at contact with 

Burren limestone 
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Dolomite layers present at the top and bottom of the Black Head member may also act as a 

barrier to the groundwater flows due to a lower solubility in comparison with limestones 

(Ford and Williams, 2007). The one located at the base of Black Head is close to the sea 

along the northern flank of the Burren and its outcrop is marked by a series of submarine 

springs such as the ones around Black Head, Ballyvaghan and into Bell Harbour (Table 4).  

No map of the water table of the Burren has been established before: piezometric maps 

done for Bell Harbour catchment during the study are thus the first ones established in this 

area. 

III.5.1.d Discharge 

More than 150 springs have been identified in the Burren but the majority of them sink 

underground within a short distance and are of relatively small size. The final outlet for the 

Burren groundwater occurs through peripheral springs located at low altitude inland and on 

the Atlantic coast and Galway Bay, or at the contact with the overlying Namurian rocks to 

the south of the Burren (Drew, 2003). Discharge of the entire Burren system can be broken 

into three parts (Figure 28): 

 The Elmvale springs group is the discharge point of the Fergus River catchment and is 

located to the south of the Burren plateau close to the contact between the 

Namurian rocks and limestones: it is considered by far as the major discharge of the 

region with a mean flow of 3900 l/s and a baseflow exceeding 500 l/s and they drain 

40 % of the plateau (Drew, 1990; Drew, 2003).  

 Aille River system via St Brendan’s spring draining the south-western margin of the 

Burren (5% of the total area). 

 Submarine and littoral zone springs draining the North and West part of the Burren 

into the Altantic Ocean or Galway Bay. Most of the intertidal springs are brackish to 

some degree. 

 

Thus, apart the Fergus and St Brendan’s springs, the remainder of the discharge of 

groundwater of the Burren upland goes directly to the sea. On the north coast, the north-

south embayment such as Ballyvaghan and Bell Harbour valleys supply intertidal and 

submarine springs into Galway Bay. Intertidal springs commonly emerge from enlarged 

joints and successively higher outlets become operative with higher flows (Drew, 1990). On 

the western flank, submarine springs occur at a distance of up to 400 m offshore and at 

depth up to -15 m which implies a geological control and a gradation to lower post-glacial 

sea levels (Drew and Daly, 1993).  
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III.5.1.e Delimiting groundwater basins 

Drew (2003) compiled a hydrogeological map of the Burren by subdividing the area into ten 

underground catchments (Figure 31). This map includes surface streams, main internal and 

external springs and the inferred locations of the groundwater basin divides. The proven 

lines of sub-surface drainage are also reported and are corresponding to the positive water 

tracings from the delineated underground basins. Drew (2003) noticed, from different water 

tracings at the same location, a change of flow directions and flow rates depending on water 

levels into the aquifer. Thus, the boundaries of the groundwater basins appear to vary from 

a few hundred meters with time and variation in recharge. 

Also, the information relating to the catchments varies greatly, ranging from nearly non-

existent in the cases of many of the areas draining to the sea to well documented in 

catchments such as Fergus River, St Brendan’s and Ballyvaghan (Drew, 1990; Drew, 2003). 

Overall the dominance of north/south drainage is very apparent due in part to the well-

developed vein sets of that orientation and to the regional dip in the case to the southerly 

flow (Drew, 1990).  

 

Figure 31: Groundwater catchments and tracer tests results in the Burren data from GSI and Drew (2003). 
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III.5.1.f Groundwater usage 

The population in the Burren is generally scattered and extensive piped water supplies are 

not typical. Tourist destinations such as Corofin and Lisdoonvarna which experience high 

seasonal demand for water are however well served by public supplies. Water from Lough 

Inchiquin, which is fed largely by spring waters from the Burren plateau, is used for Corofin 

and Killeany spring near Lisdoonvarna to supply water over a wide area.  

Until the early 1970s, the rural areas relied almost entirely on a combination of rainwater 

collector tanks and on small springs and seepages. Nowadays, not all houses are supplied by 

group schemes and in order to overcome the water supply need, numerous boreholes have 

been drilled on the plateau and in peripheral areas. Nonetheless, yields vary widely between 

boreholes a short distance apart and more adequate supplies have been obtained from 

boreholes located in the large lowland embayments on the northern flank of the Burren 

(Drew, 1990). The water supply for the Ballyvaghan area is derived from springs with outflow 

of 0 to 150 m3/day supplemented by a reliable borehole source with an output of 

275 m3/day. In the Bell Harbour valley, a borehole at Turlough has a yield exceeding 

500 m3/day and it is used to supply a number of local houses. In this valley, numerous other 

private boreholes are regularly drilled in order to get water supply where a group scheme 

does not exist. Due to important farming activities in the area, the water is often also used 

for livestock. 

III.5.2 Hydrogeological context of Bell Harbour catchment  

III.5.2.a  Catchment delineation 

A number of water tracings completed in the Burren have been used to delimit different 

catchments (Figure 31). One has not been completed in Bell Harbour area but the 

surrounding water tracings allow assessing the delineation of Bell Harbour’s catchment. 

Even if there are some uncertainties about some of the boundaries especially in the 

northern part of the Burren, Bell Harbour’s catchment can be defined thus: 

- The northern boundary is represented by the coastline, comprising Finavarra 

peninsula and Bell Harbour bay (The Finavarra peninsula has been however excluded 

from the study area). 

- The western boundary is defined as the topographic divide on Slieve Oughtmama, 

west summit of Turlough Hill, Slieve Carran and Gortaclare Mountain.  

- The eastern boundary is defined as the topographic divide on Moneen Mountain and 

Aillwee Mountain. 

- The southern boundary is currently established at the col below 150 m which 

separate the catchment to the vast uvala of Carran. This closed depression was 

developed along a gentle northeast-southwest anticline and certainly formed before 
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the Turlough valley. The water captured from this karst window resurfaces to the 

south, in the Fergus River springs (Simms, 2007). However, this division is not well 

defined with the Upper River Fergus catchment. Only the Castletown River at Carran 

and small sinks in the northern extension of the Meggagh depression (Poulawillin 

area, at the north east of Carran) have been traced to the Fergus springs (Drew, 

1988), but it is not sufficient to clearly define the boundary. 

Some water tracing has been done as well in the Ballyvaghan area and the minimum flow 

rate of groundwater is between 40-85 m/h. This is probably representative of the rates in 

the Turlough valley in the adjacent Bell Harbour catchment. 

III.5.2.b Groundwater flows and karst features 

Recharge in the catchment is mostly diffuse due to a large area of limestone pavement: the 

quaternary subsoil, represented mainly by very permeable limestone tills, is only present in 

the lower parts of the valley and is typically less than five meters thick (Figure 32 and 

legend). Undifferentiated lake sediments are sometimes found around and below turlough 

and lakes. Cliffs of several metres elevation, composed of estuarine clays with pebbles, are 

found along the west part of the bay of Bell Harbour (Figure 33).  

The valley is characterized by an almost complete lack of surface drainage: short reaches of 

streams are sometimes associated with springs on hills before disappearing underground. 

However, surface water features are present in the catchment with the presence of three 

groundwater-fed and draining turloughs – Luirk Lough, Gortboyheen Lough and 

Turloughnagullaun Lough- and three permanent lakes: Murree Lough, Ballyvelaghan Lough, 

Muckinish Lough (Figure 32). Murree Lough and Ballyvelaghan Lough are located in the 

Finvarra peninsula and are not considered in this project. Turloughs generally flood only 

during the winter months and remain full for the spring depending of the amount of rainfall. 

During the first year of this study (2009), the autumn was particularly wet, and severe 

floodings occurred in counties Clare and Galway: in the Bell Harbour catchment, the valley 

was completely flooded for several weeks and water overflowed from Bell Harbour Quay as 

surface flows for periods of several days. The others one are located in the valley and the 

closest to the coast are Luirk Lough and Muckinish Lough: Lough Luirk is never salty. In 

contrast, Muckinish is salty and the waters levels in this lake fluctuate with the tide. 

Freshwater springs at the southern end feed discharge to both lakes.  

Five intertidal springs have been located in the eastern edge of Bell Harbour Bay which are 

submerged at high tide (Figure 32). Two other coastal springs are found in the north of 

Finavarra peninsula at New Quay and at Lough Murree: they are however not located on the 

map as the Finavarra peninsula is not considered in this study. By walking all along the shore 

of Bell Harbour Bay during the project, several other intertidal springs have been found 

mainly on the western part of the coast: all of them are intermittent, diffuse and of small 

discharge and were therefore not referenced.  
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Figure 32: Map of 

Bell Harbour 

catchment with 

main karst features 

(intertidal springs, 

turloughs and lakes) 

and subsoil 

information (data 

from GSI) with its 

legend associated. 
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Figure 33 : Cliff of clay and pebbles sediment (photograph taken by Perriquet M.). 

III.5.2.c Conclusions 

A hydrogeological conceptual model of Bell Harbour’s catchment with its geological units is 

presented in Figure 34. The catchment is located in a large karstic area (the Burren) and is 

defined by a valley which drains north to Galway Bay (via Bell Harbour) surrounded by 

upland areas to the west, south and east. The geology is dominated by massive or bedded 

Carboniferous limestone dipping gently 2-3 degrees to the south (Figure 34).  

Annual precipitation averages approximately 1500 mm and the rainfall is regularly 

distributed through the year. At the catchment scale, recharge is mostly diffuse due to a 

large area of limestone pavement and the lack of surface drainage. Groundwater circulation 

primarily occurs in a karst aquifer, the outlets of which are submarine springs and intertidal 

diffuse springs, leading respectively to submarine groundwater discharge (SGD) within the 

bay, and shoreline groundwater discharge. Thus, the lowest lying part of the catchment 

closest to the sea may be affected by saltwater intrusions. 
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Figure 34: Geological profile and hydrogeological conceptual model of the catchment. 

 

III.6 Seawater-freshwater interactions  

III.6.1 The Burren  

Little information on the seawater-freshwater interactions on the Burren is available in the 

literature: Drew (2003) notes the location of most of intertidal and submarine springs 

draining some parts of the Burren (Figure 28 and Figure 31) and notes that intertidal springs 

commonly emerge from enlarged joints. He also noted that some submarine springs have 

been discovered and are at depth of -10 to -15 m and up to 400 m offshore (north of Trawee 

catchment) and others, as yet unlocated, may exist (Drew, 1990; Drew and Daly, 1993).  

III.6.1.a Seawater intrusion and tidal influence 

Since the Griffith-funded project began NUIG in 2007 proper studies on saltwater intrusions 

and tidal influences have been undertaken on the southern coast of the Galway Bay. 

Petrunic et al. (2012) undertook a general geochemistry study to assess the extent of the 
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saltwater intrusion along the southern coast of Galway Bay, including Bell Harbour bay. Four 

geochemical sampling events were conducted over one year (August 2008, February 2009, 

May 2009 and August 2009) on 24 bored wells. Major cations (Ca, Mg, K, Na) and anions (Cl, 

SO4, NO3, NO2), bromide, temperature and salinity were measured for each sample. From 

these data, it has been shown that 5 of the 24 wells are located in saltwater influenced zone 

which has been observed up to 2km inland from the coastline (Figure 35, A). The 

contribution of seawater varies with seasons in the different wells with a maximum 

observed in August 2009: seawater in three wells was noted at < 5 %, one at ~2 % and 

another one at ~70 %. Moreover, a tidal influence on ground water levels at sites has been 

measured within 4 km of the coast and, as noted by Drew and Daly (1993) and Drew (2001), 

several turloughs situated >5 km from the coastline respond hydraulically to the tides (Figure 

35, B). Einsiedl (2011) confirms these results by using geochemistry and isotopic data in the 

same area. 

Petrunic et al. (2012) conclude from their study and previous work that the hydrologic 

conditions in the aquifer greatly affect the seawater contribution to the water chemistry, 

and long-term monitoring is required to understand fully the trends in seawater influence on 

the groundwater system near the coastal areas. The public supply borehole for Kinvarra 

situated approximately 1.5 km from the sea at Loughcurra South shows this influence (EPA, 

2011): during HTs (e.g., spring tides) there is a clear seawater signal in the pumped water. 

Average Cl concentrations of 89.1mg/L and a maximum Cl concentration of 1956 mg/L have 

been reported during a 15-year monitoring period (1995-2010). 

III.6.1.b Submarine and intertidal groundwater discharges (SiGD) 

As part of this same research funding, a much larger focus was placed on understanding the 

SiGD along the south of Galway Bay. 

Einsield (2009) used naturally occurring radon as a tracer which provided detailed 

groundwater discharge locations in Kinvarra Bay which is the focal point for much of the 

discharge from the southern cost of the Galway Bay.  

Cave and Henry (2011) measured the freshwater discharge from Kinvarra Bay, using the 

simple tidal prism method. Salinity and the tidal level at HT and LT in the bay were recorded 

and used in the calculations. The proportion of freshwater was then calculated and was 

multiplied by the volume of the bay. From their results, they notice the SiGD from Kinvarra 

bay represents a significant proportion of the freshwater budget of Galway Bay. They also 

examined the relationship between the rainfall in the catchment and the rate of 

groundwater discharge into the bay. Data show that even following extended periods of high 

rainfall, the part of the system discharging into Kinvarra Bay is able to quickly ramp up the 

discharge volumes, returning to background levels of discharge as soon as there a few 

consecutive days of dry weather: a number of additional pathways for the discharge of 

groundwater into the bay may be used in wet periods.  
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Figure 35: Maps showing the locations that are influenced by seawater based on geochemical data (A) and 

that are tidally influenced based on hydrological data (B) in the Burren (after Petrunic et al. (2012)). It has 

been completed by boreholes that were monitored by the OPW (1997) and Einsiedl (2012). Information for 

turloughs/loughs (filled triangles) is taken from: (1) Drew (1990); (2) Drew and Daly (1993); (3) OPW (1997); 

and (4) Drew (2001). Background boreholes are not influenced by seawater or/and not tidally influenced. 

(A) 

(B) 
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Smith and Cave (2012) studied Kinvarra and Aughinish Bays (which are adjacent), to establish 

the influence of freshwater inputs on nutrients and dissolved organic carbon in each bay. 

They used the same tidal prism method after Cave and Henry (2011): the long-term salinity 

data collected show that salinity in Kinvarra Bay is very strongly affected by inputs of 

freshwater year round, while Aughinish appears to receive significant inputs of freshwater 

only during periods of major floods. 

Together, these studies on SiGD allow qualitative (Einsiedl, 2009) and quantitative (Cave and 

Henry, 2011; Smith and Cave, 2012) approaches of the understanding of SiGD into bays from 

lowland karst area located beside the Burren. Despite the karst in this lowland area showing 

a better development than in the Burren (cf. chapter III.3.1.c) shapes of the bays are similar 

and same approach can be use in the Burren and particularly in Bell Harbour catchment (cf. 

chapter VI.1.1.b). 

III.6.1.c Diagenesis of carbonates in the freshwater-seawater mixing 
zone 

In the freshwater-seawater zone, a mixing of calcite-saturated waters may lead to 

undersaturated solutions thus having a potential for calcite dissolution. Observation of 

calcite undersaturation and/or calcite dissolution in coastal aquifers have already been 

demonstrated in previous study, e.g. in Yucatan, Mexico (Back et al., 1986; Stoessell et al., 

1989), in Bahamas islands (Mylroie et al., 1990; Smart et al., 1988) or in Grand Cayman, 

British West Indies (Ng et al., 1995).  Yet, some mixing zones are also reported where calcite 

undersaturation does not take place, e.g. at Bermudas in Florida (Plummer et al., 1976), in 

the Biscayne aquifer, Florida (Maliva et al., 2001) or in Bahamas island (Melim et al., 2002). 

In the Burren area, a distinctive suite of karst features are developed on exposed limestone 

on the shore between high and low seawater mark: characteristic of these zones are pools, 

pinnacles and often sharply fretted limestone surfaces which have a morphology quite 

distinct from limestone  surfaces  found  in  the  terrestrial  zone (Drew, 2001). Simms (2005) 

assumes that seawater in general is too saturated with carbonate for significant dissolution 

to occur directly, but bioerosion by a range of macroscopic and microscopic animals, and by 

endolithic algae, is recognised as a significant component of this process. Moreover, these 

karst features have not been observed in dark drowned caves along the Burren coast which 

could confirm these dissolutions may be due almost entirely to bioerosion and not from 

undersaturation with respect to calcite unlike some places in the world. 
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III.6.2 Bell Harbour catchment 

III.6.2.a Seawater intrusion and tidal influence 

This current study is the first to examine seawater intrusion in Bell Harbour catchment. 

Results from a larger zone – The Burren and lowlands area along the south of Galway Bay - 

indicate that Muckinish Lake and boreholes along Finavarra Peninsula are affected by 

seawater and that a tidal influence has been observed at least up to 1km from the coast 

(Figure 35, A and B) (Petrunic et al., 2012).  

This project aims to better understand seawater intrusion mechanisms in Bell Harbour 

catchment by focusing specifically on hydraulic gradient variations between groundwater 

head and seawater level in the bay. Different methods have been used and are explained in 

next chapters. 

III.6.2.b Submarine and intertidal groundwater discharges (SiGD) 

Five main intertidal springs have been referenced along the east side of the shore of Bell 

Harbour (Figure 32). Discharge from these springs are however quite small in comparison 

with the catchment size and it is therefore expected that larger submarine springs are to be 

found in Bell Harbour bay.  

From aerial photography of the bay of Bell Harbour, dark spots are evident, suggesting a 

difference in substrate makeup (or absence) and are situated along the assumed extension 

of McDermott’s fault (Figure 36). Moreover, LIDAR map shows presence of channels from 

these spots up to the outlet of the bay: these channels have certainly been dug by SGD from 

these cavities (Figure 37). Geophysical investigation of this fault has been completed, using 

electrical resistivity tomography, as part of this ongoing research. Initial indications suggest 

that the fault extends beyond its current mapped extent running through Bell Harbour Bay 

(O'Connel, 2012): this fault could be then a preferential path for groundwater flow and the 

dark spots (red dots, Figure 36) are therefore assumed to be submarine groundwater 

springs.  

This assumption is discussed more in chapter VI.1.2 where quantitative SiGD of Bell Harbour 

catchment has been evaluated using the tidal prism method. 
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Figure 36: Location of submarine groundwater springs (red dots) assessed into the bay of Bell Harbour along 

the extended Mc Dermott’s fault. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Observation of channels dug from the three cavities which are assumed to be submarine 

groundwater springs (red circle).
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CHAPTER IV - SET UP OF A MONITORING NETWORK TO 
ASSESS THE INFLUENCE OF RECHARGE AND 
TIDE ON SALTWATER WEDGE 

IV.1 Monitoring network 

IV.1.1  Exploration of the area 

The current project forms part of a larger study of the coastal karst found along the 

southern shore of Galway Bay, extending from Black Head in the west to the Kinvarra area 

in the east. Extensive field studies have been completed in this wider area (cf. chapter III.6) 

and from this work a monitoring network was developed for this study. 

In this project the focus is on the Bell Harbour catchment, and the first objective was to 

establish a monitoring network in the area. Several boreholes and intertidal springs were 

already known from former studies (Elder, 2008; Petrunic et al., 2012) and bibliography 

(Drew, 1990; Drew, 2003), but new work was completed: 

 Surveying (using RTK GPS) and logging the location of boreholes already entered in the 

database and meeting the well owners (almost all are private boreholes). Several full 

days were allocated to this objective; 

 Finding new boreholes to ensure that the database was as extensive and as wide as 

possible over the catchment: this involved going door-to-door to talk to householders 

and farmers. If the borehole was suitable for installation of monitoring equipment and 

if the owner agreed to participate in the project, the borehole was added to the 

database. This was a slow process that took several full weeks to complete; 

 Walking along the coast of the bay of Bell Harbour to identify and map known and new 

intertidal springs. Several full days were allocated to this objective; 

 Identifying karst features (terrestrial and intertidal springs, lakes and turloughs, swallow 

holes and caves) on the Discovery series 1:50,000 maps, and on the six inches to one 

mile maps (six inch maps) from the OSI website (www.osi.ie): their presence was 

confirmed by walking in the study area. David Drew recommended use of the six inch 

maps. They were first published in 1846 and contain large amounts of information not 

present on newer maps. About 10 days were allocated to this objective. Aerial 

photography and the LIDAR map of Bell Harbour bay helped to identify several circular 

features in the middle of the bay which may be submarine groundwater springs; 

 Identifying possible locations for placing a logger in the bay of Bell Harbour: from 

former studies (Cave and Henry, 2011; Smith and Cave, 2012), a local fisherman who 

grows mussels was contacted and use of his mussel cages as an anchor for the logger 

was arranged. 
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IV.1.2 Characteristics of the monitoring network 

IV.1.2.a Map of the monitoring network 

Monitoring points and sinks used for collecting data or water tracing are shown in Figure 38 

and the details of each location are discussed below. Names of intertidal springs have not 

been included to avoid making the map difficult to read but they are shown in Figure 36.  

IV.1.2.b Boreholes 

Many people in the area have their own wells, for domestic and/or agricultural use (for 

cattle). These wells are used for several hours per day and each pumping system is unique: 

some are regular with water pumped every day for exactly the same number of hours and 

others are used on an irregular basis, with water pumped only when the water stored in 

header tanks falls below a certain level. The total amount of water pumped from the entire 

system is highly variable and difficult to estimate accurately.  

All the boreholes found in the catchment are listed in Appendix A-1. As the database was 

built from previous work (Elder, 2008; Petrunic et al., 2012), names and number were 

already assigned for some of them. Numbers were thus kept and the new ones were added 

at the end of the list from B55. B55 (an open well) was first identified as a borehole but 

during the project it was felt more appropriate to class it with the two other lake/turlough 

and was renamed L02. The depth of the groundwater was estimated from the top of each 

borehole wich was leveled using a RTK-GPS (Appendix B-1). Problems encountered during 

the monitoring are given in Appendix A-1 and was a constraint for the monitoring: no 

measurement was possible in some boreholes, and only discrete measurements using a 

dipmeter were possible for others. Thus, continuous data collection was only possible at 

some locations. General characteristics for the boreholes continuously or/and discretely 

measured are reported in Appendix A-2: they were collected by talking with the well owners 

and from initial observations in the field. 

IV.1.2.c Intertidal springs 

While many small intertidal springs are found along Bell Harbour Bay, only five springs are 

significant: 

 Bell Harbour Quay spring (named BH Quay): diffuse springs emerge from both side of 

the wall which surround the quay creating a channel at LT (Figure 39, a, b); 

 Bell+1 and Bell+2 springs: emerge from rocks on the beach in a diffuse way and flow 

in the channel at LT (Figure 39, c, d); 

 Oyster spring: emerges from tunnel excavated into a cliff of calcreted glacial drift 

which sits on top of the limestone and flows in a basin at LT. This spring was often 

dry at LT during spring and summer 2013 (Figure 39,e); and, 

 North Fanore spring (named NF): emerges from the limestone (Figure 39, f). 
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Figure 38: Monitoring network of the karst in Bell Harbour catchment. Poll Na Gonzo cave is estimated 

outside the catchement. 
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Figure 39: The five intertidal springs on the eastern coast of Bell Harbour Bay: (a) BH Quay, (b) channel 

formed from BH Quay, (c) Bell +1 spring, (d) Bell +2 spring, (e) Oyster spring, (f) NF spring (photography 

taken by Bradja S. (e) and Perriquet M. (a,b,c,d and f). 

 

Oyster spring has by far the highest flow rate; however during “extreme” dry weather, it is 

one of the first springs to be dry (Figure 39, e). Thus, this spring seems very reactive to 

precipitation. The other springs run continuously and appear to be less directly influenced 

by rainfall response (wet or dry periods). Discrete data were collected at all these springs 

and two of them -Oyster and BH Quay- were selected for a continuous monitoring. 

IV.1.2.d Land springs 

Many terrestrial springs are found in the catchment and are typically found on the slopes of 

the hills. The two most important found during the exploration have been referenced and 

discrete data have been collected to assess the geochemical characteristics of these waters: 



CHAPTER IV – SET UP OF A MONITORING NETWORK TO ASSESS THE INFLUENCE OF RECHARGE AND TIDE ON SALTWATER WEDGE 

98 

 

 Abbey spring is close to a holy well: the water is collected by a pipe in a small tank; 

the water goes underground quickly after rising (Figure 40, a); 

 Gortaclare spring rises along the road: it rises from the rock and runs several 

hundred meters to the north before flowing into Turloughnagullaun Lough during 

high water periods or sinking underground during low water period when the 

turlough is dry (Figure 40, b, c).  

Figure 40: The two land springs monitored inside the catchment: (a) Abbey spring, (b) Gortaclare spring, (c) 

stream running from Gortaclare spring (photography taken by Perriquet M.). 

IV.1.2.e Lakes and turloughs 

Two of the three turloughs and one of three permanent lakes in the catchment were 

monitored (two others lakes are located in Finvarra peninsula which is outside the study 

area):  

� Muckinish Lough (L01): this permanent lake 

is the closest to the coast (550 m from the 

shore) and it is brackish. Several springs 

along the southern edge (possible 

estavelles?) were recorded (Figures 38 and 

41). 

Figure 41: Muckinish Lake (photography taken by Eoin 

Wynne). 

 

� Luirk Lough (L02): this turlough is easily accessible and located beside a house 

approximately 835m from the coast (Figure 38). The logger has been installed in an 

open well where water is always present (Figure 42, a, b). Estavelles are noted in the 

surrounding fields (Figure 42, c) at the south of the turlough close to the open well. It 

is assumed the turlough is filled and emptied mostly by them. 

(a) (b) (c) 
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(a) (b) 

(c) 

 

 

 

 

Figure 42: Luirk Lough (L02) when it is dry (a) and full (b); estavelle beside the open well (c) (photography 

taken by Perriquet M.). 

 

� Turloughnagullaun Lough (L03): this turlough is located further inland at about 4000m 

from the coast. Estavelles have been recorded in the middle of the turlough. During 

wet periods this turlough can be up to 10m deep (Figure 43, a, b) and it has 

connections with others turloughs in the area: some are located on the map and 

others not. From field observations completed during this study, it has been noticed 

that the first water appears from estavelles in the Gortaclare area: this forms a small 

turlough and surface flow connects to other small turloughs to L03. Connections might 

also be possible with Gortboyheen Lough which is located further north.  

Figure 43: Turloughnagullaun Lough (L03) when it is dry (a) and full (b) (photography taken by Perriquet M.). 

 

For this project, the term “lake” has been employed for these three features even if L02 and 

L03 are technically turloughs. 

IV.1.2.f Other karst features  

Two other karst features need to be highlighted as they were used for doing water tracing 

during the study: 

(a) (b) 
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� Oughmama spring located at the base of Slieve Oughmama: the water rises from the 

rock and sink underground within a few metres. 

� Poll na Gonzo cave, which is located four kilometres north of Carron village and 

outside the delinated catchment. It was discovered recently (2009) by Colin Bunce 

from the Clare Caving Club (Figure 44).  

Figure 44: Diagram of the cave Poll Na Gonzo (from Clare Caving Club web site: 

http://clarecavingclub.wikispaces.com/home) 

 

The cave has developed in the limestones of the Aillwee member (alternations of thick 10-

12m limestone beds and thin (usually <0.2m thick) clay bands) of the Burren formation. The 

entrance is a collapse doline which it hidden in hazel scrub at an altitude of 116 metres. It is 

divided in two sumps with water flowing in both: one going to the north and the other one 

to the south. In the winter 2009/10 the flow of the river was estimated at 100 l/s. In 

summer, it was reduced to about 10 l/s of that flow but never ran dry. The ultimate fate of 

the water has yet to be determined: water levels were recorded at an altitude of 31m above 

Means Sea Level (MSL) which could be the local water level of the regional water table. It is 

virtually the same level as the Fergus Risings which are located approximately 10 kilometres 

to the south. Alternatively the water may flow eight kilometres north to the submarine 

spring at Bell Harbour or possibly to those at Corranrro (11km northeast) along the 

projected fault line. It is however assumed the water going to the north sump may flow to 

Bell Harbour Bay rather than to Fergus River to the south (D. Drew, personal 

communication). A tracer test was completed to assess this assumption. 

N S 
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IV.1.2.g Bay of Bell Harbour 

In the aim to estimate the freshwater discharging into the bay of Bell Harbour from 

submarine and intertidal groundwater springs, Loggers were installed in the middle and at 

the mouth of the bay: mussel cages were used in the middle of the bay (Figure 45 a, b). The 

data collected allows for determinations of the water levels (WL) and the 

salinity/conductivity and can be used in estimating freshwater loading to the bay. 

Figure 45: Mussel cages in the middle of the bay (a and b) (photography taken by Perriquet M.). 

 

IV.2 Parameters measured 

IV.2.1 Climatic data 

IV.2.1.a Rainfall stations 

Long term rainfall data are only available at two stations located at Kinvarra and Galway 

(Hickey K.R., 2005). Kinvarra village is located on the east of the Burren hills in the middle of 

a vast lowland karst area. 

For this project, the rainfall at Ballyvaghan and Carran collected by Met Eireann, were used. 

Ballyvaghan is a village immediately west of Bell Harbour and Carran is positioned at the 

extreme south of the catchment study: its altitude (134 m above MSL) is half way between 

the valley and the Burren plateau. The data sets from both locations are incomplete and 

there are large time gaps present. Data was also taken from the Galway station at the 

National University of Ireland Galway (NUIG) despite its location on the north side of Galway 

Bay. This station has been closed since the 31st of December 2012 but data is now collected 

by the Informatics Research Unit for Sustainable Engineering (IRUSE) managed by 

http://www.iruse.ie/. The rain gauge is a tipping Bucket ARG 100. 

An ARG 100 gauge was installed in the middle of the Bell Harbour catchment as part of this 

study (at the Burren Outdoor Centre). The rain gauge is a tipping Bucket ARG 100 of 

dimensions 120 x 80 x 55mm, made by Environmental Measurements Ltd (Figure 46). The 

(a) (b) 
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gauge was fitted to an anchor plate which was buried about 0.15m below the ground 

surface. The gauge was levelled and then the soil was backfilled around it. Descriptions of all 

these stations are found on the Table 5 and their location on Figure 47. 

 

 

 

 

 

 

 

 

Figure 46: The tipping Bucket ARG 100 set up in Bell Harbour 

valley. 

 

 

Figure 47: Location of the different climatic stations: rainfall, potential evapotranspiration (P ETP) and 

temperature stations. 
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Table 5: Location, position, altitude, availability and frequency of the data for each rainfall stations around 

Bell Harbour catchment. 

 

IV.2.1.b Tide 

♦ Monitoring stations and data available 

High frequency tidal height data for Bell Harbour Bay was needed for the project. Two 

options were considered:  

 The Belfield software tide plotter: this model is able to calculate the tide height data 

in Galway Bay at five minutes time interval         

(http://www.chartsandtides.co.uk/TidePlotter); 

 The tide height data recorded at the Galway port tide gauge (Tide-G) with a six 

minutes time interval can be accessed from the Irish Marine Institute 

(http://data.marine.ie/). 

 

The second option was chosen in order to have the real tide level. This six minute data set 

was then converted to five minutes step by linear interpolation allowing for direct 

Location source Position Altitude Data available Frequency 

Kinvarra 
Met 

Eireann 

137400 E 

210200 N 
11 m 01/01/1965 to 15/02/1999 daily 

Ballyvaghan 
Met 

Eireann 

121500 E 

208300 N 
23 m 

01/01/2010 to 30/06/2011 

01/01/2012 to 31/03/2012 

01/05/2012 to 31/08/2012 

daily 

Carran 
Met 

Eireann 

127700 E 

198200 N 
134 m 01/01/2010 to 31/08/2012 daily 

Galway 
Kieran 

Hickey 

129295 E 

226011 N 
8 m 07/01/1861 to 31/12/2002 daily 

Galway 

(NUIG) 

Met 

Eireann 

129000 E 

225600 N 
14 m 01/01/2010 to 31/12/2012 daily 

Galway 

(NUIG) 
IRUSE 

129295 E 

226011 N 
21 m 01/01/2011 to 31/08/2013 hourly 

BH outdoor 

centre 

Griffith 

project 

128406 E 

206129 N 
32 m 29/08/12 to 31/08/2013 hourly 
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comparison with salinity and WL data collected from the other stations. The period of the 

data requested have been selected to be matched with the period of the data collected 

inland. 

 

However, due to the shape and the narrow entrance of Bell Harbour bay, it has been 

assumed there is a delay between the tide height measured at Galway port and the tide 

height inside Bell Harbour (Tide-BH). Thus, measurements at Galway port have been 

compared with the WL data collected at two intertidal springs: Oyster spring and BH Quay. 

However, WL at these springs show only tidal movements at HT as the water is completely 

removed from these points at LT. A logger was installed on the mussel cages in the middle 

of the bay for about three month in order to get the entire tidal pattern. The delay 

estimated from these sets of data is explained in the section VI.1.2.a and tide-BH has been 

estimated from it. 

♦ Tidal patterns 

The tide at Bell Harbour is a semi-diurnal ebb and flow cycle with a period of about 

12.4 hours superimposed on a fortnightly variation of tidal range, with spring maximums 

and neap minimums. This results from the variation in gravitational attraction due to the 

relative positions of the sun and moon. The maximum tidal range is about 5.5 m during 

spring tides and about 2 m during neap tides. 

 

IV.2.2  Water level, specific conductivity, temperature and discharge 

IV.2.2.a RTK GPS measurements 

All data collection locations were mapped using an RTK GPS unit. The vertical reference 

datum is the Malin Ordnance Datum which is the MSL at Portmoor Pier, Malin Head, County 

Donegal between 1960 and 1969. The reference system chosen for horizontal location is the 

Irish National Grid 1975. 

Data collection points at 16 boreholes, 2 intertidal springs, 2 terrestrial springs, 2 turloughs 

and 1 lake in the catchment have been geo-referenced. Coordinates and fieldwork 

descriptions are given in Appendix B1 and B2. Vertical accuracy is critical: the vertical 

measurement need to be particularly accurate (about 0.01 m) to allow comparison with the 

WL data.  

IV.2.2.b Discrete data 

At the beginning of the project, discrete data at boreholes, springs, lakes and turloughs 

were been collected to characterise the general variations in WL (where possible), specific 

conductivity (SpC) and temperature at different points in the catchment. Descriptions of 
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fieldwork and time measurements for all these monitoring points are given in Appendix C1. 

Fieldwork for vertical salinity profiles in boreholes is described in Appendix C2 and fieldwork 

for the salinity mapping survey of Bell Harbour is described in Appendix C3. 

IV.2.2.c Continuous data 

♦  CTD loggers in boreholes, lakes and intertidal springs 

SpC and Temperature data were measured continuously, and WL data was recorded with all 

but two of the loggers. Three different types of logger have been used to collect data: 

 Five (5) In Situ Aqua TROLL 200 loggers were used in boreholes. They were 

connected with a vented cable to take account for atmospheric pressure. This sensor 

can resolve pressure level to ± 0.05 % Full Scale, temperature to ±0.01°C and SpC to 

± 0.1 µS/cm. 

 Three (3) CTD-Divers were installed at two intertidal springs and one turlough. A 

Baro-Diver installed adjacent to borehole B05 allowed for barometric compensation. 

These sensors can resolve pressure level to 1 cmH20, temperature to ±0.01°C and 

SpC to ± 0.1 µS/cm.  

 Two (2) Seabird MicroCATs (model number SBE 37-SM RS-485) were installed at a 

lake, two turloughs and in the middle of the bay for different periods over the course 

of the study. The SBE-37 MicroCAT has a robust external titanium housing and 

protective cell guard and is specifically designed for long-duration autonomous 

moorings. This sensor can resolve pressure level to ± 0.1 m, temperature to 

±0.0001°C and SpC to ± 0.1 µS/cm.   

Measurements were checked in the laboratory for all CTD-Divers and In Situ loggers: a 

transparent water column was used for checking the pressure and a solution conductivity 

standard was used for checking salinity. All loggers were installed progressively in the field: 

fieldwork descriptions for logger installations are available in Appendix D and dates of 

installation are reported in the calendar with precipitation and tide data (Table 6).  

The loggers were removed from the field at the end of April 2011 (except for the Microcat 

located in the inner of the bay) and were replaced in December 2011 covering two discrete 

blocks of time: Session I covers the period between August 2010 and April 2011, and Session 

II covers the period between December 2011 and August 2013. In Session I, a 15 minute 

time step was used; this was changed to a 5 minute step in Session II. Only the Microcat 

loggers have longer time steps (Table 6). 

All the data from the land based loggers were downloaded monthly while those in the bay 

were downloaded every two to three months: SpC, Temperature and WL were measured 
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using a YSI probe and a Solinst dipmeter to assess any drift with the logger data. Data were 

downloaded at the same time and desiccant caps on the In situ logger cables were changed. 

 

IV.2.3 Water chemistry 

Two rounds of water chemical sampling were completed to assess the major cations and 

anions conducted inside the catchment over two days of a spring tide period: 

� A full sampling event was conducted at LT on 21st March 2011 at 2 land springs, 5 

intertidal springs, 13 boreholes, 2 lakes and 1 cave. 

� The second campaign was done at HT on 23rd of March 2011 at the measurement 

points the closest of the seashore (6 boreholes and 1 lake) in order to observe any 

influence of the tide at these points on the geochemistry of groundwater.   

Parameters that were measured included:  

� major cations (Ca, Mg, K, Na) and Iron;  

� major anions (Cl, SO4, NO3, HC03);  

� salinity and temperature using a multi-probe meter (YSI 556 MPS).  

Details of monitoring points sampled and fieldwork descriptions are given in Appendix C4. 
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Table 6: Calendar of logger installations at monitoring points during Sessions I & II.  

Tide and precipitation data available are included. 

.

 

 

2010 2011 2012 2013 

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

Monitoring points Session I 
 

Session II 

B03 
 

27
th

               In Situ logger                    14
th  

        
14

th
                                                        Insitu logger                                                                             8th    

B05 
 

27
th               In Situ logger                    13

th 
         

15
th                                                        Insitu logger                                                                             8th    

B08 
  

30
th

           In Situ logger              13
th 

         
Breakdown 6

th                                             Diver                                        8th    

B57 
     

9
th  In Situ logger  14

th 
         

17
th

                                                          Insitu logger                                                                            8th    

B59 
  

30
th                    In Situ logger                30

th 
        

                    

B15 
                 

17
th

                                                                   Insitu logger                                                                   8th    

Oyster 1
st  Diver 

 
                   Diver                      30

th 
        

                    

BH quay 
       

7
th             Diver    16

th
   

      
16

th
                                                        Diver                                                        12

th       

L03 
      

25
th

Microcat 20
th 

        
16

th
            Diver             11

th                

L02 
                 

16
th                                                                          Diver                                                                        8th    

L01       25
th              Microcat          13

th      16
th                  Microcat (only SpC and temperature data)                   9th        

Bay (1 m depth)     1
st                    Microcat                     8th        10

th                                                        Microcat (2 gaps of 2 weeks)                                                               28
th 

Bay (6 m depth)       5
th

Microcat 18
th                               

Precipitations  

NUIG (Met Eireann)   1
st                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

31
st

         

NUIG (IRUSE)   1
st

                                                                                                                                                                                                                                                                                                                                                                                                         31
st

 

BH outdoor centre                          28
th

                                                                                                                      31
st

 

Tide  

Galway port 1
st

                                                                                                                                                                                                                                                                                                                                                                                                                                31
st

 

Bay (bottom)                              22
nd   Diver   26

th      

Legend 

    5 minutes time step 

  

6 minutes time step 

  

 

15 minutes time step 

  

 

20 minutes time step 

    30 minutes time step 

  

hourly 

  

daily 

 

15
th 

 15
th 

Day of the month when logger was set up 

Day of the month when logger was removed   

Frequency of the monitoring 
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IV.3 General comments about the monitoring network and data 

acquisitions with time 

IV.3.1  Gaps in the data 

Ideally, continuous data would have been collected at boreholes, lakes and springs for at 

least two years. However, for a variety of reasons, it was not possible to fully cover this time 

period. Issues arose with logger availability and some of the recovered data were not 

useable. For example, CTD-Divers left at the two intertidal springs (Oyster and BH Quay) 

show a drift in the SpC data after several months of data collected (Appendix H and Figures 

67 and 68): either SpC was very low at HT (at BH Quay) or higher than seawater SpC value 

(at Oyster). This drift is certainly due to a tidal alternation of the SpC between seawater 

salinity at HT and brackish to freshwater at LT: loggers may be affected due to these strong 

and quick SpC variations which lasts in the time. 

 

IV.3.2 Issues in data acquisition 

Other field data collection was planned, completed or amended during the project: 

� A pumping test was planned at B59 in order to compare this estimation of diffusivity 

with the ones by using Ferris equations (cf. section VI.2.1). B59 was the only 

borehole known inside the catchment that was not in use; it had been drilled out but 

no pump or cabling had been installed in it. It was an ideal location in the middle of 

the catchment. The owners had agreed to the test and the driller had visited the site 

to plan the logistics of the test. However, on the day that all equipment was 

deployed for starting the test, the owners decided to withdraw from the project and 

the test was abandoned. 

� Tracer tests: tracers were injected on 25th of March 2011 at two sinks, Oughmama 

Churches (Figure 48) and Poll na Gonzo Cave at 89.9 m depth (26.3 m above MSL) by 

two cavers: the spring into the cave is dividing in two, some water going to the north 

and other to the south. It was decided to put the tracer into the water flowing north 

in order to have a better chance of finding the tracer at the intertidal springs at Bell 

Harbour as the main objective was to define better the boundary catchment of Bell 

Harbour. Table 7 gives details of injections. Samples of water were collected at 10 

intertidal springs (at LT) located to the north of the two sinks and at four land springs 

located to the south every day after the injection for a period of three weeks (Figure 

49). The samples were stored in 100ml dark glass bottles stored and transported in 

cool boxes (away from light) and refrigerated until analysis. Analysis was carried out 

using a fluorometer at the GSI in Dublin, but the results were inconclusive.  



CHAPTER IV – SET UP OF A MONITORING NETWORK TO ASSESS THE INFLUENCE OF RECHARGE AND TIDE ON SALTWATER WEDGE 

109 

 

These results are surprising because all springs known to be in connection with the two 

sinks have been sampled. However, the period when the injection took place was 

particularly dry and flow at Oughmama sink was very low. It could explain the tracer was not 

found at intertidal springs in Bell Harbour: indeed, another tracer test – with about the 

same quantity of tracer - was done few years ago by David Drew at the same sink and tracer 

was found at the BH spring. Concerning the tracer test into the cave, cavers reported water 

was flowing strongly where Fluorescein was injected despite the dry period: the tracer was 

not found at the intertidal springs to the north nor at land springs to the south: it is thus 

assumed this water could flow out further by submarine groundwater springs either at Bell 

Harbour Bay or Corranroo Bay. 

 

Table 7: Details of tracer injections at the two sinks. 

Sink  Oughmama Churches Poll na Gonzo Cave 

Date 25/03/2011 at 11 am 25/03/2011 at 3:30 pm 

Easting 130526 128178 

Northing 207826 200813 

Tracer used Rhodamine (liquid) Fluorescein (liquid) 

Quantity 7 litres 10 litres 

 

 

 

 

 

 

 

 

 

Figure 48: Injection of seven litres of Rhodamine at the sink of Oughmama churches. 
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Figure 49: Location of sinks where tracers were injected and springs where samples were collected. 

 

 

 

 

 

Spring’s Lettres Location Name 

A Corranroo Quay 

B Corranroo East 

C Corranroo West 

D New Quay 

E L. Murree Drainage 

F North Fanore Spring 

G Bell Harbour  

H Oyster spring  

I Bell + 1 

J Bell+2 

K Gortaclare  

L Elmvale 

M Cross Bridge 

N Popular Bridge 
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CHAPTER V - INITIAL ANALYSES OF DATA COLLECTED IN THE 
FIELD 

 

In this chapter detailed analyses of SpC, WL and Temperature data collected inland (at 

boreholes and lakes) and along the shore (at intertidal springs) are presented. Discrete and 

continuous data are assessed and analysed as a function of precipitation events and/or tide 

variations as appropriate.  

 

V.1 Hydrodynamic response to recharge events and tidal 

oscillation 

 

This section is based on typical data collected at monitoring points inland. Figure 50 and 

Appendix E show SpC, WL and temperature data collected continuously at six boreholes 

(B03, B05, B08, B15, B57, B59), one lake (L01) and two turloughs (L02 and L03). These data 

are plotted against daily precipitation from NUIG and tide-BH. Hydraulic gradient between 

WL and seawater level is also represented. 

SpC, WL and temperature at the various monitoring points varied as a function of 

precipitation and tidal height. Each data set (SpC, WL and temperature) are observed and 

compared between different monitoring points in the next sub-sections and variations due 

to the precipitations and/or the tide are explained visually here. In Chapters VI and VII, 

these data are further analysed to understand the relative influence of the tide and 

precipitation on the WL and SpC data at these different locations. As part of the H2karst 

conference in Besançon in France, some results concerning the groundwater level responses 

to rainfall events are presented in Appendix K. 

 

V.1.1  Temperature variations as function of different meteorological 
periods 

Continuously recorded temperature data from each monitoring points are given in Appendix 

E and some detailed examples of these data are shown below. Table 8 shows the most 

pertinent information from temperature data: 

� Groundwater temperature observed at the six boreholes ranged from 10.2 to 11.4°C: 

B15 exhibited the lowest range of temperature variations and B08 the highest (Table 

8). 
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Figure 50: Example of 

continuous data (temperature, 

SpC, WL) monitored at 

borehole B05, plotted with 

tide-BH, precipitation at 

Galway and hydraulic gradient 

from the 27
th

 of August 2010 to 

the 4
th

 of January 2011. The 

hydraulic gradient corresponds 

to the difference between the 

WL at the monitoring point and 

the sea divided by the 

distance.
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Table 8: Range or variations of temperature observed at each monitoring point when it is not 

specifically influenced (“stable” temperature) and when it is influenced by rainfall events, daily 

variations, the tide and any pumping. 

 

� Water temperature of the lakes showed a larger range of temperature fluctuation 

than groundwater temperature due to the direct exposure to the atmosphere across 

a large surface area: L01 and L03 had the largest range of temperature (L03 did not 

show high temperature as this turlough is dry in summer time). Data from L02 was 

collected from a logger sited in a covered shed which could explain the lower range 

of temperature (Table 8). 

� A decrease of temperature associated with some rainfall events occurred at B05, 

B08, B57, L02 and very slightly at B59 (Table 8, Figure 51 , b). Conversely, an increase 

of temperature was sometimes observed at B15 following larger magnitude rainfall 

events (Appendix E). 

 Range of “stable” 

temperature (°C) 

Influence of 

rainfall events 

Daily 

variations 

Tidal 

variations 

Influence of 

pumping 

B03 10.6 – 11.2 no no no 
10.0°C min. or 

12.0°C max. 

B05 10.8 – 11.0 
decrease up to 

9.5°C min. 

variations of 

~ 0.5°C 
no no 

B08 11.2 – 11.4 
decrease up to 

9.6°C min. 
no no no 

B15 10.2 – 10.4 
increase of ~ 

0.2°C 

variations 

up to 0.2°C 
no no 

B57 ~ 11.0 
decrease up to 

10.4°C min. 
no no 

little variations 

(~ 0.1°C) 

B59 ~ 11.0 
decrease of ~ 

0.1°C 
no no no 

L01 4.0 – 22.0 no variations of 1.0 – 5.0°C - 

L02 8.0 – 14.0 
decrease of ~ 

2.0°C 
no no - 

L03 4.0 – 16.0 no 
variations 

up to 2.0°C 
no - 
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Figure 51: Examples of temperature, water level, 

specific conductivity, tide-BH and Galway 

precipitation on several days at different monitoring 

points. Daily variations on temperature and specific 

conductivity are observed on graphs (a), (c), (d) and 

(e), influence of rainfall events are shown on graph 

(b) and tidal variations on graph (d). 

(a) (b) (c) 

(d) (e) 
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� Daily variations of the temperature were noticed at B05, B15, L01 and L03 (Table 8, 

Figure 51, a, c, d and e): the same variations occurred with SpC (except at B05) and 

occur when water level is low at L03 (<22 m): daily variations of atmospheric 

temperature may influence water temperature at these points. 

� Tidal temperature variations were only observed at L01 and were often “mixed” with 

daily variations (Figure 51, d). 

� Strong pumping effect on temperature was only observed at B03 and is clearly visible 

at B03 (Appendix E): increase of temperature up to 12°C occurred and a decrease up 

to 10°C was sometimes observed during winter time. Little variations on 

temperature due to pumping were observed also at B57. 

 

V.1.2 Variations of water level data as a function of different 
meteorological periods 

V.1.2.a Description from discrete water level data 

♦ General changes over time  

The first WL data collected were discrete and are shown in Figure 51 covering the period 

from January 2010 to May 2011 with precipitation from NUIG. Precipitation occurred 

throughout this period but two particularly large events occurred between 3rd to the 13th of 

September with 125 mm of rainfall and from the 20th of October to the 20th of November 

with 240 mm of rainfall, respectively.  

WL at the boreholes responded fairly quickly to these precipitation variations. It was 

however difficult to observe it at B10, where there was insufficient data: monitoring 

stopped in August 2010 just before the strong precipitations events. Several metres of WL 

fluctuation amplitude are observed for the ten boreholes: only amplitudes at B03 and B57 

seem dampened. However, observations are done on discrete data and as WL in karst 

aquifer can react quickly, some peak of WL could be missed and WL amplitudes could in fact 

be more important if measurement had been done at another time. B08 shows the highest 

peak (the 19th of November) but again, it would be needed to observe continuous data to be 

certain this measurement point is representative of the general pattern of WL data. The lake 

L02 is the location where the dampening of WL variations is unequivocal: it can be explained 

by an inertia effect due to the presence of large volume of surface water. 

Moreover, WL observed at boreholes can be influenced by tidal variations and/or pumping 

effect. As much as possible, measurements were taken when pumps were off. WL at B05 

was monitored over a day from 10am to 4pm on 20th of May 2010 with a time step of 

5 minutes and the sinusoidal patterns noticed correspond to tidal variations (Figure 52).  
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Tidal variations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Water level collected at 10 boreholes and 1 lake inside the catchment (Discrete data).
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♦ Spatial overview 

WL data collected simultaneously (the same day) at several boreholes and lakes have been 

used to create piezometric maps using SURFER software at different times of the year. 

While these maps do not represent the actuality of this heterogeneous aquifer they do 

provide a useful indication of groundwater flow direction: 

 Map from groundwater level measured the 11th of August 2010 is representative of a 

dry period with a low water table. Data collected at nine boreholes (B03, B05, B08, 

B10, B14, B15, B56, B57, B59) and one lake (L02) were used to create the map in 

Figure 53. 

 Map from groundwater level measured the 19th of November 2010 is representative 

of a wet period with a high water table: a large rainfall event occurred from the 22nd 

of October for 27 days. Data collected at eight boreholes (B03, B05, B08, B14, B15, 

B56, B57, B59) and two lakes (L01 and L02) were used to create the map in Figure 

54. 

 

The piezometric maps are focused on the central portion of the study area (the valley): in 

the upland portions of the area flow is typically controlled by impermeable clay beds in the 

limestone, with flows occurring on and below ground. Red arrows represent these flows. 

For both periods, the overall groundwater flow directions are similar: north-south direction 

for the valley and east-west direction for the north-eastern part of the catchment (where 

B05 and B03 are located). 

During the dry period, hydraulic heads at the south of the catchment are about 20 m 

above MSL and are about 6 m above MSL at the north-eastern part (Figure 53). Estimated 

hydraulic gradients in these two regions are thus estimated at 0.5 % and 0.2 % respectively. 

During the wet period, hydraulic heads at the south of the catchment are about 26 m above 

MSL and are about 8 to 10 m above MSL at the north-eastern part (Figure 54). Estimated 

hydraulic gradients are thus estimated in these two regions at 0.8 % and 1 to 2 % 

respectively. Hydraulic gradients can increase strongly during wet events in the valley and 

can reach 2%. 

Figure 55 shows the difference between the WL between the two periods: it shows that the 

largest difference between high and low water tables is in the middle of the valley close to 

B59 where there is a 7 m difference. Thus, when a large rainfall event occurs, an important 

pulse of groundwater may arrive in the valley fed by waters from hills around. 
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Figure 53: Piezometric map with a low water table from WL data collected the 

11th of August 2010. Yellow points correspond to the boreholes monitored of 

the catchment. Blue arrows are groundwater directions assumed from the 

shape of hydraulic heads. Red arrows represent water (groundwater and 

surface water) bring from the hills around. 

 

Figure 54: Piezometric map with a high water table from WL data collected 

the 19th of November 2010. Yellow points correspond to the boreholes 

monitored of the catchment. Blue arrows are groundwater directions 

assumed from the shape of hydraulic heads. Red arrows represent water 

(groundwater and surface water) bring from the hills around. 
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Figure 55: Difference of hydraulic heads between low water table map and high water table map.  

V.1.2.b Continuous WL data 

♦ General evolution over time  

WL data measured during the two Sessions (2010-2011 and 2012-2013) at six boreholes and 

three lakes are reported in Figure 57 (for Session I) and in Appendix F (for Session II). As 

explained in section IV.2, all monitored points were not measured simultaneously: for 

example, B59 and L01 were monitored only during Session I and B15 and L02 only during 

Session II. Despite these gaps in the data, the general behaviour of the aquifer can be 

deducted from these WL data and Table 9 summarizes some of the principal characteristics: 

 Monitoring points the closest to the bay (B03, B05, B08, L01 and L02) (< 1100 m 

distance from the shore) have WL minimum that ranged between 0.5 m (at B05) and 

3 m (at L02) and WL maximum between 3.5 m (at L02) and 13.5 m (at B08) (Table 9). 

The range of variations of WL at lakes L01 and L02 were very low (0.5 to 2 m) in 

comparisons with the borehole data (~ 9 m at B03 and B05 and 12 m at B08): 

impacts of precipitation events on WL are more dampened for lakes (with large 

surface areas and shallow basins: large volumetric changes may only have be 

expressed by small elevation changes) than in narrow surfaces such as in boreholes. 
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The maximum amplitude observed on WL in response to a rainfall event confirms 

this difference (Table 9). 

 Monitoring points further away from the bay (B15, B57, B59 and L03) (>2200 m 

distance from the shore) have WL minimum between 6 m (at B57) and 22 m (at B15) 

and WL maximum between 22.2 m (at B57 and B59) and 29 m (at B15 and L03) 

(Table 9). The range of variations of WL at B57 and B59, close to each other, was 

relatively large and of the same order of magnitude (13-16 m); the range of 

variations of WL at B15 and L03, close to each other, was similar (7-10 m). However, 

the minimum of WL at L03 appeared when the turlough was empty and thus did not 

reflect the real WL in the aquifer. 

 WL at all monitoring points reacted to rainfall events but with different amplitudes: 

as explained above, lakes shown the lowest amplitudes (0.5-2.5 m) due to a 

dampening of their WL. For boreholes, the maximum amplitudes noticed at B03, B05 

and B15 were the same order of magnitude (6-7 m) and the ones observed at B08, 

B57 and B59 were the strongest (11 m at B59 to 15 m at B57). These observations 

give an initial indication of the different behaviours of the WL in boreholes and can 

also be seen in Figure 57 and Appendix F. Nonetheless, as data sets were not 

collected simultaneously for all points, impacts of rainfall events taken account for 

observations were not the same for all of them. 

 Tidal variations on WL were observed at all monitoring points except at B15 and L03 

which were assumed to be too distant from the shore (Figures 56 and 57). The 

maximum amplitude observed for each has been reported in Table 9. B05 and B08 

have shown the strongest amplitudes (2 and 1.5 m respectively). B57 and B03 show 

a similar order of magnitude of about 0.2 to 0.5 m while their distances from the 

coast are different. WL changes in response to tides at B59 and L02 were slight (0.04-

0.05 m). In contrast to the impact of rainfall events on WL, the impact of the tide on 

WL at lakes can be stronger or equal to that at boreholes and this tidal impact does 

not seem to be linked principally by distance from the coast. Thus, hydraulic 

diffusivity between the monitoring point and the bay plays an important role in the 

propagation of tidal variations inland and thus controls WL variations at the different 

locations. This topic will be analysed and discussed more thoroughly in chapter V. 

 Pumping effects were also observed at a number of the boreholes (Figure 57 and 

Table 9): B59 is the only borehole with no pump in use. From observation of WL 

data, these pumping effects were easily distinguishable. The strongest ones were 

noticed on B03 inducing a drawdown of about 4.5 m: its WL can be then 2.5 m below 

MSL. Pumping was recorded on a daily basis but the duration of pumping was 

typically short, with long spells of inactivity. Pumping effect for other boreholes were 

irregular and drawdowns observed were much lower (0.5 m at the maximum) than 

at B03 (Figure 58). 
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Table 9: Observations of WL data at all monitoring points: WL min. corresponds to the minimum of WL 

observed for each WL data set without taking account pumping effects. 

Monitoring 

points 

Distance from 

the coast (m) 

WL min 

(m) 

WL max 

(m) 

WL ampl. 

max (m) 

Tidal variations 

max. (m) 

Pumping 

effect 

B03 560 1,5 10,2 7 0,2 Yes 

B05 265 0,5 9,3 6,5 2 Yes 

B08 1065 1,2 13,5 13 1,5 Yes 

B15 4490 22 29 5,8 No Yes 

B57 2400 6 22,2 15 0,5 Yes 

B59 2300 9,5 22,2 11 0,05 No 

L01 485 1,5 3,8 1,7 0,4 No 

L02 900 3 3,5 0,5 0,04 No 

L03 3940 ~19  29 2,5 No No 

WL max. corresponds to the maximum of WL observed for each WL data set. WL ampl. max. 

corresponds to the maximum amplitude of WL observed due to a precipitation event for each WL 

data set. Tidal variations max. corresponds to the maximum amplitude due to the tide observed for 

each WL data set. 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: Focus on tidal variations observed on WL at different monitoring points. Galway tide has been 

added in the aim to compare visually different variations at each monitoring points. 
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Figure 57: Continuous monitoring of WL at boreholes B03, B05, B08, B57, B59, L01 and L03 and daily precipitation collected at NUIG from 1
st

 September 2010 to 1
st

 May 

2011 (Session I). 
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(a) 

(b) 

 

Figure 58: Focus on pumping effects at 

different monitoring points. (a) Pumping 

effects observed at B03, B05, B08 and B57 

during Session I; (b) pumping effects observed 

at B15 during Session II. 

 

♦ Spatial overview of groundwater flows 

As monitoring points for collecting continuous WL data are fairly well aligned inside the 

valley (except for B57, which is offset slightly), groundwater levels have been projected on a 

profile view for different meteorological periods in order to observe the relationships 

between WL at boreholes and lakes and hydraulic gradients along the valley. Three 

meteorological periods have been identified: flood, recession and dry periods. As some 

monitored points were not used at the same time (such as L03 and B08), several dates for 

each period have been used and were picked-up on all over the set of data: three 

theoretical profiles have been created and these are discussed below (Figure 59). 

 

� Description of the theoretical profiles: 

 Flood period: WL showing at each monitoring point corresponds to the highest WL 

observed at flood peaks (Figure 59, profile “flood period”). 

 WL at B15 and at L03 can reach 28 m above MSL during these flood episodes. However, WL 

at L03 can be lower even during large flood events due to its important inertia: WL changes 

at L03 depend more of the total amount of rain fallen over several months than discrete 

flood events. Its WL may have an influence on groundwater level adjacent to the turlough: 

generally, during relatively long flood periods, the WL present in the karst aquifer adjacent 

to L03 is above the WL in L03. Groundwater from the karst system flows to the turlough 

through estavelles which act as springs: in this case, L03 is an overflow of the karst system.  



 

Figure 59: Theoretical water table profiles along the catchment

the virtual WL surface between the WL measured at B57
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the catchment: WL surface has been reported for flood period, recession period and dry period. Dotted lines represent

the virtual WL surface between the WL measured at B57 and the bay. Depth of boreholes and loggers are specified.

 

been reported for flood period, recession period and dry period. Dotted lines represent 

loggers are specified. 
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� A hydraulic gradient of about 7‰ has been estimated along the valley between 

B59 and B08. WL is generally around 20 to 23 m at B59 and 12 to 14 m above 

MSL at B08.  

� WL in the valley is higher than the altitude of L02 (~2 m): like L03, L02 is fed by 

estavelles from the karst system.  

� B57, which is located at the same distance of the coast as B59 but farther west, 

shows its WL generally lies between 16 m and 20 m which is lower than at B59: 

its WL during flood events may flow in karst system annexed to the main 

system.  

� On the eastern edge of the bay, B05 has mean WL higher (~9 m) than B03 

(~7 m) despite being closer to the coast: B05 seems to react more strongly to 

flood events than B03 which reverses the direction of the theoretical hydraulic 

gradient (based only on these two boreholes, however) for several hours or 

days. 

 

 Recession period: WL shown at each monitoring point corresponds to the WL observed 

one or two days after a large flood event (Figure 59; profile “recession period”). 

� WL at B15 decrease about 1 m and the WL in L03 could therefore be higher 

than in the surrounding karst aquifer: in this case, the karst system is fed by the 

turlough using estavelles which act as sink. WL at L03 starts to decrease slowly 

until the next flood event. 

� A hydraulic gradient of 5.5 ‰ has been estimated along the valley between 

B59 and B08. WL is generally around 15-16 m at B59 and 8-9 m above MSL at 

B08.  

� WL in the valley is still estimated to be higher than the altitude of L02 (~2 m): 

L02 is fed by estavelles from the karst system.  

� WL at B57 has already recovered its initial level of 7 m.  

� On the eastern edge of the bay, B05 has WL almost equal or very slightly lower 

(4-6 m) than at B03 (5-6 m): the hydraulic gradient seems very low for a few 

days. 

 

 Dry period: WL held at each monitoring point corresponds to WL observed during 

periods longer than one week with no or very little rain (Figure 59, profile “dry 

period”). 

�  WL at B15 and at L03 is about 22 to 23 m above MSL. However, WL at L03 can 

be lower or even be dry (no surface expression of water) depending on the 
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total amount of rainfall in the previous weeks or months. Thus, its WL may 

have an influence on groundwater level adjacent to the turlough: if water is 

present at L03, the WL decreases slowly by feeding WL of the karst aquifer 

using estavelles which act as sink. Groundwater levels around the turlough are 

therefore elevated by the presence of this water. If the turlough is dry, 

groundwater levels around and hydraulic gradient in the valley are lower. 

� A hydraulic gradient of about 5.5 to 6 ‰ has been estimated along the valley 

between B59 and B08. WL is generally around 9 to 10 m at B59 and 1.5 to 3 m 

above MSL at B08.  

� WL in the valley is estimated at the same altitude of L02 (~2 m): as for L03, L02 

can feed the karst system by estavelles if water is present in the turlough.  

� WL at B57 has same level of 7 m than during recession period: WL at B57 is 

below WL of main karst system and seems disconnected of it.  

� On the eastern edge of the bay, B05 has WL lower or equal (~2-3 m) than B03 

(~2.5-3 m): hydraulic gradient is low but inverse to flood periods. 

 

� Comments: 

 The two turloughs, L02 and L03, behave in similar fashion: they are filled by 

groundwater from the karst aquifer during large flood events and are emptied 

when groundwater levels in the surrounding rock are lower than in the turlough. 

Thus, during large and long flood events (as occurred in autumn 2009), WL in the 

aquifer can be very high for several weeks and turloughs start to empty only when 

groundwater is low enough: it can occur during a recession period (at L03) or only 

during dry period (at L02). 

 Hydraulic gradient in the middle of the valley varies very slightly between flood 

period (7 ‰) and dry or recession periods (5.5 to 6 ‰): the fact that most karst 

drainage occurs in the center of the valley may explain this relatively low 

difference of the hydraulic gradient between the different meteorogical periods.  

Nevertheless, these estimations are theoretical and assume a homogeneous 

environment: variations of WL can be greater than the ones proposed on profiles. 

 WL measured at B57 is always lower than the WL observed in the middle of the 

valley and the response to flood events is rapid which is different than the 

response at boreholes located in the middle of the valley: this groundwater may 

flow in different system than the main karst system of the valley. B57 is close to 

the main fault of the catchment: this fault could have an impact on groundwater 

flow and facilitate a rapid flushing of the water directly to the bay. 
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 B05 react stronger to flood events than B03: this borehole is closer to a karst 

conduit while B03 is open in the matrix; this point will be discussed in more detail 

in section VI.2.1. 

V.1.3 Geochemistry insight and variations of SpC data as a function of 
different meteorological periods 

V.1.3.a Description from discrete SpC data 

♦ General evolution over time  

Like WL data, the first SpC data collected were discrete and are reported in Figure 60 from 

July 2010 to May 2011 plotted with precipitation from NUIG.  

SpC data collected at all the monitoring points - except B48 located outside the valley - 

ranged between 400 and 750 µS/cm. Values at B48 were betwen 800 and 1150 µS/cm: B48 

is located on the Finavarra peninsula within 60m of the shore. Unlike Bell Harbour this 

peninsula is exposed directly to Galway Bay and thus, it is particularly susceptible to salinity 

intrusions. Decreases of SpC values to as low as 300 µS/cm were observed at L02, B05, B48 

and B57 and seem to be related to large precipitation events. SpC values were relatively 

stable at the other monitoring points: B03, B08 and B56.   

 

Figure 60: SpC observed at B03, B05, B08, B48, B56, B57 and L02 from 1, July 2010 to 27, April 2011 

(Session I); daily rainfall collected at NUIG is associated to these sets of data. 
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♦ Spatial overview 

� Water chemistry data 

Complete major cation and anion profiles were collected over a spring tide period during: 

-  LT the 21st of March 2011 at 13 boreholes, 2 lakes and 1 cave, 

-  HT the 23rd of March 2011 at 6 boreholes and 1 lake. 

All results are reported in Appendix G1: no real difference in the results was observed 

between LT and HT at monitoring points concerned; LT results are presented on Piper 

diagram (Figure 61). 

The majority of samples collected were considered background water, characterized as 

calcium- and bicarbonate-rich (Figure 61). The anion profile of the background water was 

more closely clustered than the cation profile for the same samples. The percentage of Na 

and Cl was greater in samples collected at boreholes B04, B48, intertidal springs Bell+1, 

Bell+2, North Fanore, BH Quay, Oyster and lake L01 compared to those from background-

water locations. The composition of these samples follows a general trend of the mixing line 

between the background-water composition and ideal seawater (Petrunic et al., 2012) 

(Figure 61): seawater may influence the composition of the groundwater at these coastal 

monitoring points. 

 

While only one water chemistry round was completed, it did allow determination of general 

trend of chemical composition of the water at different locations: it shows that some 

intertidal springs, one lake and two boreholes are particularly influenced by seawater. This 

is confirmed by their high SpC measured in situ (Appendix G1). A more detailed analysis of 

the seawater influence on the water chemistry is covered in section VII.1.  

 

� Vertical profiles 

A serial of vertical SpC and temperature profiles were completed in the field on 6th of June 

2012. Profiles were completed in relation to the tide estimated at Bell Harbour (Table 10; a 

delay of 55 minutes was estimated from Tide-G; explanations of this delay are given in 

section V.1.2.a). As far as possible the profiles were completed when the propagation of the 

wave at HT and/or LT reached the different boreholes. The HT/LT in each borehole was 

estimated from tidal variations on continuous WL data: a delay between the HT at Bell 

Harbour and the maximum tidal variation on WL in a borehole was observed and profiles 

were realised by taking account this estimated delay (Table 10). Profiles were completed in 

four different boreholes during HT and in two boreholes during LT by taking the largest 

possible delay estimated between the bay and each borehole (Table 10). 
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Figure 61: Piper diagram for groundwater samples collected at low tide 21
st

 March 2011. For clarity only the 

name of monitoring points most affected by seawater are indicated. 

 

In this chapter, the four profiles completed during HT period are presented by separating 

SpC from temperature (Figure 62). An example of a SpC and temperature profile at B05 at 

HT is shown in Figure 63. The remainders are reported in Appendix G2 and representation of 

the borehole with its depth and the depth of the probe are drawn beside each profile. The 

position of the probe allows determination of which part of the borehole was continuously 

monitored. 
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Table 10: Estimated time of high and low tide at Bell Harbour the 6

have been done at four boreholes the 6

A delay between the tide and profiles has been deduced. “

occurrence of the maximum WL observed on continuous data in boreholes and 

Figure 62: Vertical profiles of specific conductivity (

June 2012 during high tide. At right, each borehole is

represented. Depths o

 

 
Hour at high 

tide 

Tide-BH 07:35 

Monitoring 

points 

Hour of profile 

done at 

“high tide”

B03 12:20 

B05 09:10 

B08 10:20 

B57 11:05 
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: Estimated time of high and low tide at Bell Harbour the 6
th

 of June 2012 and time when profiles 

have been done at four boreholes the 6
th

 of June 2012. 

A delay between the tide and profiles has been deduced. “Estimated delay” is the time lag between the 

occurrence of the maximum WL observed on continuous data in boreholes and occurrence of 

BH. 

files of specific conductivity (a) and temperature (b) done at four boreholes the 6

June 2012 during high tide. At right, each borehole is scaled with its depth and the depth of the probe 

Depths of temperature increase are noted for each borehole.
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Two SpC profiles showed a halocline from the surface (Figure 62, a):  

 SpC at B08 increased from 450 µS/cm at the surface (3.5 m above MSL) to 540 µS/cm 

at 1 m;  

 SpC at B03 increased from 560 µS/cm at the surface (5 m below MSL) to 710 µS/cm 

at -8 m. 

 

The progressive decrease of the SpC in the uppermost part (3-4 m) of the aquifer at B03 and 

B08 corresponds to a mixing zone of percolating rain water and shallow groundwater: the 

epikarst is therefore particularly well developed at these two locations and there is a 

connection between water from the surface with the groundwater unlike at B05 and B57 

which did not show a shallow halocline.  

A deeper halocline (at -9m) was only present at B05: SpC increased from 500 to 1000 µS/cm 

(Figure 62, a and Figure 63). B05 is close to the shore (265 m) and this increase in SpC can be 

due to an influence of the saltwater wedge. The depth of B08 corresponds to the depth 

where the halocline at B05 occurred: a halocline may thus be present at depth below B08. 

This borehole located at 1065 m from the shore could therefore be influenced by the 

saltwater wedge. Moreover, its SpC (550 µS/cm) from 1m to -9m was similar to the SpC at 

B05 (500 µS/cm) for the same depths. On the other hand, SpC at B57 remained very stable 

(700 µS/cm) along its entire vertical profile: this borehole is located farther inland (2300 m) 

and was certainly not influenced by the saltwater wedge. Despite its proximity with the 

shore (560 m), B03 did not show either an influence of the saltwater wedge: from –9 m, its 

SpC stabilized at 700 µS/cm like B57 and no halocline was observed. This borehole may be 

not well connected with the bay. Its SpC (720 µS/cm) from -9m to -16m was similar to the 

SpC at B57 (700 µS/cm) for same depths. 

A decrease of SpC from around 1000 to 800 µS/cm observed at the bottom of B05 (from -34 

to -41 m) could be due to a mix of fresher water flowing through a conduit at this depth 

with the end of the water column of the borehole. 

 

Temperatures were between 10.8°C (at B05) and 11.8°C (at B08) (Figure 62, b). The average 

temperature of the aquifer was considered at 10.3°C from data recorded at B15 located 

farthest inland (Figure 63). They were stable all along the vertical profile and increased 

slightly while approaching the bottom of each borehole (visible only at LT at B05). These 

increases of temperature are due to warmer water flowing at these depths: drilling of these 

boreholes was thus stopped when fissures or conduits were intersected. These temperature 

profiles give indications of depths where relatively important karst fissures or/and conduits 

may be present (Figure 62, b). 
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Figure 63: Vertical profiles of SpC and 

temperature at B05; 6
th

 of June 2012 at high 

tide (HT).  

V.1.3.b Description from continuous SpC data 

♦ General evolution over time  

SpC data recorded during the two Sessions (2010-2011 and 2012-2013) at six boreholes and 

three lakes are reported in Figure 64 (Session I) and in Appendix G3 (Session II). As explained 

above, all monitored points were not measured simultaneously and gaps exist. Table 11 

summarizes some of the principal characteristics: 

 SpC values ranged from 400 to 1200 µS/cm for all monitoring points except at L01, 

L03 and B15: L01 showed very high SpC values,between 900 and 30000 µS/cm; L03 

and B15 had low SpC values (300-500 µS/cm at L03 and 350-550 µS/cm at B15) 

(Table 11). L01 is near the shore (485m) and its high SpC values can be explained by 

the presence of a seawater intrusion into the lake. L03 and B15 are located farther 

inland (3940m and 4490m, respectively). Groundwater at these inland locations is 

younger, water is considered fresher. Moreover, water at L03 is a mix between 

precipitation - considered very fresh - and an overflow of the aquifer which tend to 

decrease SpC values. 

 SpC at monitoring points reacts differently to precipitation events (Figure 64 and 

Appendix G3): 

� SpC at L03, B03 and B57 remained relatively stable: SpC at B03 increases 

or/and decreases slightly after a precipitation event and SpC at B57 

decreased slightly. There is no apparent change in L03 following rainfall. 
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Some high frequency variations observed here were artefacts from the 

instrument. 

� SpC at B05, B08, B15, B59, L01 and L02 varied when precipitation events 

occurred and these fluctuations were particularly important at B05 and L01. 

SpC at all these points decreased first and recovered to its initial value (for 

B05, B08, L01 and L02) or increased and continued to fluctuate (for B15 and 

B59). SpC values at B08 following precipitation could be very low (200 to 

400 µS/cm) (Appendix G3): precipitation may directly infiltrate to the 

borehole from the surface or/and epikarst and directly lowering SpC values. 

This matches the SpC vertical profile which showed lower SpC values close to 

the surface. These different reactions to precipitation events will be analysed 

in more detail in section VI.2.1.c. 

 Tidal variations in SpC were noticed only at B05, B08 and L01 and maximum tidal 

variations are reported in Table 11.  

 Large, short-lived SpC increases were observed at B05, B08 and L01: peaks at B05 

and L01 occurred during dry periods. These peaks reflect an increase of saltwater 

wedge intrusion through time at these locations. More detailed analyses explaining 

saltwater wedge variations through time are discussed in section VII.2.  

 

Table 11: Minimum, maximum and average of SpC observed from SpC continuous data for all monitoring 

points. Maximum tidal variations observed on these SpC data for each monitoring point. 

Monitoring 

points 

Distance 

from the 

coast (m) 

SpC min 

(µs/cm) 

SpC 

max 

(µs/cm) 

SpC 

average 

(µs/cm) 

Tidal 

variations 

max. (µS/cm) 

B03 560 660 800 720 No 

B05 265 320 1480 620 140 

B08 1065 200 1290 600 44 

B15 4490 360 550 430 No 

B57 2400 620 720 675 No 

B59 2300 620 780 700 No 

L01 485 930 28620 13000 4770 

L02 900 440 830 745 No 

L03 3940 300 500 345 No 
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Figure 64: Continuous SpC data monitored at boreholes B03, B05, B08, B57, B59, L01 and L03 and daily precipitation collected at NUIG from the 1
st

 October 2010 to the 

1
st

 May 2011 (Session I).  
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♦ Spatial overview of SpC data 

The  maximum, minimum and average SpC values observed from data sets at all monitoring 

points are represented spatially using the distance from the coast (Figure 65). The strongest 

amplitudes are located less than 1500m from the shore and concern B05, L01 and B08: 

1160 µS/cm, 15600 µS/cm and 1100 µS/cm of amplitude were observed respectively. 

Despite low minimum SpC values at B08 - due to direct infiltration of rainfall into the 

borehole, these high amplitudes are due principally to high maximum SpC values (and also 

minimum at L01) and reflect the presence of the saltwater wedge (at L01) or of the 

freshwater-seawater mixing zone (at B05 and B08) at these points; It has been defined for 

this project, that the SpC is > 10000 µS/cm for the saltwater wedge and comprised between 

1000 µS/cm and 10000 µS/cm for the mixing zone.    

B03 and L02 are located less than 1500 m from the shore but have low SpC amplitudes: B03 

may not be well connected with Bell Harbour and therefore not be influenced by the 

saltwater wedge; the large volume of water at L02 could mask a possible saltwater wedge 

intrusion into the turlough. B59 and B57 are close to each other and have similar SpC 

amplitudes between 600 and 800 µS/cm which would appear to be the expected SpC 

variations for a coastal karst aquifer (Krawczyk et al., 2006).  

 

Figure 65: Maximum, minimum and average SpC values observed at all monitoring points are plotted against 

the distance from the coast. SpC values at L01 are beyond the scale of all other points and a secondary 

vertical axe at the right of the graph has been used: L01 is reported on the graph using a dotted black line in 

order to highlight difference of scale.  
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L03 and B15 are located close to each other and are farthest inland, and have similar SpC 

amplitudes between 350 and 550 µS/cm which correspond to the freshest water monitored 

in the catchment: as noted above, groundwater at these locations are only recently added to 

the system and have low dissolved mineral contents. 

 

V.2 Dynamics of intertidal springs as a function of recharge and 

tide 

This section focuses on the discrete and continuous SpC and WL data collected at the 

intertidal springs.  

V.2.1 Discrete data 

SpC and temperature data were collected at the five intertidal springs during LT. Only SpC 

data are described here (Figure 66) which seems the most pertinent data.  

Figure 66: Discrete (YSI) SpC data from the five intertidal springs and daily precipitation recorded at NUIG. 

 

SpC values vary between 400 and 38000 µS/cm at LT at all springs. By doing monitoring 

every 30 minutes (the 29th of April 2010) and every 15 minutes (the 14th of May 2010) at BH 

Quay at LT, it has been shown SpC decreased from 36000 to 10000 µS/cm in few hours 

(Figure 66): SpC at intertidal springs remains high at HT (>30000 µS/cm) due to an input of 
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seawater through springs and can decrease slowly all over the ebbing tide to reach the 

lowest value at LT; the proportion of seawater in the flow of springs could be then the 

lowest at this stage. 

 

Depending of the time when data was collected during one day at LT, SpC can vary 

significantly. These discrete SpC data can only be used as indicative values, and comparisons 

between springs using just this data is unreliable. However, all SpC values observed at these 

springs appear to react to precipitation events: SpC values at all springs decreased from 9th 

of September when precipitation increased and the highest SpC values (> 30000 µS/cm) 

were not reached again. 

 

V.2.2 Continuous data 

Oyster and BH Quay were chosen to record continuous data. Figures 67 and 68 and 

Appendix H present SpC, WL and temperature data collected continuously at the two 

intertidal springs. They are plotted with daily precipitation from NUIG and with the tide-BH. 

V.2.2.a Oyster spring data 

The spring was dry sometimes and SpC and temperature values recorded during these 

periods were respectively equal to zero (removed from the two graphs) and representative 

of the ambient air temperature (Figures 67 and 68). When the spring was flowing, 

temperature was ranged between 4°C (January 2011) and 17°C (August 2010). It is important 

to note that a drift occurred in SpC data from February 2011: values rise progressively up to 

80000 µS/cm in April 2011 (which is greater than the SpC values of the bay). 

Oyster flows along the shore into a depression which flows directly to the bay and the logger 

was settled at the bottom of this hollow. During the rising tide, the seawater from the bay 

enters progressively into the hollow and flows out during the ebbing tide. The WL recorded 

was then representative of the tidal level in the bay during rising, high and ebbing tides and 

of the pressure level of the water flowing from the spring during LT. As the logger was 

located 0.3 m below MSL, WL varied from -0.3 m to 3.1 m.  

SpC values recorded correspond to the water flowing from the spring at LT and to a mix of 

this water and the seawater coming from the bay during rising, high and ebbing tides. SpC 

values ranged from about 800 µS/cm to 58900 µS/cm, the latter corresponds to the salinity 

of the bay. The water flowing from the spring is a mix of groundwater and seawater which 

can enter into the aquifer during rising, high and ebbing tides. It is particularly difficult to 

know what proportion of the water come from the aquifer and what comes from the bay. 
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 Figure 67: Data collected at Oyster spring from the 28
th

 of July to the 15
th

 of December 2010. 
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Figure 68: Data collected at Oyster spring from the 16
th

 of December 2010 to the 1
st

 of May 2011. 

Figure 69 
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Volumes of saltwater intrusion have been estimated for a coastal karst spring (Arfib et al., 

2002) using a continuous flow rate at the spring. It was however not possible to estimate the 

continuous flow rate for Oyster (and BH Quay). As these springs are not principal outlets of 

the catchment, it was decided to just look visually at the data without trying to quantify 

proportions. Thus, no further study was devoted to these two intertidal springs. 

WL at LT gives an idea of the water flowing from the spring and allows differentiating 

different meteorological periods: a “low WL period” corresponds to a WL lower or equal to 

zero and a “high WL period” corresponds to an increase of the WL up to 0.5 m and occurs 

after a rainfall event (Figure 69).  

Figure 69: Determination of a dry and a rainy period from SpC and WL data of Oyster. 

 

SpC values at LTs and HTs fluctuate depending on these different periods. Thus, during the 

“low WL period” of the Figure 69, SpC was: 

 about 58900 µS/cm during HTs (which is the salinity of the bay), 

 comprised between 10000 and 20000 µS/cm during LTs. 

 

During the “high WL period”, SpC was: 

 up to 25000 µS/cm during HTs, 

 up to 3000 µS/cm during LTs. 
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During high WL periods, SpC values decreased at LTs and HTs: freshwater from the aquifer 

flowing to the spring has thus an influence on SpC values into the hollow. The saltwater 

intrusion into the aquifer from the spring is certainly lower during these periods. 

Impact of the tide on SpC values was difficult to assess in these data: there could be an 

influence of the tidal amplitude on SpC (by comparing the influence of spring tide periods 

and neap tide periods on SpC) but data sets were too short and WL fluctuated too much to 

really allow comparisons.  

V.2.2.b BH Quay data 

Like Oyster, the WL recorded is representative of the tidal level into the bay during rising, 

high and ebbing tides and of the pressure level of the water flowing from the spring during 

LT (Appendix H). However, most of the time at LT, there was insufficient spring flow to have 

data recorded (the probe was placed at the base of the quay): values of WL and SpC were 

then equal to zero and temperature was representative of the ambient atmospheric 

temperature. When the spring was flowing, temperature ranged between 7°C (December 

2011) and 16°C (May 2012).It is important to note that a drift occurred in SpC data from 

March 2012: values decreased progressively down to 400 µS/cm at any HT in August 2011.  

Like Oyster, SpC fluctuations correspond to the water flowing from the spring at LT and to a 

mix of this water and the seawater coming from the bay during rising, high and ebbing tides. 

SpC values ranged from about 600 µS/cm to 50000 µS/cm. The water flowing from the 

spring is representative of a mix between groundwater of the aquifer and seawater which 

can enter into the aquifer during rising, high and ebbing tides. 

Unlike Oyster, WL at LT was never high and cannot be used as an indicator of meteorological 

periods. However, it is possible to see that after a rainy period, SpC decreased quickly and 

continuously (i.e. 600 µS/cm from the 4th to the 6th of January 2012, Appendix H). Thus, like 

Oyster, a saltwater intrusion could occur into the aquifer from this spring (through fissures 

into the Quay and rocks) but can be stopped during rainy periods. 

An impact of the tidal amplitude seems to occur in the SpC values: at HT, SpC were often 

lower during neap tide periods (down to < 10000 µS/cm) than during spring tide periods 

(Appendix H). This observation is speculative only, as precipitation can play a role too and it 

is difficult to separate the influence of each on SpC values. 

 

V.3 Discussion 

The visual observation of discrete and continuous data collected inland and at intertidal 

springs allowed for the development of a better understanding of the karst aquifer 

hydrodynamic behaviour: groundwater level, SpC and temperature fluctuations depend 

principally on precipitation events, tidal and pumping effects (in most of the boreholes 
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monitored). Monthly data gave a general trend of SpC, temperature and WL variations at 

monitoring points inland and intertidal springs. However, low frequency discrete data 

collection did not allow for the observation of tidal and pumping effects: it is only the 

influence of precipitation on WL and SpC data that is perceptible. Thus, all fluctuations 

observed at monitoring points have been summarized in Table 12 only from continuous 

data. From all these observations and the Table 12, some comments can be made: 

 Only brief observations have been made on temperature data because fluctuations 

of this parameter were less interesting to study than WL and SpC in the context of 

the overall project. Moreover, tidal and pumping influences on temperature were 

almost non-existent and precipitation had an influence of 0 to 1.8 °C depending of 

monitoring points.  

 The strongest increases of WL due to precipitation (up to 15 m) have been observed 

at B08, B57 and B59. On the other hand, the influence of precipitation on WL at lakes 

was low: the connectivities of the lakes with the karst aquifer are limited in 

comparisons with their large volume which cause a dampening of these variations. 

The two turloughs (L02 and L03) act as storage tanks: when the karst aquifer is “full” 

due to large and/or long precipitation events, it overflows through springs 

(estavelles) into these reservoirs (groundwater level is higher than the WL in 

turlough); when precipitations reduce, groundwater level decrease slowly and WL in 

turlough start to decrease too, flowing through sinks (estavelles) in the aquifer 

(groundwater level becomes lower than the WL in turlough). Most of groundwater 

appears to be drained into the centre of the valley and then to the bay: the main 

drainage network of the karst system might be in the valley. The hydraulic gradient in 

the valley varied from 7‰ during flood periods to 5.5‰ during dry periods. WL in the 

aquifer seems generally higher in the centre of the valley than to the west close to 

the MacDermott’s fault: the mean WL at B10 and B57 was five to six meters lower 

than B59 and WL at B57 reacted strongly but rapidly to precipitation events. The 

development of preferential conduits along the fault could bring water directly to the 

bay and could be therefore a secondary axis of drainage. A characterization of the 

karst aquifer using different methods is completed in section VI.2. 

 The range of SpC was between 300 and 1500 µS/cm at all monitored points except at 

L01 which was higher (900-30000 µS/cm). Water chemistry sampling confirmed that 

the water chemistry of L01 is close to seawater composition like some intertidal 

springs such as Oyster and BH Quay. For all other monitoring points inland, only B05 

and B08 shown peaks of SpC > 1000 µS/cm. A deep halocline has been observed from 

SpC vertical profiles at B05 and may be present near B08 if the borehole was drilled 

deeper. Thus, from all these observations, it is likely that the saltwater wedge occurs 

at L01 and the mixing zone appears at boreholes B05 and B08. B03 and L02 are 

located close to the coast, but are minimally impacted by the mixing zone. Moreover, 

strong tidal influences on WL and SpC have only been observed at B05, B08 and L01 
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(except on WL at L01: the tidal signal was certainly dampened) (Table 12). Temporal 

influence of seawater intrusion into the karst aquifer is addressed in section VII.2.  

 Data observed at intertidal springs were described in a different section than data 

from monitoring points inland. SpC of BH Quay and Oyster vary with the low/high 

tide cycle: SpC values are the highest at HT when the bay is full of seawater and the 

lowest when the bay is emptied at LT: SpC of water flowing from springs decrease 

slowly until next flowing tide. The proportion of seawater of groundwater springs is 

proportional to this decrease of SpC. It is assumed that the SpC of all intertidal 

springs along the shore of Bell Harbour have the same behaviour. Thus, seawater 

intrusion occurs through all intertidal springs at each tidal cycle. It has been observed 

that SpC values at BH Quay and Oyster at HT and LT decrease with increase of 

precipitation. Thus, seawater intrusion into these springs is certainly attenuated or 

inexistent when important precipitations occur. However, intertidal groundwater 

discharge in Bell Harbour may be in very low proportion, in comparison with SGD. 

The water balance is discussed in the next section in chapter VI: for that, salinity data 

collected in the middle of the bay (not described in this chapter) were used for 

estimating SiGD. 

 

Table 12: Influence of pumping, tidal and precipitation on continuous data (Temperature, WL and SpC) 

collected in six boreholes, one lake and two turloughs inside Bell Harbour catchment. 

Monitoring 

points 

Influence of precipitation Tidal influence Pumping influence 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

Temp. 

(°C) 

WL 

(m) 

SpC 

(µS/cm) 

B03 no 7 = no 0,2 no 0,6 4,5 no 

B05 1,5 6,5 300 no 2 140 no 0,2 no 

B08 1,8 13 200 no 1,5 44 no 0,5 no 

B15 0,2 5,8 100 no no no no 1 no 

B57 0,6 15 20 no 0,5 no 0,1 1,5 no 

B59 0,1 11 100 no 0,05 no - - - 

L01 no 1,7 >10000 1 to 5 0,4 4770 - - - 

L02 2 0,5 250 no 0,04 no - - - 

L03 no 2,5 20 no no no - - - 

 “      “ means “decrease of”,”    “  means “increase of”, “=” means “stable” and no signal corresponds to an 

amplitude value. “no” means that no influence has been observed and “-“ means the pumping influence was 

not applicable to the monitoring point because no pump was present.   
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CHAPTER VI - CHARACTERIZATION OF BELL HARBOUR 
KARST AQUIFER HYDRODYNAMIC BEHAVIOUR: 
RESPONSE TO TIDAL AND PRECIPITATION 
EVENTS 

 

This chapter presents the results of an estimation of a water balance of the karst aquifer in 

the study area, an assessment of the hydrodynamic properties of the aquifer and offers 

explanations for these results.  

VI.1 Water balance 

To generate a water balance, values for precipitation (P), potential evapotranspiration 

(P.ETP), runoff (R) and fluctuations in the water stored in soil or aquifers (S) are required, 

where P – P.ETP – S = R.  

The storage (S) of the aquifer is not known. However, because the Burren area has regular 

rainfall (average annual rainfall estimated at 1500 mm) and rarely suffers drought, the 

storage is assumed to be sufficient to provide relatively high discharge rates even during 

periods of low or no rainfall (Cave and Henry, 2011). 

P-P.ETP allows estimation the effective rainfall (ER) and so to the aquifer recharge and R is 

represented by SiGD in Bell Harbour. Both of these parameters are estimated from methods 

described below. 

VI.1.1 Methods used to estimate the water balance 

Quantitative estimations of water entering into the aquifer (recharge) and of groundwater 

flow discharging into Bell Harbour bay (SiGD) as a function of time are detailed below.  

VI.1.1.a Method to estimate the recharge 

The recharge has been estimated by distributing the Effective Rainfall (ER) (Precipitation – 

Evapotranspiration) over the catchment (56 km²). ER was calculated by using rainfall data 

sourced from a number of different stations. Three periods of rainfall data have been 

defined which cover the same periods as the salinity data recorded in the bay, used for 

estimated SiGD: 

� Period 1 (2nd December 2010 - 24th of June 2011): daily rainfall data from stations at 

Ballyvaghan (on the coast at west of the catchment) and Carran (inland and south of 

the catchment) have been averaged.  

� Period 2 (28th of March - 7th of December 2012): hourly rainfall data from a dedicated 

raingauge sited in the catchment were used from the 29th August 2012 to the end of 
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the period. Before this date, the average of daily rainfall data from Ballyvaghan and 

Carran stations were used as for Period 1. 

� Period 3 (23rd of December 2012 - 28th of August 2013): hourly rainfall data from the 

dedicated raingauge in the catchment station were used. 

Potential evaporation data from Birr (the closest location where evaporation is recorded) 

was subtracted from the rainfall data. Evapotranspiration data is not available for the area 

but it is assumed to be equal to evaporation data due to the thin overburden and exposed 

bedrock in the study area.  

VI.1.1.b Method to estimate freshwater discharging into the bay (SiGD) 

♦ Instantaneous discharge measured at intertidal springs in the bay 

SiGD correspond to intertidal spring flows along the bay and to submarine spring flows 

assumed to be present in the middle of the bay. Discharges were recorded and estimated at 

these springs on two occasions: 9th of November 2010 and 9th of December 2010. 

Measurements were taken during a flood period: WLs in boreholes were relatively high from 

mid-October 2010 to the beginning of December 2010 according to discrete data (Figure 52). 

The measurement method is explained in Appendix C3 and results are given in Table 13. 

 

Table 13: Instantaneous discharges measured at intertidal springs of Bell Harbour bay ,9
th

 of November and 

9
th

 of December 2010. 

Name of the spring BH (l/s) Bell + 1 (l/s) Bell + 2 (l/s) Oyster (l/s) Total (l/s) 

9/11/2010 237.2 96.4 20 632 985.6 

9/12/2010 82.3 112.8 39.1 2214 2456.2 

 

It was not possible to measure discharge at NF spring due to a very low discharge (estimated 

below 10 l/s for each day of measurement) and was therefore not been taken account in the 

total (the value would represent less than one percent of total flows). Thus, total intertidal 

discharge measured was approximately 1 m3/s on the 9th of November and 2.5 m3/s on the 

9th of December 2010 with a mean of 1.7 m3/s.  

The precipitation across the area (56 km²) is estimated at 1500 mm/year and ER at 1060 mm 

(from ETP data at Birr station). A mean discharge to the bay can be estimated as: 

1.06*56.106/ (3600*24*365) = 1.9 m3/s 

This discharge is relatively similar to the mean discharge estimated from instantaneous 

discharge of intertidal springs collected in the field. However, of the flow measurements 

were completed during a flood period and ER is certainly underestimated: indeed, ETP data 
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in the Burren is by far lower than the one measured inland at Birr station (Drew, 1992). 

Moreover, most of these springs are often brackish water which means that some seawater 

has been taken account in the discharge measurements. In view of these constraints, the 

presence of other freshwater spring discharges is considered (even temporary or ephemeral) 

and it is likely that water discharges through submarine springs flowing out in the middle of 

the bay. 

♦ Data used for the tidal prism method 

Thus, another method, the tidal prism method, has been chosen to estimate SiGD (explained 

in Cave & Henry (2011)). Indeed, this approach has been used successfully in bays adjacent 

to Bell Harbour (Cave and Henry, 2011; Smith and Cave, 2012). This method consists in 

calculating the amount of freshwater taken out by each ebb tide from the bay.  

The data collected and used for the tidal prism method are: 

 Continuous salinity data collected in the middle of the bay using two Microcat probes 

at the same location but at different depths (Figure 70), 

 Surface area of Bell Harbour and heights of low and high water (Figure 70), 

 Tide-BH (estimation is explained below in section VI.1.2.a). 

 

During Session I, Two Microcat SBE-37 loggers which record temperature and salinity, were 

deployed at the same location in Bell Harbour but at different depths for different periods 

(Table 6): 

 Microcat 3107 was deployed at 1 m below the water surface from 2nd December 

2010 to 24th of June 2011 (Period 1),  

 Microcat 3116 was deployed at 6 m below the water surface from 5th of February to 

18th of April 2011 (Period 1). 

 

The comparison of salinity values from the two Microcats over several neap-spring cycles 

shows that they overlap generally only at HTs: there was a greater decrease in salinity values 

at 1 m below the surface at LTs than at 6 m below the surface (Figure 71). Thus, salinity 

values close to the surface are much more influenced by tidal cycles than values at depth. 

This result seems logical, as freshwater is less dense than seawater and thus fresher water 

typically flows at or near the surface. In order to best estimate freshwater discharging into 

the bay, Microcat 3107 has been used to calculate the ebb freshwater output. Changes in 

the recorded salinity values clearly reflect semi-diurnal tides and freshwater input (Figure 

71). 
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Figure 70: Bell Harbour bay mean low and high tide contours and location of the two Microcats. 

 

During Session II, only one Microcat was deployed at 1 m below the water surface for 20 

months between 10th of January 2012 and 31st of August 2013 (Table 6). However, some 

gaps of several weeks are present in the data when the Microcat was removed for 

downloading data and maintenance. Only the two longest continuous series of data from 

this period have been used to apply the tidal prism method: 

 Period 2: 28th of March to 7th of December 2012 (~8 months), 

 Period 3: 23rd of December 2012 to 28th of August 2013 (~ 8 months). 

The salinity and temperature data are given in Appendix I. As with Session I, changes in the 

recorded salinity values clearly reflect semi-diurnal tides and freshwater input. 
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Figure 71: SpC and temperature data collected from Microcats 3107 and 3116. Tidal curves and precipitation 

are plotted with them. 

♦ Steps for calculating the volume of SiGD in the bay  

The tidal prism method allows calculating upper and lower limits of the freshwater volume 

taken out by each ebb tide. It is completed as follows: 

� The salinity of water between each HT to LT is averaged.  

� Upper and lower limits of the amount of freshwater contained in the ebb are 

determined by using two different values of seawater salinity: 

� For the upper limit, the averaged salinity value is divided by a seawater salinity of 

33.5 to get the maximum proportion of freshwater contained in the ebb water 

(Equation 1). This value has been obtained from a salinity survey of the inner bay 

of Galway Bay using a CTD probe on RV Celtic Voyager on 21st of February 2011 

(Figure 72). These data indicate that the salinity of the top 10-15 m of seawater at 

HT closest to Bell Harbour (red dots 4, 5 and 14 on Figure 72) is 33.5± 0.3. Deeper 

water farther out in Galway bay reaches salinities of 34.9. However, as Bell 
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Harbour is a shallow bay, in general only seawater from the upper part of the 

water column is likely to enter it. This equation assumes that none of the ebb 

water is brought in by the following flood tide (Cave and Henry, 2011). 

� For the lower limit, the averaged salinity of the ebb is divided by the maximum 

salinity measured on the previous flood tide (Equation 2). This allows for some 

ebb water being returned to the bay on the following flood tide (Cave and Henry, 

2011). 

The averaged salinity calculated divided by either 33.5 or the maximum salinity 

measured on the previous flood tide corresponds to the proportion of seawater 

present in the bay for one tidal cycle. These results for the two limits, withdrawing 

from 1, correspond then to the proportion of freshwater present in the bay for one 

tidal cycle (Equations 1 and 2).  

 

Equation 1:         Upper limit     1 - (SHW –SLW)/33.5 x (HHW-HLW) x Surface Area 

 

 

 

Equation 2:         Lower limit      1 - (SHW –SLW)/max. salinity of flood tide x (HHW-HLW) x Surface Area 

  

 

 

where (SHW –SLW) and (HHW-HLW) are respectively, the average of salinity and the 

difference of height between HT and LT. The surface area is the one calculated for 

the bay.  

 

� 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 bay3, to get the total 

volume of water brought out on the ebb tide (Equations 1 and 2). It corresponds to 

the intertidal volume of water in the bay.  

� The total ebb tide volume is then multiplied by the freshwater proportion to get the 

volume of freshwater removed on each ebb tide. 

                                                      
3 The surface area of Bell Harbour bay has been calculated from LIDAR data and using Global Mapper software. 

The surface area of the bay at the mean high water level is estimated at 1.79 km2. Parts of the bay dry out at 

low tide (Figure 70), giving a surface area of 1.03 km² at the mean low water level. The surface area held for 

calculations is a mean between these two surface areas which corresponds to 1.41km2. 

Proportion of  

freshwater 

Volume of water brought out  

on the ebb tide 

Proportion of  

freshwater 

Volume of water brought 

out on the ebb tide 
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For this method, it is assumed that the water in the bay is well mixed, and that the salinity 

data values are therefore representative of the entire thickness of the water column. 

However, this is not the case in Bell Harbour: these heterogeneities will be discussed in the 

results section below. 

The volume of freshwater discharging in the bay can be then compared with the estimated 

volume of catchment recharge.  

Figure 72: Map of Galway Bay showing Bell Harbour (red inset) and the location of CTD data from RV Celtic 

Voyager collected on 21
st

 of February 2011. Tide-G corresponds to the tide gauge at the Galway port station. 

 

♦ Adjustment of equations from salinity data observations 

It is expected that salinity in the bay decreases at the same time as the tide; indeed, at LT, 

the water volume in the bay is at its minimum for the same freshwater volume discharging 

into the bay that at HT: the proportion of freshwater is thus higher at LT than at HT for a 

same freshwater volume discharge. However, by plotting salinity data against WL measured 

in the bay at the same location, it can be seen that salinity decreased only when tide started 

to rise (Figure 73). There is a several hour lag between the two data sets. This lag could be 

explained by the fact the rising tide pushed fresher water which had accumulated in the bay 

at LT further into the inner the bay and thus toward the location of the probes. The narrow 

entrance of the bay could be the main cause of this phenomenon: it consists of a channel 

entrance which is approximately two km long and 150 m to one km wide (at HT).  

Thus, in order to take account this fresher water, the salinity of water was averaged 

between each HT to following HT instead of between each HT to LT for the two equations 

(SHWn+1 –SHWn). 
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Figure 73: WL measured in the bay from CTD probe plotted against salinity data using a MicroCAT probe at 

1 m below the surface from 1
st

 to the 5
th

 of January 2013. 

 

VI.1.2  SiGD results from the tidal prism method 

VI.1.2.a Estimation of the tide in Bell Harbour bay (tide-BH) 

As part of this project, a long-term monitoring of the tide was needed. The closest one of 

Bell Harbour is located at Galway port station (Tide-G; Figure 72) and is managed by the 

Marine Institute. Tide-G was used to estimate the mean time lag with Bell Harbour over 

extended periods (tide-BH). The continuous WL data recorded at two intertidal springs inside 

Bell Harbour (Oyster and BH Quay; Figure 74) was first used to determine this time lag. 

However, only the HT pattern of the bay was measured from these intertidal springs, and a 

probe has thus been settled in the middle of the bay for three months in the aim to get the 

whole tidal pattern (same location as microcats; Figure 74). The periods of data collected for 

the three loggers are given in Table 14. All levels have been reported relative to sea level 

(Ordnance Datum Malin Head). Data was collected with a 15 minute time step until 30th of 

April 2011, and subsequently with a 5 minutes time step; the Oyster spring WL are the only 

one with a 15 minutes time step (Table 14). 
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Figure 74: Probes settled 

in the bay used to 

dertermine the time lag 

between Tide-G and Tide 

BH. 

 

Table 14: Tidal height data collected at the four stations. 

Station Periods of the data available Time step 

Galway Port (Tide-G) From 01/07/2010 to 31/08/2013 6 minutes 

Oyster spring From 28/07/2010 to 30/04/2011 15 minutes 

Bell Harbour quay From 16/12/2011 to 13/09/2012 5 minutes 

Middle of the bay From 22/12/2012 to 26/03/2013 5 minutes 

 

First, estimation was done by comparing the tide height measured in Oyster and BH Quay 

springs with the Tide-G: a visual time lag has been observed (Figure 75) and the mean time 
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lag estimated was about 30 minutes by comparing the time when HT peaks occurred over 

periods of several weeks.  

In order to get an approximation of the time lag by taking into account all of the patterns of 

the tidal level available4, several cross-correlations have been generated using Matlab. Tide-

G has been used for input and different options have been tried for the output: 

 WL measured at Oyster spring over the nine months period of data; 

 WL measured at BH Quay over the nine months period of data; 

 WL measured at BH Quay during a spring tide period (6th - 13th of April 2012); and, 

 WL measured at BH Quay during a neap tide period (29th of March - 5th of April 2012). 

Figure 75: Evolution of the WL at Oyster and BH Quay springs with the Tide-G. 

 

The aim of using different outputs was to observe if the time lag fluctuates temporally 

(depending of the amplitude of the tide) and/or spatially (depending of the location of the 

probe). Thus, estimated time lags were:  

 1 hour at Oyster spring, 

 55 minutes at BH Quay (Figure 76), 

 55 minutes at BH Quay over a spring tide and a neap tide period (done separately). 

                                                      
4 The end of the falling tide, the low tide and the beginning of the rising tide were not recorded at the two 

intertidal springs as seawater was removed from probes during these periods. 
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Figure 76: Example of a cross-

correlogram between Tide-G 

and WL data at BH Quay. 

X=0.9167 corrsponds to the 

time lag, i.e. 55 minutes. 

 

The time lags observed appeared quite stable despite the use of different time steps: as 5 

minute time step gives more precise result than 15 minutes time step, the 55 minutes lag 

estimated has been chosen. The time lag did not appear to change with the amplitude of the 

tide. However, it is very different than the one evaluated by comparing the HT peaks only. 

After these first observations, another logger was installed in the middle of the bay at the 

bottom of the water column, to capture the full range of tidal pattern. The shape of the WL 

(WL Diver) was plotted with Tide-G (Figure 77).   

 

 

 

 

 

 

 

Figure 77: Evolution of the WL 

in the middle of the bay (WL 

Diver) and at the port of 

Galway Bay (Tide-G). 

 

A time lag was visible between Tide-G and WL Diver (Figure 77). The shape of the WL Diver 

showed the falling and rising tide was not symmetric and the WL did not decrease at LT as 

much as the WL measured at Tide-G; leaves the bay more slowly than it enters it. This is not 
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surprising as the mouth of the bay is particularly narrow. During the falling tide, all the water 

which should have left the bay did not seem to have time to do so. Thus, the time lag 

between Tide-G and WL diver was bigger at LT than at HT. By comparing the time lag 

between HT peaks, a mean of 30 minutes has been established which is similar with the time 

lag between HT peaks observed with the two intertidal springs. By comparing the time lag 

between LT peaks, a mean of 1h30 has been established.  

 

Cross-correlograms have been generated by considering the entire tidal pattern of WL Diver 

to allow comparison between these time lags estimated and those determined using the 

intertidal spring data. As above, Tide-G was used for input and different options have been 

tried for the output: 

 WL measured in the middle of the bay over 3 months (22nd of December 2012 – 26th 

of March 2013); 

 WL measured in the middle of the bay during a spring tide period (25th December 

2012 - 2sd of September 2013); and, 

 WL measured in the middle of the bay during a neap tide period (2sd - 9th of 

September 2013). 

A time lag of one hour has been found between Tide-G and the WL in the middle of the bay 

for each cross-correlogram. This estimated time lag (=1h) is quite similar to the ones 

observed at the two intertidal springs (time lag = 55 min) and it does not appear to vary with 

the amplitude of the tide.  

In conclusion, a mean time lag of one hour (± 5 minutes) has been estimated between    

Tide-G and Bell Harbour bay from cross-correlograms. The time lags found using cross-

correlograms is a mean over a tidal cycle but time lag at LT (= 1h30) is bigger than at HT 

(= 30 minutes). Thus, the time lag estimated from the entire pattern of the tide (one hour) 

was used for calculating the tide-BH. 

VI.1.2.b Estimation of SiGD using the tidal prism method 

Some of these following results have been presented within SWIM22 and H2karst 

conferences (Articles available in Appendices K and L). 

Methods for calculating the upper and lower limits of freshwater volume discharging into 

the bay were applied for each tidal cycle for the three periods: 

• Period 1: 2nd December 2010 - 24th of June 2011 (204 days); 

• Period 2: 28th of March - 7th of December 2012 (510 days); 

• Period 3: 23rd of December 2012 - 28th of August 2013 (470 days). 
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The volumes estimated for the three periods were compared with volumes of recharge 

calculated from ER (ER x surface area) and from total rainfall (rainfall x surface area) (Table 

15). These two recharge volumes have been estimated and taken account in comparisons 

since the ETP used for assessing the ER is certainly over-estimated5. Freshwater discharge for 

upper and lower limits (UL and LL respectively) and discharge from rainfall are shown for 

each period in Figure 78, 79 and 80. 

 

Table 15: Volumes of recharge were estimated either from rainfall data or from ER data.  

Volumes of recharge were compared with volumes of freshwater discharging into the bay estimated from 

tidal method for the three periods. UL corresponds to the upper limit and LL to the lower limit. Proportion of 

freshwater discharging in the bay and mean discharge are presented also for the three periods. 

 

Period 1 covers less than half the time covered by Periods 2 and 3 and this is reflected in the 

total volumes of recharge. However, the total volume of freshwater for UL and LL were 

almost equivalent to the totals for Periods 2 and 3. The means of discharge and the 

proportion of freshwater for the three periods are very similar: around 6 to 7 m3/s and % for 

UL and 2 to 3 m3/s and % for LL (Table 15). Freshwater discharge fluctuated quickly after 

rainfall events (generally the day after) and showed particularly strong increase for UL 

estimations for all periods (Figure 78, 79 and 80). Thus, freshwater discharge variations 

followed rainfall discharge variations over time. It is however possible to observe an increase 

of the freshwater discharge for the UL and LL during the period 2 from the end of October 

2012 where no rainfall occurs for more than three months: this trend observed can reflect 

an important storage of groundwater in the aquifer for more than three months which 

discharge only now. Thus, important void space not directly connected with the main karst 

drainage may be present into the aquifer. 

                                                      
5 The Birr station used for the ETP data is located approximately 100km inland in a low lying area and is not 

reflective of weather patterns in the Burren. This location is indeed less afftected by oceanic influence (less 

precipitation) and the soil cover is thicker which reduced infiltration into the epikarst and/or karst aquifer. 

Periods 
Number 

of days 

Volume 

of 

recharge 

(rainfall) 

(m3) 

Volume 

of 

recharge 

(ER) (m3) 

Volume of 

freshwater (m3) 

Proportion 

of 

freshwater 

(%) 

Mean 

discharge 

(m3/s) 

UL LL UL LL UL LL 

1 204 3.89.107 2.86.107 4.78.107 1.27.108 7.1 2.6 7.1 2.7 

2 510 6.38.107 3.72.107 4.56.107 1.51.108 6.6 1.9 6.8 2.1 

3 470 4.66.107 2.74.107 4.07.107 1.35.108 5.9 1.8 6.2 1.9 
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Ratios of assessed output volume (SiGD at UL and LL) and the estimated input volume (from 

rainfall or ER) are summarized in Table 16: an over-estimation of output volumes in 

comparison with input volumes was observed for all ratios except for SiGD volume at lower 

limit for Periods 2 and 3 (Table 16). The SiGD volume generated using UL equation was 

always higher than the recharge volume: this confirms that some ebb water was returned to 

the bay on the following flood tide, which was not taken account in UL calculations.  

 

Table 16: Ratios (in %) between volumes of SiGD discharging in the bay estimated at upper limit (UL) or 

lower limit (LL) with volumes of recharge estimated from rainfall or effective rainfall (ER). 

periods 
UL /recharge  

(rainfall) (%) 

LL /recharge  

(ER) (%) 

UL /ER  

(%) 

LL /ER  

(%) 

1 327 123 452 170 

2 237 71 345 123 

3 289 88 492 149 

 

 

Figure 78: Upper and lower limits of freshwater discharge estimated plotted with rainfall discharge over the 

period 1. 
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Figure 79: Upper and lower limits of freshwater discharge estimated plotted with rainfall discharge over the 

period 2. 

 

Figure 80: Upper and lower limits of freshwater discharge estimated plotted with rainfall discharge over the 

period 3. 
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Ratios between volumes of SiGD using the LL equation with recharge volume for Periods 2 

and 3 are roughly similar (~70-90 %); volumes of input were higher than volumes of output. 

The difference with the ratio of Period 1 (123 %) can be explained by the fact this period was 

two times shorter: the tidal prism method may need an extended time period to take 

account delays of output volumes in comparison with input volumes (these delays 

correspond to the transit time of groundwater in the aquifer). Moreover, the probe may 

have been moved between Period 1 and the two other periods: indeed, salinity values are 

higher from Period 2 while rainfall does not seem lower. Thus, a change of location of the 

probe may have an influence on results, which would confirm the heterogeneity of the 

salinity in the bay. 

VI.1.2.c Uncertainties in the data 

Some data used for the tidal prism calculations includes uncertainties which could explain 

the over-estimation of SiGD. 

♦ The surface area of the catchment (56 km²) 

A surface area of 56km2 was used for assessing the volume of recharge of the aquifer. This 

area was determined from assessing topographic divides, but the southern part of the 

catchment is not as clearly delineated. Therefore the maximum surface area of the 

catchment may be extended to 85 km² taking into account tracer tests completed in the 

Burren (Figure 31). This increase has a large impact on the potential volume of recharge 

(Table 17): thus, ratios with volume of SiGD at LL were low (40-90 %) than for a surface area 

of the catchment of 56 km². These results would be more acceptable: the under-estimation 

of the surface area may be a reason of these large estimated SiGD volumes. 

 

Table 17: Comparisons of volumes of recharge and ER estimated with a surface area of the catchment of 

56 km² and 85 km². These volumes (for 85 km²) were compared with volumes of SiGD estimated at LL in %. 

 

Periods 
Number 

of days 

56 km² 85 km² 

Vol. of 

recharge 

(rainfall) 

(m3) 

Vol. of 

recharge 

(ER) 

(m3) 

Vol. of 

recharge 

(rainfall) 

(m3) 

Vol. of 

recharge 

(ER) 

(m3) 

LL / 

recharge 

(rainfall) 

(%) 

LL / 

recharge 

(ER) 

(%) 

1 204 3.89.107 2.86.107 6.61.107 5.53.107 72 86 

2 510 6.38.107 3.72.107 1.09.108 8.85.107 42 52 

3 470 4.66.107 2.74.107 7.92.107 6.107 52 68 
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♦ The surface area of the bay (1.41 km²)  

This surface area was used for assessing the volume of SiGD discharging in the bay: this 

surface is a mean between the mean high water level mark and low water level mark 

estimated using the software Global Mapper. In reality, this surface area fluctuates at each 

tidal cycle depending of the tidal amplitude. The impact of these variations on the results 

was checked and was estimated minor. 

♦ Birr ETP  

The fact that volume of SiGD assessed were always higher than the volume of recharge using 

ER could confirm the ETP of Birr station was not adjusted to suit the Burren area: the real 

value of ER in the Burren is larger than the one assessed for calculations (Drew, 1992). Thus, 

comparisons with SiGD estimated were made using recharge volumes estimated from 

rainfall or ER (Table 17). 

♦ The heterogeneity of the salinity in the bay  

The location of the probe was only representative of the salinity at one point in the bay over 

time. The probe was located above black spots noticed from aerial photographs and these 

dark spots were considered as submarine groundwater springs (cf. section III.6.2.b). A 

horizontal survey over the bay and a vertical profile of salinity at the location of the probe 

was completed in order to highlights vertical or/and horizontal salinity heterogeneities in the 

bay as these heterogeneities could affect SiGD calculations: 

 A horizontal salinity survey over the bay was completed on 6th of June 2012 between 

12:30 pm and 4 pm, before and after the LT (LT was 2pm; Appendix C3). Salinity 

values collected ranged between 23 to 34: the lowest salinity values (from 23 to 30) 

were located in the most southern and shallowest part of the bay, values from 30 to 

32 were mainly observed in the eastern part of the middle of the bay while the 

highest values (> 32) were recorded in the eastern part of the middle of the bay 

(Figure 82). According to these distribution values, intertidal springs appear to impact 

on salinity values - at least near LT - as they are mainly located in the inner and 

eastern parts of the bay. SGD values assumed to be located in the highest salinity 

values zone are not highlighted from this set of data. 

 A vertical salinity profile at the location of the probe was completed on 6th of June 

2012 at 4:30 pm (Figure 81). The water depth of 11.5m is one of the deepest in the 

bay. The tide was rising and corresponds to the time when the water at the surface 

has its lowest salinity value during a tidal cycle (Figure 73). An increase of the salinity 

(from 31 to 34) from the surface to about 4 m was observed; thus, fresher water was 

only present in the upper 4m from the surface (Figure 81). No decrease of the salinity 

was observed close to the bottom. This observation is going along with results from 
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horizontal salinity survey which shows highest salinity values in this area: both does 

not highlight the presence of SGD in this area.  

 The two probes located at 1 and 6m below the surface (from 5th of February to 18th of 

April 2011; Figure 71) showed that salinity varies the same way from 1 to 6m below 

the surface over time during HTs but varies differently during LTs: only surface water 

(at 1m below the surface) decreased strongly (salinity decreases of 5) at each LT (at 

rising tide to be exact). Thus, only the first few metres below the surface could be 

fresher during rising tide, which confirms salinity values from the vertical profiles 

taken at a rising tide (Figure 81). A consequent decrease of the salinity at 6m below 

the surface has been however noticed during a strong flood event from the 6th to the 

9th of November 2011 (Figure 83): the entire vertical water column may have been 

fresher during this episode. It is very likely that freshwater flowed during this period 

from submarine springs located just below the probe, especially since WL in 

boreholes was particularly high. Salinity values at 1 and 6m below the surface in the 

bay plotted with the WL at B57 – the borehole located along the MacDermott’s fault 

that is most likely connected with these submarine springs - during a strong flood 

event shows a strong correlation between the high WL at B57 with the low salinity 

values at 6m depth in the bay. 

 

Figure 81: A vertical salinity profile from 6
th

 of June 2012 in the middle of Bell Harbour. 
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Figure 82: Ranges of salinity values observed over the bay from the salinity survey completed on 6
th

 of June 

2012. 

Legend 
Ranges of salinity values measured 

23 to 30 

30 to 32 

32 to 34 

Intertidal spring 

SG springs assumed 
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Figure 83: Salinity values recorded in Bell Harbour at depths of 1m (Microcat 3107) and 6m (Microcat 3116) 

are plotted with the water level at B57 (WL of B57) and precipitation from 3
rd

 of February to 12
th

 of March 

2011. 

♦ The geomorphology of the bay  

Salinity data recovered from the Microcat attached to the mussel cages in the middle of the 

bay was used for assessing the volume of SiGD discharging in the bay: as shown on Figure 73, 

the lowest salinity for each tidal cycle occurred during the rising tide instead of during the 

LT. This can be explained by the fact that some of the freshwater does not discharge from 

the bay during the falling tide: this fresher water was thus pushed by the following rising tide 

and then recorded at this tidal stage. The narrow entrance of the bay could certainly explain 

the fact that not all volume of the ebb was removed before the following tide. The LL 

equation takes account of this phenomenon which confirms the mismatch using the UL 

equation. 

Moreover, the fact that the lowest salinity occurred at rising tide instead of at LT highlights 

the horizontal heterogeneity of salinity in the bay; indeed, fresher water observed on the 

eastern part of the bay at LT (Figure 82) could be recorded only at rising tide, once the 

following rising tide pushes and thus mixes the water present in the bay. 
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VI.1.3 Discussion 

A water balance has been completed for the Bell Harbour catchment. Instantaneous 

discharges of intertidal springs collected in the field have been compared with recharge to 

the aquifer over a one year period. This shows that a contribution from other freshwater 

discharges is needed to get a more accurate water balance; this is likely to be tied in with 

submarine springs located in the middle of the bay where dark spots (from aerial 

photographs, Figure 82) and channels (from LIDAR map, Figure 37) have been noticed.  

The tidal prism method allowed an estimation of SiGD in the bay over time. Unlike the 

nearby Kinvarra and Aughinish Bays where this method has been applied successfully (Cave 

and Henry, 2011; Smith and Cave, 2012), an over-estimation of SiGD in Bell Harbour has 

been observed for all observation periods. While SiGD volumes were not assessed 

quantitatively due to over-estimation, some observations can be made to better understand 

characteristics of the bay and the aquifer: 

 The ebb water remained in the bay on the following flood tide, due to the narrow bay 

entrance. It can be explained by the fact that the UL from the tidal prism method was 

over-estimated and the fact the lowest salinity values recorded were observed at 

rising tide instead of at LT, with the fresher water being pushed back from the 

following flood tide. Moreover, the fact that the tidal level recorded in the bay is for 

longer duration near LT than in Galway Bay confirms the seawater takes more time to 

leave the bay than to arrive in it.  

 The salinity of the bay is heterogeneous, both vertically and horizontally. Permanent 

intertidal springs influence the horizontal salinity profile of the bay thoughout the 

year. Moreover, due to the lower freshwater density, freshwater influence appears 

limited to the upper four metres below the surface, during the rising tide near the 

dark spots (where the probe was settled) and during the LT on the eastern and inner 

part of the bay. 

 Submarine springs seem to be fresh only during strong flood periods: during these 

events, freshwater could be present through the entire water column close to these 

springs in the middle of the bay. Thus, discharge of freshwater from submarine 

springs may be ephemeral and would be then dependant of the hydraulic gradient 

between the WL in the aquifer and the sea level. A salinity survey in the bay during 

similar flood events would help to confirm this assumption. 

 

An under-estimation of the surface area of the catchment and an over-estimation of its 

recharge (using ER derived from the Birr evaporation data) could partially explain an over-

estimation of the SiGD; indeed, it is unlikely the catchment area is 29 km² larger (85km2 

rather than 56km2) and even without taking account the ETP in calculations, SiGD values in 

the bay are still over-estimated. The main reason seem more linked to strong 
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heterogeneities of salinity observed in the bay. In comparisons with Kinvarra and Auginish 

bays, the causes could be the narrow entrance of the bay and its relatively low surface area. 

Moreover, the probe was located just above a submarine spring which could impact on 

calculations. 

Additionally, it has been observed from the WL data collected in the middle of the bay that 

WL height at LT seems higher than for Tide-G (Figure 77): the difference of height between 

HT and LT used for calculations of SiGD may be thus over-estimated and could contributed to 

these over-estimated SiGD results. However, differences between the WL height at LT in the 

bay and the one from Tide-G change with time and tidal amplitude. It would be interesting 

to model the entire tidal pattern in the bay by taking account these irregularities in a future 

project.    

 

VI.2 Assessment of karst hydrodynamic properties  

Almost all this section (except sections VI.2.1.b and VI.2.2) corresponds to an article 

submitted to the Journal of Hydrology (Appendix M) with some minor changes and 

additions. 

VI.2.1 Methods 

Different methods are described below in order to better characterize the aquifer, using 

continuous WL and SpC data from the six boreholes (B03, B05, B08, B15, B57, B59), the lake 

(L01) and turlough (L02). 

VI.2.1.a Hydrodynamic response to recharge events 

Observations of changes in the WL in each of the six boreholes during and after a recharge 

event enabled determination of the typical hydrodynamic behaviour of the borehole 

concerned using the intensity of the variation in WL (amplitude and period of influence (P)) 

and the slope (S) on the WL recession curve. The steepness of the slope was assumed to 

reflect the drainage of the karst system (Powers et al., 2000; Shevenell, 1996): a steep slope 

represents the dominant effects of the larger karst features (i.e. conduit/large fissures) on 

drainage, but also includes the effects of the other regimes. When a break occurs in the 

slope and the slope decreases, this illustrates the storage of the aquifer that results in the 

emptying of well-connected karstified fissures and/or the matrix. Three segments in a 

borehole recession curve in a multiple porosity karst system can thus be interpreted as the 

consequence of three types of flow occurring in: i) conduits/large fissures; ii) fissures; and iii) 

the matrix.  

One example of a typical hydrograph recession curve was selected for each of the six 

boreholes and classification was based on the range of responses starting from the borehole 
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with the highest amplitude and steepest slope (when several segments were present, the 

steepest one only was taken account for the classification) (D1) to the borehole with the 

lowest amplitude and shallowest slope (D6

indicative and was not taken account for the classification as it is not the most 

representative in estimating hydraulic diffusivities. This analysis was applied to the 

boreholes but not to the lakes (L01, L02) as changes

dampened by the capacity of the lake and consequently cannot be compared to changes in 

WLs in the boreholes. For example, the hydrodynamic reaction of B57 exhibits a high 

amplitude peak (> 10 m) and a steep slope on the re

Moreover, its period of influence was short (P

hydraulic diffusivity (D1) and hence high connectivity of this borehole with the karst 

drainage network, due to well

 

Figure 84: Examples of hydrodynamic responses for each of the six boreholes from the typology we 

established. A different period has been selected for B15 as no WL data have been collected at this borehole 

from 12
th

 to 27
th

 of January 2011. Slopes (S) and period of influence (P) of each recession curve have been 

VI.2.1.a Hydrodynamic response to tidal variations

The Jacob-Ferris method (Ferris and Branch, 1952

through a coastal aquifer was used to estimate hydraulic diffusivity (D) values in the Bell 
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with the highest amplitude and steepest slope (when several segments were present, the 

steepest one only was taken account for the classification) (D1) to the borehole with the 

e and shallowest slope (D6) (Figure 84). The period of influence P is only 

indicative and was not taken account for the classification as it is not the most 

representative in estimating hydraulic diffusivities. This analysis was applied to the 

boreholes but not to the lakes (L01, L02) as changes in the WLs of lakes are strongly 

dampened by the capacity of the lake and consequently cannot be compared to changes in 

in the boreholes. For example, the hydrodynamic reaction of B57 exhibits a high 

amplitude peak (> 10 m) and a steep slope on the recession curve (S57 = 6.3

Moreover, its period of influence was short (P57 = 1.6 days). This indicates a zone of 

sivity (D1) and hence high connectivity of this borehole with the karst 

drainage network, due to well-connected fissures.  

Examples of hydrodynamic responses for each of the six boreholes from the typology we 

ed. A different period has been selected for B15 as no WL data have been collected at this borehole 

2011. Slopes (S) and period of influence (P) of each recession curve have been 

drawn. 

Hydrodynamic response to tidal variations 

Ferris and Branch, 1952; Jacob, 1950) for tidal propagation 

through a coastal aquifer was used to estimate hydraulic diffusivity (D) values in the Bell 

BEHAVIOR: RESPONSE TO TIDAL AND 

with the highest amplitude and steepest slope (when several segments were present, the 

steepest one only was taken account for the classification) (D1) to the borehole with the 

The period of influence P is only 

indicative and was not taken account for the classification as it is not the most 

representative in estimating hydraulic diffusivities. This analysis was applied to the 

of lakes are strongly 

dampened by the capacity of the lake and consequently cannot be compared to changes in 

in the boreholes. For example, the hydrodynamic reaction of B57 exhibits a high 

= 6.3 m/d) (Figure 84). 

= 1.6 days). This indicates a zone of high 

sivity (D1) and hence high connectivity of this borehole with the karst 

Examples of hydrodynamic responses for each of the six boreholes from the typology we 

ed. A different period has been selected for B15 as no WL data have been collected at this borehole 

2011. Slopes (S) and period of influence (P) of each recession curve have been 

for tidal propagation 

through a coastal aquifer was used to estimate hydraulic diffusivity (D) values in the Bell 
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Harbour karst catchment, although a variety of more sophisticated analytical solutions exist 

for one- and two-dimensional systems (Li et al., 2000; Townley, 1995; Trefry, 1999) and for 

vertical section systems (Guo et al., 2010; Li et al., 2002). The relatively simple Jacob-Ferris 

model remains useful, however, for estimating aquifer hydraulic properties from measured 

groundwater level variations (Rotzoll et al., 2013); even so, application of this simple 

homogeneous tidal propagation models is not without its problems: inconsistencies in 

hydraulic diffusivities measured from either attenuation or delay data from WL time series 

collected at a single borehole have been already noticed in numerous studies (Drogue et al., 

1984; Erskine, 1991; Ferris and Branch, 1952; Smith, 1999).  

These amplitude-delay inconsistencies have been explained with varying success and 

different hypotheses have been proposed such as vertical flows, phreatic influences (Jha et 

al., 2003), geometric effects (e.g., variable aquifer thickness), non-linearities associated with 

capillarity and density-driven flow or spatial heterogeneity (e.g., horizontal layering) (Trefry 

et al., 2004). While these amplitude-delay inconsistencies have been found in the hydraulic 

diffusivities assessed for Bell Harbour aquifer, they do show the heterogeneity of the 

aquifer: these biases have been used to support the different types of proposed 

hydrodynamic environments and are discussed in details in the discussion (section VI.2.3). In 

any case, this method gives a general idea of the hydraulic diffusivity between the shoreline 

and the monitoring point and thus, allows identification of the spatial distribution of the 

hydraulic diffusivity in the catchment. As part of the SWIM22 conference in Buzios in Brazil, 

an example of diffusivity result is presented using Jacob Ferris equation (Appendix L). 

 

Use of the Jacob-Ferris equation generally assumes a confined aquifer with homogeneous 

hydrodynamic properties and considers one-dimensional flow (implying neither vertical flow 

nor flow parallel to the shoreline) sinusoidal oscillations in pressure propagated through the 

aquifer. However, the karst aquifer in Bell Harbour area is assumed to be largely unconfined, 

at least in its matrix environment, but the range of tidal amplitude is small compared to the 

thickness of the saturated aquifer, which makes it possible to use the Jacob-Ferris tidal 

method to assess its hydrodynamic properties (Erskine, 1991), which corresponds to 

Equation 3: 

 

 Equation 3 � = �� �(�����/ � !)"#$ (%�  
 � − ��� �  �!⁄ )  

 

where h is WL (m) above MSL; x is distance from the sea (m); t is time (d); t0 is the period of 

tidal oscillation (d) which for the west of Ireland is 0.52 days; h0 is the amplitude of tidal 

oscillation (m); T is the transmissivity of the aquifer (m²/d); and S is aquifer storage.  
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Tidal oscillations remain sinusoidal with a time lag (delay = d) and decrease exponentially in 

amplitude with distance from the sea (tidal efficiency factor = f). An analytical solution to 

Equation 3 provides expressions for d and f: 

 Equation 4 d = �'� � 
(�!  

      

 Equation 5 f = ���' ��
! �        

 

These solutions can be rearranged into expressions for aquifer hydraulic diffusivity (D) in 

terms of the delay (Dd) and tidal efficiency (Df):  

 Equation 6  )* = !
� = (�² �)/((�*%)  

     

 Equation 7   ), = !
� = �²�

(-$ ,)% �         

 

The delay is the time lag between the tidal signal and WL signal and the tidal efficiency factor 

corresponds to the ratio of the tidal signal amplitude with the amplitude of the WL (Figure 

85). For each monitoring point, the delay and the tidal efficiency factor were calculated for 

separate 15-day periods without the influence of recharge and for different tidal amplitudes 

during spring tide (ST) and neap tide (NT): 

 Delay was estimated from cross-correlograms on 15-day periods using the tidal signal 

(WL estimated in the bay) as input and the WL at monitoring point as output. 

 Tidal efficiency factor were calculated on 15-day periods by selecting firstly high and 

low tidal peaks for each data sets (Tidal signal and WL at monitoring point). Secondly, 

amplitudes were deduced by the difference between the high tidal peak and the low 

tidal peak for each tidal cycle. Then, a tidal efficiency factor for each tidal cycle was 

estimated by dividing amplitude of tidal signal with the amplitude of the WL and an 

average tidal efficiency factor was deduced for all the period. 

Matlab was used for these calculations. The average hydraulic diffusivity was then deduced: 

Df from the tidal efficiency factor and Dd from the delay factor. This method was not used for 

B15 as no tidal influence was detected in this borehole, probably due to its low hydraulic 

diffusivity and its distance from the shore. 
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Figure 85: Tidal efficiency factor and delay estimated from the tide and WL or SpC of the aquifer.

VI.2.1.b Response of SpC variations to recharge events

Previous work have been already 

in response to precipitation events

et al., 2009; Winston et al., 2004

storm events and offered detailed

that the series of complicated dips and peaks 

times of water from specific tributaries entering the main trunk. Moreover, when a rise of 

the SpC occurs before a dilution, he 

the diffuse flow of the karst system.

For this study, SpC data have been analyzed at monitoring points located inland (not 

spring data). From the data collected, observation

precipitation events at each borehole and lake enabled determin

the SpC using the shape of the curve over time and the intensity of the SpC variation (based 

on the amplitude and period of influence). 

From these observations, SpC reactions 

classes from S1 to S5 (Figure 

at L02, B05 and B08: a simultaneous decrease 

(with a slight delay for L02 due to 

of water) and returned to their initial value as quickly as t

the other boreholes was observed 

noticed at B03: one occurred generally after several successive rainy periods (S2) and the 

second after long dry period (S3). 

A direct connection of the monitoring point with the recharge

when SpC values decrease just after a precipitation event: 
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: Tidal efficiency factor and delay estimated from the tide and WL or SpC of the aquifer.

Response of SpC variations to recharge events 

revious work have been already completed on variation of the conductivity 

in response to precipitation events primarily using spring data (Birk et al., 2004

Winston et al., 2004). Hess (1988) studied SpC responses at karst springs after 

offered detailed interpretation of the different responses

series of complicated dips and peaks in the SpC corresponds 

times of water from specific tributaries entering the main trunk. Moreover, when a rise of 

the SpC occurs before a dilution, he suggests it is due to nearly saturated water driven from 

the diffuse flow of the karst system. 

For this study, SpC data have been analyzed at monitoring points located inland (not 

spring data). From the data collected, observations of the SpC variations induced by 

at each borehole and lake enabled determination of 

the SpC using the shape of the curve over time and the intensity of the SpC variation (based 

on the amplitude and period of influence).  

From these observations, SpC reactions in the boreholes have been grouped in different 

gure 86). S1, for example, groups the same SpC reaction

at L02, B05 and B08: a simultaneous decrease in the SpC occurred when the WL increase

(with a slight delay for L02 due to its limited connection with the aquifer of this

of water) and returned to their initial value as quickly as the WL does. The SpC behavio

observed in the same way. Two different reactions have been 

at B03: one occurred generally after several successive rainy periods (S2) and the 

second after long dry period (S3).  

nection of the monitoring point with the recharge location 

when SpC values decrease just after a precipitation event: this is the dilution effect. A 
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S1 

S5 

S4 

S3 

S2 

connection of the monitoring point with the main karst system has been assumed when SpC 

recovers its initial value rapidly or relatively rapidly. 

 

Figure 86: Examples of responses of SpC for each of the six boreholes and two lakes from the typology we 

established. 

 

VI.2.1 Determination of hydrodynamic environment types 

WL variations were analyzed first in response to precipitation and second in response to tidal 

fluctuations to better understand the hydrodynamic behaviour of the overall system. This is 
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not a typical analysis as the data represents different responses: WL variations due to 

recharge events are influenced by the non-saturated zone, the saturated zone and the 

pathway between the surface and the borehole while WL variations due to tide are only 

influenced by the saturated zone, and so by the karst network between the borehole and 

the shore. Nonetheless, the non-saturated zone in the study area is considered to be fairly 

shallow and typically of high moisture content due to a high recharge throughout the year: 

infiltration into the non-saturated zone is thus continuous whatever mode of infiltration, 

either diffuse or concentrated via swallow sinks, and the hydrodynamic behaviour of the 

system can be thus comparable to the saturated zone for these analyses.  

Moreover, these two methods have been used during different periods and are thus 

separate means to estimate hydraulic diffusivity: when WL variations occur due to recharge 

events, the tidal effect on WL disappears; the effect of the tide was thus only analyzed 

during period of no recharge. Thus, while bearing this in mind, these two different methods 

were used to ascertain the coherency between types of hydrodynamic environment 

(estimated from hydrodynamic responses to recharge events) and hydraulic diffusivities 

(assessed from Jacob-Ferris equations) for each borehole. 

VI.2.1.a Results from hydrodynamic response to recharge events 

Hydrodynamic response of each borehole to recharge events allows for classifying them 

from the one with the highest hydraulic diffusivity (D1) to the lowest (D6) (Figure 84 and 

Table 18): 

 B57 is located in a highly zone of hydraulic diffusivity (D1) as explained above (section 

VI.2.1.a), representative of conduit-dominated flow environment.  

 The amplitude (6.25 m) and the slope (S08 = 2.6 m/d) of the recession curve at B08 

were lower than B57 but its slope remained relatively steep in comparison with those 

of other boreholes. B08 is located in a zone of relatively high hydraulic diffusivity 

(D2), representative of conduit or large fissure-dominated flow environment. 

 B59 showed three different slopes on its recession curve representative of an 

environment with different hydraulic diffusivities. The steepest one (S59a = 1.5 m/d) 

was however lower than at B08 (S08 = 2.6 m/d) and the two others were particularly 

low and almost equal (S59b = 0.5 and S59c = 0.4 m/d) suggesting that borehole 

hydrodynamics are characteristic of both fissure and matrix-dominated flow 

environments (D3). These three successive slopes on its recession curve for which 

two are representative of a poorly hydraulic diffusive zone explain the particularly 

long observed period of influence P (P59 > 10.4 d).  

 D4, D5 and D6 have been assigned to B05, B15 and B03 respectively: despite lower 

amplitude observed at B05 than at B15 and B03, it has been assumed its hydraulic 

diffusivity is higher as its unique slope of recession curve (S05 = 0.9 m/d) was steeper 
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than the ones at B15 (S15a = 0.7 and S15b = 0.3 m/d) and B03 (S03a = 0.7 and S03b = 

0.1 m/d), and its period of influence much shorter (similar to the one of B08). B05 is 

therefore considered to be moderately connected with the karst drainage network 

(D4): B05 hydrodynamics would be considered as small fissure-dominated flow 

environment. 

 B15 and B03 both exhibited two shallow slopes on their recession curve which are 

representative of an environment with different hydraulic diffusivities. Their 

recession curves were however very flat and expanded (P15 = 6.4 and P03 = 9.1 d). 

Thus, B15 and B03 are assumed to be poorly connected with the main drain karst 

system (D5 and D6) and representative of a matrix-dominated flow environment. 

 

Table 18: Type of hydrodynamic environment deduced from the hydrodynamic response of the borehole to 

recharge events.  

Borehole 
x 

(m) 
Typology 

Amplitude 

(m) 

Period of 

influence P 

(d) 

Slope of  

recession curve S 

(m/d) 

Type of 

hydrodynamic 

environment 

B57 2400 D1 10.4 1.6 6.3 conduits 

B08 1065 D2 6.25 4.3 2.6 
conduits / 

large fissures 

B59 2300 D3 5 > 10.4 

sa = 1.5 / sb = 0.5 

/ 

sc = 0.4 

fissures and 

matrix 

B05 265 D4 3.3 4.5 0.9 small fissures 

B15 4490 D5 4.4 6.4 sa = 0.7 / sb = 0.3 matrix 

B03 560 D6 3.75 9.1 sa = 0.7 / sb = 0.1 matrix 

Borehole’s typology is illustrated in Figure 83. Amplitude (in metres), period of influence “P” (in days) and 

slope of recession curve “S” (in meters/day) were estimated from recession curves. x (m) correspond to the 

distance from the shore in metres. The period of influence starts from the highest WL value reached after a 

rainfall event and stops when the WL comes back to its former value. 

VI.2.1.b Results from hydrodynamic response to tidal variations 

The outputs from the Jacob-Ferris equations are given in Table 19: boreholes and lakes are 

ranked from the one (B57) with highest hydraulic diffusivities at the top (only Dd has been 

taken account; the reasons are explained in the discussion VI.2.3) to the one (B03) with 

lowest hydraulic diffusivities at the bottom.  

 

Df and Dd decrease from B57 to B03 (except Df of L01 and L02) but the values are different: 

Df/Dd ratio of 0.3, 0.47 and 0.65 was found for boreholes B03, B05 and B59, respectively, and 
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even lower at L01 and L02 (0.15 and 0.14 respectively). Thus, when this ratio is lower than 1, 

Df appears to be under-estimated in comparison with Dd (Table 19). 

Table 19: Hydrodynamic response of the borehole to tidal variations.  

Borehole x (m) f Df 

(m²/s) 

d (h) Dd 

(m²/s) 

Ratio 

Df/Dd 

B57 2400 0.131 97.3 3h35 124 0.8 

B08 1065 0.4036 98.2 1h55 91.5 1.07 

B59 2300 0.0045 12.7 8h45 19.1 0.65 

L01 485 0.0637 2.8 2h20 18.2 0.15 

L02 900 0.0052 2 3h55 14.6 0.14 

B05 265 0.4 5.8 1h25 12.4 0.47 

B03 560 0.0407 2.1 3h30 7.1 0.3 

Hydraulic diffusivities (Df and Dd in metres square /second) were calculated using tidal efficiency factor (f) 

and delay factor (d, in hours). 

 

VI.2.2 Determination of the connectivity with recharge and the main 
karst system  

A typology of SpC responses to recharge events (S1 to S5) for the six boreholes, the lake and 

a turlough has been established from observations of SpC variations due to precipitation 

events (Figure 86 and Table 20).Connections with the recharge area, the main karst system 

and the bay are deducted from these behaviours: 

 At B05, B08 and L02, SpC decreased after a precipitation event (dilution effect) and 

then recovered quickly (group S1): the connection of these monitoring points with 

recharge and the main karst system is therefore assumed to be very good. At 

borehole B08, in addition to this decrease, large SpC increases (up to 1290 µS/cm) 

can occur during a precipitation event (Appendix E); these high values could be 

explained by a remobilization of more salty groundwater present in the matrix and 

fissures surrounding the borehole which may be affected by the freshwater-seawater 

mixing zone. Low values may be the result of infiltration of freshwater from the 

epikarst representative of the recharge zone (observed on vertical profile, section 

V.1.3.a and annexe G2). 

 The decrease of SpC values observed at B03, B57 and L01 (group S2) after a 

precipitation event was induced by a dilution of groundwater with an input of fresher 

water from conduits/fissures. The connectivity with the recharge zone is thus 

assumed to be fairly strong. However, SpC values observed at B57 and B03 during 

recession periods increased very slowly (< 50 µS/cm per month) and linearly: a 

rock/water chemical interaction may be occurring, which means the water flowing 

S1 

S2 
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through the matrix becomes more conductive over time. This suggests that the two 

boreholes may be not in good connection with the main karst system.  

 A different reaction of SpC due to a precipitation event has been observed 

sometimes at B03 after a long dry period (group S3): SpC increased first (up to 

50 µS/cm) before decreasing. A flushing of the groundwater contained and 

accumulated in the surrounding matrix may occur before the dilution effect appears 

due to an input of fresher water from conduits/fissures (Hess and White, 1988). B03 

may still have a reasonably good, but delayed connection with the recharge zone.  

  

Table 20: Typology of SpC responses established for the six boreholes, the lake and the turlough using 

different criteria and the typical SpC reactions.  

Typology 

name 

Measurement 

point 

Amplitude 

(µS/cm) 

Period 

(d) 

Shape of  

the curve 

Typical reaction of the 

SpC 

S1 
B05, B08  

& L02 
200 to 400 3 to 4 

Negatively 

correlated with 

recharge 

Good connection with 

recharge and the main 

karst system 

S2 
B03, B57  

& L01 

20 to 

>10000 
> 30 

Dilution and very 

slow increase after 

recharge event 

Good connection with 

recharge, not with the 

main karst system 

S3 B03 150 to 200 > 30 
Increase and idem 

as S2 

Flushing effect of the 

groundwater more 

conductive contained 

in the matrix first + 

idem as S2 

S4 B59 & B15 100 to 150 > 30 

Dilution and 

several increases 

and decreases 

after recharge 

event 

Good connection with 

recharge, average with 

the main karst system 

S5 B15 60 > 30 

Idem as S4 + 

diurnal variations 

of the SpC 

Idem as S4 + influence 

of the root respiration  

Amplitude (in µS/cm), period (in days) and shape of the curve were estimated from SpC recession curves. 

 

 SpC variations observed at B59 and B15 (only when WL < ~23 m for B15) are 

interpreted firstly as a dilution effect and secondly as several flushing effects from 

S4 

S3 
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various hydrodynamic environments (successively: conduits, fissures and matrix 

environments) (group S4). The connection with the recharge is supposedly good, but 

probably indirect with the main karst system.  

 Diurnal variations of SpC were present at borehole B15 when its groundwater level 

was below ~23 m (noted in temperature data too) while the WL did not show 

variations (group S5). The similar daily patterns in SpC were observed by Atkin et 

al.(2000), Liu (2006) and Liu (2007) in karst environments. They suggested that 

fluctuations in PCO2 (from simultaneous measures) in the water may have caused 

these patterns to appear; they concluded these fluctuations may be determined by 

diurnal oscillations in root respiration (higher in daytime and lower at night time) 

which contribute to the variation in PCO2 and thus the dissolution or precipitation of 

carbonate. The WL at B15 was relatively close to the surface (between 0 and 8 m 

below ground level) when these SpC variations were observed and this may have 

allowed root respiration to affect conductivity values.  

VI.2.3 Discussion 

Results from the two methods used on WL data (from observation of WL recession curves 

and Ferris equations) show the same classification for the borehole hydrodynamics 

environment, ranging from the highest to the lowest hydraulic diffusivities (Table 18 and 

Table 19). 

However, as noted previously, important differences have been observed between the 

hydraulic diffusivity estimated on the basis of the tidal efficiency factor (Df) and hydraulic 

diffusivity calculated by the delay equation (Dd) for B59, B15, B03, L01 and L02, showing a 

ratio Df/Dd decreasing with hydraulic diffusivity values (Table 19).  

From Equation 3, it is assumed that head losses affect both, the tidal efficiency factor (f) and 

the delay factor (d). It is therefore expected Df is equal to Dd, and thus Df/Dd= 1 for a 

confined homogenous aquifer where head losses are isotropic; a difference between Dd and 

Df at the same distance from the shore would indicate heterogeneity of the environment. 

 

Head losses in the matrix are supposed to be larger than in conduits: at each tidal cycle, the 

tidal wave enters the aquifer preferentially via the conduits that feed the matrix. Head losses 

occur in the conduits but the head losses are even greater when the tidal signal passes 

through the matrix which leads to stronger dampening of the sinusoidal wave and higher 

delay in the matrix than in the conduits.  

To illustrate this case, two boreholes located at the same distance from the shore, one 

drilled in matrix-dominated flow environment (e.g., B59 at 2300 m from the shore), and the 

other in conduit-dominated flow environment (e.g., B57 at 2400 m from the shore) have 

been compared from ratios dconduit/dmatrix and fconduit/fmatrix. The fact that dB57/dB59 = 0.4 is < 1 and 

S5 
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fB57/fB59 = 29 is > 1, means that head losses are larger in matrix-dominated flow environments 

than in conduit-dominated flow environments. By incorporating d and f in Equations 6 and 7 

respectively, it results in differences between both, Ddconduit and Ddmatrix, and Dfconduit and 

Dfmatrix: e.g., ratio DdB57/DdB59 = 6.5 and ratio DfB57/DfB59= 7.7. Thus, each ratio confirms that 

the two factors, f and d, are affected by head losses but stronger in dominated-matrix flow 

environment than in dominated-conduit flow environment (Ddconduit/Ddmatrix > 1 and 

Dfconduit/Dfmatrix > 1). 

 

Additionally, head losses in the matrix may affect the tidal efficiency factor more than the 

delay factor since the tidal wave amplitude is dampened when it propagates towards the 

matrix, whilst the delay is less affected by this transition due to the rapid pressure transfer 

within the conduits, and then towards the matrix. This results in a large dampening in 

amplitude and a moderate increase of the delay in the dominated-matrix flow environment. 

f reacts therefore differently in the matrix than d.  

Indeed, the fact that Dfconduit/Dfmatrix > Ddconduit/Ddmatrix, (e.g.  DfB57/DfB59= 7.7 > DdB57/DdB59 

= 6.5) confirms that f is more affected by head losses in dominated-matrix flow environment 

than d even though these differences are relatively low. Dd may give averaged hydraulic 

diffusivity values of the whole aquifer system between the point measurement and the 

shore; as the karst aquifer comprises conduits with higher hydraulic diffusivities than the 

matrix, hydraulic diffusivity in conduits takes therefore precedence over that of the matrix, 

at the aquifer scale. Df seems to have a greater variability in its results due to its strong 

sensitivity to the heterogeneities of the aquifer system encountered between the point 

measurement and the shore.  

 

Strong propagation biases have also been noticed in unconfined aquifers (Jha et al., 2003) or 

layered aquifers when the lower layer is more conductive than the upper layer (Trefry and 

Bekele, 2004) and both concluded that Df is more reliable than Dd. The Bell Harbour aquifer 

may be similar to these aquifers as it can be compared to a layered aquifer. However, the 

presence of a conduit/matrix drainage system makes the aquifer confined through saturated 

conduits and unconfined in surrounding fractured matrix. Thus, before it can reach a 

borehole located in an unconfined matrix flow environment, the flow moves first through 

saturated conduits, and then in the unconfined matrix; the mixed confined/unconfined 

aquifer and the fact that head losses in conduit flow environment differ from head losses in 

matrix flow environment, makes the hydrodynamic response of a karst aquifer different 

from the other aquifers referred to  previously: it is therefore not possible to categorically 

state that Df is more reliable than Dd for a karst aquifer.  

From these observations, the Dd value is considered as representative of the aquifer 

diffusivity, as it varies more homogeneously than Df; furthermore, the ratio between Dd and 
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Df allows characterizing the type of hydrodynamic environment at each measurement 

points, considering that more the ratio Df/Dd is low, more the component of matrix flow 

environment is present in the aquifer system between the point measurement and the 

shore.  

Consequently, when the Dd value is bigger than the Df, matrix flow dominates over conduit 

flow; in this case, borehole hydrodynamics are assumed to be characteristic of a matrix-

dominated flow environment, such as B03 (Table 19): borehole B15 is considered to be 

characteristic of the same environment as B03 due to the similarity of their recession curves. 

Conversely, when Dd is close to Df, this means that water flows preferentially through 

conduits and consequently that the connection (between either the borehole or the lake) 

and the karst drainage network corresponds to conduits (e.g., B57 and B08; Table 19). The 

fissure-dominated flow environment is intermediate between conduit and matrix-dominated 

flow environments and can be illustrated by a medium Df/Dd ratio such as the ones observed 

for B05 and B59. These hydraulic diffusivity values are therefore consistent with the 

previous interpretation based on the typology of hydrodynamic responses to recharge 

events (Table 18 and Table 19): from all these results, simplified karst features (matrix, 

fissure and conduit) have been associated with each borehole and are shown in Figure 87. 

For the two lakes L01 and L02, the Df/Dd ratios were 0.15 and 0.14 respectively, which can be 

attributed to head losses due to exchanges between the karst aquifer and the lake; the 

capacity of the lake cushions the tidal amplitude and may be added to the dampening effect 

of conduit/matrix on tidal amplitude explained above. The Df inferred from the lakes’ 

hydrodynamics and recession curves are therefore not comparable with the Df inferred from 

borehole hydrodynamics. The delay does not appear to be affected by the capacity of the 

lake and Dd estimated for the lakes can therefore be compared with the Dd observed in the 

boreholes (Table 19). However, the only Dd value we calculated was considered to be 

insufficient to assess the type of hydrodynamic environment for the two lakes.  

 

Figure 87 is a hydrogeological profile of the catchment where depths of the boreholes and 

the loggers and their karst features associated are shown. WLs at HTs and LTs in the 20th of 

February 2011 have been reported in Figure 87. This shows that WL in boreholes located 

close to the shore in an environment of a high to intermediate hydraulic diffusivity (B05 and 

B08) can differ considerably between HT and LT. These differences are less obvious in a 

matrix environment (B03), located far from the coast (B59) or due to effect of the capacity of 

a lake (L01). The WL at B57 was low compared to the other boreholes and was only 

characteristic of a conduit flow environment after a recharge event: at this location, water 

from the recharge was flushed very rapidly through the conduits towards the bay.   
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Determination of the connectivity with the recharge and the main karst system from analysis 

of SpC variations after a recharge event shows that all monitoring points seemed to be well-

connected with the recharge zone: a rapid reduction in SpC occurred after a recharge event 

(within one day), except at B03 after a long dry period, where the recharge could be delayed 

by two or three days (Table 20 and Figure 86). 

Moreover, these results are consistent with hydrodynamic responses observed after 

recharge events; e.g. the good connection with the main karst system at B05 and B08 

(group S1; Table 20) is consistent with their unique type of hydrodynamic environment 

estimated from the slope of their recession curve (Table 18): conduit-dominated flow 

environment at B08 and fissure-dominated flow environment at B05.   

On the contrary, boreholes B15 and B59 (group S4; Table 20) showed several slopes in their 

recession curves with at least one matrix flow component (Table 18) which is consistent with 

their several flushing effects observed in SpC values (Figure 86): their connection with the 

main karst system is then estimated to be moderately good. 

Connections with the main karst system at B03 and B57 have been estimated to be quite 

poor (Table 20) while their types of hydrodynamic environment are very different: a matrix-

dominated flow environment was considered for B03 and a conduit-dominated flow 

environment for B57. The reasons are then different: the very low hydraulic diffusivity at 

B03 can effectively reduce the groundwater flow into the karst system whereas B57 does 

not seem connected to the main karst system (supposed to be located in the middle of the 

valley): indeed, B57 is located along the McDermott’s Fault and it may therefore be 

connected directly to conduits developed near the fault which could flows directly into the 

bay via submarine springs. This hypothesis is supported by its low WL compared to the other 

boreholes on Figure 87 (dotted lines). 
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Figure 87: Hydrogeological profile of the catchment with depth of the boreholes and the loggers. Vertical SpC profiles for B03, B05, B08 and B57 are in green and are 

plotted at the same scale as the depth of boreholes. The maximum, minimum and average SpC values as well as the hydraulic diffusivity (Dd) are given for each 

measurement point together with the vertical SpC profiles for four boreholes. Different colors are used for each karst feature associated to the six boreholes. 
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CHAPTER VII - SPATIAL AND TEMPORAL VARIABILITY OF 
THE SALTWATER WEDGE 

The entire chapter comes from the article submitted to the Journal of Hydrology (Appendix 

M) with some additions. 

VII.1 Spatial extent of the saltwater wedge 

As discussed in section V.1.3, water chemical data collected in boreholes and lakes showed 

that the groundwater in the study area is characterized by a Ca-HCO3 facies, typical of water 

flowing in limestones with the exception of L01, where the water contained a significantly 

higher proportion of Na, Cl, SO4, Mg and K, i.e. representative of a seawater signature 

(Figure 61). Water sampled from B05, B08 and L02 are all freshwater. By using a Schöeller-

Barkaloff diagram with water chemical data, it is however possible to observe a slightly 

higher concentrations of Na, Cl, SO4 and K than in the Ca-HCO3 background water in the 

water sampled from B05, B08 and L02 (Figure 88 and Table 21). The proportions of these 

ions are representative of a seawater signature; indeed, Na/Cl ratios of all the samples 

follow the freshwater-seawater mixing line confirming that the main contribution of the 

salinity is due to a saltwater intrusion (Pulido-Leboeuf, 2004) (Figure 61).  

 

Table 21: Proportion of Na, Cl, SO4, Mg and K measured at the three monitoring points slightly influenced by 

seawater, at lake L01, which is strongly influenced by seawater, and at borehole B15, considered as Ca-HC03- 

background water. 

Monitoring point Na+ (mg/l) Cl- (mg/l) SO4
2- (mgl/l) Mg2+(mgl/l) K+(mgl/l) 

L01  1380 4874 848 136 56 

B05 10 29 9 6 5 

B08 8 21.4 9.4 6 3 

L02 7 16.4 < 5 3 2 

B15  7 14 < 5 2 1 

 

The minimum, maximum, and average SpC values recorded by the loggers at the monitoring 

locations are shown in Figure 88, and confirm the inferences from the water chemical 

analysis: the high average SpC value at L01 (13000 µS/cm) representative of brackish water 

with variations up to ~28600 µS/cm, confirms the presence of the saltwater wedge at L01 

most of the time; the strong hydraulic connection between the lake and the bay may be due 

to the development of preferential conduits along the McDermott’s fault as discussed in 

section III.6.2.b.  
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Figure 88: Schöeller-Barkaloff diagram of the water chemistry results for four boreholes and two lakes. 
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patial extent of the saltwater wedge and the mixing zone observed

are limited to the inner bay, corresponding the the study area. 

minimum and average SpC values in six boreholes and two lakes are also shown

In the other boreholes and in lake L02, the average SpC varied between 600 and 720

except at B15 (430 µS/cm) situated furthest inland. Water chemistry data s

L02 may have a slight seawater influence. This

mum SpC values that reached 1480 µS/cm at B05, 1290 µS/cm at B08 and 830

L02 (the lower maximum value at L02 may be due to the dilution effect of the lake): these 
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(maximum recorded respectively at 720, 780 and 550 µS/cm), considered as the background 
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SpC value of 800 µS/cm from this borehole do not allow quantifying the influence at B03 by 

the saltwater wedge. 

The vertical variation in the SpC recorded in B05 and B03 in the eastern part of Bell Harbour 

(Figure 87) made it possible to determine the vertical variation in the halocline: 10m below 

MSL, the increase in the SpC from 500 µS/cm to 1000 µS/cm at B05 and from 500 µS/cm to 

750 µS/cm at B03 indicates the presence of the mixing zone at B05 below - 10m MSL; 

despite an increase of 250 µS/cm at 10m below MSL in B03, the maximum SpC values are 

well below a saltwater influence signal. B08 is relatively shallow (depth is to -9m below MSL) 

and its vertical salinity profile may not be deep enough to reflect an halocline (Figure 87). 

The profile at B57 exhibited a stable SpC value of 720 µS/cm throughout the vertical profile, 

and this SpC is representative of typical groundwater in the Burren karst aquifer not affected 

by saltwater wedge (Figure 87).The vertical SpC profiles are shown in Appendix G2 and those 

completed at high tide are shown in Figure 87.  

 

VII.2 Temporal variability of the extent of the saltwater wedge  

VII.2.1 Variation in saltwater wedge over time at high/low and 
neap/spring tidal scales 

VII.2.1.a Impact of the tidal amplitude 

The impact of HT/LT fluctuations on SpC was assessed for different tidal amplitude periods 

to evaluate how far the saltwater wedge moved during each tidal cycle. This analysis was 

performed for all the data collected at B05, B08 and L01, which are the only monitoring 

points where tidal variations of SpC have been observed.  

The range of the SpC variations observed during strong spring tide (SST) periods (tidal 

amplitude > 3.8 m), spring tide (ST) periods (tidal amplitude between 2.5 m and 3.8 m) and 

neap tide (NT) periods (tidal amplitude < 2.5 m) as well as the time lag between the tidal 

signal in the bay and SpC signal are listed in Table 22.  

Tidal SpC variations at the three monitoring points increased with the amplitude of the tide 

(Table 22) suggesting the tidal amplitude may have a direct effect on the positioning of the 

saltwater wedge in the aquifer. The range of tidal SpC variations obtained at L01 was by far 

the highest during the SST, confirming the high connectivity between this lake and the bay. 

The time lag between the tidal wave and the SpC oscillation varied between 5 h and 

5 h 40 min during SST and most of ST periods; note that an extra time lag should be taken 

into account due to the inertia effect of the lake. Tidal SpC variations during NT and some ST 

periods may not be observed due to this effect. Tidal SpC variations were higher in B05 than 

in B08, suggesting that the impact of the tidal variation and of the saltwater wedge might be 

stronger in B05 than in B08, which is located further from the bay (Table 22). The time lag at 
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B05 varied with the tidal amplitude unlike at B08 for which the time lag stayed constant for 

all tidal amplitude periods. 

 

Table 22: Comparison of the influence of the tide in Bell Harbour bay for different amplitudes on SpC 

between B05, B08 and L01. 

The time lag is measured between the highest tidal level in the bay and the highest SpC value recorded for 

each low/high tidal cycle. x (m) corresponds to the distance from the shore in meters. Tampl corresponds to 

the amplitude of the tide in Bell Harbour bay. SST, ST & NT and are strong spring tide, spring tide and neap 

tide and periods, respectively. 

VII.2.1.b Hysteresis cycles 

To identify the cause of the differences in time lags, the WL and SpC values at B05 versus the 

tide levels in Bell Harbour were analyzed during one tidal cycle for each NT, ST and SST 

period. Notable hysteresis cycles were observed caused by the remnant effect of the tidal 

level on the WL and SpC values, confirming the tidal impact on both WL and SpC values, 

which increased and decreased with the rising and falling tide respectively (Figure 90, a and 

b). 

Differences in the time lag has been noticed in hysteresis cycles of SpC between different 

tidal amplitude periods while the time lag of WL versus tidal level in Bell Harbour remained 

constant over time (Figure 90, a and b). Hysteresis cycles of SpC are differents according to 

the tide periods: 

 During ST or NT periods, SpC values started to increase slowly at rising tide in B05: 

SpC reached its highest value only from the beginning of the following rising tide, 

which explained the long time lag observed between the high tide in the bay and the 

highest value of SpC observed in the borehole (11h). SpC values are therefore higher 

during rising tide than during falling tide which explains the clockwise direction of the 

Borehole 

/lake 
x (m) 

SpC variations (µS/cm) 

SST:  

Tampl. > 3.8 m 

ST:  

2.5 < Tampl. < 3.8 m 

NT:  

Tampl. < 2.5 m 

(time lag) (time lag) (time lag) 

L01 485 
1500 to 5000 

(5h to 5h40) 

0 to 1500 

(5h to 5h40 or no tidal 

signal) 

0 

(no tidal signal) 

B05 265 
80 to 150 

(2h) 

50 to 70 

(11h) 

~ 30 

(11h) 

B08 1065 
40 to 60 

(8h) 

~ 30 

(8h) 

20 to 30 

(8h) 
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loops. The SpC decreased rapidly at HT and continued to decrease slowly during the 

falling tide (Figure 90, b).  

 During the SST period, SpC values increased rapidly at HT resulting in the short time 

lag observed under these conditions (2h). SpC values are thus lower during rising tide 

than during falling tide and thus, the loop changes to be in anticlockwise 

direction.SpC also decreased rapidly at low tide (LT) and values remained relatively 

stable during rising and falling tides (Figure 90, b).  

Figure 90: (a): WL data at B05 as a function of the tidal water level in the bay; (b): SpC data at B05 as a 

function of the tidal water level in the bay. Delay corresponds to the time lag between the high tide in the 

bay and the highest WL (or SpC) data observed for one tidal cycle.  

 

These cycles highlighted the rate of variation in the SpC depending on the stage of the tide 

(for a high/low tidal cycle): for example, the rate of increase in SpC was slower than the rate 

of decrease during ST or NT periods, and slower than the rate of increase during SST periods. 

 

By comparing SpC, WL, tide levels in the bay and hydraulic gradient (i) variations over time 

for several periods, the conditions necessary for a shorter time lag (2h) can be identified 

(Figure 91):  

 tidal amplitude (Tampl) > ~3.8 m (SST periods),  

 WL at HT > ~3.8 m above MSL, without being affected by the recharge.  

 If these conditions are met, it has been observed if the WL at HT stays higher than 

~3.8 m, the short time lag of 2h remains between the tide in the bay and the tidal 

SpC variations even if the Tampl in the bay decreases. However, even if the Tampl is 



 CHAPTER VII – SPATIAL AND TEMPORAL VARIABILITY OF THE EXTENT OF THE SALTWATER WEDGE  

186 

 

high, if the WL decreases below ~3.8 m at HT, the process stops and the time lag 

reverts to 11h (Figure 91): thus, a seawater intrusion seems occur when the WL in 

the borehole crosses a threshold during a period of no recharge; the hydraulic 

gradient with the bay is in this case close to 0 due also to the high tidal amplitude. 

Small spikes at the very beginning of the SpC responses during phases when WL is > 

3.8 m have been also observed (Figure 91): they revealed a first strong and quick 

seawater intrusion into the borehole which occurs when the tide in the bay is at its 

highest. A second seawater intrusion occurs then with generally a lower intensity 

when the WL into the borehole decreases: this second seawater intrusion may be 

influenced by fresher water which flows from the aquifer (conduit or/and matrix 

hydrodynamic-flow environments) and which can then reduce the SpC values 

measured into the borehole. 

WL and SpC values versus the tide levels in the bay were observed at all the other 

monitoring points for different tidal amplitude (Appendix J). Hysteresis cycles of WL values 

versus the tide levels in the bay appeared at all monitoring points except at B15, caused by 

the remnant effect of the tidal level on the WL values: this reconfirms the tidal impact on 

WL.  

 

Figure 91: WL and SpC data at B05, tidal level in the bay and hydraulic gradient (i) are plotted from the 6
th

 to 

the 10
th

 of December 2011.Periods of 2h or 11h of time lag between the HT in the bay and the highest SpC 

value of a tidal cycle at B05 have been represented. Tampl corresponds to the tidal amplitude in the bay. 
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Hysteresis cycles (SpC values versus the tide levels in the bay) were also observed at L01 and 

B08: 

 At L01, they were only observed during some ST and SST periods when the tidal 

amplitude was sufficiently high; no time lags were observed in NT and some ST 

periods between the tide in the bay and SpC signal in the lake (Appendix J, figure J-

2). When hysteresis cycles were observed, the SpC increased rapidly at HT and 

decreased slowly from the beginning of the rising tide.  

 At B08, hysteresis cycles revealed no significant differences for the different periods 

of the tide confirming that the SpC at B08 was not influenced by tidal amplitude 

(Appendix J, figure J-8). SpC increased slowly during the falling tide and decreased 

slowly during the rising tide: the tidal influence was much more subtle at this 

monitoring point, due to its distance from the shore. Thus, hysteresis cycles allow 

direct observation of variations in SpC depending on the stage and the amplitude of 

the tide.  

Hysteresis cycles on SpC data were not observed at B03, B15, B57, B59 and L02 (Appendix J; 

figures J-4, J-6, J-10, J-12 and J-14). These points are influenced by neither HT/LT cycles nor 

tidal amplitude. 

 

VII.2.2 Conditions for larger intrusion of the saltwater wedge in the 
karst aquifer 

Occasional, temporary and significant increases in SpC were recorded at B05 and L01 (Figure 

64 and Appendix G3). During these temporary larger saltwater wedge intrusions, the range 

of SpC values and variations were different  at B05 and L01:  

 SpC values were higher than 1000 µS/cm at B05 while they were higher than 

15000 µS/cm at L01: the mixing zone reached all the water column at B05 while L01 

was still located in the saltwater wedge but with higher SpC values than normal;  

 variations of SpC were higher than 500 µS/cm at B05 whereas they were higher than 

2000 µS/cm up to 15000 µS/cm at L01.  

 

As above, the conditions required to get farther intrusions of the saltwater wedge (and the 

mixing zone) have been identified by comparing SpC, WL, tidal levels in the bay and hydraulic 

gradient (i) variations over time for several periods at B05 and L01:  

 at B05, WL at LT should be < ~2 m above MSL and the tidal amplitude in the bay 

should be > ~4 m (WL in the bay at HT is then > ~2 m above MSL) to start the process 

(Figure 92). The lowest hydraulic gradient observed during a low/high tidal cycle (imin) 

was between 0 and 0.5% and occurred close to the HT (Figure 92). 
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 at L01, WL at LT should be < ~1.8 m above MSL and the tidal amplitude in the bay 

> ~3.5 m (WL in the bay at HT is then > ~1.75 m above MSL) to start the process 

(Figure 93). imin was then close to 0 or slightly negative and occurred at HT (Figure 

93): an inversion of the hydraulic gradient occurred between the WL in the bay and 

L01 for a short period during the process. 

 

Additionally, a large difference in the hydraulic gradient between HT and LT (iampl) has been 

observed at B05 over a number of HT/LT cycles before the increase of SpC (iampl > 1%; Figure 

92). These large variations of the hydraulic gradient between the aquifer and the bay could 

facilitate intrusion of the seawater and thus could drive the saltwater wedge stronger into 

the aquifer. The temporary increase of SpC stopped at B05 and L01 when the tidal amplitude 

in the bay decreases. The latter seems to be the motor of the process by inverting the 

hydraulic gradient at L01 and by inducing strong amplitudes in the hydraulic gradient (iampl 

> 1 %) at B05.  

Figure 92: Example of a temporary increase of SpC (red box) at B05. WL and SpC data at B05, tidal level in the 

bay and hydraulic gradient (i) are plotted from the 9
th

 to the 13
th

 of April 2012. Tampl corresponds to the tidal 

amplitude in the bay, iampl is the amplitude of the hydraulic gradient between the high and low tide. 
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Figure 93: Example of a temporary increase of SpC (red box) at L01. WL and SpC data at L01, tidal level in the 

bay and hydraulic gradient (i) are plotted from the 27
th

 of April 2012 to the 18
th

 of May 2012. Tampl 

corresponds to the tidal amplitude in the bay. 

From the study of several temporary increases of SpC at L01 and B05, it appears that the 

intensity of SpC increases varies with the altitude of the WL at the monitoring point: the 

lower the WL, the higher the observed SpC value. The elevation of the WL in the borehole or 

the lake appears to have a large influence on the range of SpC increases. 

 

VII.3 Discussion 

The maximal extent of the saltwater wedge and mixing zone intrusions into the aquifer is 

shown in Figure 89. All the monitoring points affected by the saltwater wedge - tidally (L01, 

B05 and B08), continuously (L01) or temporarily (B05) - are located less than two kilometres 

from the shore. A hierarchy of influence of the saltwater wedge at the monitoring points has 

been established from these observations and from the hysteresis cycles (Table 23). The 

saltwater wedge (> 10000 µS/cm) was observed only at L01 (SpC values were mainly 

brackish, i.e. > 10000 µS/cm). B05, and possibly B08, appear to be reflective of a temporary 

mixing zone (1000 µS/cm < SpC < 10000 µS/cm) than directly by the saltwater wedge, due to 

their low observed SpC maximum values (< 1500 µS/cm) (Figure 89).  

The main results of this study are summarized in Table 23 suggesting that for L01, B05 and 

B08:  

 Tidal influences of their SpC values increased with the tidal amplitude;  
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 Hysteresis cycles of SpC versus tidal level in the bay have been observed:  

♦ at L01: for ST and SST periods: the increase of SpC due to the tide was rapid 

and large which confirms a high hydraulic diffusivity between the lake and the 

bay due almost certainly to the development of conduits along the large 

McDermott’s fault.  

♦ at B05: the rate of variation in SpC with the tide was more rapid during some 

SST periods (time lag of 2 hours) than during NT and ST periods (time lag of 

11 hours). Quicker (2h) and higher tidal changes of SpC at B05 are dependant 

on a strong tidal amplitude in the bay when the WL in the borehole crosses a 

threshold during a period of no recharge: when WL > 3.8 m at HT in the 

borehole, this temporarily activates a more direct hydraulic path (almost 

certainly a conduit) with the seawater in the bay, and the strong amplitude of 

the tide could facilitate the intrusion of the seawater along this route due to a 

lower hydraulic gradient between the tidal level in the bay and the WL at B05 

for HT (i < 0.5 %; Figure 91). 

♦ at B08: despite its high estimated hydraulic diffusivity (Table 19), the 

hysteresis cycles of SpC versus tidal level in the bay showed the increase of 

SpC due to the tide was slow and relatively weak for any tidal periods: the 

tidal influence of the saltwater wedge at B08 is thus less important than at 

L01 and B05 (Table 23). 

 Larger saltwater wedge intrusions occurred:  

♦ During SST periods when WL at LT was < ~1.8m for L01 and < ~2 m for B05. 

B08 is too shallow to record the direct influence of the saltwater wedge. 

♦ When the hydraulic gradient was very low or slightly reversed: this 

phenomenon has been already observed in other coastal karst aquifers 

(Bonacci and Roje-Bonacci, 1997; Drogue, 1989; Fleury et al., 2008). 

♦ Strong tidal amplitude seems to be the motor of the process by driving 

seawater movement into the aquifer, while the position of the WL in the 

aquifer may influence the intensity of the SpC increase. 

♦ The temporal extent of the saltwater wedge is therefore dependant on a 

competition between the recharge which controls the WL in the aquifer, and 

the tidal amplitude which controls the tidal level in the bay and the range of 

seawater tidal movements. Similar behaviours have been observed in a 

Turkish karst aquifer where SGDs occur essentially through the fracture 

system (Ozyurt, 2008). 

♦ The monitoring points affected by the saltwater wedge are the ones located 

less than 1000 m from the shore with a relatively high hydraulic diffusivity: 
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L01 is assumed to be well connected with the bay through the McDermott’s 

fault and B05 and B08 are considered to be characteristic of fissured and 

conduit hydrodynamic environments, respectively (Table 18). The extent of 

the intrusion of the saltwater wedge into the karst aquifer is therefore tightly 

linked with the geological structure (fault) of the aquifer and its intrinsic 

properties (hydraulic diffusivity). 

 

Table 23: Order of influence of the saltwater wedge at the three monitoring points affected by the tide and 

summary of the results explaining the extent of the saltwater wedge over time. 

Order of influence of 
saltwater wedge 

                L01           >>              B05                > B08 

Geochemistry results 
SpC values in µS/cm 

(min, max) 

presence/influence of 

saltwater wedge  

Brackish water 

(930, 28620) 

presence  

Freshwater 

(320,1480) 

temporary influence 

Freshwater 

(200,1290) 

temporary influence 

? 

Tidal influence 
on SpC values 

very high 
(up to 5000 µS/cm) 

intermediate 
(up to 150 µS/cm) 

low 
(up to 60 µS/cm) 

Hysteresis cycles - 
SpC versus tidal level 

in the bay 
 

(time lag) 

only during ST and SST 

periods: quick and very 

strong 

 

(5 h to 5 h 40 min) 

stronger and quicker at 
SST periods 

 

 

(11 h at NT, ST; 2 h at SST) 

stable: slow at all 
tidal periods 

 

 

(8 h) 

SpC variation of 
saltwater intrusions 

in µS/cm 
(SpC values) 

2000 up to 15000 

(> 15000) 

500 

(> 1000) 

- 
 

(> 1000) during a 

period of recharge 

Conditions for 
saltwater intrusion 

• WL at LT < ~1.8 m 
• Tampl > ~ 3.5 m 
• imin.≤ 0 
• good hydraulic 

diffusivity with the bay  
 

• WL at LT < ~2 m 
• Tampl > ~ 4 m 
• iampl.> 1 
• good hydraulic 

diffusivity with the bay 
 

 

iampl. too low (< 0.2) 
or/and  borehole not 

enough deep 

Tampl corresponds to the amplitude of the tide in the bay. imin is the lowest hydraulic gradient and iampl the 

highest amplitude of the hydraulic gradient of a high/low tidal cycle observed during a saltwater intrusion. 

 

Temporal variations of the saltwater wedge and the mixing zone have been proposed 

through a conceptual cross-section model with the projection of the three boreholes (B57, 
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B08 and B05) (Figure 94, a, b). Only the most pertinent monitoring points have been shown 

for clarity: 

 For a large flood event during NT period (Figure 94, a), conduits along the 

MacDermott’s fault connected to B57 are only affected by the mixing zone near the 

shore (< ~500 m) from which freshwater to brackish water flows through submarine 

springs in the middle of the bay: the aquifer may be then only slightly affected by the 

saltwater wedge located at least 20 m below MSL at the shore.  

 During dry hydrological and SST periods (Figure 94, b), the saltwater wedge may 

enter further into the aquifer, preferentially through the fissured environment via 

intertidal springs which become sinkholes, and through the conduit along the 

McDermott’s fault: submarine springs in the middle of the bay behave like intertidal 

springs where seawater from the bay can intrude in the aquifer. In this case, the 

saltwater wedge may enter in the deep part of B05 located in a fissure-dominated 

flow environment at 265 m from the shore. The mixing zone would expand further 

and shallower in the aquifer and the halocline observed at 10 m below MSL at B05 

may rise into the aquifer and then in B05, reaching the elevation of the logger (4 m 

below MSL). It is assumed the mixing zone could expand at ~20m below MSL at 

1000m from the shore: then, it would not reach B08 (9 m below MSL) and its 

conduit(s) associated (Figure 94, b). 

 

Thus, even during dry hydrological and SST periods, the mixing zone at 1000m from the 

shore is estimated to be only present at ~20m below MSL (Figure 94, b) which differs greatly 

than other karst aquifers such along the Mediterranean coast; inland saline intrusion of 

more than several kilometres from the coast in Crete in Greece have been recorded (Arfib et 

al., 2007), constant brackish inland and/or submarine springs (Fleury et al., 2007) or 

continuous inflow of seawater observed simultaneously with outflow of brackish water 

(Drogue, 1989).  
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Figure 94: Conceptual cross-section model of the freshwater-seawater interaction in the coastal aquifer of 

the Bell Harbour area; (A): location of the saltwater wedge and the mixing zone during flood hydrological 

and  neap tide periods; (B): location of the saltwater wedge and the mixing zone during dry hydrological and 

strong spring tide period. SpC isoclines of 1000 µS/cm and 10000 µS/cm have been represented in order to 

distinguish the freshwater zone of the aquifer, the mixing zone and the saltwater wedge. WL is the water 

level in the aquifer; Tampl. is the amplitude of the tide; HT, the high tide and LT, the low tide. 
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CONCLUSIONS 
 

Due to the increased water demand of growing populations, coastal groundwater on a global 

scale is a threatened resource. Coastal aquifers need to be well understood to better protect 

them from various sources of contamination. Coastal karst aquifers, like any other karst 

aquifers, are characterised by discrete heterogeneous flow zones which allow discharge of fresh 

water and ingress of sea water. This project aimed to characterize the hydrodynamic behaviour 

and spatial and temporal variations of the extent of the saltwater wedge, by focusing on a small 

and well defined coastal karst aquifer – the Bell Harbour catchment. This aquifer, located in an 

oceanic temperate climate, exhibits a strong tidal influence, but is not subjected to 

anthropogenic pressures. 

 

This project allowed a better understanding of the saltwater intrusion mechanisms in this area 

by looking at SpC and WL data collected inland and in the bay of Bell Harbour. The maximal 

extent of the saltwater wedge and mixing zone intrusions into the aquifer has been defined 

under current conditions. Larger saltwater wedge intrusions have been observed during strong 

spring tide periods and low groundwater level into the aquifer which help to predict any future 

saltwater intrusion into the aquifer.  It has been shown that the groundwater discharges to the 

bay via the outlets of Bell Harbour catchment - springs and intertidal diffuse springs- but which 

can also act as preferential paths for saltwater intrusion into the aquifer resulting from their 

high hydraulic diffusivity. The preferential extension of the saltwater wedge into the aquifer 

must be studied in the context of these features.  

Thus, this study has responded to the initial objectives: 

 A hydrogeological monitoring network of Bell Harbour catchment (including the bay) 

has been settled sustainably: specific conductivity, temperature and water level 

were collected continuously at 7 boreholes, 3 lakes/turloughs, 2 intertidal springs 

and in the middle of the bay.  

 The visual observation of discrete and continuous data collected inland and at 

intertidal springs allowed for the development of a better understanding of the karst 

aquifer hydrodynamic behaviour: groundwater level, SpC and temperature 

fluctuations depend principally on precipitation events, tidal and pumping effect. 

Monthly data gave a general trend of SpC, temperature and WL variations at 

monitoring points inland and intertidal springs. However, low frequency discrete 

data collection did not allow for the observation of tidal and pumping effects: it is 

only the influence of precipitation on WL and SpC data that is perceptible. The 

observations the most pertinent are: 
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� Most of groundwater appears to be drained into the centre of the valley and 

then to the bay: the main drainage network of the karst system might be in 

the valley. WL in the aquifer seems generally higher in the centre of the 

valley than to the west close to the MacDermott’s fault. The development of 

preferential conduits along the fault could bring water directly to the bay and 

could be therefore a secondary axis of drainage.  

� The range of SpC was between 300 and 1500 µS/cm at all monitored points 

except at L01 which was higher (900-30000 µS/cm), confirmed by water 

chemistry sampling. Only two boreholes (located less than 1 km from the 

coast) show temporally peaks of SpC > 1000 µS/cm, with the presence of a 

halocline from vertical profiles of SpC.  

� SpC at intertidal springs vary with the low/high tide cycle: seawater intrusion 

occurs through all intertidal springs at each tidal cycle into these springs and 

it is attenuated or inexistent when important precipitations occur.  

 A water balance has been completed for the Bell Harbour catchment and the tidal 

prism method allowed an estimation of SiGD in the bay over time: however, an over-

estimation has been observed for all observation periods. While SiGD volumes were 

not assessed quantitatively due to over-estimation, some observations have be 

made to better understand characteristics of the bay and the aquifer: 

� The ebb water remained in the bay on the following flood tide, due to the 

narrow bay entrance.  

� The salinity of the bay is heterogeneous, both vertically and horizontally. 

Permanent intertidal springs influence the horizontal salinity profile of the 

bay thoughout the year. Moreover, due to the lower freshwater density, 

freshwater influence appears limited to the upper four metres below the 

surface. 

� Submarine springs seem to be fresh only during strong flood periods: during 

these events, freshwater could be present through the entire water column 

close to these springs in the middle of the bay. Thus, discharge of freshwater 

from submarine springs may be ephemeral and would be then dependant of 

the hydraulic gradient between the WL in the aquifer and the sea level. A 

salinity survey in the bay during similar flood events would help to confirm 

this assumption. 

 The use of two different methods that provided consistent results – the analysis of 

the recession curves of the WL data and the Ferris equations using the impact of the 

tide on WL data – allowed for three types of hydrodynamic flow environment to be 

defined (conduit-, fissure- and matrix-dominated) for each of the six boreholes 

monitored inside the catchment. These intrinsic properties of the karst aquifer as 
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well as its geological structure has been well defined and has been found to be 

closely linked to the spatial variability of saltwater wedge extent. 

 Values of SpC (which reflected the extent of the saltwater wedge) were found to be 

relatively low and stable throughout the catchment (< 1500 µS/cm), except at lake 

L01; however, a high angle, extensive normal fault runs under the lake into the bay 

and the weathered ground associated with the fault facilitates ready movement of 

water from the terrestrial and marine side, explaining why the lake is within the 

saltwater wedge. The tidal influence of the saltwater wedge has been noticed up to 

1000m inland from the shore and this influence is directly correlated with the 

amplitude of the tide. Sudden, temporary increases in SpC (>1000 µS/cm) were 

observed less than 1000m from the shore and these occurred during strong spring 

tide periods when groundwater levels were low (dry period). The hydraulic gradient 

between the groundwater level and the sea level was then very low or slightly 

inversed (only at L01). Thus, the temporal variability of the saltwater wedge extent 

was shown to depend on the balance between the influence of recharge and the 

influence of the tide on the hydrodynamics of the aquifer: the groundwater level in 

the aquifer seems to control the intensity of the SpC increase while the amplitude of 

the tide seems to be the motor of the process. 

 

Despite a well developed karst aquifer and presence of conduits open directly to the sea, most 

of the time its groundwater discharge stays relatively fresh (< 1000 µS/cm) and the saltwater 

wedge remains near the shore (< 500 m); Even during dry hydrological and SST periods, the 

mixing zone at 1000m from the shore is only present at ~20m below MSL which differs greatly 

than other karst aquifers such along the Mediterranean coast: e.g. the extent of the saltwater 

wedge in Almyros of Heraklio (Crete, Greece) has been estimated comprised between 2.5 to 8 

kilometres inland from the outlet of the brackish spring (Arfib et al., 2007) and it has been 

observed farther than 15 kilometres from the coast in Apulia (Italy) (Cotecchia et al., 2005). This 

can be explained partially by nature and magnitude of the recharge which is typical of that 

coastal zone. This maintains a sufficiently high WL in the aquifer to protect it against significant 

saltwater intrusion.  

 

In order to study saltwater wedge variations in coastal karst aquifers subject to an oceanic 

climate and a high tidal range like at Bell Harbour, it is therefore recommended firstly to focus 

on strong spring tide periods during hydrologic dry periods, near the shore and preferentially in 

high hydraulic diffusivity zones. It would be particularly interesting to apply this approach to the 

coastal karst catchments located beside Bell Harbour catchment (e.g., Ballhyvaghan valley to 

the west in the Burren and the larger Kinvarra catchment in low land karst area to the east) 

which are subject to same climate and tidal range. Temporal and spatial variations of the 

saltwater wedge may differ due to notable structural and geomorphologic differences between 
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them: e.g., the size of the surface area of the catchment, the shape of the entrance of the bay 

(protected or not by a peninsula), the development of the karst aquifer and the geological 

structure. A comparison between them would help to prioritize the influence of these different 

items on the saltwater wedge variations. 

 

As the temporal extent of the saltwater wedge is controlled by both the groundwater and 

seawater levels a long-term change of climatic conditions could have a serious impact on 

saltwater intrusion in this coastal aquifer. Current climatic models predict a decrease of about 

10% in June precipitation over the coming decade in Ireland. December rainfall values are 

predicted to increase by between 10% in the south-east (of the island) and 25% in the north-

west. They also highlight an increase in the frequency of extreme precipitation events (i.e. 

events which exceed 20 mm or more per day) in the north-west (McGrath et al., 2005). 

Additionally, a global sea level rise up to one metre by 2100 has been predicted by the IPCC 

assessment projects. While the change in predicted precipitation may have limited impact on 

the hydraulic gradient, the global sea-level rise may play an important role on the hydraulic 

gradient by inversing it for several tidal cycles: and this would imply a consequent extent of the 

saltwater wedge into the aquifer during strong spring tide periods. The application of a 

hydrogeological numerical model would be useful in defining the extent of the saltwater wedge 

for these different predicted scenarios. 
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Appendix A: 
 

Boreholes characteristics 

 

 
Appendix A-1: list and characteristics at all boreholes found inside 

Bell Harbour catchment. Continuous and discrete data are also 

indicated (1 page). 

 

Appendix A-2: detailed characteristics of each borehole where 

discrete and/or continuous data have been collected (13 pages). 
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Appendix A-3: list and characteristics (presence of a pump, problems encountered) at all 

boreholes found inside Bell Harbour catchment. Continuous and discrete data are also 

indicated. 

 
Boreholes Pumped Problems 

B03 yes • WL too deep sometimes for the logger’s cable length available 

B04 yes 
• Important pumping: disturb the water level 
• Difficulty to open the cover plate alone 

B05 yes No one 
B06 no • Borehole sealed: it is not accessible 
B07 no • Spring inside: it is not usable 
B08 yes No one 

B10 yes 
• Dipmeter often stuck 
• Difficulty to open the cover plate alone (too heavy) 
• Water level too deep 

B11 yes • Pumping disturb water level 

B12 yes • Dipmeter often stuck 
• Water level too deep sometimes 

B13 no • Pump collapsed in the well 

B14 yes 
• Owner not interested 
• Can’t stop the pump to take measurements 
• Dipmeter often stuck 

B15 yes • Difficulty to open the cover plate alone 
B17 no • Borehole sealed: it is not accessible 
B48 yes No one; outside the study area focused 

B55 no • Not a real borehole: it is an open well reflecting the water surface 
of the Luirk turlough (L02) 

B56 yes 
• Borehole not capped 
• Pumping disturb water level 

B57 yes No one 
B58 yes • Owner not really interested by the project 
B59 no No one; the only one with no pump inside yet. 
B60 no • Spring inside 

B61 no • Pump broken: dipmeter has been stuck and it was not possible to 
remove it. 

 
 Continuous and discrete data 
 Discrete data 
 No data 
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Appendix A-4: detailed characteristics of each borehole where discrete and/or continuous 

data have been collected. 
 

Name B03 

Location 
Name of place Bell Harbour/Donnen 

Distance from the bay 0,56 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128746 

Northing 210286 

Elevation above MSL 
(top of the pipe) 27,74 m (done the 27/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe 44,2 m 

Water level estimated 
from the top of the pipe 26 to 55 m 

Date of the drilling 1969 

Pipe’s diameter 15 cm 

Type drilled 

Top Covered in shell 

Presence of a pump yes 

Water treatment no 

Use 
Sometimes for cattle (old county 

council borehole) 

Presence of saltwater Test salty during dry weather 

Flow rate 
About 0.5 m

3
/day in winter; 

about 2.6 to 3.5 m
3
/day in 

summer 

Comments   

  

Measure read from this 
point with the dipmeter 
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Name B04 

Location 
Name of place Bell Harbour/Donnen 

Distance from the bay 0,54 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128779 

Northing 210045 

Elevation above MSL 
(top of the pipe) 25,60 m (done the 27/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe around 91 m 

Water level estimated 
from the top of the pipe 23 m 

Date of the drilling 1989 

Pipe’s diameter 15 cm 

Type drilled 

Top Polyethylene cover 

Presence of a pump yes 

Water treatment Before, not anymore 

use Domestic and  farm  use  

Presence of saltwater Test salty sometimes 

Flow rate ? 

Comments Pumped 2 to 3 hours/ day 

Measure read from this 
point with the dipmeter 
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Name B05 

Location 
Name of place Bell Harbour/Donnen 

Distance from the bay 0,265 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128506 

Northing 208985 

Elevation above MSL 
(top of the pipe) 25.52 m (done the 27/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe 66,5 m 

Water level estimated 
from the top of the pipe 24 m 

Date of the drilling 1964 

Pipe’s diameter 15 cm 

Type drilled 

Top Shelter 

Presence of a pump yes 

Water treatment no 

use Washing, cattle  

Presence of saltwater Test salty sometimes 

Flow rate 
About 1,9 m

3
/day in winter; 

about 9,5 m
3
/day in summer 

Comments Pumped 3 hours/ day 

Measure read from this 
point with the dipmeter 
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Name B08 

Location 
Name of place Sheshia 

Distance from the bay 1,065 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128505 

Northing 207393 

Elevation above MSL 
(top of the pipe) 17,34 m (done the 11/08/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe 26 m 

Water level estimated 
from the top of the pipe 12 m (juil-2008) 

Date of the drilling ? 

Pipe’s diameter 15 cm 

Type drilled 

Top nothing 

Presence of a pump yes 

Water treatment no 

use Domestic and farm use  

Presence of saltwater Never salty 

Flow rate 
About 0,15 m

3
/day in winter; 

about 1,5 m
3
/day in summer 

Comments 

Pumped fewh hours/ day;  

never dry; water level very high 

during flood period 

Measure read from this 
point with the dipmeter 
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 Name B10 

Location 
Name of place Ballyhehan 

Distance from the bay 2.6 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 126552 

Northing 206508 

Elevation above MSL 
(top of the pipe) 43,18 m (done the 28/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe About 62 m 

Water level estimated 
from the top of the pipe 38 m  

Date of the drilling Around 2000 

Pipe’s diameter 15 cm 

Type drilled 

Top Concrete block 

Presence of a pump yes 

Water treatment no 

use farm use  

Presence of saltwater Never salty 

Flow rate ? 

Comments  

Measure read from this 
point with the dipmeter 
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Name B14 

Location 
Name of place Gortaclare 

Distance from the bay 4,9 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128020 

Northing 203599 

Elevation above MSL 
(top of the pipe) 36.97 m (done the 28/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe About 140 m 

Water level estimated 
from the top of the pipe 18 to 24 m  

Date of the drilling ? 

Pipe’s diameter 15 cm 

Type drilled 

Top Manhole cover 

Presence of a pump yes 

Water treatment no 

use Domestic and farm use  

Presence of saltwater Never salty 

Flow rate ? 

Comments 
Can’t stop the pump to take 

measurement 

Measure read from this 
point with the dipmeter 
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Name B15 

Location 
Name of place Gortaclare 

Distance from the bay 4,49 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128665 

Northing 203949 

Elevation above MSL 
(top of the pipe) 30,95 m (done the 24/07/2008) 

Borehole 
characteristics 

Depth from the top of 
the pipe About 49 m 

Water level estimated 
from the top of the pipe 8 m  

Date of the drilling 1995 

Pipe’s diameter 15 cm 

Type drilled 

Top Concrete slab 

Presence of a pump yes 

Water treatment no 

use Domestic and farm use  

Presence of saltwater Never salty 

Flow rate ? 

Comments  

Measure read from this 
point with the dipmeter 
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Name B48 

Location 
Name of place New Quay 

Distance from the bay 0,06 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 129769 

Northing 211300 

Elevation above MSL 
(top of the pipe) 31,24 m (done the 27/01/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe About 71 m 

Water level estimated 
from the top of the pipe 28 m  

Date of the drilling <1988 

Pipe’s diameter 15 cm 

Type drilled 

Top Shelter 

Presence of a pump yes 

Water treatment no 

use 
Domestic (not drinking) and farm 

use  

Presence of saltwater ? 

Flow rate ? 

Comments  

Measure read from this 
point with the dipmeter 
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Name B55 (L02) 

Location 
Name of place Moneen 

Distance from the bay 0,835 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128146 

Northing 207595 

Elevation above MSL 
(top of the pipe) 4,14 m (done the 10/09/2010) 

Well    
characteristics 

Depth of the well About 2 to 3 m 

Date of the construction <1976 

Diameter About 1 m square 

Type Open well 

Top Shelter 

Presence of a pump no 

Water treatment no 

use no use  

Presence of saltwater ? 

Flow rate ? 

Comments 

Public well until 1976; 

Flooded in winter by Turlough 

Luirk 

Reference mark at the top 
of the stone for taking 
water level measurements 
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Name B56 

Location 
Name of place Moneen 

Distance from the bay 0.9 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128151 

Northing 207531 

Elevation above MSL 
(top of the pipe) 8,08 m (done the 10/09/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe ? 

Water level estimated 
from the top of the pipe 6 m  

Date of the drilling ? 

Pipe’s diameter 15 cm 

Type drilled 

Top nothing 

Presence of a pump yes 

Water treatment no 

use Domestic and farm use  

Presence of saltwater Does not look salty 

Flow rate ? 

Comments 
The height of the pump is moved 

sometimes 

Measure read from this 
point with the dipmeter 
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Name B57 

Location 
Name of place Ballyhehan 

Distance from the bay 2.4 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 127014 

Northing 206411 

Elevation above MSL 
(top of the pipe) 33,6 m (done the 10/09/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe 54,6 m 

Water level estimated 
from the top of the pipe 28 m  

Date of the drilling 2009 

Pipe’s diameter 15 cm 

Type drilled 

Top Concrete block 

Presence of a pump yes 

Water treatment yes 

use Domestic use  

Presence of saltwater Does not look salty 

Flow rate ? 

Comments  

Measure read from this 
point with the dipmeter 
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Name B58 

Location 
Name of place Ballyhehan 

Distance from the bay 2,3 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 126979 

Northing 206432 

Elevation above MSL 
(top of the pipe) 33.95 m (done the 10/09/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe ? 

Water level estimated 
from the top of the pipe 28 m  

Date of the drilling ? 

Pipe’s diameter 15 cm 

Type drilled 

Top Manhole cover 

Presence of a pump yes 

Water treatment yes 

use Domestic use  

Presence of saltwater Does not look salty 

Flow rate ? 

Comments  

Measure read from this 
point with the dipmeter 
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Name B59 

Location 
Name of place Turlough 

Distance from the bay 2,3 km 

Coordinates 
projection system: Irish 

Transverse Mercator 

(TM65) 

Easting 128364 

Northing 206130 

Elevation above MSL 
(top of the pipe) 33.61 m (done the 10/09/2010) 

Borehole 
characteristics 

Depth from the top of 
the pipe 90 m 

Water level estimated 
from the top of the pipe 23 m  

Date of the drilling 2010 

Pipe’s diameter 15 cm 

Type drilled 

Top nothing 

Presence of a pump not yet 

Water treatment no 

use Domestic use in the future 

Presence of saltwater ? 

Flow rate nothing 

Comments New borehole not pumped 

Measure read from this 
point with the dipmeter 
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Appendix B: 
 

Data collected and fieldwork description 
of RTK GPS measurements 

 

 
Appendix B-1: Fieldwork description (1 page). 

 

Appendix B-2: Data collected from RTK GPS measurements (1 page). 
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Appendix B-1: Fieldwork description. 
 

A differential GPS (the Trimble R6 GNSS RoverKit – Internal GSM/GPRS Module for VRS) has 

been used in the aim to get a good vertical and horizontal accuracy (Figure B- 1,a). Some 

points of measurement were not directly accessible for taking a GPS measurement: in this 

case, a measure of the elevation was taken few meters beside (Datum elevation) and the 

difference was measured using a theodolite (Figure B- 1,b). 

 

 

 
Figure B- 1: (a) use of RTK GPS at B04; (b) use of a theodolite at Oyster spring. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
(b) 
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Appendix B-2: Data collected from RTK GPS measurements. 

 

Coordinates (Easting, Northing and elevation) are described in Table B- 1 for all monitoring 

points. 

 
 

Monitoring 
points 

Time 
Easting Northing Elevation 

Vertical 
Accuracy 

Datum 
elevation 

Difference 

metres 

B03 27/01/2010 128749,96 210284,08 27,734 0,007 27,923 -0,190 

B04 27/01/2010 128770,32 210035,41 25,600 0,010 

B05 27/01/2010 128507,89 208981,31 25,514 0,008 25,119 0,395 

B08 11/08/2010 128504,71 207393,84 17,337 0,012 

B10 28/01/2010 126549,59 206507,88 43,181 0,010 

B12 27/01/2010 129021,50 206188,91 51,893 0,011 

B14 28/01/2010 128022,84 203593,66 36,968 0,010 

B15 10/09/2010 128672,54 203945,83 28,705 0,009 

B48 27/01/2010 129747,16 211310,02 31,242 0,010 31,460 -0,218 

B07 10/09/2010 129741,38 208568,38 23,364 0,017 

B56 10/09/2010 128150,09 207531,24 8,08 0,01 

B57 10/09/2010 127013,58 206411,01 33,605 0,011 

B58 10/09/2010 126978,72 206432,37 33,949 0,009 33,898 0,051 

B59 10/09/2010 128364,04 206130,36 33,614 0,11 

B60 10/09/2010 130410,39 205345,38 65,096 0,01 

B61 10/09/2010 130109,04 209120,85 40,999 0,01 

BH Quay 10/09/2010 128281,6 208450,5 0,078 0,024 

Oyster spring 10/09/2010 128181,6 209236,6 -0,35 0,023 2.83 2.48 

Abbey spring 10/09/2010 130826 210590 95 

Carran spring 10/09/2010 127754 203459,4 43,551 0,007 

L01 16/12/2010 127588,7 208670,2 2,366 0.08 1.316 -1.05 

L02 10/09/2010 128146,4 207595,2 4,137 0,008 6,162 2,025 

L03 20/04/2011 128106,2 204670,4 18,879 0.018 

 

Table B- 1: Details of geo-referencing of 16 boreholes, 2 intertidal springs, 2 land springs, 1 lake and 2 

turloughs inside Bell Harbour catchment. 
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Appendix C: 
 

Discrete data: fieldwork description 
and time of measurements. 

 
 

 

 

Appendix C-1: fieldwork description and time of measurements of 

WL, SpC and temperature at monitoring points (2 pages). 

 

Appendix C-2: fieldwork description of vertical profiles in boreholes  

(< 1 page). 

 

Appendix C-3: fieldwork description of the mapping survey of the 

salinity of the bay (< 1 page). 

 

Appendix C-4: fieldwork description and time of measurements of 

water chemistry (< 1 page). 
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Appendix C-1: fieldwork description and time of measurements of WL, SpC 

and temperature at monitoring points. 

• Boreholes 

WL, SpC and temperature have been measured at different boreholes about every month 

from January 2010 to April 2011: all boreholes were not measured from January 2010 as 

several of them have been discovered only in July-August 2010 (from B56 to B59) or were 

only accessible in July 2010 (B08 and B15). Details of time measurements are available in 

Table C-1. A dipmeter of 100 metres length was used for measuring WL and a multi-

parameters probe (YSI professional Plus) has allowed to collect SpC and temperature data: 

these two measurements were taken in a bucket filled of water from the tap available 

beside each borehole. Water was flowing few minutes before taking measurements. Data 

was sometimes not really representative of in situ data due to fact the water is stored in 

tank. B03 and B59 does not have available tap and these parameters were thus not 

accessible. Discrete measurements were definitively stopped at two boreholes due to 

different reasons: the probe of the dipmeter has been stuck at B10 the 12
th

 of April 2010 and 

the pumping at B04 affected too much the WL data.  

 

These first discrete data had helped to choose boreholes where loggers have been settled to 

collect continuous data: loggers have been then left progressively in five boreholes from 

August to December 2010 (Table C-1). 

 
Table C-1: Dates when discrete data have been collected at boreholes, lakes and turloughs. 

 

 B03 B04 B05 B08 B10 B14 B15 B48 B56 B57 B59 L01 L02 L03 

27/01/2010 X X X  X X  X       

16/02/2010 X X X  X X  X       

12/04/2010 X X X  X X  X       

28/04/2010 X X X     X       

14/05/2010 X  X            

20/05/2010   X            

13/06/2010 X X X            

20/07/2010 X X X X  X X X       

28/07/2010         X    X  

11/08/2010 X  X X X X X X X X X  X  

15/09/2010 L  L X  X X X X X X  X  

07/10/2010 L  L L  X X X X X L  X  

10/11/2010 L  L L  X X X X X L X X  

19/11/2010 L  L L  X X X X X L X X  

14/12/2010 L  L L  X X X X L L X X X 

06/01/2011 L  L L  X X X X L L X X X 

03/02/2011 L  L L  X X X X L L X X X 

08/03/2011 L  L L  X X X X L L L X L 

21/03/2011 L  L L  X X X X L L L X L 

13/04/2011 L  L L  X X X X L L L X L 
“X” corresponds to the boreholes where discrete data have been collected; “L” corresponds to the boreholes 

where a logger have been installed : continuous data was thus used. 
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• Turloughs and lakes 

Discrete SpC and temperature data have been collected at Muckinish Lake (L01), Luirk Lough 

(L02) and Turloughnagullaun Lough (L03): dates of measurement are available in Table C-1. 

YSI Professional Plus has been used for measurements. Loggers were then settled at L01 and 

L03 in January 2011 and in December 2011 at L02.  

• Land and intertidal springs 

Discrete SpC and temperature data have been measured at the two land springs using the 

YSI Professional Plus at the same date as boreholes and lakes from the 20
th

 of July 2010 at 

Gortaclare spring and from the 10
th

 of November 2010 at Abbey spring to the 13
th

 of April 

2011. Discharge has been estimated roughly using a bucket of five Litres and a chronometer.  

Discrete SpC and temperature data have been measured at low tide about every months at 

the five intertidal springs from the 12
th

 of April 2010 at BH Quay, Bell+1, Bell+2 and Oyster 

springs and from the 07
th

 of September 2010 at NF spring which has been discovered later. 

Measurements have been done the most of the time same days as boreholes and lakes. 

However, sometimes it was not possible to get all data done in one day and intertidal springs 

were therefore measured other days close to the other fieldwork.  

Attempts of instantaneous discharge measurements have been done at intertidal springs 

(except at NF which has particularly low flow) the 9
th

 of November 2010 and the 9
th

 of 

December 2010 using the mean section method. Measurements of flow velocity were done 

at low tide using the OTT C-31 Universal Current Meter and the OTT Z400 Signal Counter Set 

(Figure C-1a, b). For this method, a cross-section lying within a straight reach is selected. Its 

width is measured and then divided into numerous vertical subsections. In each subsection, 

the area is obtained by measuring the width and depth of the subsection, and the water 

velocity is determined using a current meter. The discharge in each subsection is computed 

by multiplying the subsection area by the measured velocity. The total discharge is then 

computed by summing the discharge of each subsection. Waders have been used to collect 

data in the streams flowing from the different springs. However, stream of springs located 

the most inside the bay (BH Quay and Bell+1 and Bell+2) flow in a muddy channel and 

measurement was not easy to get and sometimes unsafe. Only two attempts were therefore 

done. 

 

 

 

 

 

 

Figure C-1: flow measurements using a current meter; (a) at BH Quay, (b) at Oyster. 

 

 

(a) (b) 
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Appendix C2: fieldwork description of vertical profiles in boreholes 
 

Vertical profiles of the salinity and temperature were recorded on the 6
th

 of June 2012 in 

four boreholes (B03, B05, B08 and B57) during a rainy period. A CTD-Diver (Conductivity, 

Temperature, and Depth) was unrolled slowly in each borehole after having programmed a 

recording with a time step of one second. The depth of these four boreholes has been then 

checked.  

 

 

 

 

 

 

 

Appendix C3: fieldwork description of the mapping survey of the salinity of 

the bay 

 
In order to get an idea of the spatial heterogeneity of the salinity inside BH bay, a survey has 

been done on the 6
th

 of June 2012 during a rainy day by using an inflatable motorboat. As 

the same time doing meanders with the boat, two handle GPS recorded the location and the 

time every two minutes and two CTD loggers (one YSI Professional Plus and one CTD-Diver) 

fixed to the boat with two and five meters of cable left behind the boat under the water 

recorded temperature and SpC data every one second. Using the common parameter of the 

time, the location of SpC and temperature data could have been deducted. 

 

 

 

 

 

Appendix C4: fieldwork description and time of measurements of water 

chemistry 

 
Samples for dissolved anions and dissolved cations from existing water taps at borehole 

stations (field parameters were first monitored to indicate geochemical stabilisation before 

collecting a sample) and were collected directly into lakes, turloughs and springs. These 

samples were kept cool in the field and refrigerated until analysis. All analyses were 

conducted at commercial laboratories with the exception of salinity and temperature which 

were carried out in the field using a multi-probe meter (YSI 556 MPS). These two parameters 

were measured using the multi-probe meter while it was submerged in an open container 

that was continuously flushed with the sample during the measurement. 
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Table C- 2: list of monitoring points sampled at high and low tide. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Sampling point 
low tide 

The 21
st
 of March 2011 

high tide 
The 23

rd
 of March 2011 

B04 X X 

B05 X X 

B08 X X 
B10 X  

B11 X  

B12 X  
B14 X  

B15 X  

B48 X X 
B56 X X 

B57 X  

B58 X  
L01 X X 

L02 X X 

L03 X  
BH spring X  

Bell+1 spring X  

Bell+2 spring X  
Oyster spring X  

Fanore spring X  

Gortaclare spring X  
Abbey spring X  

Cave Poll na Gonzo X  
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Appendix D: 
 
 
 

Continuous data: fieldwork 
description of logger installations at 

monitoring points.  
 

 

Appendix D1: fieldwork description of CTD-Diver installation (1 page). 
 

Appendix D2: Fieldwork descriptions of In Situ Aqua TROLL 200 

loggers installation (< 1 page). 
 

Appendix D3: Fieldwork descriptions of SBE 37-SI MicroCAT 

installation (2 pages). 
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CTD-Diver fixed 
inside a plastic tube 
on a concrete block 

Appendix D1: fieldwork description of CTD-Diver installation 
 
The first logger installed was a CTD-Diver at Oyster spring the 28

th
 of July 2010: the logger 

was fixed to a concrete block and left at the mouth of the spring (Figure D-1). A break of data 

of about one month occurred: the logger lost its plastic cap and was then removed to change 

it. This CTD-Diver was then used for a borehole in 2012-2013 and was not replaced at this 

spring for the Session II. The other CTD-Diver was installed later at BH Quay in a hole of the 

quay where water flowed in the aim to be hidden from view. Similarly, the logger was fixed 

to a concrete block, but smaller than the one at Oyster spring.  

 

 

 

 

 

 

Figure D-1: CTD-Diver installed at Oyster when 

the spring was dry. 

 

A third CTD-Diver was bought during the project and was available from December 2011. It 

was settled in the open well L02 using also a concrete block to ballast it at the bottom of the 

well. 

A CTD-Diver has been lent by the University of Montpellier in the aim to record WL data in 

the middle of the bay for few months. The diver has been ballasted at the bottom fixed at a 

concrete block in the middle of the bay and was attached to the mussel float lines with a 

rope ended by a buoy. It remained about three months from the 22
nd

 of December 2012 to 

the 26
th

 of March 2013. WL, temperature and SpC have been recorded. 

 

 

Appendix D2: Fieldwork descriptions of In Situ Aqua TROLL 200 loggers 

installation. 

 
In Situ Aqua TROLL 200 loggers were progressively installed at five boreholes -previously 

selected on the field- from the 27
th

 of August 2010 at B03 and B05 to the 09
th

 of December 

2010 at B57. Cable of 30 metres each ended by the logger were completely unrolled and 

lowered into the borehole. Some boreholes with no protection were then covered with a 

plastic box to avoid any contamination by rainfall or other products (Figure D-2, a, b). B59 

was not accessible anymore during the Session II and the logger was then installed at B15 

instead. The In Situ logger at B08 broke down at the beginning of the second Session and it 

was possible to replace it by a CTD-Diver from the 6
th

 of June 2012.  
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Figure D-2: (a) B59 protected by a plastic box after installed the logger; (b) End of the cable of the logger 

attached to B59. 

 
 
 
Appendix D3: Fieldwork descriptions of SBE 37-SI MicroCAT installation 
 

Two SBE 37-SI MicroCAT have been ballasted at the bottom of L01 and L03 the 25
th

 of 

January 2011 for Session I and was replaced by a CTD-Diver at L03 the 16
th

 of December 

2012 for Session II. Kayak or inflatable boat was used for all these installations as L03 was full 

each time (Figure D-3,  

Figure Da, b and Figure D-4, a, c). The logger at L03 was removed by walk in spring time once 

it was dry (Figure D-4, b). Due to an error in the selection of logger, WL data was not 

recorded at L01 for Session II. 

 

 

Figure D—3: (a) MicroCAT attached to a concrete block. (b) installation of a MicroCAT in L01 (pictures taken 

by John Coyne). 

 

 

 

Desiccant screwed at the 
end of the cable to avoid 
moisture inside the cable. 

(a) (b) 

MicroCAT ballasted 
and attached to a buoy 
with a rope  

(a) (b) 
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(c) 

(b) 

(a) 

(a) 
(b) 

 

Figure D-4: (a) CTD-Diver fixed in a plastic tube on a concrete block and attached with a rope to a buoy. (b) 

RTK GPS measurement of the logger at L03 when it was dry. (c) CTD-Diver ballasted from the boat to the 

bottom of the turlough. 

 

Two others SBE 37-SI MicroCAT were hung on mussel float lines in Bell Harbour and were 

maintained at one and six metres below the water surface by the buoyant culture lines or 

rafts at all states of the tide (Figure D-5, a, b). We went by boat with the fisherman to install 

and remove them. Pressure readings were not taken for Bell Harbour MicroCats because of 

tidal movement and fluctuation. The instruments were lifted periodically for downloading 

and removal of biofouling. 

 

 

 

Figure D-5: (a) MicroCAT attached with a rope to mussel float lines; (b) mussel float lines view from the boat. 
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Appendix E 
 
 

Continuous data (temperature, SpC, WL) 
monitored at six boreholes (B03, B05, B08, 

B15, B57, B59), one lake (L01) and two 
turloughs (L02, L03) plotted with the tide, 

precipitation and hydraulic gradient. 
 

Appendix E-1: data collected at B03 (5 pages) 

Appendix E-2: data collected at B05 (5 pages) 

Appendix E-3: data collected at B08 (4 pages) 

Appendix E-4: data collected at B15 (3 pages) 

Appendix E-5: data collected at B57 (4 pages) 

Appendix E-6: data collected at B59 (2 pages) 

Appendix E-7: data collected at L01 (2 pages) 

Appendix E-8: data collected at L02 (3 pages) 

Appendix E-9: data collected at L03 (3 pages) 
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Appendix F 
 
 

Continuous WL data monitored at six 
boreholes (B03, B05, B08, B15, B57), two 
turloughs (L02, L03) plotted with the tide 
and hourly precipitation from the 15th of 

December 2012 to the 8th of June 2013 
(Session II); 

 
(3 pages) 
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Appendix G 
 
 

Discrete and continuous data 
of water chemistry 

 
 

 

Appendix G1: water chemistry results collected the 21
st

 and 23
rd

 

March 2011 (2 pages). 
 

Appendix G2: vertical profiles of temperature and salinity done the 

6
th

 of June 2012 at high tide at B03 and B57 and at low and high tide 

at B05 and B08 (1 page).  
 

Appendix G3: SpC data collected at B03, B05, B08, B15, B57, L02 and 

L03 from the 15
th

 of December 2012 to the 31
st

 of August 2013 

(Session II); hourly rainfall collected at NUIG is associated to these 

sets of data (3 pages). 
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Appendix G1: water chemistry results collected the 21st and 23rd March 2011. 
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    mg/l mg/l mg/l ug/l mg/l mg/l CaCO3 mg/l mg/l mg/l mg/l °C µS/cm 

B04 LT  21/3/11 15:10 1,90 157 419,88 <10 3 428,0 23 282 61,46 97 12 1853 

B04 HT  23/3/11 09:55 1,56 169 379,88 103 3 412,0 24 1,02 61,80 114 12 1841 
B05 LT  21/3/11 14:48 5,05 10 28,7 31 5 310,6 6 330 9 91 11,2 641 

B05 HT  23/3/11 10:12 2,93 8 20,26 11 3 289,2 5 <0,20 7,75 101 11,2 597 
B08 LT  21/3/11 14:10 3,13 8 21,36 2163 3 281,3 6 310 9,36 98 11,6 590 

B08 HT  23/3/11 08:27 3,01 9 21,00 975 3 314,0 6 <0,20 9,73 102 10,9 600 
B10  21/3/11 11:15 1,51 8 17,15 <10 1 319,2 6 369 <5 95 11,7 624 
B11  21/3/11 11:30 2,25 10 20,72 <10 1 322,8 6 376 10,42 101 11,9 677 
B12  21/3/11 12:00 1,64 6 12,89 <10 1 203,6 2 239 <5 68 10,9 439 
B14  21/3/11 11:07 1,07 6 11,17 <10 1 189,7 2 215 <5 76 10,1 390,5 
B15  21/3/11 11:30 1,56 7 14,09 <10 1 186,0 2 208 <5 69 10,4 392,7 
B48 LT  21/3/11 15:43 13,72 22 58,47 <10 35 420,6 12 490 26,17 128 11,2 1075 

B48 HT  23/3/11 10:31 11,40 25 56,37 12 34 429,9 12 <0,20 26,31 142 10,9 1081 
B56 LT  21/3/11 13:30 2,09 7 17,92 72 2 262,4 4 292 <5 81 11 540 

B56 HT  23/3/11 07:44 2,10 8 17,35 286 2 248,3 5 <0.20 <5 95 10,8 587 
B57  21/3/11 13:02 2,81 8 14,9 30 0,7 405,5 10 439 8,81 136 11,4 748 
B58  21/3/11 13:18 2,67 11 20,29 <10 0,8 356,2 13 416 9,24 123 10,7 719 
L01 LT  21/3/11 14:30 0,10 1379 4873,91 15 56 5427,7 136 198 847,7 114 13,3 11800 

L01 HT  23/3/11 09:15 <0,1 1188 3381,38 36 55 1990 160 9,39 168,82 133 9,1 11163 
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    mg/l mg/l mg/l ug/l mg/l mg/l CaCO3 mg/l mg/l mg/l mg/l °C µS/cm 

L02 LT  21/3/11 13:00 1,73 7 16,35 <10 2 260,2 3 313 <5 87 8,5 569 

L02 HT  23/3/11 08:16 2,21 7 16,93 12 2 109,2 3 <0.20 <5 96 8,9 553 
L03  21/3/11 11:57 0,49 6 14,2 10 2 155,1 2 173 <5 60 11,8 62,3 
BH Quay  21/3/11 14:00 0,10 964 2980,13 <10 51 3203,8 106 242 470,29 139 8,7 7346 
Bell + 1  21/3/11 14:24 2,47 30 66,4 30 4 282,2 8 279 12,63 92 10,4 718 
Bell + 2  21/3/11 14:30 2,63 20 45,05 12 4 267,5 6 293 9 94 10,3 631 
Oyster  21/3/11 14:55 0,10 632 2195,33 48 35 3135,3 104 200 236,4 94 8,8 6984 
Fanore  21/3/11 15:30 0,10 509 1 328,23 16 29 2564,3 76 342 181,26 118 10,7 5557 
Gortaclare  21/3/11 10:48 0,84 8 10,95 29 0,7 153,4 10 174 <5 128 8,4 326,7 
Abbey  21/3/11 10:45 0,49 6 13,83 <10 <0.5 100,1 2 110 <5 30 9,3 219 

Cave  25/3/11 16:10 0,71 6 12,11 <10 0,9 268,7 3 247 <5 34 ? ? 
  

 
LT: low tide 
HT: High tide 
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Appendix G2: vertical profiles of temperature and salinity done the 6
th

 of June 

2012 at high tide at B03 and B57 and at low and high tide at B05 and B08.  
At right of each profile, the borehole is represented with its depth and its elevation and the 

depth of the probe (in purple) above or below the MSL. 
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Appendix G3: SpC data collected at B03, B05, B08, B15, B57, L02 and L03 from the 15
th

 of December 2012 to the 31
st

 of 

August 2013 (Session II); hourly rainfall collected at NUIG is associated to these sets of data. 
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Appendix H 
 
 

Continuous data (temperature, SpC, 
WL) monitored at BH Quay plotted with 

the tide and daily precipitations from 
NUIG station. 

 
(3 pages) 
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Appendix I 
 
 

Continuous data (temperature and SpC) 
recorded in the middle of the bay plotted 

with the tide and daily precipitations 
from NUIG station. 

 
(5 pages) 
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Appendix J 
 
 
 

WL and SpC data versus tidal level in 
the bay at L01 and B08, B03, B15, B57, 

B59 in order to notice any hysteresis 
cycles. 

 
(7 pages) 
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Figure J- 1: WL data at L01 as a function of the tidal water level in the bay. Three hysteresis cycles occurred 

during a strong spring tide (SST), a spring tide (ST) and a neap tide (NT) periods. 

 

 
 

Figure J- 2: SpC data at L01 as a function of the tidal water level in the bay. Only two hysteresis cycles 

occurred during a strong spring tide (SST) and a spring tide (ST) periods. 
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Figure J- 3: WL data at L02 as a function of the tidal water level in the bay. Two very weak hysteresis cycles 

occurred during a strong spring tide (SST) and a neap tide (NT) periods. 

 

 
 

Figure J- 4: SpC data at L02 as a function of the tidal water level in the bay. No hysteresis cycle has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods. 
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Figure J- 5: WL data at B03 as a function of the tidal water level in the bay. Two hysteresis cycles occurred 

during a strong spring tide (SST) and a neap tide (NT) periods. 

 

 
 

Figure J- 6: SpC data at B03 as a function of the tidal water level in the bay. No hysteresis cycle has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods. 
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Figure J- 7: WL data at B08 as a function of the tidal water level in the bay. Two hysteresis cycles occurred 

during a strong spring tide (SST) and a neap tide (NT) periods. 

 

 
 

Figure J- 8: SpC data at B08 as a function of the tidal water level in the bay. Two hysteresis cycles occurred 

during a strong spring tide (SST) and a neap tide (NT) periods. 
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Figure J- 9: WL data at B15 as a function of the tidal water level in the bay. No hysteresis cycle has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods. 

 

 
 

Figure J- 10: SpC data at B15 as a function of the tidal water level in the bay. No hysteresis cycle has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods. 
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Figure J- 11: WL data at B57 as a function of the tidal water level in the bay. Two hysteresis cycles occurred 

during a strong spring tide (SST) and a neap tide (NT) periods. Pumping effects are particularly strong on WL. 

 

 
 

Figure J- 12: SpC data at B57 as a function of the tidal water level in the bay. No hysteresis cycle has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods. 
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Figure J- 13: WL data at B59 as a function of the tidal water level in the bay. Two weak hysteresis cycles 

occurred during a strong spring tide (SST) and a neap tide (NT) periods. 

 

 
 

Figure J- 14: SpC data at B59 as a function of the tidal water level in the bay. No hysteresis cycles has been 

noticed during a strong spring tide (SST) or a neap tide (NT) periods.
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conference in September 2011 at 

Besançon, France.  
(Article published in Environmental Earth Sciences,© Springer 

International Publishing Switzerland 2014) 
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Characterising the hydrogeology of Bell Harbour 
catchment, a coastal karst aquifer influenced by the tide and 
affected by a saltwater intrusion. 
 

Marie Perriquet & Tiernan Henry 

Biogeoscience Group, Earth and Ocean Sciences, School of Natural Sciences, National University of Ireland, Galway, 
Ireland, m.perriquet1@nuigalway.ie and tiernan.henry@nuigalway.ie.  

Abstract  A hydrogeological study focused on a karstic aquifer of a small catchment 
(~50km2) located on the south coast of Galway Bay is described. The key aim of the 
study is to better understand the freshwater/seawater interaction in this coastal region 
of the west of Ireland. Discharge from the catchment is entirely through intertidal 
diffuse springs and submarine groundwater discharges (SGD). Logging of 
temperature, conductivity and water levels at coastal springs, turloughs and boreholes 
in the catchment is underway; water samples have been recovered for chemical 
analysis and water tracing has been undertaken. Initial results clearly show a tidal 
influence up to 2.5 kilometres inland and an intrusion of seawater at least up to 1 
kilometre inland. This saltwater intrusion varies depending of the balance between the 
tidal periods (spring/neap) and the groundwater level. 

Keywords  Coastal  karstic  aquifer  •  Saltwater  intrusion  •  Hydrogeology  •   
Catchment discharge  •  Ireland 
 
1 Introduction 
 
Understanding the interaction of fresh and sea water in coastal karst systems is critical 
for current and future water management, especially in the context of various EU 
Directives (Water Framework Directive, Floods Directive, Marine Strategy 
Framework Directive) and in the context of the potential impacts of changing weather 
patterns and sea levels. The complex behaviours of groundwater in karst systems 
highlight the needs for detailed data collection and analysis at the field scale. 
Additional complexities area added in coastal karst areas where sea water and 
groundwater interact. This study is focused on developing a better understanding of 
salinity intrusion in a relatively small groundwater body in a large, regional scale 
karst aquifer system in the west of Ireland. The catchment – Bell Harbour Catchment 
- was chosen due to its relatively small size and its fairly well defined boundaries 
DREW [1990]. It is a sub-catchment of a much larger karst catchment (the Gort-
Kinvarra Lowland Catchment).  
 

 
The study catchment covers an area of around 50 km2 and is located in a large karstic 
region called the Burren (Fig. 1) and is defined by upland areas to the west, south and 
east at an altitude of about 300 meters. Drainage is to the north to Galway Bay via 
Bell Harbour. The Burren Region is one of the most extensive limestone karst areas in 
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north-western Europe covering an area of approximately 600km2 GALLAGHER ET AL 
[2006]. The geology is dominated by massive or bedded Carboniferous limestone of 
several hundred metres thickness with interbedded chert, shale and dolomite horizons. 
The area is bounded to the east by limestones of the Gort Lowlands and to the south 
by sandstones and shales. Within the study area the geology is dominated by 
limestones of the Burren and Slievenaglasha Formations, all of which dip gently (2-3 
degrees) to the south (Fig 2). The Burren Formation limestones are generally pale-
grey and thickly to massively bedded with occasional cherty intervals PRACHT ET AL 
[2004]. The lower boundary of the Burren Formation is marked by a laterally 
continuous dolomite horizon while the upper boundary is formed by an irregular 
paleokarst surface. This latter boundary is visible at coastal outcrop and forms the 
base of the Slievenaglasha Formation. The rocks of the Slievenaglasha are 
predominantly thick-bedded, pale grey crinoidal limestones whose upper boundary (in 
south County Clare) is marked by a thin phosphatic and cherty micrite and shale 
SLEEMAN AND PRACHT [1999]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Location of Bell 
Harbour catchment. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.2: Geological 
and 
hydrogeological 
profile South-
North of Bell 
Harbour 
catchment. 
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Late Palaeozoic deformation of rocks in Ireland occurred with the continental 
collision forming Pangea. While the effects of this collision are apparent in the rocks 
in the southwest of Ireland, the succession in South Galway is largely undisturbed 
GRAHAM [2009]. The limited deformation of the succession in the north of the Burren 
has been attributed to the stabilising presence of a southward continuation of the 
Galway Granite pluton. The main structures across the entire region are sub-parallel 
east-west to east-north-easterly trending, gently plunging folds with wavelengths up 
to 500m PRACHT ET AL [2004]. Only two faults are mapped in the Burren region, one 
of which is in the western part of the current Bell Harbour Catchment study area. This 
fault, which is known as MacDermott’s Fault, runs approximately north-south and 
shows a slight sinistral displacement of members of the Burren and Slievenaglasha 
Formations. Geophysical investigation of this fault is being completed, using 
electrical resistivity tomography, as part of this ongoing research. Initial indications 
suggest that the fault extends beyond its current mapped extent running under Bell 
Harbour O’CONNELL PERS. COMM. [2012]. Joints and veins are extensive throughout 
the area. The veins are clustered, non-stratabound fractures formed in response to 
north-south compression during the Variscan while the joints occur in stratabound 
fracture networks formed during uplift GILLESPIE ET AL [2001]. 
 
By the early Cenozoic an extensive and thick cover of Upper Carboniferous (and 
possibly younger) clastic sediments (sandstone, silts and shales) covered the entire 
region. Under the temperate, humid climatic conditions that dominated through the 
Cenozoic in Ireland limestone dissolution and associated surface lowering rates 
exceeded the erosion rates of the clastics, allowing the development of limestone 
lowlands overlooked by steep, Namurian clast-capped scarps SIMMS [2003]. By the 
Pliocene it is likely that the northern scarp of the Burren had retreated to roughly its 
present location creating the lowland landscape to the east of the present study area. 
During this time the Namurian clastic cover in the Burren plateau area was largely 
unbroken and was drained by an extensive surface drainage network. Where these 
drained onto limestone they dissolved out the limestone leading to significant 
lowering. The major valley that is the focus of this study (Bell Harbour) resulted from 
surface dissolution rather than direct erosion by surface streams. The scale of this 
valley suggests that it developed early in the evolution of the Burren plateau SIMMS 
[2003]. 
 
The Burren and Slievenaglasha Formations are largely composed of pure limestones 
that are susceptible to dissolution, leading to the formation of distinctive karst 
topographic features such as turloughs (seasonal lakes largely fed by and draining to 
groundwater), swallow holes, sinking streams, limestone pavement, caves and large 
springs. The landscape in the Burren region (and in the study area) is among the best 
examples of karst landscape in Europe and is the finest example of karst terrain in 
Ireland DREW [2001]. There are thought to be three main groundwater flow systems 
operating in this region: (1) rapidly draining epikarstic (shallow) systems made up of 
solution conduits and joints; (2) deeper discrete conduit flow systems where flow is 
through major dissolution conduits and fracture conduits; and (3) dispersed 
fissure/joint systems linked to the larger conduit systems. In the study area there is 
little evidence of surface drainage features and soil cover is thin or absent in the upper 
portions of the catchment; drainage is almost entirely by groundwater flow.  
Annual precipitation in the area averages approximately 1500 mm with an annual 
effective rainfall estimated at 980 mm. The rainfall occurs throughout the year though 
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the spring and early summer months tend to be drier. Recharge in the catchment is 
mostly diffuse through the large area of limestone pavement in the upper portion of 
the catchment, and, as is typical for the region, water drains almost wholly by 
underground channels directly to the sea via submarine or littoral diffuse springs. 
Aquifer storage is low and during extended wet periods the conduit systems can back 
up leading to the development of three groundwater-fed and draining seasonal lakes 
(turloughs) which may persist for weeks or months on the landscape. Five intertidal 
springs have been located in the eastern edge of Bell Harbour (Fig. 3). The lower 
portions of the extensive underground drainage system may be affected by saltwater 
intrusion especially during high tides and or following extended dry periods when 
groundwater discharge is limited. Moreover, this salinity intrusion can be influenced 
spatially by the geology and the topography of the catchment as well by the location, 
size and shape of the conduits/fractures which carry the groundwater flows.  

 
Fig.3. Location of the hydrogeological elements into Bell Harbour catchment.  
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The research focuses mainly on understanding the relationship between tidal level and 
groundwater chemistry, using groundwater level and specific conductivities values 
collected in boreholes, turloughs, springs and in the bay. Time series analysis will be 
used among others tools in the aim to define the tidal influence into the catchment 
over time. Moreover, a method to evaluate the quantity of freshwater discharging into 
the Bell Harbour bay from submarine and intertidal groundwater discharge (SiGD) is 
applied. 
 
 
2 Materials and methods 
 
This project is the first detailed groundwater study to be undertaken in this catchment 
and detailed data collections have been completed on the field and are ongoing:  

• A karst geomorphological investigation is in progress, the focus of which is the 
mapping the most important land karst features of the area; 

• Water samples from thirteen (13) boreholes, three (3) land springs, seven (7) 
marine springs, one (1) cave and two (2) turloughs were recovered in March 2011 
for chemical analysis (analysis undertaken focused on the abundance of major 
anions and cations); 

• Discrete discharge measurements of the five coastal springs have been recorded on 
a monthly basis over a one year period; 

• Discrete water level measurements using a dip meter have been recorded in nine 
boreholes and specific conductivity (SpC) values have been collected at five 
intertidal springs on a monthly basis over a one year period. 

• In Situ Aqua TROLL 200 loggers have been installed in five boreholes (B03, B05, 
B08, B57 and B59) and CTD-Divers are sited at three permanent or seasonal lakes 
and two coastal springs. The In Situ loggers are connected with a vented cable to 
take account for atmospheric pressure. This sensor can resolve pressure level to 
±0.05% Full Scale, temperature to ±0.01ºC and SpC to ±0.1 µS/cm. A Baro-Diver 
installed adjacent to borehole B05 allows for compensation of the pressure 
measurements from the CTD-Divers. These sensors can resolve pressure level to 
1cm H20, temperature to ±0.01°C and SpC to ±0.1µS/cm. Two SBE 37-SI 
MicroCats have been ballasted at the bottom of the turloughs and two others are 
hung on mussel float lines in Bell Harbour bay at 1 and 6 m below the water 
surface. Pressure readings are not taken for Bell Harbour MicroCats because of 
tidal movement and fluctuation. These sensors can resolve pressure level to ±0.1 m, 
temperature to ±0.0001ºC and SpC to ±0.1µS/cm. The logging interval is 15 
minutes for all of the sensors. An RTK GPS survey of all wells, springs and 
collection points has been completed to relate all water levels collected above Mean 
Sea Level (MSL). 

 
 

3 Results 
 
The collection of the data is still on-going but already early results are presented here, 
and can be grouped into three main areas: 
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(1) Data from the various loggers is used to understand the principal 
characteristics of the aquifer and to explore the relationship between rainfall 
events and well water levels; 

(2) All of the data sets are used to better understand the influence of the tide on 
saltwater intrusion; and,  

(3) Estimation of the submarine and intertidal groundwater discharge into the bay 
has been attempted to better understand temporal fluctuations in groundwater 
quantities. 
 

3 1 Aquifer water level changes 
 
Water level measurements in the five boreholes logged show a range of responses 
(Fig. 4). During a period of base flow, boreholes B03, B05 and B08, located within 
one kilometre of the sea, have almost the same elevation (~2 m above MSL). The 
base flow elevations from boreholes B57 and B59 (~2.4 kilometres from the shore in 
the middle of the valley) are 7m and 10m above MSL respectively.  
 

 
Fig.4. Water levels recorded in five boreholes plotted with rainfall (NUI Galway) from the 30th of 

August 2010 to the 31st of January 2011. 
 

 
The responses after a rainfall event are shown in Table 1. Borehole B03 is completed 
in the solid limestone matrix (or in fracture system not well connected with an active 
conduit) and it shows slow storm responses and only small changes in water levels for 
the two rainfall events. It is also affected periodically by pumping effects with a large 
drawdown of 5m. B05 shows rapid storm responses and fairly large rises in levels 
which suggests it is well connected to an active conduit system and that recharge 
reaches it rapidly. B08, B57 and B59 display amplitudes of 10m each: suggesting that 
a large volume of groundwater discharges through the valley. B57 responds quickly, 
suggesting it is near a conduit system, probably the large mapped NNE-SSW trending 
fault (MacDermott’s Fault).  
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Table 1. Delay and amplitude of the water level changes in the five boreholes between the first rainfall input and the 
maximum of water level rising for two major rainfall events. 

 
 
 
 
 
 
 
 
 
 
 

3 2 Tidal influence and seawater intrusion 

 
Water levels recorded in the five boreholes are all tidally influenced (Fig. 5). 
Amplitudes vary from 0.04m for water levels at B59 to 1.4m for water levels at B05. 
Tidal efficiency - the ratio between the amplitude observed at a borehole and the 
amplitude of the tide in the bay – values were calculated (Table 2). The lag time 
observed with the Galway tide is from 1 hour 35 minutes at Borehole B05 to 8 hours 
and 45 minutes at B59. Small variations observed in water levels of boreholes B05, 
B08 and especially in B57 are only due to pumping effects. 
 

Table 2. Distance from the shore, average tidal efficiency and lag time estimated for the 5 boreholes. 

 

  Distance from the shore (m) Tidal efficiency (m) Lag time  

B03 560 0.058 3h30min 

B05 265 0.445 1h35min 

B08 1065 0.174 2h00min 

B57 2400 0.131 3h35min 

B59 2300 0.005 8h45min 

 
Examination of borehole B05 SpC data shows the largest variations associated with 
tidal influence (Fig. 6). Fluctuations of SpC are stronger during spring tides (generally 
varies between 60 and 110µS/cm) than during neap tides (vary between 10 to 
40µS/cm). During base flow periods the SpC is close to 650µS/cm and can drop to 
380µS/cm during a high rainfall event (during which the water level rises about 6.5m). 
A high peak of SpC (1227 µs/cm) was observed on December 26, 2010. This 
occurred during a spring tide and when the Oyster spring was completely dry (from 
December 13, 2010 to January 10, 2011) and precipitation was very low (<50mm 
from December 12, 2010 to January 9, 2011). The water level was the lowest 
recorded (1.7m above MSL at low tide) since August 2010 during this same period. 
This high peak of SpC can be associated with a seawater intrusion into the aquifer 
which occurred during a period of low rainfall and high tidal amplitude.  
Only the SpC data recorded at borehole B08 has similar tidal variations with smaller 
amplitude. However, no saltwater intrusion is observed into this borehole over the 
time period. The other boreholes are either further inland (B57, B59) or not well 

Rainfall Event October 31, 2010 to 
November 5, 2010 

 
January 10 to January 15 
2011 

Intensity of rainfall 11 mm/day  13 mm/day 

Boreholes Amplitude Delay Amplitude Delay 

B-03 ~ 4 m ~ 48 h ~ 4 m ~ 48 h 

B-05 ~ 6 m ~18 h ~ 6.5 m ~24 h 

B-08 ~ 10 m ~ 35 h ~ 10.5 m ~ 35 h 

B-57 N/A N/A ~ 10.5 m ~ 18 h 

B-59 ~ 10 m ~ 43 h ~ 9 m ~ 41 h 
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connected with the conduit/fracture system (B03) and their SpC data does not show 
any fluctuations due to the tide or a saltwater intrusion. 
 

 
Fig. 5. Tidal influences observed in water levels recorded in five boreholes from the 20th to the 

26th of December 2010. 

 

 
Fig. 6. Water levels recorded at Oyster spring with water levels and SpC of Borehole B-05 from 

10/11/2010 to 02/02/2011. 

 
 

3 3 Submarine and intertidal groundwater discharge 

 
An estimation of the groundwater volume discharging into Bell Harbour was made 
using the simple tidal prism model. This method is explained in detail in CAVE & 
HENRY [2011]: a volume of water available for runoff and a volume of freshwater 
discharging into the bay are estimated separately and then compared. 
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The salinity of water between each high to low tide is averaged and divided by the 
maximum salinity measured on the previous flood tide (Eq. 1). This allows for some 
ebb water being returned to the bay on the following flood tide. The height of low 
water 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. The total ebb tide volume is then multiplied by the freshwater 
proportion to get the volume of fresh water removed on each ebb tide (Eq. 1). It is 
assumed that the water in the bay is well mixed, and that the Microcat salinity values 
are therefore representative of the entire thickness of the water column. 

Equ.1: 

1 - (SHW –SLW)/max. salinity of flood tide x (HHW-HLW) x Surface Area 

 

 
Where SHW–SLW and HHW-HLW are, respectively, the average of salinity and the 
difference of height between high tide and low tide. 
 
The surface area of Bell Harbour has been calculated from LIDAR data to be 1.8 km². 
This formulation was applied for each tidal cycle from the December 2, 2010 to May 
31, 2011 (using the salinity data available from the Microcat located in the middle of 
the bay).  
The Potential Runoff is estimated by the multiplication of the Effective rainfall (ER) 
(Precipitation – Evaporation) with the surface area of the catchment. The storage term 
is neglected here due to a regular rainfall through the year. ER was calculated by 
averaging the daily rainfall from existing Met Éireann rain gauges at Ballyvaughan 
(located west of the catchment near the coast) and Carran (located inland south-east of 
the catchment) and subtracting the monthly evaporation data from the station at Birr, 
the closest to the catchment. 
 
A total freshwater discharge into the Bay of 7.40 x 107m3 has been estimated for this 
six month period with the proportion of freshwater averaged at 3.7% of total water in 
the bay, giving a freshwater discharge of 4.7 m3/s (Fig. 7). The total volume of the 
potential runoff has been estimated at 4.70 x 107m3 which is significantly smaller. It 
appears that the magnitude of the freshwater discharge is over-estimated. However, 
this method assumes that the water is well mixed throughout the bay, but Bell 
Harbour bay behaves differently. Indeed, several dark spots into the bay have been 
noticed from aerial photographs, and a Microcat had been left just above one of these 
which could be a potential SGD. To check the nature of these possible SGD locations, 
a horizontal and vertical salinity survey was completed across the bay on a rainy day 
in June 2012. Initial results show a drop of the salinity at the spot where the logger 
had been left. It may therefore be possible that the salinity measured at this point is 
under-representative of the salinity of the entire bay. 

Proportion of freshwater Volume of water brought 
out on the ebb tide 
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Fig.7. Estimation of the volume of freshwater discharging into the bay plotted with the volume of 

the total rainfall. 

 
4 Conclusions 
 
The study of a karst aquifer affected by a saltwater intrusion is complex and requires 
large amounts of data from different sources to understand the dynamic of the 
saltwater-freshwater interface.  
 
The interpretation of the water level variations in the aquifer show some differences 
in the spatial behaviour of the aquifer system and can be used to assess how well or 
poorly connected each well is to a conduit/fracture system. A rain gauge was installed 
in the catchment in August 2012 and it is anticipated that a better relationship between 
rainfall and groundwater level may be estimated using correlation and spectral 
analysis.  
All the boreholes logged show a tidal influence on their groundwater level with 
different lag times and amplitudes. Using these results with the FERRIS AND BRANCH 
[1952] equations it is planned to evaluate a transmissivity value at different points in 
the aquifer. This method will also be used to better understand the spatial behaviour 
of the aquifer. It is also hoped to examine the data for different periods, for example 
during neap or spring tide, or low and high water level to determine the nature of their 
impacts.  
The estimated SiGD volume entering Bell Harbour has been over-estimated using the 
tidal prism method. However, it has been noticed this over-evaluation might be due to 
the specific location of the logger which was close to a SGD point. A horizontal 
stratification of the salinity has been observed during the recent survey work and it 
will be incorporated into a revised estimate of freshwater discharge to the bay. 
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The initial results presented here will be refined and subject to reworking coupled 
with new data from water geochemical analyses, ongoing monitoring of water levels 
and SpC in intertidal springs, boreholes and turloughs (which reflect local water 
tables). 
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Abstract. Coastal regions in western parts of Ireland are characterized by 

karst aquifer systems vulnerable to the contamination of seawater. Bell Harbour 

catchment (~50km
2
) located on the south coast of Galway Bay in County Clare has 

been selected for this research to better understand the freshwater/seawater 

interaction into the aquifer. The groundwater circulating into this catchment is 

drained into Bell Harbour bay via submarine springs and intertidal diffuse springs. 

Data (temperature, specific conductivity (SpC) and water levels) are being collected 

at two coastal springs, five boreholes, three lakes, and in the middle and the mouth of 

the bay using dedicated loggers. The control of aquifer water level and SpC by the 

seawater is observed visually on the boreholes data and confirmed through time 

series analysis: water level and SpC fluctuate with the same periodicities as the tide 

with some spatial difference intensities. Estimations of the groundwater volume 

discharging into the bay are assessed using salinity data by the method of the simple 

tidal prism model. These results give an evaluation of the proportion of the aquifer 

affected by the tidal level and an assessment of the volume of freshwater available 

through the year.  

Keywords: coastal karst aquifer, tidal effect, seawater intrusion, time series analysis, 

submarine groundwater discharge. 

 

 

 

 

 

 

INTRODUCTION 
Large karstic areas present along the Galway and Clare coasts in the west of Ireland 
are subject to climatic changes: increase of flooding frequencies and sea-level rise 
have been observed recently. The Bell Harbour catchment has been selected for 
developing a better understanding of the hydrodynamic of the karst aquifer because of 
its small size (50 km2) and its fairly well defined boundaries and, therefore, the 
possibility for detection of a salinity intrusion. This research focus mainly on the 
relationship between the change of tidal level and groundwater chemistry, using time 
series analysis on data (groundwater level and specific conductivities) collected in 
boreholes. Also, a method to evaluate the quantity of freshwater discharging into the 
bay of Bell harbour from submarine and intertidal groundwater discharge (SiGD) is 
applied below.  
 



Appendix L 

 

307 
 

1- HYDROGEOLOGICAL SETTING  

1-1 Hydrogeological context 

The catchment is located in a large karstic 
area called the Burren in County Clare 
and is defined by a valley which drains 
north to Galway Bay (via Bell Harbour 
bay) surrounded by upland areas to the 
west, south and east. The geology is 
dominated by massive or bedded 
Carboniferous limestone dipping gently 2-
3 degrees to the south. Annual 
precipitation averages approximately 
1500 mm and the rainfall is regularly 
distributed through the year. The 
groundwater from the karst aquifer 
discharges into the bay through intertidal 
and submarine springs and thus, saltwater 
intrusions may occur into the lowest lying 
part of the catchment. 
 

 
1-2 Data Collection 

In Situ Aqua TROLL 200 loggers have been installed in five boreholes (B03, B05, 
B08, B57 and B59) and CTD-Divers are sited at three permanent or seasonal lakes 
and two coastal springs (fig. 1). Measurements of temperature, specific conductivity 
(SpC) and water level are recorded at 15 minutes intervals. The tide height provided 
by the Irish Marine Institute is recorded at Galway Port station at 6 minute intervals. 
For calculating freshwater removed on the ebb tide in Bell Harbour bay, one SBE 37-
SI MicroCAT has been ballasted at the bottom of the mouth of the bay and another 
one is hung on mussel float lines in the middle of the bay at 1 m below the water 
surface (fig. 1). Measurements of temperature and SpC are recorded at 15 minute 
intervals. Rainfall data used are an average of the daily data from Carran (upland) and 
Ballyvaughan (lowland) stations. 
 
 
2 - METHODS AND RESULTS 

2-1 Tidal and saltwater influence: deduction of a transmissivity  

Water table levels and SpC data recorded at borehole B05 (Figure 2) have been 
selected as an example for applying the different methods. The small high frequency 
fluctuations may be due to the tidal influence while the bigger ones seem to be a 
response to the rainfall. To assess this hypothesis, we perform cross-correlation and 
auto-spectral analysis. The theory and mathematical expressions of these functions 
can be found in Jenkins and Watts (1969) and Mangin (1984). 

Fig. 1: Location of the loggers in Bell 
Harbour catchment. 
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Fig. 2: Precipitation from 
Galway station, water level 
and SpC at Borehole B05 and 
tide from Galway port station 
from 1st Nov. 2010 to 1st Feb. 
2011. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
� Tidal influence 

The auto-spectral analysis, applied on the tidal level and water level series, 
corresponds to change from a time mode to a frequency mode through a Fourier 
transformation of the auto-covariance function which projects vectors in sines and 
cosines.  The Tuckey filter, which is a window function, has been selected and used in 
the power spectral density formulation to smooth the spectral estimates.  
The spectrum of the tide (fig. 3 (a)) indicates three distinctive peaks at frequencies of 
0.0418, 0.0807 and 0.161 cycle per hour (cph), which relate to the diurnal (23.9 h), 
semi-diurnal (12.4h) and quarter-diurnal (6.2h) periods, respectively. The two latter 
tidal components are observed clearly on the water levels at B05 which confirms the 
tidal influence of the water levels at B05. 
 
� Seawater intrusion 

Cross-correlation analysis was used to establish a link between the input time series 
(the tidal level) and the output series (water levels and SpC) and thus, estimate a delay 
between the two series. First, to get the real time of the tide at Bell Harbour bay, a 
cross-correlation analysis has been applied between the tidal level recorded at Galway 
Port station and the water levels from a coastal spring into Bell Harbour bay: a delay 
of 45 minutes was deduced. 
This modified tide was then used as input with SpC and water level at B05 as output. 
On the cross-correlogram, a positive elapsed time indicates that SpC and water level 
show retardation of 1h30 and 13h30 respectively (fig. 3 (b)) compared to the change 
of tidal level. The difference between the two delays is natural, because of the quicker 
response of the transfer pressure (water level change) in comparison with the transfer 
of water (SpC change).  
 

� Transmissivity estimation 

The hydraulic transmissivity (T) at B05 was estimated using Ferris’s method (1952), 

using the time lag calculated above for the groundwater level change:  
²4

²
d

PSx
T

π

××
=  

where x is the distance from suboutcrop to observation well (265 m at B05), S the 
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Fig. 3: Time series analysis at borehole B05: (a) auto-spectral density function for water level 
and the tide modified; (b) cross-correlograms for water level and SpC. 

(b) (a
) 

coefficient of storage, P the period (12h30) of a sinusoidal cycle and d the lag time 
(1h30). For S estimates between 2.10-4 and 2.5.10-2, the estimated transmissivity 
values range between 1,9.10-3 m2.s-1 and 2,8.10-1m2.s-1. 
 

 
 
 
 
 

2-2 Submarine and intertidal groundwater discharge 

An estimation of the groundwater volume discharging into Bell Harbour is assessed 
using the simple tidal prism model (Eq. 1), after Cave & Henry (2011).  
 

1 - (SHW –SLW)/max. salinity of flood tide x (HHW-HLW) x Surface Area  Eq. 1 
 

 
 
 
where SHW–SLW and HHW-HLW are, respectively, the average of salinity and the 
difference of height between high tide and low tide. The surface area is that calculated 
for the bay. This formulation was applied for each tidal cycle from the 2nd December 
2010 to the 31st of May 2011 (salinity data available from the Microcat located in the 
middle of the bay). A total 
volume of freshwater of 7.40.107 
m3 has been assessed for all this 
period (6 months) with a 
proportion of freshwater averaged 
at 3.7% to total water in the bay 
and a freshwater discharge of 4.7 
m3/s. 
 
 
 
 
 

Proportion of 
freshwater 

Volume of water brought out on the 
ebb tide 

Fig.4: Volume of 
freshwater estimated 

discharging into the bay 
plotted with the rainfall. 
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3 - DISCUSSIONS AND CONCLUSIONS  

These results at borehole B05 show that tidal effect and saltwater intrusion observed 
on water levels and SpC data can be confirmed through time series analysis. 
Moreover, this tool allows calculation of a lag time of the tidal pressure transfer into 
the aquifer at specific location and thus, an estimation of hydraulic parameters. This 
method will be repeated for different boreholes in the catchment, allowing for a better 
understanding of the heterogeneity of the aquifer. 
From use of the tidal prism method and using salinity data recorded into Bell Harbour, 
a volume of freshwater discharging into the bay has been estimated for a period of 6 
months. This volume will be subsequently compared to the water available for runoff 
calculated from the precipitation of the area. This will be further assessed following 
the compilation of a full year of data from the loggers in the bay and precipitation. 
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Abstract 

Spatial and temporal changes in saltwater wedges in coastal karst aquifers are still 
poorly understood, largely due to complex mixing processes in these heterogeneous 
environments, but also due to anthropogenic forcing such as pumping, which 
commonly affect natural variations in wedges. The purpose of this study was first to 
characterize the hydrodynamic functioning of a karst aquifer with little anthropogenic 
pressure but strongly influenced by a high tidal range and second, to evaluate the 
extent and movements of a saltwater wedge influenced by both the tide and the 
natural recharge of the aquifer, in an oceanic temperate climate. Variations in specific 
conductivity combined with water chemistry measured in six boreholes and two lakes 
located in the Bell Harbour catchment (western Ireland) enabled us to assess the 
extent of the intrusion of the saltwater wedge into the aquifer as a function of both 
karst recharge and tidal movements at high/low and neap/spring tidal cycles. The 
marked spatial disparity of the saltwater wedge was analyzed as a function of both the 
hydrodynamic and the structural properties of the karst aquifer. Results showed that 
the extent of the saltwater wedge depended on the intrinsic properties of the aquifer 
but also on the relative influence of the recharge and the tide on groundwater levels, 
which induce opposite behavior. Recharge in the Burren area throughout the year is 
strong enough to avoid saltwater intrusion farther than about one kilometer from the 
shore. Strong tidal amplitude seems to be the motor of sudden saltwater intrusion 
observed in the aquifer near the shore while the position of the groundwater level 
seems to influence the intensity of the salinity increase. Competition between 
recharge and the tide thus controls the seawater inputs, hence explaining temporal and 
spatial changes in the saltwater wedge in this coastal karst aquifer.  
Keywords 
Karst; coastal aquifer; saltwater wedge; tidal influence; Burren (Ireland); hydraulic 
gradient  
Highlights 

• Spatial extent of a saltwater wedge estimated from water chemistry and SpC 
• Geological structure controls the spatial extent of the saltwater wedge 
• Hydrodynamic  properties control the propagation of the saltwater wedge 
• Saltwater wedge position depends on competition between recharge and tidal 

amplitude 
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1. Introduction 

Understanding the interaction between freshwater and seawater in coastal karst 
aquifers is critical for current and future water management, especially in the context 
of various EU Directives (Water Framework Directive, Floods Directive, Marine 
Strategy Framework Directive) and given the potential impacts of changing weather 
patterns and sea levels (Ferguson and Gleeson, 2012). The natural equilibrium 
between seawater and freshwater is still poorly understood, largely due to the 
complex mixing processes in such heterogeneous environments (Dörfliger, 2005). 
The presence of karst conduits that allow discharge of freshwater and ingress of sea 
water make it difficult to predict changes in the saltwater wedge in space and over 
time (Bakalowicz, 2005). In these aquifers, the extent of the saltwater wedge thus 
depends on the flow path network, resulting in irregular patterns of saltwater intrusion 
into the aquifer (Arfib et al., 2002). Previous work on saltwater wedge in karst 
aquifers revealed the effect of areas of high hydraulic conductivity on the distribution 
of the mixing zone (Moore et al., 1992; Stringfield and LeGrand, 1971). Morphology 
and geometry of conduits have been shown to be first order controls over groundwater 
temperature and specific conductivity (SpC) gradients in the aquifer (Beddows et al., 
2007). Knowledge of the spatial variations in the hydrodynamic properties of the 
aquifer is therefore required to understand the extent of the saltwater wedge. 
Hydraulic diffusivities can be estimated through groundwater responses to tides. 
Jacob (1950) and Ferris (1952) provided analytical solutions to assess hydraulic 
diffusivity from changes in groundwater levels, while considering a one-dimensional 
(1D), homogeneous, isotropic, confined, and semi-infinite aquifer with a sharp 
boundary condition subject to oscillating forcing. In this study, analyses of water table 
fluctuations in boreholes highlighted three types of hydrodynamic response that were 
confirmed with the Jacob-Ferris method.  
Previous studies showed that saltwater intrusion is driven by the hydraulic gradient, 
which in turn, is controlled by the difference in hydraulic heads between the sea and 
the aquifer (Cooper, 1959; Henry, 1959; Herzberg, 1901; Hubbert, 1940). The 
hydraulic gradient depends on boundary conditions (including recharge) and spatial 
heterogeneities of hydrodynamic properties. Tidal fluctuations may be a major factor 
in determining variations in boundary conditions. For example, Beddows et al. (2007) 
showed that variation in pressure heads driven by the tide can increase the rate of 
mixing. Martin et al. (2012) quantified the exchanges between the matrix and conduits 
as a function of tidal amplitude. However to date, no study has explained the spatial 
and temporal changes in the saltwater wedge in a karst aquifer taking into account 
both water chemistry (major cation/anion analysis) and tidal influence (at high/low 
tide and neap/spring tide scales) on variations in SpC in an aquifer with very low 
anthropogenic forcing. Natural recharge of the aquifer may also be a major factor 
driving variations in inland hydraulic heads: the extension of the saltwater wedge over 
time could depend on the equilibrium between groundwater recharge and the 
influence of tides that modify the boundary conditions. Whereas coastal karst aquifers 
in arid to semi-arid areas such as the Mediterranean region is the subject of most 
published studies (Arfib et al., 2002; Bayari et al., 2010; Fleury et al., 2007; 
Maramathas et al., 2003; Tulipano, 2005), this study focuses on the Bell Harbour 
karst catchment, which is characterized by a strong tidal range, high, consistent 
recharge throughout the year, and a low population density in a rural agricultural 
setting. Despite a low water demand in the Burren area, saltwater intrusion 
mechanisms need to be understood in order to protect the groundwater quality and 
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prevent global sea level rise projected to increase up to one meter from the 
intergovernmental Panel on Climate Change (IPCC).  
Our aim was to confirm the hypothesis that recharge and the tide control spatial and 
temporal changes in the saltwater intrusion. To this end, we first characterized the 
intrinsic properties of the karst aquifer (hydrodynamic properties, structure) and then 
attempted to link these properties and spatial and temporal changes in the saltwater 
intrusion into the karst system. We discuss the relative influence of recharge and of 
the tide on the water level (WL) and variations in SpC measured in six boreholes and 
two lakes and propose a general conceptual model explaining the extent and 
movements of the saltwater wedge in a karst aquifer little affected by anthropogenic 
pressure.  

2. Study area 

2.1 Location and climatic conditions 

Bell Harbour catchment, covering an area of around 50 km² in County Clare, is 
located in a large karst zone called the Burren on the west coast of Ireland and is 
defined by a valley surrounded by upland areas to the west, south and east that reach 
an altitude of about 300 meters. Discharge from the catchment enters the northern part 
of Bell Harbour, which opens onto Galway Bay (Fig. 1). The Burren has an oceanic 
climate, with annual precipitation averaging 1500 mm and annual effective rainfall 
estimated at 980 mm. The rainfall occurs throughout the year, although the spring and 
early summer months tend to be drier. 

2.1 Geology 

The Burren region is one of the most extensive limestone karst areas in north-western 
Europe (600 km²) (Gallagher et al., 2006) dominated by massive or bedded 
Carboniferous limestone of several hundred meters thickness and bounded to the east 
by limestones of the Gort Lowlands and to the south by younger sandstones and 
shales (Fig. 1, b). In the Bell Harbour catchment, gently dipping (2-3 degrees to the 
south) pure-bedded limestones of the Burren Formation underlie the entire area. These 
rocks are characterized by pale gray and thickly to massively bedded limestone with 
occasional cherty intervals of shale and dolomite horizons (Pracht et al., 2004). These 
limestones are underlain by impure limestones (which are not expressed at the surface) 
(~400 m in thickness), which overlie Devonian Old Red Sandstones and the Galway 
Granite pluton (Fig. 2). Only two major faults are mapped in the Burren region, one of 
which is in the western part of the Bell Harbour catchment study area (Fig. 1, c). This 
fault, known as MacDermott’s Fault, runs approximately north-south and shows a 
slight sinistral displacement of members of the Burren Formation. Geophysical 
investigation of this fault is currently being completed, using electrical resistivity 
tomography, as part of this ongoing research. Initial indications suggest that the fault 
extends beyond its current mapped extent running under Bell Harbour bay (O’Connell, 
2012, personal communication). Joints and veins are extensive throughout the area 
(Gillespie et al., 2001). 
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Figure 1: (a): Location of the study area in Ireland; (b): location of Bell Harbour catchment in 
the Burren region; (c): aerial photograph of Bell Harbour catchment with location of the 
monitoring points, the main fault, and intertidal springs. Spatial extent of the saltwater wedge 
and its temporary and tidally influences over the catchment are represented; the maximum, 
minimum and average SpC values in six boreholes and two lakes are also shown. 

 

1.1 Hydrogeology 

The landscape in the Burren region (and in the study area) is among the best examples 
of karst landscape in Europe and is the finest example of karst terrain in Ireland 
(Drew, 2001). The pure bedded limestones are exposed to weathering and are 
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susceptible to dissolution, leading to the formation of a well-developed shallow 
epikarst of  5 to 10 meters thickness, and distinctive karst topographic features such as 
swallow holes, sinking streams, limestone pavements, caves and large springs. There 
are three main groundwater flow systems operating in this region (from the shallowest 
to the deepest): (1) a strongly altered, rapidly draining epikarstic system present in the 
upper meters; (2) an unsaturated (or infiltration) zone where vertical flows pass 
through the rock via system of fissures or joints; (3) a phreatic zone where three 
distinct compartments are linked together: groundwater flows rapidly through the 
conduit compartment, relatively rapidly through the fissure compartment, and slowly 
through matrix compartment. Flow paths through the unsaturated zone may also 
include these preferential flow paths similar to the phreatic zone. 
 
 

 
Figure 2: Geological and hydrogeological profile of the Bell Harbour catchment. 

 
Recharge in Bell Harbour catchment is mostly diffuse through the large area of 
exposed limestone pavement in the southern (higher elevation) portion of the 
catchment. The main flow path of the water in the limestone is controlled by i) the 
horizontal bedding partings (Fig. 2) as  the impermeable shale layers or chert lenses 
limit the vertical movement of the groundwater (Drew, 2003),  and by ii) the 
hydraulic head boundary conditions (groundwater basin divide to the south, and the 
boundary imposed by the tide in Bell Harbour). Water drains almost wholly by 
underground conduits directly into Bell Harbour via submarine or littoral diffuse 
springs (Fig. 2). Rates of groundwater flow in the range 50-150 m/h have been 
recorded from water tracer tests under base flow conditions in the Burren, and flow 
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velocities are assumed to increase up to four fold in flood conditions and to halve 
under very low flow conditions (Drew and Daly, 1993). Aquifer storage is low and 
during extended wet periods the conduit systems can back up, leading to the 
development of two lakes or turloughs (Luirk and Gortboyheen lakes), which either 
drain or feed the karst aquifer, and may persist in the landscape for weeks or even 
months (Fig. 1, c).  

 

1.2 Recent hydrogeological results 

At the start of this study, field investigations were undertaken to locate karst features 
and to assess and select measurement locations (boreholes, springs etc.). Six private 
boreholes were selected for the study. Five intertidal springs were identified along the 
eastern shore of Bell Harbour and there are two turloughs and one permanent lake 
(Muckinish Lake) in the catchment (fig. 1). Punctual SpC measurements at the five 
intertidal springs were done at low tide (LT), and were ranged from 40 mS/cm to 400 
µS/cm depending of the tidal stage and the hydrological period. Aerial photographs of 
the area showed circular features in the Bay in line with MacDermott’s fault. These 
were assumed to be either submarine springs where freshwater or brackish flows from 
the karst aquifer, called submarine groundwater discharge, or swallow holes where 
seawater can penetrate easily into the aquifer (Fig. 1, c). No historic information is 
available on these features, but fieldwork during the project (a salinity survey through 
the bay and continuous SpC data collected at different depths in the bay above one 
circular feature), allowed us observing that brackish water flowed only during strong 
recharge events when WL in the aquifer was particularly high. Thus, brackish water 
may flow or saltwater may enter alternatively into these large outlets depending of 
hydraulic gradient between the aquifer and the sea level: such phenomenon has been 
already observed in other karst aquifer, e.g. in Betic Cordilleras, Southern Spain 
(Fleury et al., 2008), and these conduits in Bell Harbour bay seem thus preferential 
paths for saltwater intrusion into the aquifer.  

1.3 Field sampling and data available  

This project is the first detailed groundwater study to be undertaken in this catchment. 
Temperature, SpC and water level (WL) were recorded in six boreholes (B03, B05, 
B08, B15, B57 and B59) and two lakes (Muckinish lake, L01 and Luirk lake, L02) at 
15-minute intervals from September 2010 to September 2011 and at five-minute 
intervals from December 2011 to January 2013 (Fig. 1, c). Data were not recorded at 
every measurement point for the full periods. In Situ Aqua TROLL 200 loggers were 
installed in the six boreholes and CTD-Divers were sited at two lakes. The In Situ 
loggers were connected to a vented cable to account for atmospheric pressure. A 
Baro-Diver installed adjacent to borehole B05 allowed for compensation of the 
pressure measurements from the CTD-Divers. An RTK (Real Time Kinematic) GPS 
survey of all boreholes and collection points was undertaken to relate all WL data 
collected to mean sea level (MSL). In addition, vertical profiles of salinity and 
temperature were recorded on June 6, 2012 in four boreholes: B03, B05, B08 and B57 
during a rainy period. Data on tide height were provided by the Irish Marine Institute 
and were recorded at Galway port station at a six minute time interval. This data set 
was then converted into a five minute step by linear interpolation to enable direct 
comparison with data collected in the boreholes and lakes. Continuous measurements 
of the WL taken over a five month period at an intertidal spring in Bell Harbour 



Appendix M 

 

318 
 

allowed estimation of a tidal time lag of 45 minutes in the bay -which was used in this 
study-, compared to the tide height recorded at Galway Port station. Rainfall data 
were measured at National University of Ireland, Galway (NUIG) using a daily rain 
gauge: readings are totals for the 24-hour period from 9 am to 9 am the next day. The 
hydraulic gradient was calculated to estimate the potential outflow at each 
measurement point, distinguishing the load variation in the aquifer from the load 
variation at the limit (tidal variations in the bay). Tidal height was subtracted from the 
WL and the result divided by the linear distance between the measurement point and 
the shore. An example of the data from B05 is shown in Fig. 3 and all the data are 
reported in the Appendix. Additionally, discrete water chemical measurements were 
performed: water samples were collected for major cation/anion analysis from four 
boreholes (B05, B08, B15, B57) and two of the turloughs (L01, L02) on March 
21,2011 during a relatively dry period. Before raw groundwater samples were 
collected from existing water taps connected directly to the pumps in boreholes, field 
parameters were monitored to indicate geochemical stabilization (~5-10min). 
 

 
 

Figure 3: Example of continuous data (temperature, SpC, WL) monitored at borehole B05, 
plotted with the tide, precipitation and hydraulic gradient from August 27, 2010 to January 4, 

2011. 
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2. Assessment of karst hydrodynamic properties  

WL variations were analyzed first in response to precipitation and second in response 
to tidal fluctuations to better understand the hydrodynamic behaviour of the overall 
system. This is not a typical analysis as the data represents different responses: WL 
variations due to recharge events are influenced by the non-saturated zone, the 
saturated zone and the pathway between the surface and the borehole while WL 
variations due to tide are only influenced by the saturated zone, and so by the karst 
network between the borehole and the shore. Nonetheless, the non-saturated zone in 
the study area is considered to be fairly shallow and typically of high moisture content 
due to a high recharge throughout the year: infiltration into the non-saturated zone are 
thus continuous whatever mode of infiltration, either diffuse or concentrated via 
swallow sinks, and the hydrodynamic behaviour of the system can be thus comparable 
to the saturated zone for these analyses.  
 
Moreover, these two methods have been used during different periods and are thus 
separate means to estimate hydraulic diffusivity: when WL variations occur due to 
recharge events, the tidal effect on WL disappears; the effect of the tide was thus only 
analyzed during period of no recharge. Thus, while bearing this in mind, these two 
different methods were used to ascertain the coherency between types of 
hydrodynamic environment estimated from hydrodynamic responses to recharge 
events and hydraulic diffusivities assessed from Jacob-Ferris equations for each 
borehole. 

 

2.1 Hydrodynamic response to recharge events 

Observations of changes in the WL in each of the six boreholes during and after a 
recharge event enabled determination of the typical hydrodynamic behavior of the 
borehole concerned using the intensity of the variation in WL (amplitude and period 
of influence (P)) and the slope (S) on the WL recession curve. The steepness of the 
slope was assumed to reflect the drainage of the karst system (Powers and Shevenell, 
2000; Shevenell, 1996): a steep slope represents the dominant effects of the larger 
karst features (i.e. conduit/large fissures) on drainage, but also includes the effects of 
the other regimes. When a break occurs in the slope and the slope decreases, this 
illustrates the storage of the aquifer that results in the emptying of well-connected 
karstified fissures and/or the matrix. Three segments in a borehole recession curve in 
a multiple porosity karst system can thus be interpreted as the consequence of three 
types of flow occurring in: i) conduits/large fissures; ii) fissures; and iii) the matrix. 
One example of a typical hydrograph recession curve was selected for each of the six 
boreholes and classification was based on the range of responses starting from the 
borehole with the highest amplitude and steepest slope (when several segments were 
present, the steepest one only was taken account for the classification) (D1) to the 
borehole with the lowest amplitude and shallowest slope (D6) (Fig.4). The period of 
influence P is only indicative and was not taken account for the classification as it is 
not the most representative in estimating hydraulic diffusivities. This analysis was 
applied to the boreholes but not to the lakes (L01, L02) as changes in the WL of lakes 
are strongly dampened by the capacity of the lake and consequently cannot be 
compared to changes in WL in the boreholes. For example, the hydrodynamic 
reaction of B57 exhibits a high amplitude peak (> 10 m) and a steep slope on the 
recession curve (S57 = 6.3 m/d) (Fig. 4). Moreover, its period of influence was short 
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(P57 = 1.6 days). This indicates a highly zone of hydraulic diffusivity (D1) and hence 
high connectivity of this borehole with the karst drainage network, due to well-
connected fissures.  
 

 

Figure 4: Examples of hydrodynamic responses for each of the six boreholes from the typology 
we established. A different period has been selected for B15 as no WL data have been collected at 

this borehole from the January 12 to 27, 2011. Slopes (S) and period of influence (P) of each 
recession curve have been drawn. 

2.2  Hydrodynamic response to tidal variations 

The Jacob-Ferris method (Ferris and Branch, 1952; Jacob, 1950) for tidal propagation 
through a coastal aquifer was used to estimate hydraulic diffusivity (D) values in the 
Bell Harbour karst catchment, although a variety of more sophisticated analytical 
solutions exist for one and two-dimensional systems (Li et al., 2000; Townley, 1995; 
Trefry, 1999) and for vertical section systems (Guo et al., 2010; Li and Jiao, 2002). 
The relatively simple Jacob-Ferris model remains useful for estimating aquifer 
hydraulic properties from measured groundwater level variations (Rotzoll et al., 2013); 
even so, application of this simple homogeneous tidal propagation models is not 
without its problems: inconsistencies in hydraulic diffusivities measured from either 
attenuation or delay data from WL time series collected at a single borehole have been 
already noticed in numerous studies (Drogue et al., 1984; Erskine, 1991; Ferris and 
Branch, 1952; Smith, 1999). These amplitude-delay inconsistencies have been 
explained with varying success, since reasons can be multiple such as vertical flows, 
phreatic influences (Jha et al., 2003), geometric effects (e.g., variable aquifer 
thickness), non linearities associated with capillarity and density-driven flow and 
spatial heterogeneity (e.g., horizontal layering) (Trefry and Bekele, 2004). While 
these amplitude-delay inconsistencies have been found in the hydraulic diffusivities 
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assessed for Bell Harbour aquifer, they do show the heterogeneity of the aquifer: these 
biases have been used to support the different types of proposed hydrodynamic 
environments and are discussed in details in the discussion (section 3.4). In any case, 
this method gives a general idea of the hydraulic diffusivity between the shoreline and 
the monitoring point and thus, allows identification of the spatial distribution of the 
hydraulic diffusivity in the catchment. 
The Jacob-Ferris equation generally assumed a confined aquifer with homogeneous 
hydrodynamic properties and considered one-dimensional flow (implying neither 
vertical nor parallel flow to the shoreline) sinusoidal oscillations in pressure propagate 
along the aquifer. However, the karst aquifer in Bell Harbour area is assumed 
unconfined, at least in its matrix environment, but the range of tidal amplitude is small 
compared to the thickness of the saturated aquifer, which makes it possible to use the 
Jacob-Ferris tidal method to assess its hydrodynamic properties (Erskine, 1991), 
which corresponds to the equation (1): 

                          (1) 

where h is WL (m) above MSL; x is distance from the sea (m); t is time (d); t0 is the 
period of tidal oscillation (d) which for the west of Ireland is 0.52 days; h0 is the 
amplitude of tidal oscillation (m); T is the transmissivity of the aquifer (m²/d); and S 
is aquifer storage.  
Tidal oscillations remain sinusoidal with a time lag (delay = d) and decrease 
exponentially in amplitude with distance from the sea (tidal efficiency factor = f). An 
analytical solution to Eq. (1) provides expressions for d and f: 

d =       (2a) 

f =       (2b) 
 

These solutions can be rearranged into expressions for aquifer hydraulic diffusivity (D) 
in terms of the delay (Dd) and tidal efficiency (Df):  

     (3a) 

        (3b) 

 
The delay is the time lag between the tidal signal and WL signal and the tidal 
efficiency factor corresponds to the ratio of the tidal signal with the amplitude of the 
WL. For each monitoring point, the delay and the tidal efficiency factor were 
calculated for separate 15-day periods without the influence of recharge and for 
different tidal amplitudes during spring tide (ST) and neap tide (NT). The average 
hydraulic diffusivity was then deduced: Df from the tidal efficiency factor and Dd 
from the delay factor. This method was not used for B15 as no tidal influence was 
detected in this borehole, probably due to its low hydraulic diffusivity and its distance 
from the shore.  

2.3 Results 

Hydrodynamic response of each borehole to recharge events allows classifying them 
from the one with the highest hydraulic diffusivity (D1) to the lowest (D6) (fig. 4 and 
table 1): 

� B57 is located in a highly zone of hydraulic diffusivity (D1) as explained above 
(section 3.1), representative of conduits-dominated flow environment.  
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� The amplitude (6.25 m) and the slope (S08 = 2.6 m/d) of the recession curve at B08 
were lower than B57 but its slope remained relatively steep in comparison with those 
of other boreholes. B08 is located in a zone of relatively high hydraulic diffusivity 
(D2), representative of conduits or large fissures-dominated flow environment. 

� B59 showed three different slopes on its recession curve representative of an 
environment with different hydraulic diffusivities. The steepest one (S59a = 1.5 m/d) 
was however lower than at B08 (S08 = 2.6 m/d) and the two others were particularly 
low and almost equal (S59b = 0.5 and S59c = 0.4 m/d) suggesting that borehole 
hydrodynamics are characteristic of both fissures and matrix-dominated flow 
environments (D3). These three successive slopes on its recession curve for which 
two are representative of a poorly hydraulic diffusive zone explain the particularly 
long observed period of influence P (P59 > 10.4 d).  

� D4, D5 and D6 have been assigned to B05, B15 and B03 respectively: despite lower 
amplitude observed at B05 than at B15 and B03, it has been assumed its hydraulic 
diffusivity is higher as its unique slope of recession curve (S05 = 0.9 m/d) was steeper 
than the ones at B15 (S15a = 0.7 and S15b = 0.3 m/d) and B03 (S03a = 0.7 and S03b = 
0.1 m/d), and its period of influence much shorter (similar to the one of B08). B05 is 
therefore considered to be moderately connected with the karst drainage network 
(D4): B05 hydrodynamics would be considered as small fissures-dominated flow 
environment. 

� B15 and B03 both exhibited two shallow slopes on their recession curve which are 
representative of an environment with different hydraulic diffusivities. Their 
recession curves were however very flat and expanded (P15 = 6.4 and P03 = 9.1 d). 
Thus, B15 and B03 are assumed to be poorly connected with the main drain karst 
system (D5 and D6) and representative of a matrix-dominated flow environment. 
 

Borehol
e 

x 
(m) 

Typolog
y 

Amplitude 
(m) 

Period of 
influence 

P 
(d) 

Slope of 
recession curve 

S 
(m/d) 

Type of 
hydrodynamic 
environment 

B57 2400 D1 10.4 1.6 6.3 conduits 
B08 1065 D2 6.25 4.3 2.6 conduits / large 

fissures 

B59 2300 D3 5 > 10.4 
sa = 1.5 / sb = 
0.5 / sc = 0.4 

fissures and matrix 

B05 265 D4 3.3 4.5 0.9 small fissures 
B15 4490 D5 4.4 6.4 sa = 0.7 / sb = 

0.3 
matrix 

B03 560 D6 3.75 9.1 sa = 0.7 / sb = 
0.1 

matrix 

Table 1: Type of hydrodynamic environment deduced from the hydrodynamic response of the 
borehole to recharge events. Borehole’s typology is illustrated in Fig. 4. Amplitude (in meters), 
period of influence “P” (in days) and slope of recession curve “S” (in meters/day) were estimated 
from recession curves. x (m) correspond to the distance from the shore in meters. 

 

The outputs from the Jacob-Ferris equations are given in table 2: boreholes and lakes 
are ranked from the one (B57) with highest hydraulic diffusivities at the top (only Dd 
has been taken account; reasons are explained in the discussion) to the one (B03) with 
lowest hydraulic diffusivities at the bottom.  
Df  and Dd decrease from B57 to B03 (except Df of L01 and L02) but the values are 
different:  Df/Dd ratio of 0.3, 0.47 and 0.65 was found for boreholes B03, B05 and 
B59, respectively, and even lower at L01 and L02 (0.15 and 0.14 respectively). Thus, 
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when this ratio is lower than 1, Df appears to be under-estimated in comparison with 
Dd (table 2). 
 
 

Borehole x (m) f 
Df 

(m²/s) 
d (h) 

Dd 

(m²/s) 

Ratio 

Df/Dd 

B57 2400 0.131 97.3 3h35 124 0.8 

B08 1065 0.4036 98.2 1h55 91.5 1.07 

B59 2300 0.0045 12.7 8h45 19.1 0.65 

L01 485 0.0637 2.8 2h20 18.2 0.15 

L02 900 0.0052 2 3h55 14.6 0.14 

B05 265 0.4 5.8 1h25 12.4 0.47 

B03 560 0.0407 2.1 3h30 7.1 0.3 

Table 2: Hydrodynamic response of the borehole to tidal variations. Hydraulic diffusivities (Df 
and Dd in meters square /second) were calculated using tidal efficiency factor (f) and delay factor 
(d, in hours). 
 

2.4 Discussion: consequences in terms of intrinsic 

functioning of the karst aquifer. 

Results from the two methods show the same classification for the borehole 
hydrodynamics environment, ranging from the highest to the lowest hydraulic 
diffusivities (tables 1 and 2). However, as noticed previously, important differences 
have been observed between the hydraulic diffusivity estimated on the basis of the 
tidal efficiency factor (Df) and hydraulic diffusivity calculated by the delay equation 
(Dd) for B59, B15, B03, L01 and L02, showing a ratio Df/Dd decreasing with 
hydraulic diffusivity values (table 2). From the equation (1), it is assumed that head 
losses affect the tidal efficiency factor (f) on the one hand, and the delay (d) on the 
other. It is therefore expected Df is equal to Dd, and thus Df/Dd= 1, for a confined 
homogenous aquifer where head losses are isotropic: a difference between Dd and Df 
at the same distance from the shore would indicates heterogeneity of the environment.  
Head losses in the matrix are supposed to be larger than in conduits: at each tidal 
cycle, the tidal wave enters the aquifer preferentially via the conduits that feed the 
matrix. Head losses occur in the conduits but the head losses are even greater when 
the tidal signal passes through the matrix which leads to stronger dampening of the 
sinusoidal wave and higher delay in the matrix than in the conduits. To illustrate this 
case, two boreholes located at the same distance from the shore, one drilled in matrix-
dominated flow environment (e.g., B59 at 2300 m from the shore), and the other in 
conduit-dominated flow environment (e.g., B57 at 2400 m from the shore) have been 
compared from ratios dconduit/dmatrix and fconduit/fmatrix. The fact that dB57/dB59 = 0.4 is < 1 
and fB57/fB59 = 29 is > 1, means that dconduit < dmatrix and fconduit > fmatrix  of one order of 
magnitude for both and confirms therefore that head losses are larger in matrix-
dominated flow environments than in conduit-dominated flow environments. By 
incorporating d and f in equations 3a and 3b respectively, it results in differences 
between both, Ddconduit and Ddmatrix, and Dfconduit and Dfmatrix: e.g., ratio DdB57/DdB59 = 
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6.5 and ratio DfB57/DfB59= 7.7. Thus, each ratio is > 1 of one order of magnitude 
which confirms that the two factors, f and d, are affected by head losses but stronger 
in dominated-matrix flow environment than in dominated-conduit flow environment 
(Ddconduit/Ddmatrix > 1 and Dfconduit/Dfmatrix > 1). 
Additionally, head losses in the matrix may affect the tidal efficiency factor more than 
the delay factor since the tidal wave amplitude is dampened when it propagates 
towards the matrix, whilst the delay is less affected by this transition due to the rapid 
pressure transfer within the conduits, and then towards the matrix. This results in a 
large dampening in amplitude and a moderate increase of the delay in the dominated-
matrix flow environment. f reacts therefore differently in the matrix than d. Indeed, 
the fact that Dfconduit/Dfmatrix > Ddconduit/Ddmatrix, (e.g.  DfB57/DfB59= 7.7 > DdB57/DdB59 
= 6.5) confirms that f is more affected by head losses in dominated-matrix flow 
environment than d even though these differences are relatively low. Dd may give 
averaged hydraulic diffusivity values of the whole aquifer system between the point 
measurement and the shore; as the karst aquifer comprises conduits with higher 
hydraulic diffusivities than the matrix, hydraulic diffusivity in conduits takes 
therefore precedence over that of the matrix, at the aquifer scale. Df seems to have a 
greater variability in its results due to its strong sensitivity to the heterogeneities of the 
aquifer system encountered between the point measurement and the shore.  
Strong propagation biases have been also noticed in unconfined aquifers (Jha et al., 
2003) or layered aquifers when the lower layer is more conductive than the upper 
layer (Trefry and Bekele, 2004) and both concluded that Df is more reliable than Dd. 
The Bell Harbour aquifer may be similar to these aquifers in a way as it can be 
compared to a layered aquifer. However, the presence of a conduit/matrix drainage 
system makes the aquifer confined through saturated conduits and unconfined in 
surrounding fractured matrix. Thus, before it can reach a borehole located in an 
unconfined matrix flow environment, the flow moves first through saturated conduits, 
and then in the unconfined matrix; the mixed confined/unconfined aquifer and the fact 
that head losses in conduit flow environment differ from head losses in matrix flow 
environment, makes the hydrodynamic response of a karst aquifer different from the 
other aquifers referred to  previously: it is therefore not possible to categorically state 
that Df is more reliable than Dd for a karst aquifer.  
From these observations, the Dd value is considered as representative of the aquifer 
diffusivity, as it varies more homogeneously than Df; furthermore, the ratio between 
Dd and Df allows characterizing the type of hydrodynamic environment at each 
measurement points, considering that more the ratio Df/Dd is low, more the 
component of matrix flow environment is present in the aquifer system between the 
point measurement and the shore.  
Consequently, when the Dd value is bigger than the Df, this suggests matrix flow 
dominates over conduit flow; in this case, borehole hydrodynamics are assumed to be 
characteristic of a matrix-dominated flow environment, such as B03 (table 2): 
borehole B15 is considered to be characteristic of the same environment as B03 due to 
the similarity of their recession curves. Conversely, when Dd is close to Df, this means 
that water flows preferentially through conduits and consequently that the connection 
(between either the borehole or the lake) and the karst drainage network corresponds 
to conduits (e.g., B57 and B08; table 2). The fissure-dominated flow environment is 
intermediate between conduit and matrix-dominated flow environments and can be 
illustrated by a medium Df/Dd ratio such as the ones observed for B05 and B59. These 
hydraulic diffusivity values are therefore consistent with the previous interpretation 
based on the typology of hydrodynamic responses to recharge events (tables 1 and 2): 
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from all these results, simplified karst features (matrix, fissure and conduit) have been 
associated with each borehole and are shown in figure 5. 
 

 
Figure 5: Hydrogeological profile of the catchment with depth of the boreholes and the loggers. 

Surface water levels (WL) deduced from WL measured on Feb. 20, 2011 at the 6 boreholes are in 
red for the high tide and in blue for the low tide. Dotted lines are the virtual surface WL between 
the WL measured at B57 which appears to be disconnected from the main karst system and the 
bay. Vertical SpC profiles for B03, B05, B08 and B57 are in green and are plotted at the same 

scale as the depth of boreholes. The maximum, minimum and average SpC values are given for 
each measurement point together with the vertical SpC profiles for four boreholes. Different 

colors are used for each karst feature associated to the six boreholes. 
 

For the two lakes L01 and L02, the Df/Dd ratios were 0.15 and 0.14 respectively, 
which can be attributed to head losses due to exchanges between the karst aquifer and 
the lake; the capacity of the lake cushions the tidal amplitude and may be added to the 
dampening effect of conduit/matrix on tidal amplitude explained above. The Df 
inferred from the lakes’ hydrodynamics and recession curves are therefore not 
comparable with the Df inferred from borehole hydrodynamics. The delay does not 
appear to be affected by the capacity of the lake and Dd estimated for the lakes can 
therefore be compared with the Dd observed in the boreholes (table 2). However, the 
only Dd value we calculated was considered to be insufficient to assess the type of 
hydrodynamic environment for the two lakes.  
Figure 5 is a hydrogeological profile of the catchment where depths of the boreholes 
and the loggers and their karst features associated are shown. WLs at HTs and LTs in 
the 20th of February 2011 have been reported in figure 5. This shows that WL in 
boreholes located close to the shore in an environment of a high to intermediate 
hydraulic diffusivity (B05 and B08) can differ considerably between HT and LT. 
These differences are less obvious in a matrix environment (B03), located far from the 
coast (B59) or due to effect of the capacity of a lake (L01). The WL at B57 was low 
compared to the other boreholes and was only characteristic of a conduit flow 
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environment after a recharge event: at this location, water from the recharge was 
flushed very rapidly through the conduits towards the bay.   

3. Spatial and temporal variability of the saltwater 
wedge 

3.1 Spatial extent of the saltwater wedge 

The water chemical data collected in boreholes and lakes in the study site showed that 
the groundwater was characterized by a Ca-HCO3 facies representative of water 
flowing within limestone except at L01, where the water contained a significantly 
high proportion of Na, Cl, SO4, Mg and K, i.e. representative of a seawater signature 
(Fig. 6). Water sampled from B05, B08 and L02 are all freshwater. By using a 
Schöeller-Barkaloff diagram with water chemical data, it is however possible to 
observe a slightly higher concentrations of Na, Cl, SO4 and K than in the Ca-HCO3 
background water in the water sampled from B05, B08 and L02 (Fig. 6 and table 3). 
The proportions of these ions are representative of a seawater signature; indeed, Na/Cl 
ratios of all the samples follow the freshwater-seawater mixing line confirming that 
the main contribution of the salinity is due to a saltwater intrusion (Pulido-Leboeuf, 
2004) .  

 
 
 
 
 
 
 
 
 
Figure 6: Schöeller-Barkaloff diagram of 
the water chemistry results for four 
boreholes and two lakes. Water samples 
were collected for major cation/anion 
analysis on March 21,2011 during a 
relatively dry period. Before raw 
groundwater samples were collected from 
existing water taps connected directly to 
the pumps in boreholes, field parameters 
were monitored to indicate geochemical 
stabilization (~5-10min).  

 
 

 
The minimum, maximum, and average SpC values recorded by the loggers at the 
monitoring locations are shown in Fig. 1, c and Fig. 5 and confirm the inferences from 
the water chemical analysis: the high average SpC value at L01 (13000 µS/cm) 
representative of brackish water with variations up to ~28600 µS/cm, confirms the 
presence of the saltwater wedge at L01 most of the time. As described in section 2.2, 
there is a strong hydraulic connection between the lake and the bay that may be due to 
the development of preferential conduits along the MacDermott’s fault.  
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In the other boreholes and in lake L02, the average SpC varied between 600 and 
720 µS/cm except at B15 (430 µS/cm) situated furthest inland. Water chemistry data 
suggested that B05, B08 and potentially L02 L02 may have a slight seawater influence. 
This was confirmed by maximum SpC values that reached 1480 µS/cm at B05, 
1290 µS/cm at B08 and 830 µS/cm at L02 (the lower maximum value at L02 may be 
due to the dilution effect of the lake):  these values at B05 and B08 are two to three 
time higher than the SpC at B57, B59 and B15 (maximum recorded respectively at 
720, 780 and 550 µS/cm), considered as the background SpC in the area (Fig. 1, c). 
Thus, B05 and B08 are assumed to be located occasionally in the mixing zone (Fig. 1, 
c). The lack of water chemistry data from B03 and the largest recorded SpC value of 
800 µS/cm from this borehole do not allow to state if B03 is slightly or not influenced 
by the saltwater wedge.  
 

Monitoring point Na+ 
(mg/l) 

Cl- 
(mg/l) 

SO4
2- 

(mg/l) 
Mg2+(mg/l) K+(mg/l) 

L01  1380 4874 848 136 56 

B05 10 29 9 6 5 
B08 8 21.4 9.4 6 3 
L02 7 16.4 < 5 3 2 
B15  7 14 < 5 2 1 

Table 3: Concentration of Na, Cl, SO4, Mg and K measured at the three monitoring points 
slightly influenced by seawater, at lake L01, which is strongly influenced by seawater, and at 
borehole B15, considered as Ca-HC03- background water. 
 

The vertical variation in the SpC recorded in B05 and B03 in the eastern part of Bell 
Harbour (Fig. 5) made it possible to determine the vertical variation in the haloclines: 
10m below MSL, the increase in the SpC from 500 µS/cm to 1000 µS/cm at B05 and 
from 500 µS/cm to 750 µS/cm at B03 indicates the presence of the mixing zone at 
B05 below 10m below MSL; despite an increase of 250 µS/cm at 10m below MSL in 
B03, the maximum SpC values are well below a saltwater influence signal. Lower 
SpC values observed close to the bottom of the borehole (850 µS/cm) at B05 are 
assumed to be due to the presence of fresher water flowing into a conduit at this depth: 
this fresher water could mix with the end of the water column of the borehole which 
give a SpC value of about 850 µS/cm (Fig. 5). The vertical salinity profile at B08 
showed only a slight increase in SpC close to the surface (1 m above MSL) from 450 
to 550 µS/cm, probably due to the presence of the epikarst, which may allow rapid 
drainage of water from the recharge area into the borehole (Fig. 5). This borehole is 
relatively shallow (depth is to -9m below MSL) and it may not be deep enough to 
reflect the halocline. The profile at B57 exhibited a stable SpC value of 720 µS/cm 
throughout the vertical profile, and this SpC is representative of typical groundwater 
in the Burren karst aquifer not affected by saltwater wedge (Fig. 5).  
 

3.2 Temporal variability of the extent of the saltwater 

wedge  

3.2.1 Variation in saltwater wedge over time at high/low 

and neap/spring tidal scales  

The impact of high tide/low tide fluctuations on the SpC was assessed for different 
tidal amplitudes periods to evaluate how far the saltwater wedge moved at each tidal 
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cycle. This analysis was performed during all the collection data set on B05, B08 and 
at lake L01 which are the only monitoring points where tidal variations of SpC have 
been observed. The range of their SpC variations observed during strong spring tide 
(SST) periods (tidal amplitude considered > 3.8 m), spring tide (ST) periods (tidal 
amplitude considered between 2.5 m and 3.8 m) and neap tide (NT) periods (tidal 
amplitude considered < 2.5 m) as well as the time lag between the tidal signal in the 
bay and SpC signal are listed in table 4.  
Tidal SpC variations at the three monitoring points increased with the amplitude of 
the tide (table 4) suggesting the tidal amplitude may have a direct effect on the 
positioning of the saltwater wedge in the aquifer. The range of tidal SpC variations 
obtained at L01 was by far the highest, confirming the high connectivity between this 
lake and the bay. The time lag between the tidal wave and the SpC oscillation varied 
between 5 h and 5 h 40 min during SST and most of ST periods; note an extra time 
lag should be accounted for due to the inertia effect of the lake generated by its large 
volume. Tidal SpC variations during NT and some ST periods may not be observed 
due to its inertia effect.  Tidal SpC variations were higher in B05 than in B08, 
suggesting that the impact of the tidal variation and of the saltwater wedge might be 
stronger in B05 than in B08, which is located farther from the bay (Table 4). The time 
lag at B05 varied with the tidal amplitude unlike at B08 for which the time lag stayed 
constant for all tidal amplitude periods. 
 

Table 4: Comparison of the influence of the tide in Bell Harbour bay for different amplitudes on 
SpC between B05, B08 and L01. The time lag is measured between the highest tidal level in the 
bay and the highest SpC value recorded for each low/high tidal cycle. x (m) corresponds to the 
distance from the shore in meters. Tampl corresponds to the amplitude of the tide in Bell 
Harbour bay. NT, ST and SST are respectively, neap tide, spring tide and strong spring tide 
periods. 

 
To identify the cause of the differences in time lags, the WL and SpC values at B05 
versus the tide levels in Bell Harbour were analyzed during one tidal cycle for each 
NT, ST and SST periods. Notable hysteresis cycles were observed caused by the 
remnant effect of the tidal level on the WL and SpC values, confirming the tidal 
impact on both, WL and SpC values, which increased and decreased with the rising 
and falling tide respectively (Fig. 7, a and b). Difference in the time lag has been 
noticed in hysteresis cycles of SpC between different tidal amplitude periods while 

Borehole/lake x (m) 

SpC variations (µS/cm) 

SST: Tampl. > 3.8 m ST: 2.5 < Tampl. < 3.8 m NT: Tampl. < 2.5 m 

(time lag) (time lag) (time lag) 

L01 485 
1500 to 5000 

(5h to 5h40) 

0 to 1500 

(5h to 5h40 or no tidal signal) 

0 

(no tidal signal) 

B05 265 
80 to 150 

(2h) 

50 to 70 

(11h) 

~ 30 

(11h) 

B08 1065 
40 to 60 

(8h) 

~ 30 

(8h) 

20 to 30 

(8h) 
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the time lag of WL versus tidal level in Bell Harbour stay constant over time (Fig. 7, a 
and b). Hysteresis cycles of SpC are differents according to the tide periods : 

- During ST or NT periods, SpC values started to increase slowly at rising tide in B05: 
SpC reached its highest value only from the beginning of the following rising tide, 
which explained the long time lag observed between the high tide in the bay and this 
highest value of SpC observed in the borehole (11h). The SpC decreased rapidly at 
HT and continued to decrease slowly during the falling tide (Fig. 7, b).  

- during the SST period, SpC values increased rapidly at HT resulting in the short time 
lag observed in these conditions (2h). SpC also decreased rapidly at low tide (LT) and 
values remained relatively stable during rising and falling tides (Fig. 7, b).  

These cycles highlighted the rate of variation in the SpC depending on the stage of the 
tide (for a high/low tidal cycle): for example, the rate of increase in SpC was slower 
than the rate of decrease during ST or NT periods, and slower than the rate of increase 
during SST periods. However, some hysteresis cycles observed in SpC data in 
borehole B05 showed a long time lag of 11h despite SST periods.  
 

 
Figure 7: (a): WL data at B05 as a function of the tidal water level; (b): SpC data at B05 as a 
function of the tidal water level. Hysteresis cycles are observed during the strong spring tide 

(SST), spring tide (ST) and neap tide (NT) periods. Delay corresponds to the time lag between the 
high tide in the bay and the highest WL (or SpC) data observed for one tidal cycle. 

 

By comparing SpC, WL, tide levels in the bay and hydraulic gradient (i) variations 
over time for several periods, all conditions to get the shorter time lag (2h) have been 
identified (Fig. 8):  

- tidal amplitude (Tampl) > ~3.8 m (SST periods), 
- WL at HT > ~3.8 m above MSL, without being affected by the recharge.  

If these conditions are met, it has been observed if the WL at HT stays higher than 
~3.8 m, the short time lag of 2h remains between the tide in the bay and the tidal SpC 
variations even if the Tampl in the bay decreases. However, even if the Tampl is high, if 
the WL decreases below ~3.8 m at HT, the process stops and the time lag reverts to 
11h (Fig.8).  
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Figure 8: WL and SpC data at B05, tidal level in the bay and hydraulic gradient (i) are plotted 
from December 6 to 10, 2011.Periods of 2h or 11h of time lag between the HT in the bay and the 
highest SpC value of a tidal cycle at B05 have been represented. Tampl corresponds to the tidal 
amplitude in the bay. 
 

Hysteresis cycles (SpC values versus the tide levels in the bay) were also observed at 
L01 and B08: 

- At L01, they were only observed during some ST and SST periods when the tidal 
amplitude was sufficiently high; no time lags were observed in NT and some ST 
periods between the tide in the bay and SpC signal in the lake. When hysteresis 
cycles were observed, the SpC increased rapidly at HT and decreased slowly from the 
beginning of the rising tide.   

- At B08, hysteresis cycles revealed no significant differences for the different periods 
of the tide confirming that the SpC at B08 was not influenced by tidal amplitude. SpC 
increased slowly during the falling tide and decreased slowly during the rising tide: 
the tidal influence was much more subtle at this monitoring point, due to its distance 
from the shore. Thus, hysteresis cycles allow direct observation of variations in SpC 
depending on the stage and the amplitude of the tide.  

3.2.2 Conditions for larger intrusion of the saltwater 

wedge in the karst aquifer 

Occasional, temporary and significant increases in SpC were recorded at B05 and L01 
(Fig. 3 and appendices 6, 19 and 20). During these temporary larger saltwater wedge 
intrusions, the range of SpC values and variations were differed at B05 and L01:  

♦ SpC values were higher than 1000 µS/cm at B05 while they were higher than 
15000 µS/cm at L01: the mixing zone reached all the water column at B05 while L01 
was still located in the saltwater wedge but with higher SpC values than normal;  

♦ variations of SpC were higher than 500 µS/cm at B05 whereas they were higher than 
2000 µS/cm up to 15000 µS/cm at L01.  

As above, the conditions required to get farther intrusions of the saltwater wedge (and 
the mixing zone) have been identified by comparing SpC, WL, tidal levels in the bay 
and hydraulic gradient (i) variations over time for several periods at B05 and L01:  

♦ at B05, WL at LT should be < ~2 m above MSL and the tidal amplitude in the bay 
should be > ~4 m (WL in the bay at HT is then > ~2 m above MSL) to start the 
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process (Fig. 9). The lowest hydraulic gradient observed during a low/high tidal cycle 
(imin) was between 0 and 0.5% and occurred close to the HT (Fig. 9). 

♦ at L01, WL at LT should be < ~1.8 m above MSL and the tidal amplitude in the 
bay > ~3.5 m (WL in the bay at HT is then > ~1.75 m above MSL) to start the process 
(Fig. 10). imin was then close to 0 or slightly negative and occurred at HT (Fig.10): an 
inversion of the hydraulic gradient occurred between the WL in the bay and L01 for a 
short period during the process. 

 
 
 
 
 
 
 
 
Figure 9: Example of a 
temporary increase of SpC 
(red box) at B05. WL and 
SpC data at B05, tidal level in 
the bay and hydraulic 
gradient (i) are plotted from 
April 9 to 13, 2012. Tampl 
corresponds to the tidal 
amplitude in the bay, iampl is 
the amplitude of the 
hydraulic gradient between 
the high and low tide.  

 
 
 
 
 
 
Figure 10: Example of a 
temporary increase of SpC 
(red box) at L01. WL and SpC 
data at L01, tidal level in the 
bay and hydraulic gradient (i) 
are plotted from April 27, 
2012 to May 18, 2012. Tampl 
corresponds to the tidal 
amplitude in the bay. 

 
 
Additionally, a large difference in the hydraulic gradient between HT and LT (iampl) 
has been observed at B05 over a number of HT/LT cycles before the increase of SpC 
(iampl > 1%;Fig. 9). These large variations of the hydraulic gradient between the 
aquifer and the bay could facilitate intrusion of the seawater and thus could drive the 
saltwater wedge stronger into the aquifer. The temporary increase of SpC stopped at 
B05 and L01 when the tidal amplitude in the bay decreases. The latter seems to be the 
motor of the process by inverting the hydraulic gradient at L01 and by inducing strong 
amplitudes in the hydraulic gradient (iampl > 1 %) at B05.  
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From the study of several temporary increases of SpC at L01 and B05, it appears that 
the intensity of SpC increases varies with the altitude of the WL at the monitoring 
point: the lower the WL, the higher the observed SpC value. The elevation of the WL 
in the borehole or the lake appears to have a large influence on the range of SpC 
increases. 
 

3.3 Discussion on the temporal saltwater wedge 

variations 

The maximal extent of the saltwater wedge and mixing zone intrusions into the 
aquifer is shown in figure 1. All the monitoring points affected by the saltwater wedge 
- tidally (L01, B05 and B08), continuously (L01) or temporarily (B05) - are located 
less than two kilometres from the shore (Fig.1). A hierarchy of influence of the 
saltwater wedge at the monitoring points has been established from these observations 
and from the hysteresis cycles (Table 5). The saltwater wedge (> 10000 µS/cm) was 
observed only at L01 (SpC values were mainly brackish, i.e. > 10000 µS/cm). B05, 
and possibly B08, appear to be reflective of a temporary mixing zone (1000 µS/cm < 
SpC < 10000 µS/cm) than directly by the saltwater wedge, due to their low observed 
SpC maximum values (< 1500 µS/cm) (Fig.1).  
The main results of this study are summarized in table 5 suggesting that for L01, B05 
and B08:  

♦ Tidal influences of their SpC values increased with the tidal amplitude;  

♦ Hysteresis cycles of SpC versus tidal level in the bay have been observed:  

- at L01: for ST and SST periods: the increase of SpC due to the tide was rapid 
and large which confirms a high hydraulic diffusivity between the lake and 
the bay due almost certainly to the development of conduits along the large 
McDermott’s fault.  

- at B05: the rate of variation in SpC with the tide was more rapid during some 
SST periods (time lag of 2 hours) than during NT and ST periods (time lag of 
11 hours). Quicker (2h) and higher tidal changes of SpC at B05 are 
dependant on a strong tidal amplitude in the bay when the WL in the 
borehole crosses a threshold during a period of no recharge: when WL > 3.8 
m at HT in the borehole, this temporarily activates a more direct hydraulic 
path (almost certainly a conduit) with the seawater in the bay, and the strong 
amplitude of the tide could facilitate the intrusion of the seawater along this 
route due to a lower hydraulic gradient between the tidal level in the bay and 
the WL at B05 for HT (i < 0.5 %; Fig. 9). 

- at B08: despite its high estimated hydraulic diffusivity (table 2), the 
hysteresis cycles of SpC versus tidal level in the bay showed the increase of 
SpC due to the tide was slow and relatively weak for any tidal periods: the 
tidal influence of the saltwater wedge at B08 is thus less important than at 
L01 and B05 (table 5). 

 
♦ Larger saltwater wedge intrusions occurred:  

- During SST periods when WL at LT was < ~1.8m for L01 and < ~2 m for 
B05. B08 is too shallow to record the direct influence of the saltwater wedge. 

- When the hydraulic gradient was very low or slightly reversed: this 
phenomenon has been already observed in other coastal karst aquifers 
(Bonacci and Roje-Bonacci, 1997; Drogue, 1989; Fleury et al., 2008). 
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- Strong tidal amplitude seems to be the motor of the process by driving 
seawater movement into the aquifer, while the position of the WL in the 
aquifer may influence the intensity of the SpC increase. 

- The temporal extent of the saltwater wedge is therefore dependant on a 
competition between the recharge which controls the WL in the aquifer, and 
the tidal amplitude which controls the tidal level in the bay and the range of 
seawater tidal movements. Similar behaviours have been observed in a 
Turkish karst aquifer where SGDs occur essentially through the fracture 
system (Ozyurt, 2008). 

- The monitoring points affected by the saltwater wedge are the ones located 
less than 1000 m from the shore with a relatively high hydraulic diffusivity: 
L01 is assumed to be well connected with the bay through the McDermott’s 
fault and B05 and B08 are considered to be characteristic of fissured and 
conduit hydrodynamic environments, respectively (table 1). The extent of the 
intrusion of the saltwater wedge into the karst aquifer is therefore tightly 
linked with the geological structure (fault) of the aquifer and its intrinsic 
properties (hydraulic diffusivity). 

Order of influence of 
saltwater wedge 

                 L01          >>                 B05             > B08 

Geochemistry results 
SpC values in µS/cm 

(min, max) 

presence/influence of 

saltwater wedge  

Brackish water 
(930, 28620) 

 

presence  

Freshwater 
(320,1480) 

 

temporary influence 

Freshwater 
(200,1290) 

 

temporary 

influence ? 

Tidal influence 
on SpC values 

very high 
(up to 5000 µS/cm) 

intermediate 
(up to 150 µS/cm) 

low 
(up to 60 µS/cm) 

Hysteresis cycles - SpC 
versus tidal level  

in the bay 
(time lag) 

only during ST and SST 
periods: quick and very 

strong 

(5 h to 5 h 40 min) 

stronger and quicker at 
SST periods 

 
(11 h at NT, ST; 2 h at SST) 

stable: slow at all 
tidal periods 

 

(8 h) 

SpC variation of 
saltwater intrusions 

 in µS/cm 
(SpC values) 

 
2000 up to 15000 

 
(> 15000) 

 
500 

 
(> 1000) 

- 
 

 

(> 1000) during a 

period of recharge 

Conditions for  
saltwater intrusion 

• WL at LT < ~1.8 m 
• Tampl > ~ 3.5 m 
• imin.≤ 0 
• good hydraulic 
diffusivity with the bay  
 

• WL at LT < ~2 m 
• Tampl > ~ 4 m 
• iampl.> 1 
• good hydraulic 
diffusivity with the bay 
 

 
iampl. too low (< 0.2) 
or/and  borehole not 

enough deep 

Table 5: Order of influence of the saltwater wedge at the three monitoring points affected by the 
tide and summary of the results explaining the extent of the saltwater wedge over time. Tampl 
corresponds to the amplitude of the tide in the bay. imin is the lowest hydraulic gradient and iampl 
the highest amplitude of the hydraulic gradient of a high/low tidal cycle observed during a 
saltwater intrusion. 
 

In order to study saltwater wedge variations in coastal karst aquifers subject to an 
oceanic climate and a high tidal range like at Bell Harbour, it is therefore 
recommended firstly to focus on strong spring tide periods during hydrologic dry 
periods, near the shore and preferentially in high hydraulic diffusivity zones. 
 

Temporal variations of the saltwater wedge and the mixing zone have been proposed 
through a conceptual cross-section model with the projection of the three boreholes 
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(B57, B08 and B05) (Fig. 11, a, b). Only the most pertinent monitoring points have 
been shown for clarity: 

♦ For a large flood event during NT period (Fig. 11, a), conduits along the 
MacDermott’s fault connected to B57 are only affected by the mixing zone near the 
shore (< ~500 m) from which freshwater to brackish water flows through submarine 
springs in the middle of the bay: the aquifer may be then only slightly affected by the 
saltwater wedge located at least 20 m below MSL at the shore.  

♦ During dry hydrological and SST periods (Fig. 11, b), the saltwater wedge may enter 
further into the aquifer, preferentially through the fissured environment via intertidal 
springs which become sinkholes, and through the conduit along the McDermott’s 
fault: submarine springs in the middle of the bay behave like intertidal springs where 
seawater from the bay can intrude in the aquifer. In this case, the saltwater wedge 
may enter in the deep part of B05 located in a fissure-dominated flow environment at 
265 m from the shore. The mixing zone would expand further and shallower in the 
aquifer and the halocline observed at 10 m below MSL at B05 may rise into the 
aquifer and then in B05, reaching the elevation of the logger (4 m below MSL). It is 
assumed the mixing zone could expand at ~20m below MSL at 1000m from the shore: 
then, it would not reach B08 (9 m below MSL) and its conduit(s) associated (Fig. 11, 
b). 

Submarine groundwater discharge in Bell Harbour bay occurs mostly through fissure-
dominated flow environment via intertidal springs and through conduits developed 
along McDermott’s fault via submarine groundwater springs only during strong flood 
event (Fig. 11,a).  Despite a well developed karst aquifer and presence of conduits 
open directly to the sea, most of the time its groundwater discharge stays relatively 
fresh (< 1000 µS/cm) and the saltwater wedge remains near the shore (< 500m). Even 
during dry hydrological and SST periods, the mixing zone at 1000m from the shore is 
only present at ~20m below MSL (Fig. 11, b) which differs greatly than other karst 
aquifers such along the Mediterranean coast: e.g., far inland saline intrusion more 
than several kilometers from the coast in Crete in Greece (Arfib et al., 2007), constant 
brackish inland and/or submarine springs (Fleury et al., 2007) or continuous inflow of 
seawater observed simultaneously with outflow of brackish water (Drogue, 1989).  
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Figure 11: Conceptual cross-section model of the freshwater-seawater interaction in the coastal 
aquifer of the Bell Harbour area; (a): location of the saltwater wedge (SWW) and the mixing 

zone during a strong flood event and a neap tide (NT) period; (b): location of the SWW and the 
mixing zone during a dry hydrological and a strong spring tide (SST) period: intrusion of SWW 
occurs preferentially in the conduit via submarine swallow hole and via a fissure-dominated flow 

environment of the intertidal spring. SpC isoclines of 1000 µS/cm and 10000 µS/cm have been 
represented in order to distinguish the freshwater zone of the aquifer, the mixing zone and the 

SWW. 
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4. Conclusion 

In the non-anthropogenic coastal karst aquifer with a strong tidal influence that was 
the subject of the present study, the spatial variability of saltwater wedge extent has 
been found to be tightly linked to the geological structure and intrinsic properties of 
the karst aquifer. Values of SpC (which reflected the extent of the saltwater wedge) 
were relatively low and stable throughout the catchment, except at L01: a large fault 
connecting the land and the bay underlies L01, explaining why the lake is within the 
saltwater wedge.  Three types of hydrodynamic environment (conduits, fissures and 
matrix) were defined for each of the six boreholes by comparing two different 
methods - analysis of the recession curves of the WL data and Ferris equations using 
the impact of the tide on WL data - from which results have been coherent. However, 
these approaches did not work for the data collected in lakes. Analysis of the impact 
of the tidal amplitude on SpC values measured at the monitoring points enabled us to 
confirm the influence of the tide on SpC values at boreholes B05, B08 and lake L01. 
Sudden temporary increases in SpC (>1000 µS/cm at B05 and > 15000 µS/cm at L01) 
in the aquifer during low recharge periods were observed at B05 and L01: they 
appeared when (i) the tidal amplitude was large (> 3.8 to 4 m), (ii) and the WL was 
low (<1.8 to 2m).  Thus, the temporal variability of the saltwater wedge extent was 
shown to depend on the balance between the influence of recharge and the influence 
of the tide on the hydrodynamics of the aquifer: the WL in the aquifer seems to 
control the intensity of the SpC increase while the amplitude of the tide seems to be 
the motor of the process. The WL in the aquifer has been observed all time higher (or 
briefly equal at B05 or lighlty lower at L01) than the tidal level in the bay and the 
saltwater wedge has never been observed farther than one kilometer from the shore: 
the constant and relatively large recharge typical of this coastal zone maintains 
certainly an enough high WL in the aquifer to protect it against real saltwater 
intrusion. The presence of the saltwater wedge at L01 is assumed to be due to the 
direct connection to the bay via conduits developed along a large fault. However, a 
global sea level rise up to one meter by 2100 predicted by the IPCC assessment 
projects would have a strong impact on the large karst areas present in the western 
Ireland: the hydraulic gradient between the WL in the aquifer and the seawater level 
may be reversed for several tidal cycles, which implies a consequent extent of the 
saltwater wedge into the aquifer. 
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ABSTRACT 

Low-lying coastal areas in the west of Ireland, such as the Galway and Clare coasts, have seen recent increases 

in flooding frequencies coupled with overall increases in sea level. The impacts of these changes are most 

strongly felt in coastal karst catchments and this study focuses on one such area, the Bell Harbour catchment 

(~50 km²), where there is a clear interaction between rainfall inputs and tidal influences, to create a terrestrial 

salt water wedge. The groundwater circulating in this catchment drains to the bay via submarine springs and 

intertidal diffuse springs. Data (specific conductivity and water levels) have been collected at two coastal 

springs, six boreholes, three lakes, and from discrete locations in the middle of the bay, using dedicated loggers 

over extended periods. Two approaches that provided consistent results were used to explain the different 

hydrodynamic behaviours identified in the boreholes (conduits, fissures and matrix flows): i) analysis of the 

recession curves of the groundwater data, and ii) analysis of the impact of the tide on groundwater data using 

the Ferris equations. Specific conductivity variations and water chemistry measured in six boreholes and two 

lakes allowed for assessment of the spatial extent of the saltwater wedge into the aquifer as a function of both 

karst recharge and tidal movements at high/low and neap/spring tidal cycles. The extent of the saltwater 

wedge depends on the intrinsic properties of the aquifer but also on the relative influence of the recharge and 

the tide on groundwater levels, which induce opposite behaviours. This dynamic between recharge and the 

tide thus controls the seawater inputs, hence explaining temporal and spatial changes in the saltwater wedge 

in this coastal karst aquifer. Strong tidal amplitudes seems to be the motor of sudden saltwater intrusion 

observed in the aquifer near the shore while the relative elevation of the groundwater appears to influence the 

intensity of the salinity increase. The magnitude of annual recharge in the area is high enough to limit saltwater 

intrusion to no more than about one kilometre inland from the shore. Given the anticipated decreases in 

summer precipitation (~10 percent), coupled with anticipated sea level rises, the extent of the saltwater wedge 

into the aquifer and the flooding frequencies are likely to increase in coming decades.  

Keywords: coastal karst aquifer, tidal influence, saltwater wedge, hydraulic gradient, submarine groundwater 

springs. 

 

RESUMÉ 

La côte ouest irlandaise située dans les comtés de Clare et Galway est depuis récemment affectée par une 

augmentation de la fréquence des inondations et une montée du niveau marin. L’impact de ces changements 

climatiques se fait particulièrement ressentir au niveau des aquifères karstiques côtiers de ces régions, tel que 

le bassin karstique de Bell Harbour (~50 km²) sélectionné dans le cadre de ce projet: le positionnement d’un 

biseau salé dans cet aquifère est clairement dû à l’interaction entre sa recharge liée aux événements pluvieux 

et la forte influence de la marée. Des données (niveaux d’eau et conductivités spécifiques) ont été collectées à 

l’aide de sondes, à deux sources côtières, six forages, trois lacs et au milieu de la baie durant des périodes 

prolongées. Trois types d’environnement hydrodynamiques (conduits, fissures et matrices) ont été définis pour 

chacun des six forages en comparant deux méthodes qui se sont avérées cohérentes entre-elles : l’analyse des 

courbes de récession des niveaux piézométriques et les équations de Ferris utilisant l’impact de la marée sur 

les niveaux piézométriques. Les variations des conductivités spécifiques combinées à la chimie des eaux des six 

forages et de lacs ont permis d’évaluer l’étendue du biseau salé dans l’aquifère en fonction de la recharge de 

l’aquifère et des cycles de marée haute/basse et vives eaux/basses eaux: l’étendue du biseau salé dépend des 

propriétés hydrodynamiques de l’aquifère mais aussi de l’influence relative de la recharge et de la marée sur 

les niveaux piézométriques, induisant chacun des comportements opposés. Ainsi, la compétition entre la 

recharge et la marée contrôle l’intrusion d’eau de mer dans l’aquifère, ce qui explique les changements spatio-

temporels du biseau salé dans l’aquifère. Les fortes amplitudes de marée semblent être le moteur des brèves 

intrusions salines dans l’aquifère proche de la rive alors que la position du niveau piézométrique semble 

influencer l’intensité de cette augmentation de la salinité. La recharge karstique de la région est suffisamment 

importante tout au long de l’année pour que le biseau salé ne s’étende pas plus loin qu’un kilomètre de la rive. 

La diminution des précipitations durant l’été (~10 %) ainsi que l’augmentation du niveau marin prévues pour 

les prochaines décennies, contribueront certainement à une intrusion plus importante du biseau salé dans 

l’aquifère et à des inondations plus fréquentes. 

Mots-clés: aquifer karstique côtier, influence de la marée, biseau salé, gradient hydraulique, sources d’eau 

douce sous-marines. 


