
PAPER

A combined-method approach to trace submarine groundwater
discharge from a coastal karst aquifer in Ireland

Philip Schuler1 & L. Stoeckl2 & P.-A. Schnegg3
& C. Bunce4

& L. Gill1

Received: 10 December 2018 /Accepted: 11 November 2019
# The Author(s) 2019

Abstract
Knowledge about the hydraulic connections between submarine groundwater discharge (SGD) and its terrestrial coastal catch-
ment is relevant with regard to the management of marine and coastal waters in karst areas. This study applies different methods
and monitoring approaches to trace SGD between the Burren Limestone Plateau and Galway Bay in western Ireland, via an
excavated sinkhole shaft and deep conduit. Areas of potential SGD were first delineated based on sea surface temperature
anomalies using Landsat satellite images. Two fluorescent dyes and solid wood chips were then used as tracers. Solid wood
chips were tested as potential means to circumvent the problem of high dispersion in the sea, impacting on the fluorescent dyes to
yield readings below the detection limits. Sampling was conducted at 10 different terrestrial locations and in the sea at Galway
Bay. Offshore sampling was conducted in transects over a period of four successive days onboard of a vessel using an automated
field fluorometer and a conductivity-temperature-depth sensor. No wood chips were recovered in the sea but both fluorescent
dyes were successfully sampled. The estimated travel times are in the order of 100 to 354 m/h, and localised tracer readings
correlate well in space and time with low conductivity readings. By confirming hydraulic connections between the two karst
features and Galway Bay, the study substantiates the hypothesised importance of Variscan veins with regard to regional ground-
water flow in the region.
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Introduction

Artificial tracer tests are common methods in karst hydro-
geology (Kaess 1998; Benischke et al. 2007) to study
conduit parameters (Geyer et al. 2007; Luhmann et al.
2012), the transportation characteristics of potential con-
taminants (Flynn and Sinreich 2010), or more generally to
establish hydraulic connections and estimate transit times

(Lauber and Goldscheider 2014; Margane et al. 2018).
Fluorescent dyes are commonly used such as uranine (so-
dium fluorescein), rhodamines or optical brightener, as are
physico/chemical tracers such as chloride and temperature
(Luhmann et al. 2012) or particulate bacteriophages
(Sinreich and Flynn 2006; Maurice et al. 2010).
Artificial tracers are usually applied between a defined
injection site (e.g. sinkhole, underground river, or bore-
hole) and a discrete sampling site, usually a spring. Tracer
studies are most commonly executed within terrestrial
catchments.

Many karst catchments are coastal, discharging via subma-
rine springs. Eustatic sea level variations down to −120 m
below modern sea level result in a range of lower base levels
in coastal aquifers globally. Off the Republic of Ireland, sea
levels are estimated to have dropped by 60–100 m below the
present level at the Irish coast and Galway Bay between 15
and 26 ka ago (Edwards and Craven 2017; O’Connell and
Molloy 2017). As a result, karst morphology extends beyond
the shore into the sea, as is the case for the Burren Plateau
(Kozich and Sautter 2018).
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Submarine and intertidal groundwater discharge (SiGD) or
purely submarine groundwater discharge (SGD) has received
increased attention over the recent decades, and these fluxes
are internationally recognized as an important pathway for
transport into the coastal environment, particularly in karst
areas (Taniguchi et al. 2002; Burnett et al. 2006; Dimova
et al. 2011; Montiel et al. 2018). Knowledge about the occur-
rence and quantification of SiGD/SGD is mostly relevant in
terms of understanding the hydraulics and hydrology of catch-
ments (Smith and Nield 2003; Peterson et al. 2008) and/or to
estimate nutrient fluxes from the land into the sea (Santos et al.
2008; Lee et al. 2012; McCormack et al. 2014; Null et al.
2014), potentially causing adverse impacts such as algal
blooms (Silke et al. 2005; Green et al. 2014; Li et al. 2017)
together with negative impacts on the ecology or the maricul-
ture industry (Laroche et al. 1997). Equally, such fluxes may
attract specific ecology, for example, the occurrence of the
endangered species undulate ray (Raja undulata) is associated
with freshwater inputs into the sea, including along the Irish
coast (Ellis et al. 2012); species protection therefore can also
be linked to onshore catchment dynamics.

Locating diffuse or point SGD and further determining
the associated terrestrial catchment is a challenge in itself
due to the inherent significant spatial and temporal vari-
ability in the flux (Burnett and Dulaiova 2003). Natural
environmental tracers such as salinity, temperature or ra-
don may be sampled in situ (Schubert et al. 2014), while
some tracers, like temperature, may be also remotely
sensed from space (Zektser et al. 2007; Johnson et al.
2008; Wilson and Rocha 2012; Tamborski et al. 2015). In
all cases, the use of such parameters is constrained by
ocean mixing and dilution, thereby weakening and spatial-
ly integrating the signal potential towards a limit of detec-
tion or below (Breier et al. 2005).

Within the context of karst, abundant studies exist relating
to: (1) the detection and/or quantification of SGD, and (2) the
use of artificial tracer methods for onshore catchment hydro-
geology. Yet, until present, to the knowledge of the authors,
there is no systematic approach which links the study of SGD
with artificial tracer tests, despite the prevalence of tracer stud-
ies in onshore catchment hydrogeology (Benischke et al.
2007), and the clear need to link the SGD to its catchment.
This research uses a combined-method approach to: (1) locate
offshore areas of SGD using remote sensing, and (2) use dif-
ferent artificial and natural tracers to evaluate hydraulic con-
nections between terrestrial injection points and marine SGD
locations. More specifically, this study presents an approach
for tracing SGD to onshore locations of a coastal telogenetic
karst aquifer in combination with remote sensing techniques.
Such knowledge can then be used to more effectively link the
management of land use with coastal water quality.

Materials and methods

Study area

Geography, geology, structure

The groundwater catchment of Bell Harbour (Fig. 1)—as pre-
viously adopted by McCormack et al. (2017); Schuler et al.
(2018)—is located in the north-eastern part of the Burren
Limestone Plateau in the west of the Republic of Ireland.
The Burren, including the upland catchment of Bell
Harbour, is a temperate glaciokarst landscape, which has been
subject to repeated glaciation during the Pleistocene, showing
features typical of glaciation such as ice-plucked crags,
scoured rock surfaces, limestone pavements and erratic boul-
ders (Simms 2014). The mean annual air temperature is
13.6 °C and the annual rainfall was 1,386 and 1,560 mm for
the hydrological years 2017 and 2018, respectively, as mea-
sured at the weather station C1 (Fig. 1). Multiple valleys in-
tersect the study area that range in elevation between sea level
in the north and up to 340 m above sea level (masl) along the
escarpments. Along the escarpments the bare outcrop shows
high degrees of karstification.

The entire area is underlain by Lower Carboniferous well-
bedded and pure limestones ranging between the Tubber forma-
tion (early Viséan), the Lower Burren and Upper Burren forma-
tion (mid-Viséan, Asbian), and the Slievenaglasha Formation
(late Viséan, Brigantian). The presence of irregular limestone
surfaces is interpreted as palaeokarst (Pracht et al. 2015). The
total thickness of limestone reaches at least 510 m. The strata
dip generally to the south, ranging between 2 and 3°.

The deformation of Carboniferous rocks in Ireland is large-
ly attributed to the Variscan orogeny and the associated north/
northwest-oriented compression (Graham 2009). The
Variscan contractional deformation caused the formation of
calcite veins of a few microns to 0.5 m width, which are
laterally and vertically consistent across bedding discontinu-
ities (Gillespie et al. 2001).

A suite of veins with more exotic mineralisation, including
fluorite, quartz and occasional sulphides, occurs in a ~10-km
wide north–south zone centred near Carran (see Fig. 1). These
generally wider veins range from 0.05 to 1 m, and are part of a
structure which extends 20 km across all stratigraphic se-
quences of the Burren (J. Walsh et al., University College
Dublin, unpublished paper, 2019). The veins are visible in
outcrop, and have been observed at more than 100 m depth,
for example along the vertically oriented cave Poll Gonzo
(Bunce 2010). The horizontal persistency of veins along
strikes spans over 7 km, interconnecting caves (Mac Sharry
2006). Another example is the recently discovered sinkhole
Deelin Pot, which is a 18 m deep and 5-m-wide excavated
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Fig. 1 Site area of Bell Harbour in the west of Ireland, County Clare: topography, geology (MacDermot et al. 2003), structure, terrestrial (GSI 1999) and
submarine (O’Connell et al. 2018) springs, successful groundwater traces (GSI 2017), and sampling locations of the project used in this study
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shaft oriented along north–south oriented calcite veins con-
taining also silica veining, previously filled with glacial debris
(Bunce and Drew 2017). Furthermore, slickenside veins were
recorded at several depths in a 490-m deep borehole drilled by
the Geological Survey Ireland (GSI) at location BH1 (Fig. 1).

The veins may be dissolved out or still intact. Where intact,
the contact between limestone host rock and the (calcite) vein
material may act as an inception horizon (Lowe and Waters
2014) and pathway of preferential dissolution of the limestone
rock. The presence of sulphide minerals infill provides a
source of sulphur for the formation of sulphuric acids to in-
crease the rate of dissolution. Therefore, veins must be con-
sidered important for regional groundwater flow, as their lat-
eral and vertical extent is believed to have largely contributed
to north-south groundwater flow paths (Moore and Walsh
2013) and (J. Walsh et al., University College Dublin, unpub-
lished paper, 2019). The joints pattern is very prominent, and
it is known to extend several kilometres off-shore, at least to
80 m below sea level (mbsl; Kozich and Sautter 2018).

Offshore sinkholes are known to exist within Bell Harbour
Bay. The use of marine electrical resistivity tomography
(ERT) confirmed that these sinkholes are partly hydraulically
activated, hence, acting as submarine springs. These sinkholes
are generally filled with sediments, yet, there are single exam-
ples that indicate the absence of a sediment infill (O’Connell
et al. 2018). The geology and structure of the telogenetic karst
Burren Plateau extends several kilometres off-shore west of
the Burren (Gillespie and Sautter 2018), and therefore sink-
holes may accompany these structures, yet, to the knowledge
of the authors, no detailed studies have yet confirmed this.

Groundwater flow and previous tracer tests

Approximately 60% of the Burren Plateau drains directly to
the sea, and significant quantities of groundwater discharge
occurs along the shore via intertidal springs (Drew 2018).
The intertidal springs that are relevant to this study were pre-
viously traced successfully (Table 1) and are illustrated in Fig.

1. All tracer tests were carried out qualitatively; hence, the
average flow velocities are approximated and range between
21 and 460 m/h. For the Bell Harbour catchment, only one
successful tracer test was carried out over a distance of 2.2 km.

Known locations of SGD are either in conjunction with
intertidal springs along the western shore of the Burren
Plateau or limited to Bell Harbour and Kinvara Bay (Drew
2003; O’Connell et al. 2018) with estimated discharge rates
ranging between 0 and 4.3 m3/s, and 5–16 m3/s respectively
(McCormack et al. 2014; Schuler et al. 2018). On a larger
scale, significant areas of sea-surface-temperature anomalies
interpreted as SGD were detected on the western side of the
Burren Plateau linked to structural geology (Wilson and
Rocha 2012). Due to the scale of these temperature anomalies,
the rate of SGD may exceed the abovementioned numbers.

Within the Bell Harbour catchment, the groundwater flow
is a conduit-dominated updip from south to north
(McCormack et al. 2017). Discharge of the study area occurs
via SiGD, including the intertidal spring Pouldoody, into Bell
Harbour Bay. A shallow north–south conduit of ~2 m diame-
ter is argued to link shallow flow within the catchment and
springs in Bell Harbour Bay (McCormack et al. 2017; Fig. 1).
The SiGD regime fluctuates seasonally corresponding to the
overall piezometric state of the aquifer driving an overflow
mechanism. Previous tracer tests suggest that groundwater
flow velocities may reach up to 460 m/h (Table 1). Vertical
groundwater flow was measured up to 176 mbsl in BH1
reaching up to 97 m/h. This deep flow was hypothesised to
drain the coastal aquifer as SGD into Galway Bay as an addi-
tional outlet to the SiGD into Bell Harbour Bay (Schuler et al.
2018), with one goal of this study to provide confirmation by
artificial tracer tests.

The high degree of karstification limits surface-water fea-
tures to short reaches of ephemeral streams (Drew 1990).
South of the study area and the Burren Plateau, the Fergus
River drains large areas from the southern part of the
Burren. Recharge in the study area originates from rainfall,
percolating rapidly towards the phreatic zone based on the

Table 1 Summary of successful tracer tests previously carried out to
investigate intertidal groundwater discharge; source of data: Cronin et al.
(1999) and GSI ( 2017). Note that fluorescent dyes were sampled

qualitatively using activated charcoal for uranine and rhodamine WT,
and cotton wool for leucophor

Intertidal spring No. of tests Date/year Tracer used Range of flow velocities

Ballyvaughan West 5 1999 Leucophor, Rhodamine WT, Uranine 21–150 m/h

Ballyvaughan East 5 1999 Leucophor, Rhodamine WT, Uranine 21–150 m/h

Bell Harbour 1 2003 Uranine –

Corranroo West 2 21 Nov 1996 Bacteriophages (Psf2 and H40) 111–126 m/h

Toberbreen 1 1 Oct 1996 Leucophor 13–26 m/h

Kinvara West and Central 6 1 and 18 Oct 1996; 21 Nov 1996; Bacteriophages (H4, H40, T7),
Leucophor, Rhodamine WT, Uranine

47–460 m/h

Kinvara East 5 Jul, Aug and Sep 1990; 18
Oct 1996; 21 Nov 1996; 4 Dec 1996

Bacteriophages (Psf2), Leucophor,
Rhodamine WT

150–460 m/h

Hydrogeol J (2020) 28:561–577564



response of borehole hydrographs (Schuler et al. 2018).
Recharge is assumed to get concentrated along preferential
flow paths, as for example within Poll Gonzo, where an un-
derground stream rapidly falls 40 m until reaching the perma-
nent local water table at ~31 masl (Bunce 2010). Two tracer
studies were conducted, in 2011 and 2015, using 5 kg of
uranine and 4 kg of rhodamine WT, respectively, to trace flow
paths from Poll Gonzo, but without success. In addition to the
tracer tests illustrated in Fig. 1, 11 tracer tests have been car-
ried out in the uplands of the Burren Plateau. Four of these
tests investigated a hydraulic connection to the shore, yet,
none proved confirmatory (Bunce and Drew 2017).
Relatively fast, concentrated and mainly deep groundwater
flow may have bypassed any tracer from shallow sampling
locations. Furthermore, it is assumed that large dissolution
features such as Deelin Pot must be well connected to such
deep conduit network.

Hydroclimatic sampling and data

Within the study area, different sampling sites were set up to
record hydroclimatic data. A full weather station at C1 (38
masl, Fig. 1) records rainfall in 15-min intervals using a CEL
tipping-bucket rain gauge (Casella, Bedford, UK) attached to a
Rainlogger Model 3002 (Solinst Canada Ltd., Ontario, Canada)
data logger, wind speed in 15-min intervals using an ultrasonic
wind sensor (Gill Instruments Ltd) attached to a CR800 data
logger (Campbell Scientific Ltd., Shepshed, UK), and atmo-
spheric pressure in 1-h intervals using an INW PT2X sensor
(Seametrics, Kent, WA, USA). The water depth of the Fergus
River at FR (~23 masl, Fig. 1) was monitored at 1-h intervals
using a Mini-Diver502 (SchlumbergerWater Services, British
Colombia, Canada). A stage-discharge curve was established
through 13 spot discharge measurements using an OTT
acoustic-digital-current meter (OTT Hydromet GmbH,
Kempten, Germany). Temperature, level and electrical conduc-
tivity (temperature compensated) of intertidal groundwater dis-
charge at Pouldoody spring at SiGD1 (−0.1 masl, Fig. 1) were
measured in 1-h intervals using a Solinst LTC sensor (Solinst
Canada Ltd., Canada). The LTC sampler at SiGD was fixed on
a concrete platform placed into the near-shore sediments 1-2 m
away and ~1 m below the spring outlet. A second Solinst LTC
was used to monitor temperature, level and electrical conductiv-
ity (temperature compensated) in the sea onboard of a vessel.
Bathymetry data used in this study comprise a 5- and 10-m grid
provided by the GSI. Land topography is based on the Shuttle
Radar Topography Mission (SRTM; USGS 2014).

Remote sensing

Satellite imagery was used to identify offshore sampling areas
based on expected temperature differences between the sea
and emerging SGD (Roxburgh 1985; Schubert et al. 2014).

Water surface temperature anomalies were identified using
Landsat-8 Operational Land Imager (OLI) and Thermal
Infrared Sensor (TIRS) images with <20% cloud cover from
the US Geological Survey. Landsat-8 is an optical sensor with
a spatial resolution of 15 m (band 8), 30 m (band 1–7 and 9)
and 100 m (band 10–11, TIRS).

Surface temperature grids in °C were generated in three
steps in ArcMap (version 10.1, ESRI, Redlands, USA) using
a toolbox for automated mapping (Walawender et al. 2012):
(1) conversion of the thermal infrared band into brightness
temperature (temperature of a black body in thermal equilib-
rium with its surroundings); (2) computation of the land sur-
face emissivity via normalised differenced vegetation index
(NDVI) using the red band and the near infrared band; and
(3) calculation of the land surface temperature using the pre-
vious outputs along with atmospheric correction parameters to
account for atmospheric transmissivity, up-welling atmo-
spheric radiance, and down-welling atmospheric radiance.
Atmospheric correction parameters were generated using the
web-based Atmospheric Correction Parameter Calculator
(Barsi et al. 2003). Four Landsat images were chosen as most
suitable to estimate the sea surface temperatures dating 2
January 2017, 8 April 2017, 11 July 2013 and 24 November
2016. Only Fig. 2b included any visible distortion by cloud
cover over the water surface. Temperature grids were
visualised in ArcMap using multi-colour stretched patterns
to facilitate the visual identification of localised temperature
anomalies.

Artificial tracer tests

Solute and solid tracers

Two types of tracers were used for this study: (1) floating
biodegradable wood chips, and (2) fluorescent dyes in the
form of the conservative tracer uranine (Acid Yellow 73)
and the nonconservative tracer rhodamine WT (Acid Red;
Field et al. 1995; Leibundgut et al. 2009). Sampling of fluo-
rescent dyes follows the principle of excitation of a water
sample and measuring the ensuing emission intensity. The
fluorescence of a dye tracer is pH-dependent, and not consid-
ered to be a factor in this environment where the pH is ap-
proximately 7. Solubility is 300 g/L for uranine compared to
3-20 g/L for rhodamine WT (Leibundgut et al. 2009).
Excitation and emission maxima for uranine are 491 and
516 nm respectively, and 561 and 586 nm for rhodamine WT.

The sorption behaviour of tracers is particularly important
with regard to the quantitative analysis. In general, the higher
the solubility in water, the lower the sorption capacity of the
substance. RhodamineWTshows a strong sorption behaviour,
while uranine has a very low sorption tendency (Field 2002)
which applies to the given environment.

Hydrogeol J (2020) 28:561–577 565



Given the uncertainty of SGD locations in the sea, the
suitability of floating wood chips as a natural and biodegrad-
able tracer was tested. The reasoning for using wood chips
was to mitigate the problem of spatial integration
(dispersion) related to solute tracers: there is no detection limit
as the wood chips are measured by visual observation. Hence,
a single detected floating wood chip may be sufficient to con-
firm the success of the tracer test. The ideal solid tracer would
have a density between freshwater (1 kg/m3) and seawater
(~1.035 kg/m3) in order to be neutrally buoyant within the
freshwater underground river and conduits of the aquifer be-
fore being discharged into the sea where it would float up to
the sea surface and thereby be visually detectable.

The buoyancy of five different types of wood was tested in
a stirring freshwater tank over the period of 10 days, ranging
in density from 660 to 960 kg/m3 (TRADA 2018). The chips
tested were of the size 4 × 40 × 50 mm. The best performance
in terms of neutral buoyancy in freshwater was achieved by
Keruing (Dipterocarpus spp.). When salinity was increased,
the buoyancy increased. A total of 250-L of Keruing chips
were manually produced, soaked in freshwater and packed
in 10 × 30 L caving bags. The concentration of wood chips
>2 mm grain size was counted as >1,000 parts per 50 ml—

ergo, the total amount of chips (>2 mm) for the volume of
250 l was estimated at 5.71 million.

The geophysical analysis of the submarine sinkholes con-
sidered as potential SGD locations, show both the presence
and absence of a sediment infill (O’Connell et al. 2018). Such
sediments might play a role in blocking or attenuating the
solid wood, which needs to be considered in the interpretation
of results.

Injections

The two fluorescent dyes and wood chips were injected at
three different sites on 14 April 2018: two injection sites lo-
cated within the cave Poll Gonzo with the entrance 7.5 km
south of Bell Harbour Bay and the openly accessible sinkhole
Deelin Pot 5.9 km south of Bell Harbour Bay.

Access to Poll Gonzo required a team of six cavers to abseil
three pitches of ~20 m each on fixed ropes. The uranine was
dissolved in-situ within a 100-L inflatable swimming pool and
released into the underground stream upstream of a waterfall
at ~70 masl and 56 m below ground level (Table 2, site 1a).

The 250 L of wood chips were released at the bottom of the
cave at ~31 masl at the local water table, where three
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experienced speleologists abseiled down another pitch with
difficult access (Table 2, site 1b). RhodamineWTwas injected
into the bottom of Deelin Pot 1.67 km north-northwest of Poll
Gonzo, where a 1 m3 carbon-fibre tank with a release valve at
its bottom was installed to mix the dye in-situ (Table 2, site 2).
The total volume of water used for dilution and flushing was
2.7 m3.

Monitoring of solute and solid tracers

Sampling for the tracers at potential outlets was conducted at
terrestrial locations, as well as offshore along transects to ac-
count for the numerous potential SGD locations in Galway
Bay. The terrestrial outlets were sampled using a fluorometer
and/or activated charcoal kept in place for the period of obser-
vation. Detection of fluorescent tracers was done qualitatively
using permeable nylon bags of activated charcoal pellets
(technical grade, AppliChem Panreac). Each bag was filled
with ~20-g pellets.

For off-shore sampling, GGUN-FL30 field fluorometers
(Albillia Co., Switzerland) were used to (semi-) quantitatively
analyse the fluorescence. GGUN-FL field fluorometers can
measure three distinct dyes in parallel as well as turbidity at
a sampling interval ≥10 s. Readings in mVare converted into
ppb using a linear calibration to three tracer standards (1, 10
and 100 ppb) for each tracer made using local sea water and
dye from the batch injected; hence, background fluorescence
in the sea is broadly accounted for. The minimum detection
limit for uranine in clear water is 0.02 ppb, and ≤0.2 ppb for
rhodamine WT (Schnegg 2002). Visual monitoring for wood
chips was conducted offshore from onboard of the vessel.

Stationary sampling was conducted at 10 different sites
(Table 3; Fig. 3). A field fluorometer was installed at the
Fergus River to assess the unlikely scenario of southwards
transport. A second field fluorometer was installed at
Pouldoody spring, along with a conductivity-temperature-
depth (CTD) sensor to record the tidal fluctuation, temperature
and conductivity as indicators for the occurrence of SiGD at
Pouldoody spring.

Qualitative sampling methods using activated charcoal bags
varied by site. Within the open borehole (BH1), four bags were

tied on a 200-m-long bottom-weighted rope hung in the borehole
to sample depths ranging from 15 to −170 masl. The six known
intertidal coastal springs were monitored with individual bags
tied to concrete slabs at the intertidal outlets: Ballyvaughan
West and East, Corranroo West, Toberbreen and Kinvara West
and East. Furthermore, two charcoal bags were attached to a
floating buoy anchored in the seabed in the centre of the outlet
of Bell Harbour Bay (Fig. 1), sampling the top sea water column.
The high tidal range largely empties Bell Harbour Bay during
ebb tide, such that fluorescence may have been detected at that
site. The charcoal bags were collected on 19 April and the re-
placement set collected on 25 April.

Mobile sampling of sea surface fluorescence and conduc-
tivity over transects was conducted over 21 h on four succes-
sive days from a vessel in the sea targeting the areas of tem-
perature anomalies previously identified by remote sensing.
Sampling focused on the central and western area, as the tem-
perature anomalies were considered to be more explicit than
those of the east, which may be due to freshwater dilutions
from Kinvara Bay/surface water. Based on estimated travel
times (Table 1), sampling started 36 h after injection and lasted
for 4 days. The fluorometer was tied on ropes pulled by the
vessel, while also cabled to the data logger and a computer on
board. The ropes were weighted to make sure the fluorometer
did not float, sampling between 0.03 and 5.77 m (average
1.01 m) below the sea surface. In addition, the speed of the
vessel was very slow at 3–5 km/h to reduce perturbation and
erroneous readings due to air bubbles from the propeller. A
CTD sensor was attached close to the fluorometer to sample
for depth, temperature, and conductivity as indicator for SGD.
A hand -he ld g loba l pos i t i on ing sys t em (GPS ;
GPSmap 60CSx, Garmin, KS, USA) was synchronised with
the fluorometer and CTD sensor, recording the geographic
position of the vessel in 3-s intervals.

Analysis of solute and solid tracer results

Charcoal bags were collected on 19 and 25 April 2018, 5
and 11 days after the injections, respectively. All sample
bags were individually sealed and kept protected from
sunlight in a closed container. The charcoal samples were

Table 2 Injection site coordinates, elevation, tracer mass and type, injection time on 14 April 2018 and flushing volume

Injection site Coordinates Elevation
[masl]

Tracer and mass Injection time Flushing volume

Site 1a Poll Gonzo waterfall 53.055°;
−9.073°

~70 Uranine, 25 kg 13:00 ~30 L/s

Site 1b Poll Gonzo bottom sump 53.055°;
−9.073°

~30 Wood chips, 250 L 12:00 ~30 L/s

Site 2 Deelin Pot 53.070°;
−9.080°

~84 Rhodamine WT, 25 kg 17:00 2.7 m3
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analysed within days following collection. The Smart
Solution was used for rhodamine WT consisting of 1-
propanol, deionized water and 30% NH4OH in the ratio
5:3:2 (Smart and Simpson 2002). For uranine, the eluant
was a mixture of 70% isopropyl alcohol, 30% high purity
deionized water and 10 g/L sodium hydroxide. The anal-
ysis was carried out using a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) based in the environmental laboratory of the
GSI in Dublin, Ireland. The samples were analysed in
sequence; hence, the elution time of a charcoal sampler
ranged from at least one, to a maximum of 2 h.

In contrast to the rather clean continuous signal achiev-
able with terrestrial stationary monitoring, sampling in the
sea is impacted by perturbation through currents, drag of
the boat, and air bubbles causing potentially erroneous
readings. Hence, potentially erroneous readings were fil-
tered following data acquisition. The filter compares the
ratio of observed mV signals of given tracers with the
ratio of mV signals of the same tracers as established
during the calibration procedure using the values of the
corresponding photodetectors which were L1 and L2 for
the two tracers rhodamine and uranine, only the ratios of
L1 and L2 were recorded in the raw files.

First, the ratio of measured mV signals for a tracer Tn of
interest is established using the measured signals of L1 during

calibration L1cal [mV] and L2 during calibration L2cal [mV].
The calibration ratio r0 is then given by Eq. (1),

r0;Tn ¼
L2cal;Tn−L2cal;W
L1cal;Tn−L1cal;W

ð1Þ

with the associated signal for pure water W [mV] and the
tracer with n = 1 for uranine and n = 2 for rhodamine.

The result is a characteristic ratio for each of the three
tracers that can be monitored, corrected by subtracting the
background signal of water. The actual observed ratio between
photodetector 1 L1obs [mV] and photodetector 2 L2obs [mV] at
time step t is established to yield rt following Eq. (2)

rt ¼ L2obs−L2cal;W
L1obs−L1cal;W

ð2Þ

again, corrected for the background value of water.
Ideally, rt ¼ r0;Tn but this is never exactly the case. Since L2

is measured 100 ms after L1, the measurement is rejected if a
large deviation of rt from r0;Tn is observed, indicating the occur-
rence of air bubbles during the measurement of L1 or L2. Here,
an observationwas considered reliable if its rt ranges between the
lower and upper limit of the ratios of the two tracers considered,
which are r1 = 0.035 for uranine and r2 = 2.597 for rhodamine. In
addition, a threshold deviation of ±20% was defined as accept-
able so that 0:8� r0;T1 < rt;Tn < 1:2� r0;T2 .

Table 3 Location and instrumentation of the stationary terrestrial monitoring sites. Recording frequency refers to automated sampling while recording
duration refers to the length of deployment of a charcoal sampler

Site ID Observation site Coordinates Elevation
[masl]

Distance to injection site [m] Instrumentation Recording
frequency/
durationTo Poll Gonzo To Deelin Pot

1 Fergus River at Crossard Bridge 52.966°;
−9.085°

~23 9,392 10,878 Albillia
GGUN-FL30

5 min;
14–25 Apr

2 Pouldoody spring 53.129°;
−9.074°

−0.1 8,221 6,641 Albillia
GGUN-FL30

5-15 min;
14–20 Apr

3 BH1, borehole 53.081°;
−9.073°

15 to −170 2,848 1,339 Charcoal 14 to19 Apr,
19–25 Apr

4 Ballyvaughan West 53.122°;
−9.158°

~0 9,343 7,796 Charcoal 14–19 Apr

5 Ballyvaughan East 53.121°;
−9.139°

~0 8,607 6,994 Charcoal 14–19 Apr

6 Corranroo West 53.141°;
−9.010°

~0 11,327 10,265 Charcoal 14–19 Apr,
19–25 Apr

7 Toberbreen 53.144°;
−8.989°

~0 10,437 9,250 Charcoal 14–19 Apr,
19–25 Apr

8 Kinvara West 53.140°;
−8.937°

~0 13,148 12,433 Charcoal 14–19 Apr,
19–25 Apr

9 Kinvara East 53.142°;
−8.928°

~0 13,659 12,974 Charcoal 14–19 Apr,
19–25 Apr

10 BHB, outlet of Bell Harbour Bay 53.144°;
−9.099°

~0 10,111 8,356 Charcoal 14–25 Apr
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Table 4 Mean and standard
deviation (SD) of temperatures
(T) in the eastern part of Galway
Bay and within temperature
anomaly polygons in °C, as well
as their difference, ordered by
month of the year

Image date T Galway Bay [°C] T anomalies [°C] Difference [°C]

Mean SD Mean SD Mean SD

2 January 2017 7.5 0.89 5.0 0.37 2.5 0.52

8 April 2017 12.6 0.69 12.0 0.20 0.6 0.49

11 July 2013 20.7 1.10 19.2 0.22 1.50 0.88

24 November 2016 10.7 0.80 8.80 0.23 1.9 0.57

Hydrogeol J (2020) 28:561–577570

Because of its nature, the method is called ‘quotient meth-
od’. This approach was considered to be very conservative in
order to reliably define the validity of a single tracer reading
following a transparent filtering sequence.

Results

Remote sensing

The calculated temperatures are displayed in Fig. 2a–d. The
aim is to highlight the relative temperature difference as this is
the parameter of interest for this analysis. The water surface of
Galway Bay shows a relatively consistent temperature (except
Fig. 2). Localised cold temperature anomalies were interpreted
as potential influence of SGD, which change in position over
the 4 months of the year shown in the images. This may be
caused by the presence of multiple SGD locations, currents
and different mixing dynamics in the sea over the year, and
between years. Another aspect to be considered is water inflow
from the shore: Fig. 2a shows two large temperature anomalies
in the east, which are likely related to cool discharge from
Kinvara Bay (Gill et al. 2013; Schubert et al. 2015) and
surface-water inflow. Table 4 gives an overview about the
mean and standard deviations of surface temperatures of east-
ern Galway Bay (extent of the map in Fig. 2) and identified
temperature anomalies, as well as their differences. These tem-
perature anomalies were considered to be potentially related to
SGD. Temperature anomalies differ the most between the
January 2017 and November 2016 images; therefore, these
areas were considered as most relevant for sampling.

Artificial tracer tests

Figure 3 outlines the conceived pathways between the two
injection sites Deelin Pot and Poll Gonzo and potential SGD
outlets in Galway Bay, as well as the stationary terrestrial
monitoring sites at intertidal springs, a borehole and the
Fergus River using activated charcoal samplers or field fluo-
rometers. The linear distances between injection sites and
sampling locations are in Table 3.

Based on the temperature anomalies identified in section
‘Remote sensing’, transects were drawn that were used as

reference to navigate the vessel iteratively throughout the
areas of potential SGD. Since the temperature anomalies in
the western part were more pronounced, sampling focussed in
these areas by defining a western monitoring transect.

Stationary sampling (fluorometers and charcoal bags)

None of the emission spectra of the eluant from charcoal sam-
ples collected on 19 and 25 April show emission peaks of
516 nm for uranine (Fig. 4a,b), nor an emission peak of
586 nm for rhodamine (Fig. 4c,d) samples. All charcoal sam-
ples are interpreted to be free of any of the two dyes.

The time series fluorometry (Fig. 5a) shows the results
obtained from Pouldoody spring, along with water level
fluctuations measured at the monitoring site. The obvious
twice-diurnal water-level fluctuation is a function of the
tidal cycles. Further, the fluctuation of conductivity indi-
cates active discharge of the spring with notable minimum
values of up to 2.9 mS/cm during low water levels
starting on 17 April. Groundwater discharge is at maxi-
mum when the observed EC is at its minimum as a result
of the low water level (ebb tide). At such times, the re-
corded concentrations of rhodamine and uranine peak
<0.3 ppb and slightly above 1 ppb, respectively. The im-
pact of the tidal fluctuation on the readings of both dyes is
believed to be the result of changing chemistry and com-
position of the water at the site, probably dissolved organ-
ic matter (DOM). As a consequence of these low concen-
trations, the results are interpreted as negative.

Figure 5b shows the result of the field fluorometer installed
at the Fergus River to the south of the tracer injection points.
The river flow exhibits a clear response to the two preceding
rainfall events of 11.6 mm (15 April 3:00 to 16April 1:00) and
14 mm (16 April 14:00 to 17 April 4:00). As a result, dis-
charge increases from 1.6 to 12.8 m3/s along with concurrent
increases in turbidity. Uranine and rhodamine show both a
correlation with turbidity peaking at 2 and 3 ppb respectively.
Correlation between fluorescent dyes and turbidity within this
range is common (Schnegg 2002). In addition, measured fluo-
rescence exhibits a negative correlation with the temperature
in the stream; hence, altogether, the observed dye concentra-
tions are interpreted as a mixture of natural background and/or
anthropogenic sources.
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Fig. 5 a Concentration of uranine and rhodamine in ppb, turbidity in
NTU and water level in m observed at the intertidal spring Pouldoody
between 14 April and 20 April; and b readings of uranine and rhodamine
in ppb, turbidity in NTU and discharge in m3/s observed at the Fergus

River between 14 April and 25 April, as well as hourly rainfall measured
at C1. The green- and red-dashed vertical lines indicate injection times of
uranine and rhodamine, respectively
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Mobile sampling

Figure 6a,b shows the concentrations of uranine and rho-
damine for the filtered data in semi-log scale along with
measured conductivity in the sea, depth of sampling and
hourly rainfall. Conductivity records are missing for day 1
(16 April). Monitoring was limited to the eastern transect
on day 1 due to very harsh weather conditions and a red
weather warning for Galway Bay issued by the Irish me-
teorological service MetEireann. During days 2–3, sam-
pling focussed to the centre and the western transect, for
the reasons previously discussed, and that more elevated
tracer readings were noticed in real-time in the centre and
the west on day 2.

The raw data show 4,998 readings with maximum
values for rhodamine and uranine reaching 208.6,
457.8 ppb respectively (Fig. 6b). The quotient method
filtered 12.7% potentially erroneous readings, leaving
4,365 readings or 87.3% to be considered (Fig. 6b). As
a result, the maximum concentrations of rhodamine and
uranine considered reliable are 29.3 and 50.7 ppb
respectively.

Both maximum dye concentrations were recorded on
sampling day 2 (17 April) which correlate with the lowest
conductivity <5 mS/cm values also recorded on day 2.
Periods of low conductivity and high tracer readings are
highlighted in pink rectangular dashed boxes (day 2:
15:05–15:20; day 4: 11:15–11:28). Importantly, the fluo-
rometer and CTD sensor were very shallow during these

two periods (0.18, 0.23 m). The average sampling depths
on days 1, 2 and 3 are 0.81, 1.20 and 0.96 m, respectively
(average of 1.01 m). Low conductivity levels may be
linked to the two rainfall events between 15 April and
17 April with a total of 22.6 mm. It is hypothesised that
the rapid recharge increased SGD with the resultant low-
ering of conductivity in the sea at these locations. In com-
parison, the conductivity on the 18 and 19 of April, dur-
ing which there was no rainfall, are much more homoge-
neous and relatively constant. It is assumed that without
rainfall, the rate of SGD is lower. No correlation between
conductivity and tracer concentration occurred on day 3
with the conductivity readings remaining high at 50 mS/
cm, with exceptions.

The fact that high tracer readings correlate in time and
space with low EC readings suggest consistency of the
method. Overall, it was assumed that a large amount of
dilution weakens and spatially integrates the signal, and
therefore a clear correlation cannot be expected. In order
to evaluate the spatial pattern of recorded values, the
georeferenced and filtered ppb readings for rhodamine
and uranine were mapped, along with monitored conduc-
tivity of the sea water and the total track recorded by the
GPS (Fig. 7). Both dyes are plotted for values >2 ppb in
order to not overload the map with low (and presumably
not meaningful) concentrations.

In general, tracer was recovered in a relatively large
geographical area, mostly in three clusters: cluster 1 in
the west, cluster 2 in the centre and cluster 3 in the east.

Fig. 6 a Hourly rainfall and electrical conductivity (EC) in mS/cm
recorded offshore; b Filtered records of concentrations of rhodamine
and uranine in ppb plotted with the depth of the CTD sensor and field
fluorometer in m below surface. The black bars on the top show the

duration of sampling for each day. The pink-dashed rectangles *1 and
*2 highlight short periods of low conductivity and high tracer readings
(day 2: 15:05–15:20; day 4: 11:15–11:28)
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In all clusters, both dyes were recovered. Altogether, a
spatial correlation between dye readings and conductivity
occurred. Cluster 1 contains rhodamine and uranine read-
ings of days 2–4. This cluster contains the maximum ob-
servations for rhodamine and uranine reaching 29.3 and
50.7 ppb respectively, associated with low conductivity
readings down to 3.4 mS/cm on day 2 (Fig. 6, *1) corre-
sponding to travel times of ~160 and 165 m/h for rhoda-
mine and uranine. Also, Cluster 2 relates mainly to the
highly correlated low conductivity and high tracer read-
ings observed on Day 2 (Fig. 6, *1) with associated travel
times of ~>181 and 194 m/h for rhodamine and uranine.
These two areas are considered as SGD ‘hot spots’.

The longest distance between injection sites and sampling
locations occurred in cluster 3, where uranine was sampled
15.8 km away from Poll Gonzo and rhodamine 14. 6 km away
from Deelin Pot, which correspond to travel times of ~331 and
339 m/h. No wood chips were observed during offshore moni-
toring. During the first 3 days of sampling, the sea was very
rough due to strong winds with maximum average hourly wind
speeds of 8–11 m/s. These conditions made the work onboard
difficult and monitoring of wood chips on the sea surface

challenging. On day 4, the sea became very calm, but no wood
chips were seen or sampled; therefore, the result of the tracer test
using wood chips is considered as inconclusive/negative.

Discussion

Potential SGD areas were identified using Landsat 8 OLI im-
ages. The resulting temperature anomaly maps show different
areas of potential SGD in time. The reason for the different
spatiotemporal pattern is believed to be the multiple outlets
and different mixing patterns in the sea, modifying the signal
of SGD dispersion in the sea and associated temperature pat-
terns (Breier et al. 2005). Accordingly, the use of different
temperature maps proved to be of use in designing the off-
shore sampling strategy.

Sampling of fluorescence in the sea using a field fluorom-
eter is a challenge. Different factors, particularly the weather
conditions, created limitations in sampling. Potentially erro-
neous readings were observed, most likely related to air bub-
bles causing perturbation problems. Potentially erroneous data
were filtered out using a new developed quotient method,
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leaving 87% of the observation points for analysis. The quo-
tient method is considered to be conservative, with positive
results considered to be valid. In the future such problems
could be mitigated by using a better, bubble-free location of
the fluorometer, e.g. under the vessel. Similarly, this applies to
the conductivity readings, which may be impacted by air bub-
bles; however, in this study, the conductivity readings did not
show any evidence of erroneous readings. The majority of
readings were consistently close to 50 mS/cm, with lower
readings occurring systematically in some locations, and also
correlating with elevated tracer readings on days 2 and 4. The
combination of consistent readings and correlation with tracer
readings in time and space are interpreted as a strong indicator
for the validity of the tracer and conductivity time series.

None of the charcoal samples placed at the intertidal
springs along the shore, the borehole (BH1) and the outlet of
Bell Harbour Bay (BHB) showed evidence of adsorbed dye.
Hence, the analyses of the charcoal samples were interpreted
as negative, the results being consistent with previous tracer
studies carried out in the uplands in the area (Bunce and Drew
2017). Factors such as the period of elution and the composi-
tion of the sampled water, including the presence of organics,
generally impact on the intensity of the analysed spectra
(Smart and Simpson 2002; Wernli 2011); hence, “water trac-
ing in karst is an inexact science” (Bunce and Drew 2017). A
hydraulic connection between the two injection sites and the
sampling sites for the period of the tracer test could neither be
confirmed nor rejected.

Submarine groundwater discharge (SGD) in Galway Bay is
likely to occur via sinkholes that are filled by sediments. Such
sediment infill may have trapped the solid wood chips, providing
one explanation for the negative trace using wood chips.
Alternatively, the wood chips could be trapped in conduits or
cavities en route, or, they may have been discharged at sea, but
they could not be observed due to the particularly rough weather
conditions over the first 3 days. Further, the total parts of visible
wood chips (>2 mm) is 5.17 million, which is insignificantly
small compared to the total parts of fluorescent dyes injected
(25 kg of both uranine and rhodamine) with respect to their
detection levels <1 ppb. Given these circumstances, the chance
of detecting wood chips visually during the 4 days of sampling
can be considered much lower than detecting the fluorescent
dyes using the field fluorometer.

Besides the negative results, the two fluorescent dyes were
successfully sampled in the sea. Single observation-based
travel times range between 100 and 354 m/h. These times
are in the order of the estimated travel times previously con-
ducted in the area (Table 1). The depth of the CTD sensor and
fluorometer ranged from 0.03 to 5.8 m below the surface
during the sea transects, largely impacted by the speed of the
vessel. It is notable that the highest correlation between tracer
readings and low conductivity levels was recorded at relative-
ly shallow depths (0.18–0.23 m). This indicates that

freshwater SGD floats as a layer on the sea surface; therefore,
for a future offshore monitoring campaign, it is recommended
to fix the fluorometer and CTD sensors at shallow depths of
<0.25 m or less below the sea surface.

The sampled tracer in the sea only partly overlaps with the
areas previously identified on the temperature anomaly maps.
This observation highlights the complexity of SGD studies
with regard to the existence of potentially multiple outlets
and subsequent mixing and dispersion dynamics in the sea.
At the same time, variables that influence the dynamics of
SGD such as tides, waves and currents (Gill et al. 2013;
Parra et al. 2016) were not considered in the design of the
study and interpretation of the results, but their understanding
may improve the understanding of the SGD regimes.

Given the positive results in the sea and negative results
along the shore, the study suggests that the two dyes may have
bypassed the sampled intertidal springs, potentially at deeper
levels. Such flow paths will have developed during periods of
lower sea levels tied to global eustatic sea level variations
(Shennan et al. 2018). The occurrence of significant deep
groundwater circulation including a bypassing effect of inter-
tidal springs had been proposed based on long-term monitor-
ing, quantification of SiGD, water balance calculations and
numerical modelling (Bunce and Drew 2017; Schuler et al.
2018). Such deep flow is hypothesised to be linked to prefer-
ential flow paths along north/north–north–west-trending
Variscan veins (Moore and Walsh 2013); hence, this study
supports the relevance of these structural features with regard
to regional groundwater flow.

Conclusion

Submarine groundwater discharge (SGD) is recognized as an
important pathway for contaminant transport into the coastal
environment; hence, it is of relevance in the context of coastal
karst catchments. A good understanding of SGD dynamics
linked to the drainage of coastal karst aquifer is therefore
necessary.

This study combines methods to: (1) locate potential areas of
SGD using first remote sensing to; (2) apply a set of different
artificial tracers, including fluorescent dyes as well as floating
wood chips, and (3) evaluate hydraulic connections between
terrestrial injection points and offshore submarine discharge lo-
cations. Themethodwas successfully applied in the study area of
the coastal aquifer of Bell Harbour in western Ireland.

None of the wood chips were recovered from the sea.
Different factors may have prevented a positive result, includ-
ing the potential sediment infill of submarine springs, trapping
these solid particles.

Both of the fluorescent dyes were recovered in the sea, and
up to 15.8 km away from an injection point. Offshore sam-
pling was conducted in transects in the sea over four
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successive days onboard a vessel. The estimated travel times
are in the order 160–339 m/h or less. Fluorescence peaks
correlate with lower conductivity values in the sea, indeed
indicating the discharge of fresh/brackish groundwater. Two
main areas of SGDwere identified, whereas the spatial pattern
of SGD is believed to reflect multiple-point SGD locations. It
is hypothesised that the main outlets of the catchment are
located in clusters 1 and 2; however, additional studies are
needed to confirm this conclusion.

Hydraulic connections were established between two struc-
tural karst features of the upland of the Burren Plateau and
Galway Bay. Both structural features include mineral veins,
supporting the hypothesized relevance of Variscan veins with
regard to regional groundwater flow control (Moore and
Walsh 2013; J. Walsh et al., University College Dublin,
unpublished paper, 2019).

Acknowledgements We wish to express sincerest thanks to the cavers
Ralph Doyle and Tim O’Connell for their support in carrying out the
tracer injections in Poll Gonzo, and to James Linnane for providing land
access and the necessary infrastructure at Deelin Pot. We further wish to
thank the three (anonymous) reviewers for excellent and very detailed
comments, which tremendously improved the quality of this paper.

Funding information This research was part funded by the Geological
Survey Ireland Research Programme, grant number 2017-SC-001, and it
was conducted within the Irish Centre for Research in Applied
Geosciences (ICRAG) supported in part by a research grant from
Science Foundation Ireland (SFI) under Grant Number 13/RC/2092, co-
funded under the European Regional Development Fund and by ICRAG
industry partners.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Barsi JA, Barker JL, Schott JR (2003) An Atmospheric Correction
Parameter Calculator for a Single Thermal Band Earth-Sensing
Instrument. Paper presented at the Geoscience and Remote
Sensing Symposium, Toulouse, France, 21–25 July 2003

Benischke R, Goldscheider N, Smart C (2007) Tracer techniques. In:
Goldscheider N, Drew D (eds) Methods in Karst hydrogeology.
IAH International Contributions to Hydrogeology 26, IAH,
Wallingford, UK, pp 147–170

Breier JA, Breier CF, Edmonds HN (2005) Detecting submarine ground-
water discharge with synoptic surveys of sediment resistivity,

radium, and salinity. Geophys Res Lett 32. https://doi.org/10.1029/
2005GL024639

Bunce C (2010) Poll Gonzo. Irish Speleol 19:16–21
Bunce C, Drew D (2017) Water tracing in the Carron depression and

River Fergus Valley, Burren, Co Clare. Irish Groundwater
Newsletter. Geological Survey Ireland, Dublin 55:13–18

BurnettWC, Dulaiova H (2003) Estimating the dynamics of groundwater
input into the coastal zone via continuous radon-222 measurements.
J Environ Radioact 69:21–35. https://doi.org/10.1016/S0265-
931X(03)00084-5

BurnettWC, Aggarwal PK, Aureli A, Bokuniewicz H, Cable JE, Charette
MA, Kontar E, Krupa S, Kulkarni KM, Loveless A, Moore WS,
Oberdorfer JA, Oliveira J, Ozyurt N, Povinec P, Privitera AMG,
Rajar R, Ramessur RT, Scholten J, Stieglitz T, Taniguchi M,
Turner JV (2006) Quantifying submarine groundwater discharge
in the coastal zone via multiple methods. Sci Total Environ 367:
498–543. https://doi.org/10.1016/j.scitotenv.2006.05.009

Cronin C, Daly D, Deakin J, Kelly D (1999) Ballyvaughan public supply
groundwater source protection zones. GSI report, Clare County
Council, Ennis, Ireland, 11 pp

Dimova NT, Burnett WC, Speer K (2011) A natural tracer investigation
of the hydrological regime of Spring Creek springs, the largest sub-
marine spring system in Florida. Cont Shelf Res 31:731–738.
https://doi.org/10.1016/j.csr.2011.01.010

Drew D (1990) The hydrology of the Burren, County Clare. Ir Geogr 23:
69–89

Drew D (2003) The Hydrology of the Burren and of the Clare and
Galway Lowlands. In: Mullan G (ed) Caves of County Clare and
South Galway. University of Bristol Spelaeolog, Bristol, UK, pp 31-
43

Drew D (2018) Karst of Ireland. Geological Survey Ireland, Dublin,
Ireland

Edwards R, Craven K (2017) Relative sea-level change around the Irish
Coast. In: Coxon P, McCarron S, Mitchell F (eds) Advances in Irish
Quaternary studies. Springer, Heidelberg, Germany, pp 181–215

Ellis JR, McCully SR, BrownMJ (2012) An overview of the biology and
status of undulate ray Raja undulata in the north-east Atlantic
Ocean. J Fish Biol 80:1057–1074. https://doi.org/10.1111/j.1095-
8649.2011.03211.x

Field MS (2002) The Qtracer2 program for tracer-breakthrough curve
analysis for tracer tests in karstic aquifers and other hydrologic sys-
tems. US Environmental Protection Agency, Washington, DC, 179
pp

FieldMS,Wilhelm RG, Quinlan JF, Aley TJ (1995) An assessment of the
potential adverse properties of fluorescent tracer dyes used for
groundwater tracing. Environ Monit Assess 38:75–96. https://doi.
org/10.1007/BF00547128

Flynn RM, Sinreich M (2010) Characterisation of virus transport and
attenuation in epikarst using short pulse and prolonged injection
multi-tracer testing. Water Res 44:1138–1149. https://doi.org/10.
1016/j.watres.2009.11.032

Geyer T, Birk S, Licha T, Liedl R, Sauter M (2007) Multitracer test
approach to characterize reactive transport in karst aquifers.
Ground Water 45:36–45. https://doi.org/10.1111/j.1745-6584.
2006.00261.x

Gill LW, Naughton O, Johnston PM (2013) Modeling a network of
turloughs in lowland karst. Water Resour Res 49:3487–3503.
https://doi.org/10.1002/wrcr.20299

Gillespie PA, Walsh JJ, Watterson J, Bonson CG, Manzocchi T (2001)
Scaling relationships of joint and vein arrays from the Burren, Co.
Clare, Ireland. J Struct Geol 23:183–201. https://doi.org/10.1016/
S0191-8141(00)00090-0

Gillespie TA, Sautter L (2018) Bathymetric and geomorphological anal-
ysis of Inishmore Island, Ireland. Paper presented at the 2018 Ocean
Science Meeting, Portland, USA, 11–16 February 2018

https://doi.org/10.1029/2005GL024639
https://doi.org/10.1029/2005GL024639
https://doi.org/10.1016/S0265-931X(03)00084-5
https://doi.org/10.1016/S0265-931X(03)00084-5
https://doi.org/10.1016/j.scitotenv.2006.05.009
https://doi.org/10.1016/j.csr.2011.01.010
https://doi.org/10.1111/j.1095-8649.2011.03211.x
https://doi.org/10.1111/j.1095-8649.2011.03211.x
https://doi.org/10.1007/BF00547128
https://doi.org/10.1007/BF00547128
https://doi.org/10.1016/j.watres.2009.11.032
https://doi.org/10.1016/j.watres.2009.11.032
https://doi.org/10.1111/j.1745-6584.2006.00261.x
https://doi.org/10.1111/j.1745-6584.2006.00261.x
https://doi.org/10.1002/wrcr.20299
https://doi.org/10.1016/S0191-8141(00)00090-0
https://doi.org/10.1016/S0191-8141(00)00090-0


Hydrogeol J (2020) 28:561–577576

Graham JR (2009) Variscan deformation and metamorphism. In: Holland
CH, Sanders I (eds) The geology of Ireland, 2nd edn. Dunedin,
Edinburgh, Scotland, 568 pp

Green L, Sutula M, Fong P (2014) How much is too much? Identifying
benchmarks of adverse effects of macroalgae on the macrofauna in
intertidal flats. Ecol Appl 24:300–314. https://doi.org/10.1890/13-
0524.1

Geological Survey of Ireland (GSI) (1999) Groundwater well and spring
data. Geological Survey of Ireland, Dublin, Ireland

Geological Survey of Ireland (GSI) (2017) Groundwater tracer lines.
Geological Survey of Ireland, Dublin, Ireland

Johnson AG, Glenn CR, Burnett WC, Peterson RN, Lucey PG (2008)
Aerial infrared imaging reveals large nutrient-rich groundwater in-
puts to the ocean. Geophys Res Lett 35:1–6. https://doi.org/10.1029/
2008GL034574

Kaess W (1998) Tracing technique in geohydrology. CRC, Boca Raton,
FL

Kozich RJ, Sautter L (2018) Glacio-karst limestone and jointing of
Inishmore, Ireland. Paper presented at the 2018 Ocean Science
Meeting, Portland, OR, USA, 11–16 February 2018

Laroche J, Nuzzi R,Waters R,Wyman K, Falkowski P, Wallace D (1997)
Brown tide blooms in Long Island’s coastal waters linked to inter-
annual variability in groundwater flow. Glob Chang Biol 3:397–
410. https://doi.org/10.1046/j.1365-2486.1997.00117.x

Lauber U, Goldscheider N (2014) Use of artificial and natural tracers to
assess groundwater transit-time distribution and flow systems in a
high-alpine karst system (Wetterstein Mountains, Germany).
Hydrogeol J 22:1807–1824. https://doi.org/10.1007/s10040-014-
1173-6

Lee CM, Jiao JJ, Luo X, Moore WS (2012) Estimation of submarine
groundwater discharge and associated nutrient fluxes in Tolo
Harbour, Hong Kong. Sci Total Environ 433:427–433. https://doi.
org/10.1016/j.scitotenv.2012.06.073

Leibundgut C, Maloszewski P, Külls C (2009) Tracers in hydrology.
Wiley, Hoboken, NJ

Li H, Zhang Y, Tang H, Shi X, Rivkin RB, Legendre L (2017)
Spatiotemporal variations of inorganic nutrients along the Jiangsu
coast, China, and the occurrence of macroalgal blooms (green tides)
in the southern Yellow Sea. Harmful Algae 63:164–172. https://doi.
org/10.1016/j.hal.2017.02.006

Lowe DJ, Waters C (2014) Geological influences on cave origin and
development in the Yorkshire Dales UK. Cave Karst Sci 41:13–35

Luhmann AJ, Covington MD, Alexander SC, Chai SY, Schwartz BF,
Groten JT, Alexander EC Jr (2012) Comparing conservative and
nonconservative tracers in karst and using them to estimate flow
path geometry. J Hydrol 448–449:201–211. https://doi.org/10.
1016/j.jhydrol.2012.04.044

Mac Sharry B (2006) The influence of fractures on topography and
groundwater flow in the Burren and Gort lowlands, western
Ireland. PhD, Trinity College, Dublin, Ireland

MacDermot CV, McConnell B, Pracht M (2003) Bedrock geology 1:100,
000 Sacle map series, sheet 14, Galway Bay. Geological Survey of
Ireland, Dublin

Margane A, Makki I, Raad R, Schuler P, Abi-Risk J, Doummar J,
Koeniger P, Hahne K, Stoeckl L (2018) Hydrogeology of the Jeita
Groundwater Catchment in Lebanon. Geol Jahrb Reihe B,
Bundesanstalt fuer Geowissenschaften und Rohstoffe (BGR),
Hannover, Germany, 192 pp

Maurice L, Atkinson TC, Williams AT, Barker JA, Farrant AR (2010)
Catchment scale tracer testing from karstic features in a porous
limestone. J Hydrol 389:31–41. https://doi.org/10.1016/j.jhydrol.
2010.05.019

McCormack T, Gill LW, Naughton O, Johnston PM (2014)
Quantification of submarine/intertidal groundwater discharge and
nutrient loading from a lowland karst catchment. J Hydrol

519(Part B):2318–2330. https://doi.org/10.1016/j.jhydrol.2014.09.
086

McCormack T, O’Connell Y, Daly E, Gill LW, Henry T, Perriquet M
(2017) Characterisation of karst hydrogeology in Western Ireland
using geophysical and hydraulic modelling techniques. J Hydrol
Regional Studies 10:1–17

Montiel D, Dimova N, Andreo B, Prieto J, García-Orellana J, Rodellas V
(2018) Assessing submarine groundwater discharge (SGD) and ni-
trate fluxes in highly heterogeneous coastal karst aquifers: chal-
lenges and solutions. J Hydrol 557:222–242. https://doi.org/10.
1016/j.jhydrol.2017.12.036

Moore JP, Walsh JJ (2013) Analysis of fracture systems and their impact
on flow pathways in Irish bedrock aquifers. Irish Groundw Newsl.
Geological Survey Ireland, Dublin 51:28–33

Null KA, Knee KL, Crook ED, de Sieyes NR, Rebolledo-Vieyra M,
Hernández-Terrones L, Paytan A (2014) Composition and fluxes
of submarine groundwater along the Caribbean coast of the
Yucatan peninsula. Cont Shelf Res 77:38–50. https://doi.org/10.
1016/j.csr.2014.01.011

O’Connell Y, Daly E, Henry T, Brown C (2018) Terrestrial and marine
electrical resistivity to identify groundwater pathways in coastal
karst aquifers. Near Surf Geophys 16:1–12. https://doi.org/10.
3997/1873-0604.2017062

O’Connell M, Molloy K (2017) Mid- and late-Holocene environmental
change in western Ireland: new evidence from coastal peats and
fossil timbers with particular reference to relative sea-level change.
The Holocene. https://doi.org/10.1177/0959683617708447

Parra SM, Valle-Levinson A, Mariño-Tapia I, Enriquez C, Candela J,
Sheinbaum J (2016) Seasonal variability of saltwater intrusion at a
point-source submarine groundwater discharge. Limnol Oceanogr
61:1245–1258. https://doi.org/10.1002/lno.10286

Peterson RN, Burnett WC, Taniguchi M, Chen J, Santos IR, Ishitobi T
(2008) Radon and radium isotope assessment of submarine ground-
water discharge in the Yellow River Delta, China. J Geophys Res
Oceans 113. https://doi.org/10.1029/2008JC004776

Pracht M, Somerville ID, Wang Y (2015) A revised Mississippian litho-
stratigraphy of County Galway (western Ireland) with an analysis of
carbonate lithofacies, biostratigraphy, depositional environments
and palaeogeographic reconstructions utilising new borehole data.
J Palaeogeogr 4:1–26. https://doi.org/10.3724/SP.J.1261.2015.
00065

Roxburgh IS (1985) Thermal infrared detection of submarine springs
associated with the Plymouth limestone. Hydrol Sci J 30:185–196.
https://doi.org/10.1080/02626668509490983

Santos IR, Niencheski F, Burnett W, Peterson R, Chanton J, Andrade
CFF, Milani IB, Schmidt A, Knoeller K (2008) Tracing anthropo-
genically driven groundwater discharge into a coastal lagoon from
southern Brazil. J Hydrol 353:275–293. https://doi.org/10.1016/j.
jhydrol.2008.02.010

Schnegg P-A (2002) An inexpensive field fluorometer for
hydrogeological tracer tests with three tracers and turbidity measure-
ment. Paper presented at the Conf. for Groundwater and Human
Development, Mar del Plata, Argentina, 21–25 October 2002

Schubert M, Scholten J, Schmidt A, Comanducci FJ, Pham KM, Mallast
U, Knoeller K (2014) Submarine groundwater discharge at a single
spot location: evaluation of different detection approaches. Water 6.
https://doi.org/10.3390/w6030584

Schubert M, Knoeller K, Rocha C, Einsiedl F (2015) Evaluation and
source attribution of freshwater contributions to Kinvarra Bay,
Ireland, using 222Rn, EC and stable isotopes as natural indicators.
Environ Monit Assess 187:105. https://doi.org/10.1007/s10661-
015-4274-3

Schuler P, Duran L, McCormack T, Gill L (2018) Submarine and inter-
tidal groundwater discharge through a complex multi-level karst
conduit aquifer. Hydrogeol J 28:2629–2647. https://doi.org/10.
1007/s10040-018-1821-3

https://doi.org/10.1029/2008GL034574
https://doi.org/10.1029/2008GL034574
https://doi.org/10.1046/j.1365-2486.1997.00117.x
https://doi.org/10.1007/s10040-014-1173-6
https://doi.org/10.1007/s10040-014-1173-6
https://doi.org/10.1016/j.scitotenv.2012.06.073
https://doi.org/10.1016/j.scitotenv.2012.06.073
https://doi.org/10.1016/j.hal.2017.02.006
https://doi.org/10.1016/j.hal.2017.02.006
https://doi.org/10.1016/j.jhydrol.2012.04.044
https://doi.org/10.1016/j.jhydrol.2012.04.044
https://doi.org/10.1016/j.jhydrol.2010.05.019
https://doi.org/10.1016/j.jhydrol.2010.05.019
https://doi.org/10.1016/j.jhydrol.2014.09.086
https://doi.org/10.1016/j.jhydrol.2014.09.086
https://doi.org/10.1016/j.jhydrol.2017.12.036
https://doi.org/10.1016/j.jhydrol.2017.12.036
https://doi.org/10.1016/j.csr.2014.01.011
https://doi.org/10.1016/j.csr.2014.01.011
https://doi.org/10.3997/1873-0604.2017062
https://doi.org/10.3997/1873-0604.2017062
https://doi.org/10.1177/0959683617708447
https://doi.org/10.1002/lno.10286
https://doi.org/10.1029/2008JC004776
https://doi.org/10.3724/SP.J.1261.2015.00065
https://doi.org/10.3724/SP.J.1261.2015.00065
https://doi.org/10.1080/02626668509490983
https://doi.org/10.1016/j.jhydrol.2008.02.010
https://doi.org/10.1016/j.jhydrol.2008.02.010
https://doi.org/10.3390/w6030584
https://doi.org/10.1007/s10661-015-4274-3
https://doi.org/10.1007/s10661-015-4274-3
https://doi.org/10.1007/s10040-018-1821-3
https://doi.org/10.1007/s10040-018-1821-3
https://doi.org/10.1890/13-0524.1
https://doi.org/10.1890/13-0524.1


Hydrogeol J (2020) 28:561–577 577

Shennan I, Bradley SL, Edwards R (2018) Relative sea-level changes and
crustal movements in Britain and Ireland since the last glacial max-
imum. Quat Sci Rev 188:143–159. https://doi.org/10.1016/j.
quascirev.2018.03.031

Silke J, O’Beirn FX, CroninM (2005) Karenia mikimotoi: an exceptional
dinoflagellate bloom in Western Irish Waters, summer 2005. Mar
Environ Health Series, Marine Institute, Galway, Ireland, 44 pp

Simms MJ (2014) Karst and paleokarst. In: Reference module in earth
systems and environmental sciences. Elsevier, Amsterdam. https://
doi.org/10.1016/B978-0-12-409548-9.09370-2

Sinreich M, Flynn RM (2006) Comparative tracing experiments to inves-
tigate epikarst structural and compositional heterogeneity. In:
Goldscheider N, Mudry J, Savoy L, Zwahlen F (eds) 8th
Conference on limestone hydrogeology. Univ. of Franche-Comté,
Neuchâtel, Switzerland, September 2006, pp 253-258

Smart C, Simpson B (2002) Detection of fluorescent compounds in the
environment using granular activated charcoal detectors. Environ
Geol 42:538–545. https://doi.org/10.1007/s00254-001-0517-4

Smith AJ, Nield SP (2003) Groundwater discharge from the superficial
aquifer into Cockburn Sound Western Australia: estimation by in-
shore water balance. Biogeochemistry 66:125–144. https://doi.org/
10.1023/B:BIOG.0000006152.27470.a9

Tamborski JJ, Rogers AD, Bokuniewicz HJ, Cochran JK, Young CR
(2015) Identification and quantification of diffuse fresh submarine

groundwater discharge via airborne thermal infrared remote sensing.
Remote Sens Environ 171:202–217. https://doi.org/10.1016/j.rse.
2015.10.010

Taniguchi M, Burnett WC, Cable JE, Turner JV (2002) Investigation of
submarine groundwater discharge. Hydrol Process 16:2115–2129.
https://doi.org/10.1002/hyp.1145

TRADA (2018) Wood species database. UK Timber Research and
Development Association (TRADA), Hughenden Valley, UK

USGS (2014) Shuttle Radar Topography Mission 1 arc-second global.
USGS Earth Explorer, USGS, Reston, VA

Walawender JP, Hajto MJ, Iwaniuk P (2012) A new ArcGIS toolset for
automated mapping of land surface temperature with the use of
LANDSAT satellite data. 2012 IEEE Int. Geoscience and Remote
Sensing Symp., Seoul, South Korea, July 2012, pp 4371–4374

Wernli HR (2011) Einführung in die Tracerhydrologie [Introduction to
tracer hydrogeology]. University of Berne, Berne, Switzerland

Wilson J, Rocha C (2012) Regional scale assessment of submarine
groundwater discharge in Ireland combining medium resolution sat-
ellite imagery and geochemical tracing techniques. Remote Sens
Environ 119:21–34. https://doi.org/10.1016/j.rse.2011.11.018

Zektser IS, Everett LG, Dzhamalov RG (2007) Submarine groundwater.
CRC, Boca Raton, FL

https://doi.org/10.1016/B978-0-12-409548-9.09370-2
https://doi.org/10.1016/B978-0-12-409548-9.09370-2
https://doi.org/10.1007/s00254-001-0517-4
https://doi.org/10.1023/B:BIOG.0000006152.27470.a9
https://doi.org/10.1023/B:BIOG.0000006152.27470.a9
https://doi.org/10.1016/j.rse.2015.10.010
https://doi.org/10.1016/j.rse.2015.10.010
https://doi.org/10.1002/hyp.1145
https://doi.org/10.1016/j.rse.2011.11.018
https://doi.org/10.1016/j.quascirev.2018.03.031
https://doi.org/10.1016/j.quascirev.2018.03.031

	A combined-method approach to trace submarine groundwater discharge from a coastal karst aquifer in Ireland
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study area
	Geography, geology, structure
	Groundwater flow and previous tracer tests
	Hydroclimatic sampling and data

	Remote sensing
	Artificial tracer tests
	Solute and solid tracers
	Injections
	Monitoring of solute and solid tracers
	Analysis of solute and solid tracer results


	Results
	Remote sensing
	Artificial tracer tests
	Stationary sampling (fluorometers and charcoal bags)
	Mobile sampling


	Discussion
	Conclusion
	References




