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Abstract

Lough Gur is a shallow groundwater fed eutrophic lake situated within a small agri-
cultural catchment containing volcanic and karst rock features in mid-west Ireland.
Seasonally active conduits linking two spring discharge locations from the lake under
high flow conditions were revealed using dye tracing and a terrestrial geophysical
survey, highlighting the architecture of the conduit flow path from Lough Gur to its
discharge spring. A radon survey combined with a lake geophysical survey identified
the locations of in-lake discharge springs and thickness of the lakebed sediments.
Falling head hydraulic characterization experiments illustrated the heterogenous
nature of lakebed sediments and hydrograph analysis coupled with stable isotopes of
water (50 and §°H) revealed significant surface water - groundwater interaction
during high flow periods. Significantly, §'80 and §?H signatures plot above the global
meteoric water line and local meteoric water line indicating hydration of silicate min-
erals and direct isotope exchange of 580 between water and rock minerals. Ground-
water §'80 and 5%H signatures during low flow periods indicate that recharge
sources are influenced by enriched surface waters and precipitation while a wider
range of signatures during high flow periods indicates a greater variation of sources.
D-excess signatures illustrate rapid rainfall infiltration under high flow conditions,
thereby demonstrating the vulnerability of the groundwater, while lake water signa-
tures confirm widespread surface water-groundwater interaction/mixing. Hydroche-
mical analyses confirm both silicate weathering and carbonate dissolution as primary
geochemical processes with Mg/Ca ratios suggesting greater groundwater residence
time during low flow periods. Correlations between §*Cp,c and dissolved organic
carbon suggest a seasonal switch in the source of DIC to groundwaters between the

oxidation of organic matter in summer and dissolution of carbonate minerals in
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1 | INTRODUCTION

Lakes are valuable aquatic ecosystems due to the role they play in
providing significant ecosystem services such as habitats for freshwa-
ter species, sediment and nutrient retention and cycling (Kidmose
et al, 2015; O'Connell et al., 2020), climate change mitigation
(Raymond et al., 2013) in addition to hydrological management
(Schallenberg et al., 2013). Overall lake ecosystem health and the ful-
filment of its ecosystem services often rely on nutrient biogeochemi-
cal cycles dependent on the quality of water discharging to the lake
ecosystem, which may be from surface water or groundwater sources
(O'Connell et al, 2015). The impact on lake water quality from
groundwater recharge can depend on the activities in the recharge
areas (Meinikmann et al., 2015; Morgenstern et al., 2015), groundwa-
ter evolution processes and flow paths (Kidmose et al., 2015; Stoliker
et al., 2016) prior to discharging to the lake, in addition to the water
residence time within the lake (Hampton et al., 2019). For accurate
estimations of lacustrine surface water-groundwater exchanges in
complex hydrogeological systems, it is important to gain detailed
knowledge on the subsurface geology, groundwater hydrochemistry
and flow dynamics (Katz & Bullen, 1996; Shaw et al., 2013, 2017).
Such information assists greatly in sustainable water management by
providing information for the calculation of water and nutrient bud-
gets (Lin, 2011). On the catchment scale, groundwater direction and
evolution processes affecting lacustrine groundwater discharge (LGD)
dynamics near lakes, depends on the position of the lake in the land-
scape, aquifer geological characteristics and recharge source areas
and distribution (Kazmierczak et al., 2016a). Near the lake shore and
lakebed, groundwater flow direction and hydrochemistry may depend
on the geometry and geochemical composition of lacustrine clays and
sediments (Kidmose et al., 2011, 2013). Additionally, LGD rates and
flow direction can depend on the anisotropy in hydraulic conductivity
and lakebed conductance (Cherkauer & Nader, 1989; Kishel &
Gerla, 2002) which indirectly affect biogeochemical transformations
and rates of reaction governing the hydro-chemical composition of
the discharging groundwater.

For groundwater fed lakes in karst aquifer systems, understanding
flow dynamics can be challenging due to geological heterogeneity
related to the varying amounts of fractures and conduits in the under-
lying limestone (Qin et al., 2017a; Shaw et al., 2013). The hydrological
connection to surface water bodies in such systems, results in

winter. The Sl saturation index for calcite (Slc) illustrates calcium carbonate precipita-
tion along with CO, evasion to be a perennial processes. Finally, the spatial variation
for nitrate isotopic signatures (5*¥0nos. and 6¥°Nyos.) suggests a number of nitrate
sources to groundwaters including soil organic nitrogen, manure and/or domestic
effluent with indications of denitrification processes under low flow conditions.

D-excess, geophysics, groundwater/surface water interaction, hydrogeology, isotopes, karst,
lakes, tracer test, volcanic rocks

uncertainties relating to groundwater flow direction and end-mem-
bers, rates of groundwater discharge to the lake, and lake water resi-
dence times (Musgrove et al., 2010).

Combined geophysical, isotopic and hydro-chemical techniques can
provide useful complementary information on aquifer geology, ground-
water processes and dynamics for such complex hydrogeological sys-
tems. Such a combined approach can provide accurate data for
improved LGD estimations in complex hydrogeological systems and con-
tribute towards the development of more reliable lake water budgets.

Electrical geophysical methods have been used effectively in many
hydrogeological applications, e.g. aquifer characterization (Comte et al.,
20122012), groundwater/surface water interactions (Nyquist et al,
2008), seawater contamination (Martorana et al., 2014), and the detection
of conduits for groundwater movement through typically heterogeneous
karst regions (McCormack et al., 2017). Radon is a natural tracer which
has also very successfully been applied to evaluate groundwater-surface
water interactions (Burnett et al., 2008) locating groundwater seepage
and discharge locations (Petermann et al., 2018a) and detailed water bud-
gets within groundwater fed lakes which is gaining increased attention
(Wilson et al., 2016; Wilson & Rocha, 2016). In addition, water stable iso-
topes of oxygen and hydrogen can serve as natural conservative tracers
in aquatic ecosystems to assess many aspects of the water cycle in lacus-
trine environments, including groundwater discharge rates (Krabbenhoft
et al, 1990; Mitchell, 2014; Shaw et al., 2017) groundwater recharge
source areas (Kamtchueng et al, 2015; Qian et al, 2014; Zhan
et al., 2016) lake water residence time (Gibson et al., 2016; Petermann
et al, 2018b) runoff sources to lakes and mean evaporation (Bowen
et al,, 2018; Cui & Li, 2015; Gibson et al., 2002) and water mixing pro-
cesses (Halder et al., 2013; Jiang et al., 2018). Stable isotopes of nitrogen
may also be used to establish groundwater recharge source areas and
evolution processes (Yin et al., 2020). Furthermore, previous studies have
shown that nitrogen cycling is tightly coupled with carbonate weathering,
particularly in karst areas (Li et al., 2010a; Yue et al., 2015a).

This study was conducted in the Lough Gur catchment
(Co. Limerick, Ireland), which contains a groundwater fed lake in a small
agricultural catchment dominated by karst and volcanic geology. Further-
more, the study serves as an example of how complementary results
from multiple analytical techniques can be applied to give more detailed
information on groundwater flow and evolution in complex geological
settings prior to quantitative estimations. Specifically, the study illus-

trates how a combined approach using geophysical, isotopic and hydro-
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chemical techniques may be used to investigate: (1) seasonal dynamics
of groundwater origin and flow-path networks within a geologically het-
erogeneous groundwater fed lake catchment; and (2) water-rock interac-

tions and associated groundwater recharge and evolution processes.

1.1 | Study site description
Lough Gur is a popular archaeological and tourism site in County Limer-
ick, mid-west Ireland. The lough itself is a shallow, groundwater fed,
eutrophic lake (~79 ha lake surface area) with a mean depth of 1.59 m,
located approximately 20 km south of Limerick City (Figure 1) The type
of precipitation is predominantly rainfall with the annual average rainfall
over the study period (2014-2017) is ~1026.62 mm/year. The mean
average air temperature is 10.8°C and the temperature ranges on aver-
age between 18.8 and 2.3°C. The lake is surrounded and enclosed by
limestone and volcanic hills, which slope steeply down to the lake's
edge with a catchment elevation range of ~72-145 mOD (meters over
datum). Beyond the hills, the ground slopes away to rivers and streams
that are at a lower elevation than the lake itself. Therefore, Lough Gur
and the surrounding hills are slightly elevated above the regional land-
scape (Ball, 2004). There is no perennial surface water inflow to the
lake. During winter, water flows via a man-made channel into the lake
from a wetland area to the southwest known as the Lake Bog which
receives water from groundwater springs and the surrounding land-
scape. The original outflow discharges via a swallow hole called “Polla-
vaddra”, at the north-eastern end of the lake. The sinkhole emerges at a
spring (SW2) ~1800 m to the west (Figure 1). The artificial channel
drains the lake during times of high-water levels and discharges to the
Ballycullane River, approximately 780 m west of the north-western cor-
ner of the lake. The relatively shallow mean water depth indicates that
light may penetrate the full water depth, stimulating photosynthesis
and algal production, thereby impacting water quality (Layden, 1993).
Bedrock outcrop and sub-crop extend from the Grange Hill area
and Knockfennell to the N-NW of the lake, in addition to Knockroe
and along the eastern lake margin, including Knockadoon Hill which
extends out into the lake. Within the Lough Gur catchment exists a
multilayer aquifer system (Figure 2a,b), with an upper water level in
volcanic bedrock to the E-NE, which is partially disconnected from a
lower water table within the underlying limestone bedrock
(Ball, 2004). Such a contrasting geological network makes Lough Gur
an ideal location to highlight the importance of understanding the
resulting hydrogeological complexity in order to gain a comprehensive

conceptual model of such groundwater fed aquatic ecosystems.

2 | MATERIALS AND METHODS

21 | Local geology, groundwater geochemical
tracing, geophysical survey

Information on the local geology of the Lough Gur catchment was

gathered from geological map datasets of the Geological Survey of

Ireland and Limerick county council as well as information from aca-
demic literature (Ball, 2004:; Deakin et al., 1998; Somerville
et al.,, 1992). Groundwater geochemical tracing was performed using
continuous measurements of lake water radon activity (*3?Rn) to qual-
itatively assess groundwater inputs into the lake. During a survey car-
ried out in April 2015, lake water radon activity was continuously
measured in dissolved gas in the water column from a moving vessel
using two Durridge Radon-in-air monitors combined with two Liqui-
Cel MiniModules® (Wilson & Rocha, 2012). Precise lake location and
water depth was recorded through the concurrent use of a GPSMAP
750 s Sounder (GARMIN) and a CTD probe (Schlumberger Water Ser-
vices) positioned just above the pumps (Wilson & Rocha, 2012).

A geophysical survey using Electrical Resistivity Tomography
(ERT) was employed to image possible subsurface groundwater flow
paths in the epikarst and upper karst network. The ERT comprised of
two terrestrial transects to establish the direction and architecture of
suspected karst conduits underneath Knockfennell connecting the
sinkhole to discharge springs. The terrestrial ERT profiles were
acquired with a 10 channel IRIS Syscal Pro resistivity meter coupled
to a 48-electrode multicore cable using a standard 2D approach
(Dahlin & Zhou, 2004) employing the Wenner-Schlumberger array
configuration. The electrode array allowed depths of investigation of
>50 m below ground level. The voltage used in the current dipole was
automatically managed by the system with a maximum voltage of
800V, and an injected current up to 0.5 A. The aquatic ERT profiles
were carried out to detect suspected lakebed springs discharging
groundwater into the lake with the locations based on prior Rn sur-
veys (April 2015 and July 2017) and investigate the depth to the bed-
rock beneath the lakebed deposits. These ERT profiles were recorded
with a boat-mounted resistivity meter connected to a surface-towed
multi-core cable incorporating 13 graphite electrodes at 5 m separa-
tion survey speeds, typically ~3 km h~%. The meter was coupled to an
echo sounder, outputting a continuous record of the water depth,
with a Trimble GPS with a positional accuracy of +3 m. All ERT data
have been inverted with Res2dinv (Geotomo Software, 2010) using a
finite element forward model (Coggon, 1971) using a robust L;-norm
least squares Occam inversion algorithm (Claerbout and Muir, 1973)
to output subsurface resistivity profiles. The least-squares approach
minimized the absolute difference between the observed and calcu-

lated apparent resistivities, typically within seven iterations.

2.2 | Local hydrogeology, lake stage and surface
water drainage networks

A summary of the fieldwork and timing during 2014-2017 is listed in
Table S1. Water tracing experiments using fluorescent dye were under-
taken to establish and confirm the connection and travel time between
the swallow hole outflow (SW-4), which flows under Knockfennell hill
and emerges at springs (SW-2 and SW-3) northwest of Lough Gur
(Figure S1). Fluorescein dye was used under low flow (September 2014)
and high flow conditions (February 2017) to carry out qualitative tracing
analysis. Spring outflow locations were monitored both manually using
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FIGURE 1

Lough Gur catchment map including the piezometer nest locations (PZ-1 and PZ-2), local household wells and boreholes

(SW) including surface hydrometric and sampling stations at the lake bog inflow (SW-22), the artificial outflow channel (SW-1), the creamery well
spring (SW-2), the field spring (SW-3) and the sinkhole outflow location (SW-4).

dark 100 ml bottles (September 2014) and automatically using a
GGUN-FL30© flow through spectro-fluorometer (February 2017) over
a period of 2 weeks. The manual samples were analysed using a Perkin
Elmer LS 55 spectro-fluorometer (Hickey, 2010).

Fluctuations in lake stage were recorded over the study period
using high-resolution water level loggers (Solinst© and Van Walt©)
with values periodically calibrated using manual measurements.
Local household wells and boreholes were surveyed and water levels
measured in June 2015, July 2015, March 2016 and July 2016
(Figure 1 and Table S1). For groundwater flow patterns, hydraulic
head data during the study period was utilized from measurements
taken during low flow and high flow periods (O'Connell, 2015). Near-
shore groundwater flow was monitored at two previously identified
groundwater discharge locations in the lake by installing piezometer
nests, each with three piezometers installed at approx. 1.0, 1.5 and
1.7 m depth at the amenity centre site (PZ-1) and 0.5, 1.0 and 1.5 m
just offshore of Knockadoon hill (PZ-2) (Figure 1). The piezometers
were made from 10 mm-internal diameter high density polyethylene
(HDPE) tubing with a drive-point on one end (Rivett et al., 2008).
Falling head hydraulic conductivity measurements were carried out
on each of the three piezometers in the nest at the visitor centre site
near the north east shore of Lough Gur (Lutteneggar &
DeGroot, 1992). Results were plotted with change in hydraulic head
against time and analysed using the Hvorslev method (Schwartz &
Zhang, 2003).

2.3 | Sampling and analysis methods

A total of 48 water samples in total (including groundwater, surface
water and piezometers) were collected from various locations within
the Lough Gur catchment during March 2016 and July 2016
(Figure 1), including water samples from piezometer nests and bottom
waters at the amenity centre site (PZ-1) and just offshore of Knocka-
doon in Lough Gur (PZ-2) during the same periods. Additionally, water
samples were taken from boreholes and wells using balers (biobaler©)
and submersible pumps (wasp©) and from surface water including the
discharge springs from the lake.

In-situ field parameters measured included pH, electrical conductivity,
and temperature using a multiparameter probe (Hanna Instruments®©).
Samples were collected using 60 ml plastic syringes and filtered through
0.2 pm nylon filters in the field. They were stored in a cooler box and
taken back to a refrigerator for storage at 2°C each day. All samples were
analysed at the Environmental Engineering Research Lab and Centre for
the Environment at Trinity College Dublin (TCD). Cations were analysed
using a Perkin Elmer ICP-OES. Prior to analysis, the solution was acidified
with 1% (vol/vol) nitric acid. Anions were analysed using ion chromatogra-
phy (IC) Dionex ICS-1100. Bicarbonate was analysed almost immediately
after taking the samples using the gran titration method (Stumm &
Morgan, 1981). Dissolved organic carbon (DOC) were determined on a
Shimadzu TOC analyser. The calcite and dolomite saturation index of all

water samples were calculated by PHREEQC program. §°H and §*%0
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FIGURE 2 (a) Geological map of lough Gur area and (b) geological profile for section a on geological map illustrating the location of lough Gur
and position of fault between Knockroe and Knockadoon. (Source: Modified from Ball, 2004).

isotope compositions were measured by DI-IRMS on a Delta S Finnigan
Mat at the University of Barcelona using the H, and CO, equilibrium
techniques respectively. The §*°Nyos_ and 5*¥0nos_ compositions were
determined following the cadmium and azide reduction methods
(Mcllvin & Altabet, 2005). The isotopic composition was analysed using a
Pre-Con (Thermo Scientific) coupled to an IRMS (Finnigan MAT
253, Thermo Scientific). 513CD|C was determined in a GasBench I
(Thermo Scientific) coupled to a MAT-253 IRMS (Thermo Scientific).
Notation is expressed in terms of & (%o) relative to the international stan-
dards: Atmospheric N, (Air) for §*°N, Vienna Standard Mean Oceanic

Water (V-SMOW) for 50 and VPDB for §Cpc. Following
(Coplen, 2011) several international and laboratory [University of Barce-
lona (UB)] standards were interspersed among samples for normalization
of the results. The reproducibility (1c) of the samples, calculated from the
standards systematically interspersed in the analytical batches, was
+1.0%0 for °Nnos_, +1.5%0 for 6'80ynos_ and +0.2%. for 6*3Cpic.
Chemical and isotopic analyses were prepared at the laboratory of the
MAIMA-UB research group and analysed at the Centres Cientifics i Tec-
nologics of the Universitat de Barcelona (CCiT-UB). Isotope ratios are

reported using delta (5) expressed in per mil (%o) as follows,
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5(%o) = ([Rsample/Rstandard] - 1) x 1000 (1)

3 | RESULTS AND DISCUSSION

3.1 | Local bedrock geology, hydrogeology and
geophysical surveys

The Ballynash Member of the Ballysteen Formation is the oldest bed-
rock outcrop specific to the Lough Gur catchment. This unit subcrops
as a “whaleback shape” along the axis of an anticline trending approxi-
mately E-W near the southern lake shoreline (Ball, 2004). The majority
of the local groundwater catchment is underlain by karstic Waulsor-
tian limestone which is one of the most extensive formations in
south-western Ireland (Hitzman et al., 2002; McCusker & Reed, 2013;
Murray, 2018). The higher elevation regions are underlain by the
younger, Lough Gur limestone and Knockroe volcanic formation
(which contain variable volcanics and are the youngest sub-crop in the
catchment Ball, 2004) Figure 2b.

SE

>
kY

240 320

=
=

=
=

(a)

Elevation m

=
S
=

I I ([ (O
w00 100 22.0 4.0 118 247 556 1251

Resistivity in ohn.n

= >
Y 2

Elevation m
=
2

E--B--IB:I’--'D------

118 2u7 556 1251
Resistivity in ohn.n

s

The two terrestrial ERT survey transects (T1 and T2) were 480 m
long and run in a SE-NW direction from the northern margin of the
lake (Figure 3a,b). These ERT survey transects illustrated typical resis-
tivity values found in similar limestone formations in Ireland
(McCormack et al., 2017). Bedrock resistivity values of 100-1000 Qm
at these cross sections of Knockfennell indicate the presence of epi-
karst with resistivities above 1000 Qm indicative of more competent
bedrock (McCormack et al., 2017). Resistivity values are lower
(~700 Qm) in general along ERT transect 1 than ERT transect
2 (2000 ©@m) which is located close to Grange Hill. The contact
between the highly karstified Waulsortian limestone (GSI, 2000) and
the Lough Gur limestone is visible at ~180 m along the ERT transect
1 (Figure 3a) and 310 m along ERT transect 2 (Figure 3b). To the south
of this contact the resistivities range between 50 and 300 Qm. Along
ERT transect 1 there is a significantly low resistivity anomaly of
~15 Qm at a depth of 10 m and thickness of 20 m visible within this
zone at 160 m along the profile which indicate a potential water satu-
rate zone or karst conduit. Two similar low resistivity anomalies are
observed at 160 and 320 m along ERT transect 2. The low resistivity

area at 320 m is likely a perched water saturated zone on

NW

ERT Transect 1

Unit Electrode Spacing = 16.8 m.

FIGURE 3 (a) ERT profile on transect
1 (~50 m long) was carried out to
intersect the karst conduit groundwater
flowpath approximately 30 m from the
Pollavadra swallow hole (SW-4); (b) ERT
profile on transect 2 (~100 m long)
intersects the conduit flowpath
approximately midway between the
swallow hole and discharge springs at
SW-2 (creamery spring) and SW-3 (field
spring) and; (c) illustrates a satellite map of
the locations of the ERT terrestrial
(transect 1 and 2) and aquatic transects
(L5 and L8) along with a tentative karst
conduit groundwater flow-path (broken
blue line) to the main discharge spring
SW-2 (creamery spring) and the
seasonally connected discharge spring
SW-3 (field spring).

ERT Transect 2

Unit Electrode Spacing = 10.0 n.
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FIGURE 4 Surface-towed marine ERT profiles on lough Gur for (a) L5 and (b) L8 with estimated base of unconsolidated sediments and

(<10 ©@m) more consolidated material (210 Qm).

Knockfennell (Figure 3b). The low resistivity area at 160 m along ERT
transect 2 may be a continuation of the observed low resistivity area
at 160 m on ERT transect 1. The locations of these low resistivity
areas coupled with the geologically reflective resistivity's of the sur-
round geology suggest this is the location of the subsurface conduit
flow pathway along the interface of the Waulsortian limestone and
Lough Gur limestone formations (Figure 3c), linking the sinkhole out-
flow at the lake with the discharge spring (SW-2) located 1.8 km down
gradient to the northwest of Knockfennell. Both aquatic ERT profiles,
L5 (Figure 4a) and L8 (Figure 4b) show lake water depth of approx. 1-
2 m and a water resistivity of 10 Qm. Sub-bottom resistivity's of 10-
30 Qm with a thickness of ~10 m of sediment is visible which are
thought to be predominantly low permeability clay and marl with pos-
sibly more localized areas of silts and sands. Beneath this low perme-
ability layer, resistivity values increase indicating the karstified
Waulsortian limestone underlying the lake.

3.2 | Hydrological networks and surface water -
Groundwater interactions

Previously a fluorescein dye tracing experiment was carried out at the
Lough Gur swallow-hole “Pollavaddra” (SW-4) (Figure S1) under low
flow conditions (September 2014) which confirmed the existence of a
conduit flow pathway that discharges to a spring outflow SW-2 at an
old creamery location (Langford & Gill, 2016). In this study, a fluores-
cein dye tracing experiment was carried out under high flow

conditions (February 2017), which indicated water from the Lough
Gur swallow-hole outflow (SW-4) discharged at both the creamery
spring outflow (SW-2) and a field spring (SW-3) approximately 150 m
to the north of the creamery spring. This result suggests that under
high flow conditions the karst conduits at higher elevations in the sub-
surface become active and join both the creamery spring (SW-2) and
the field spring (SW-3) (Figure S1).

Radon-222 surveying can be used to identify hotspots of ground-
water upwelling in a cost-effective way within water bodies (Wilson &
Rocha, 2012). High Radon-222, low temperature and low electrical
conductivity anomalies are indicative of groundwater upwelling to the
surface water body. The radon survey located three primary areas of
groundwater upwelling within the lake at the amenity site along the
north-eastern shore, to the north of Knockadoon and an expansive
area along the northern shore of the lake (Figure 5). Groundwater
levels within the Lough Gur and Waulsortian limestone are very
responsive to precipitation events with short lag-times. This is illus-
trated for Lough Gur in the hydrographs (Figure 6) which suggests a
rapid response to recharge events and is a characteristic of fissured
limestone (Kovaci¢ & Ravbar, 2010).

3.3 | Lakebed hydraulic conductivity, vertical
hydraulic gradient and groundwater flux

Piezometer nests were installed into the lakebed at the amenity
centre (PZ-1) and north of Knockadoon (PZ-2) which provided
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FIGURE 5 Spatial distribution of radon activity within lough Gur

(April 2015) showing eastern (PZ-1) piezometer locations and
northern locations (PZ-2) as radon “hotspot” location. SW-4 is the
lake sinkhole “Pollavoddra”

information on lake-bed hydraulic conductivity (K), vertical
hydraulic gradient (VHG%) and derived groundwater fluxes Table 1.
Radon surveys carried out in April 2015 and July 2016 guided the
installation locations of both piezometer nests. Falling head
hydraulic conductivity measurements were carried out on each of
the three piezometers which make up the piezometer nest at (PZ-1)
near the north-east shore and at (PZ-2). For PZ-1, all mini-drive
point piezometers were responsive with Ky values increasing down
the sediment profile (1-1.7 m). In contrast, the K, values at PZ-2
were more heterogenous and increase with depth in the sediment
profile from the upper (1 m) to middle horizon (1.6 m) and then
increase again at the deepest horizon (1.8 m) (Table 1). Although
the values only represent two lake bed locations (~3 m off shore),
the hydraulic conductivities are of the same general magnitude
from both locations and align with typical near shore lake sedi-
ments even with some heterogeneity in hydraulic conductivity
(Kazmierczak et al., 2016b; Rudnick et al., 2015).

The VHG derived groundwater discharge fluxes suggest some spa-
tial and temporal variation in groundwater discharge to the lake Table 1
(Kaser et al., 2009). The average groundwater discharge fluxes at the
amenity site piezometer location show values two orders of magnitude
lower at the upper sediment horizon PZ-1a (0.04 m~3 m~2 d~?) in com-
parison to both the lower PZ-1b and PZ-1c. Notably, groundwater dis-
charge fluxes at PZ-2 are an order of magnitude higher at the upper
sediment horizon PZ-2a (0.46 m~> m~2 d~1). While there are contrast-
ing nearshore groundwater seepage rates (m®* m=2 d~?) at Lough Gur
for the upper PZ-1a (0.04 m3 m~2d~1) and PZ-2a (046 m 3 m2d™?)
locations, these values are comparable with nearshore groundwater dis-
charge rate heterogeneity in other groundwater fed lakes (Fellows &
Brezonik, 1980; Meinikmann et al., 2015; Oliveira Ommen et al., 2012).

3.4 | Seasonal dynamics in hydrological flow-path
networks

Oxygen (5'0) and hydrogen (52H) stable isotope signatures from
groundwater are related to recharge sources, flow paths and resi-
dence times (Chen et al., 2018; Dar et al., 2021). Water isotope results
for all groundwater, surface water and springs under both hydroper-
iods are displayed in (Figure 7a,b). All water compartments generally
show distinct seasonal dynamics where there is more overlap of 5¥0
and 5°H stable isotope signatures under high flow conditions
(Figure 7a) suggesting extensive groundwater/surface water interac-
tion (Doctor Jr. et al., 2006; Qin et al., 2017b). Groundwater samples
perennially plot above both the global meteoric water line (GMWL)
and local meteoric water line (LMWL) and are relatively depleted by
comparison to surface water, piezometer and bottom water samples.
This is likely caused by increased fractionation in low temperature
environments, due to heterogeneous geochemical reactions, which
can result in %0 and §°H plotting above the meteoric water line
(Clark & Fritz, 1997). Specifically, minerals forming metamorphic, igne-
ous (basalts) rocks and limestones can enrich 5*0 and 52H signatures
(Allegre, 2008). Such enrichment is thought to result from the hydra-
tion of silicate minerals (Brki¢ et al., 2016) or by direct isotope
exchange of §'80 between water and the mineral crystal lattice during
contact with flowing groundwater in fractures and faults (Clark &
Fritz, 1997). Results suggest mineral dissolution is dominant with
hydration and isotope exchange reactions discriminating in favour of
heavier isotopes in groundwater. These observations suggest that
weathering is more rapid than mineral formation in the Lough Gur
catchment, which potentially is accelerated by the CO, content of
soils upon water infiltration.

Surface water samples are in general more enriched than ground-
waters and plot below or along the GMWL or LMWL line (Figure 7a,b).
Surface water samples taken at the lake sinkhole (SW-4) and a ground-
water borehole near the north-eastern shore of the lake (GW-1) show
depleted water isotope signatures similar to groundwater under high
flow conditions which indicates surface water groundwater interaction.
Under low flow conditions there is distinctly more evaporative enrich-
ment of 5180 signatures for surface waters and piezometer samples
than under high flow (Figure 7b). Under high flow conditions more sur-
face water and piezometer samples plot along the GMWL and LMWL
line, suggesting less evaporative enrichment, while under low flow con-
ditions more of these samples plot below the GMWL and LMWL line
confirming the impact of evaporation during periods of elevated tem-
peratures. During the high flow recharge period the range of 5%0 and
52H values in the shallow and deep groundwater sampling boreholes
and wells showed similar order of magnitudes suggesting similar climatic
sources of precipitation and recharge (Huang & Wang, 2018; Murgulet
et al, 2016). Seasonal variation in climatic conditions and sources of
precipitation during recharge is indicated by differences in the range of
50 and §H signatures of groundwaters (Marfia et al., 2004). Clus-
tered depleted 580 values (—6.8 to —7.9 [%o)]) for groundwater sam-
ples under low flow conditions suggests a recharge source influenced

by slightly more enriched surface water sources in comparison to the
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FIGURE 6 Hydrographs showing 80 - 80
precipitation and surface water/
groundwater levels for GW-1, GW-13 and 78 - 78
SW-4 (Lake water level at sinkhole) from
February 2014 to May 2017. 76 L 76
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TABLE 1 Characteristics for piezometer nest one (PZ-1a, PZ-1b and PZ-1c) two at three different depths (PZ-2a, PZ-2b and PZ-2c) showing

the screen depth (m), hydraulic conductivity K, (m d~ 1), VHG (%) and potential discharge (m~ 3 m~2d~ %)

Piezometer Piezometer screen depth (m) Ki (m d™%) VHG (%) Potential discharge (m3 m=2d~?)
Piezometer 1 (PZ-1)

PZ-1a 0.97-1.07 0.02 1.14 0.04

PZ-1b 1.43-1.53 0.09 0.78 2.18

PZ-1c 1.6-1.7 0.17 0.7 5.08

Piezometer 1 (PZ-2)

PZ-2a 1.0-1.10 0.1 1.34 0.46

PZ-2b 1.66-1.76 0.03 1.52 0.14

PZ-2c 1.71-1.81 0.12 248 0.94

wide variation in recharge sources during high flow conditions sug-
gested by the slightly wider range of §'80 values (6.9 to —9.3 [%)),
possibly due to the activation of karst conduits originally within the
unsaturated zone.

The seasonal connection between the two springs to the north-
west of Lough Gur, confirmed by dye tracing under high flow condi-
tions, was further validated by the similar 5*0 and §?H stable isotope
signatures of the discharging spring waters: SW-2 (—5.6, —34.6 [%o])
and SW-3 (—5.4, —34.8 [%o]). In addition, under high flow conditions
the enrichment of the isotopic signatures between the lake sinkhole
outflow (SW-4) (—6.5, —39.8 [%o]) and the discharge springs SW-2
(—5.6, —34.6 [%o]) and SW-3 (—5.4, —34.8 [%o]) suggests an influence
from rapidly infiltrating surface waters along the karst conduit flow-
path from the lake to the discharge springs (Clark & Fritz, 1997; Gil-
Marquez et al., 2019; Guo et al., 2019). Further evidence is provided
by the intersection of the GMWL and the local evaporation line (LEL)
falling at approximately the same 5180 and §?H stable isotope signa-
ture location of the discharging springs waters SW-2 (-5.6, —34.6
[%o]) and SW-3 (—5.4, —34.8 [%o]) which approximates for regional
mean annual precipitation (Gibson et al., 2017; Tondu et al., 2013).
Such infiltrating rainwater under high flow conditions has been shown

to enrich water discharging at karst springs (Guo et al., 2019). In con-
trast, under low flow conditions the difference in the water isotopic
signatures at the discharge springs SW-2 (—5.3, —32.9 [%o]) and
SW-3 (—6.0, —37.0 [%o]) validates the previous dye tracing results,
suggesting a different mix of water sources to the springs under low
flow conditions with SW-2 having a direct connection to the lake
(Figure 7c,d).

3.5 | Water sources and mixing processes

Deuterium excess (d-excess %o) indicates secondary processes that
affect atmospheric vapour content in the evaporation-condensation
cycle (Gat & Matsui, 1991; Merlivat & Jouzel, 1979). Many natural
parameters affect the d-excess value of precipitation which includes
air temperature and relative humidity during evaporation. The d-
excess values of surface, groundwater and piezometer/lake bottom
waters in Lough Gur allow the possibility of characterizing the inter-
action of different air masses and temporal evolution of this interac-
tion (Yang et al., 2011). In this study, there are changes in the d-

excess ranges for all water compartments under high and low flow
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FIGURE 7 (a) High flow period (March 2016) and (b) low flow period (July 2016) deuterium (5°H) versus Oxygen-18 (§'0) signatures (%o)

(c) high flow “period (March 2016) and (d) low flow period (July 2016) deuterium excess (d-excess) versus Oxygen-18 (520) signatures (%o).

conditions, as shown on Table 2 and Figure 7c,d, which can give
indirect information on the seasonality of groundwater sources and
flow pathways (Jasechko et al., 2014) and groundwater-surface
water connectivity even in complex environmental settings (Rocha
et al., 2016). The d-excess values are related to conditions of atmo-
spheric humidity during vapour forming processes which can fluctu-
ate seasonally due to changes in the humidity in the moisture source
areas (Johnsen et al., 1989; Merlivat & Jouzel, 1979). Higher d-
excess values in particular for groundwaters during high flow likely
arises from rapid infiltration of precipitation associated with gulf
stream sources (Marfia et al., 2004). During vapour recycling, the d-
excess increases due to greater evaporate content and when water
is lost through evaporation, the d-excess will decrease (Diefendorf &
Patterson, 2005). Generally lower and seasonally dynamic d-excess
values were identified for the surface waters and some springs in
the Lough Gur catchment suggesting a significant evaporative influ-
ence (Table 2).

Under high flow conditions the SW-1 (artificial channel) out-
flow shows similar d-excess values to groundwater from the east-
ern side of the lake and groundwater in proximity to the artificial
channel (Figure 7c) which indicates a widespread contribution or

mixing of groundwater sources to the lake and springs. In addition,

the lower d-excess values indicate some evaporation of water in
the lake bog fen area (Ala-aho et al., 2018). In contrast, during low
flow conditions (Figure 7d), the SW-3 (field spring) and SW-2
(creamery spring) show a more distinct signal which suggests differ-
ent sources during the low flow periods, confirming dye tracing
results. The lower d-excess value of SW-2 (creamery spring) illus-
trates the greater evaporative influence from lake water in compari-
son to the higher d-excess values of SW-3 (field spring) indicative
of more rapid infiltration with less evaporative losses (Gautam
et al,, 2018). Similar d-excess values exist between SW-4 (sinkhole)
and the bottom-waters at the PZ-2 piezometer nest suggesting effi-
cient lake water mixing with a similar evaporative influence (Shaw
et al., 2017).

3.6 | Groundwater recharge and geochemical
indicators

The geological sources and controlling processes of groundwater
recharge and evolution within the catchment may be investigated
using bivariate analyses of ionic relations (Zhu et al., 2011). In this

regard, molar bivariate plots were made of Na-normalized Ca, Mg and
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TABLE 2 D-excess values under high
flow (March 2016) and low flow (July
2016) conditions for surface waters,

March 2016 (high flow)

Surface water

ground-waters and piezometer nests in SW-1 (artificial channel)
the lough Gur catchment. SW-2 (creamery well)
SW-3 (field well)
SW-4 (sinkhole)

SW-5 (flow from bog)
Groundwater

GW-1

GW-2

GW-3

GW-4

GW-5

GW-6

GW-7

GW-8

GW-9

GW-10

GW-11

GW-12

GW-13

GW-14 (Depth - 11.71)
GW-15 (Depth - 26.02)
Piezometer (AC)
Piezol AC

Piezo2 AC

Piezo3 AC

Bottom water AC
Piezometer (DR)
Piezola DR

Piezo2a DR

Piezo3a DR

Bottom water DR

HCO;3 (Zhou et al., 2017). (Figure 8a,b) both indicate and confirm the
isotope indicator suggestions that groundwater hydrochemistry was
primarily influenced by both silicate weathering and carbonate disso-
lution (Gaillardet et al., 1999; Xiao et al., 2015; Zhu et al., 2011), which
is reflected in the geological composition of the aquifers within the
Lough Gur catchment comprising of volcanic and carbonate rocks
(Ball, 2004).

The plot of (Ca?* + Mg?*) versus (HCO;~ + SO427) (Figure 8¢c)
illustrates that all groundwater samples fall below the 1:1 line over
both hydroperiods, which further indicates that the dissolution of
both carbonate and silicate are the main sources of Ca%* and Mg2* in
catchment groundwater (Lakshmanan et al., 2003; Zhang et al., 2020).

The plot of (CI~ 4+ $O427) versus HCO3~ (Figure 8d) shows that
groundwater samples under low flow conditions mainly plot above

the 1:1 line, indicating that carbonate dissolution may be the

82H excess, d (%o) July 2016 (low flow) 82H excess, d (%o)
16.50 SW-1 (artificial channel) 1.72
9.86 SW-2 (creamery well) 9.75
8.66 SW-3 (field well) 11.37
12.41 SW-4 (sinkhole) 0.63
9.30 SW-5 (flow from bog) 455
10.05 GW-1 14.74
14.95 GW-2 15.65
16.37 GW-3 14.49
16.73 GW-4 -
15.11 GW-5 16.50
14.35 GW-6 13.45
16.14 GW-7 14.36
15.28 GW-8 =
15.19 GW-9 -
15.28 GW-10 13.96
14.94 GW-11 16.37
15.80 GW-12 13.27
13.75 GW-13 15.50
15.09 GW-14 (Depth- 11.71) 15.92
17.29 GW-15 (Depth- 26.02) 16.32
- Piezo1l AC 7.92
9.06 Piezo2 AC 7.57
6.97 Piezo3 AC 8.00
6.72 Bottom water AC -1.15
= Piezola DR 7.02
— Piezo2a DR 10.10
12.87 Piezo3a DR 9.92
9.09 Bottom water DR 0.17

dominant material source of the chemical composition of this ground-
water. In contrast, groundwater samples under high flow conditions
plot on both sides of the 1:1 line, indicating both carbonate dissolu-
tion and silicate weathering are the main material sources of the
hydro-chemical composition of groundwater (Zhou et al., 2017).

Once the geological composition of a catchment contains Mg-
bearing minerals such as dolomite, Mg?* concentrations may perform
as a reliable groundwater residence time indicator (Appelo &
Postma, 2005; Morse & Mackenzie, 1990). Overall Mg/Ca ratios in
surface and groundwaters are higher for low flow periods than high
flow periods (Figure S2) as there is more time for water rock interac-
tion, mineral dissolution and accumulation of infiltrating solutes (Luo
etal.,, 2016).

An indicator of cation sources associated with silicate weathering

is the milligram equivalent ratio of [(Na®™ + K*)/CI~], where a ratio
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greater than 1 indicates release of cations from silicate weathering
and a ratio of 1 or less suggests dissolution from other geological
materials (Mukherjee & Fryar, 2008; Zhou et al., 2017) (Figure S3).

3.7 | Carbonate weathering processes and
dissolved inorganic carbon

The biogeochemical processes responsible for the sources of DIC
from geological materials have characteristic carbon isotope signa-
tures and molar geochemical ratios which in karst aquifers may be
particularly useful as a tracer for DIC and associated groundwater
evolution (Cane & Clark, 1999; Clark & Fritz, 1997; Zhao et al., 2015).
Sources of DIC in surface and groundwaters generally have three pri-
mary sources, atmospheric CO,, CO, from organic matter mineraliza-
tion and carbonate dissolution (Han et al., 2010). The mechanisms
involved in DIC production are outlined by the equations in
Equations S1-54.

In this study the values for §3Cp,c in groundwater samples are
seasonally dynamic being —16.9%. under high flow periods

and — 15%o under low flow periods (Figure 9c). This variation may be

due to isotopic fractionation induced by high respiration rates and
molecular diffusion of CO, through soil pores during the summer
months (Amiotte-Suchet et al., 1999; Cane & Clark, 1999). Seasonal
variation is significant (p < 0.01) which may suggest that the contribu-
tion processes of biogenic DIC are seasonally different. The two pri-
mary processes in this study likely to be causing such seasonal
variation in karst groundwater 53Cp,c signatures are: (1) soil CO,
generated by plant respiration and microbial activities at higher tem-
peratures during summer periods, and (2) faster soil CO, recharge to
groundwater with more frequent rain events during high flow periods
(Li et al., 2010a).

Correlations between 5*3Cp,c and DOC gives additional infor-
mation on the source of DIC to surface and groundwaters
(Figure 9). Positive correlation between 53Cpic and DOC implies
that oxidation of organic matter was a source of DIC while a nega-
tive correlation may suggest DIC is derived from dissolution of car-
bonate minerals by carbonic acids in the system (Li et al., 2010b).
The 6*°Cpc signatures from the in-lake piezometers (Figure 9a,b)
at Lough Gur under high and low flow conditions suggest oxidation
of organic matter is the likely source of DIC (Han et al., 2010). For

groundwater samples (Figure 9c) there is a slight positive
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FIGURE 9 Variation of 5**Cp)c (%) with 10.0
DOC for (a) lake-bed piezometer and bottom

waters, (b) surface water and

(c) groundwater samples collected from the 5.0
lough Gur catchment during high flow
(March 2016) and low flow (July 2016)
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correlation under low flow conditions while under high flow condi-
tions there is a negative correlation which would suggest a seasonal
switch in the source of DIC from oxidation of organic matter (from
surface recharge) towards dissolution of carbonate in the aquifer

under longer residence times.

[
()
o
L o
® Piezo & bottomwaters (March 2016)
O Piezo & bottomwaters (July 2016)
10 20 30 40 50 60
DOC (mg 1Y)
A Surface waters (High flow period)
A Surface waters (Low flow periods)
A
A
A
a N
A A
A
a
2 3 F 8 9

4 5
DOC (mg 1Y)

B Groundwater (High flow period)

O Groundwater (Low flow period)

o m]
oU (m] L

ogt ]
[ E. DD B wm .
] =:| .

] "a
L]
[
1 2 3 4 5 6
DOC (mg I'Y)
3.8 | Groundwater and surface-water CO, evasion

to the atmosphere

The loss of DIC from surface and groundwaters in karstic environ-

ments is mainly caused by uptake by aquatic plants, calcite or
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FIGURE 10 Calcite (SIC) and dolomite (SID) saturation index for water collected from piezometers and bottom waters, groundwater and
surface waters from the lough Gur catchment under high flow (a, b) and low flow (c, d) conditions. The dashed line represents Sl = 0.

dolomite precipitation and potentially CO, evasion to the atmosphere
(Sironi¢ et al., 2017; Zhao et al., 2015). The partial pressure of carbon
dioxide (pCO,) in groundwaters is a function of soil respiration, which
increases pCO, and dissolution of carbonate minerals. pCO,, calcite
(Slc) and dolomite (Slp) saturation ratio are calculated according to
chemical equilibrium equations (Clark & Fritz, 1997). The Sl saturation
for calcite (Sl¢) is above O and seasonally consistent for the majority
of water compartments for both hydroperiods in the Lough Gur catch-
ment which means it is supersaturated Figure 10. This indicates that
calcium carbonate precipitation occurs which results in CO, evasion
for most water samples as the pCO, is higher than atmospheric
(Martinsen et al., 2020; Shin et al., 2011). Furthermore, during high
flow periods many water compartments are super-saturated for cal-
cite and under-saturated for dolomite which suggests dolomite disso-
lution to be a source of Ca?*, Mg?" and HCO3 ™~ particularly during
periods of recharge (Han et al, 2010; Szramek et al., 2007; Yu
et al., 2021). Under low flow conditions the elevated source of Mg2+
(Figure 10) may be due to the partial dissolution of dolomite and accu-
mulation of Mg?* due to incongruent weathering (Edmunds &
Shand, 2009).

The §*3Cpic (%o) and pCO, signatures (Figure S4) for the lakebed
piezometer PZ-1 indicates the perennial source of DIC to be carbon-
ate weathering by acids other than carbonic acid or soil CO, which

may be due to the influence from the nearby volcanic tuft layer

covering the Waulsortian and Lough Gur limestone layers. In contrast,
DIC sources at the PZ-2 piezometer location indicate carbonate
weathering is perennially dominated by soil CO, (Li et al., 2010a). Sur-
face water 8'°Cpic (%o) and pCO, signatures indicate carbonate
weathering by carbonic acid from soil CO, is the dominant carbon
mobilization process during low flow periods. Concurrently, the lower
DIC concentrations in surface waters during low flow indicates CO,
efflux and consumption fuelling biogeochemical reactions and func-
tion (i.e., algal productivity) (Martinsen et al., 2020). In contrast, the
higher DIC concentrations in groundwaters and piezometers which
are perennially in equilibrium with soil CO, may be as a result of
increased contact time and microbial activity, in addition to higher soil
CO, concentrations (Han et al., 2010; Li et al., 2010b).

3.9 | Relationship between carbonate chemistry
with soil nitrate

Following application of N containing fertilizer and manure, ammo-
nium (NH,") in the form of NH4NO3;, (NH4),SO,4, (CO[NH,],), NH3
and ([NH4],PO,4) undergoes in-soil nitrification in a two step oxidation
process by autotrophic bacteria involving Nitrosomonas, Nitrobacter
and Nitropsira sp. to generate bioavailable nitrate (NO3™) (Berthelin
etal, 1985).
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N-fertilizer and manure applications in agricultural catchments
increase nitrogen sources in soils which (Equations S5 and Sé), when
nitrified produce hydrogen ions (H*) which contribute to carbonate
dissolution (Equations S1-S4). Once protons from this nitrification
process are added to the system, there is an increase in the Ca®* and
Mg?* concentration which will equilibrate with nitrate anions. Conse-
quently, HCO3™ will decrease due to transformation to CO, gas phase
and is released into the soil/atmosphere (Perrin et al., 2008a). The
overall dissolution of carbonate rocks by nitric acid produced by nitri-

fication processes may be described by Equation (1):

(Cal,x ng)CO;; +NH4NO3 +20,
— (1=x)Ca®*t +xMg?* +2NO; ™ +2H,0+CO,

The source of acidity leading to the weathering processes is related to
the molar ratio (Ca®* + Mg?*)/HCO;~ (Figure 11a). In groundwater
wells and boreholes, the molar ratio between (Ca?* + Mg?*) and
HCO;3™ ions released into groundwater decreases slightly from 2.8 to
1.9 between the high flow to low flow period. Both ratios are above
0.5 which has been used to represent a system which is disturbed by
proton inputs from nitrification of N-fertilizers and manures (Perrin
et al., 2008a). The lower ratio indicates carbonic acid carbonate disso-
lution natural weathering, while the increased ratio up to 2.8 during
the higher flow period indicates that carbonic acid is not the only
weathering chemical present.

Figure 11b shows the relationship between §3Cp,c and [NO371/
[HCO37] molar ratios for water collected from groundwater, surface
water and piezometer nests in the Lough Gur catchment under high
and low flow conditions. Piezometer 8'3Cp,c signatures over both
hydroperiods are between —8 and +6 suggesting carbonate weather-
ing by another route other than carbonic acid. Organic matter degra-
dation produces organic acids which can accelerate carbonate
weathering (Li et al., 2010a)., however at some piezometers in the lake
bed sediments (PZ-1) organic acid production may not be sufficient
enough to activate effective carbonate weathering. Notably, the low
[NO5~]/[HCO3~] molar ratios in PZ-1 and PZ-2 suggest carbonate
mineral dissolution is not associated with nitric acid but more related
with carbonic acid.

The data distribution in Figure 11b suggests three component
mixing with some overlaps for various aquatic compartments. The
surface and groundwater locations with high [NO5;7]/[HCO;™]
molar ratios and 63Cp,c between —13.0 and —18.0%. indicate its
carbonate chemistry is impacted by nitrate applications (Liu
et al., 2006). Previous studies have illustrated that stable isotopes
(8*°Nnos- and 880y 03.) of nitrate may be successfully used to elu-
cidate the sources and transformations of NOj3 in water samples
based on distinctive source isotopic signatures (Panno et al., 2006)
Figure 11c shows the relationship between §*80y0s. and 6*°Nyos.
for groundwater samples in the Lough Gur catchment. The origin of
nitrate to groundwater in the catchment from these isotopic signa-
tures suggest manure and/or domestic effluent being the primary
source (Yue et al., 2015a).

3.10 | Conceptual hydrogeological and (bio)
geochemical processes model

A hydrogeological conceptual model of the Lough Gur catchment was
developed which enables an accurate visualization of the prevailing
groundwater flow direction, in-lake groundwater discharge locations
as well as the seasonally dynamic hydrological processes discussed in
previous sections which influence the hydrological and biogeochemi-
cal function of the lake (Figure 12a).

Geophysical surveys, dye tracing experiments and water isotopic
signatures confirmed the perennially active conduit flow path from
the lake swallow hole “Pollavadra” to the discharge springs (SW-2 and
SW-3) which follows the bedding plane between the Waulsortian
limestone and the Lough Gur formation. Water infiltrates the Knock-
roe volcanic formations overlying the Lough Gur and Waulsortian
limestone formations which flows towards the lake. Variations in the
seasonal connectivity between surface water and surrounding catch-
ment groundwaters were highlighted by the branching out of the local
evaporation line (LEL) under high flow conditions suggesting a tighter
coupling between groundwater and surface-water when water is
abundant (Stroj et al., 2020). Elevated groundwater levels activate
upper karst conduits in the original unsaturated zone which results in
complex flowpaths and increased water source connectivity. Under
low flow this intersection occurs some distance down the water flow
path indicating it takes more time to see groundwater at the surface
during these periods (Rusjan et al., 2019). Additionally, water isotope
signatures indicate there is a disconnection between upper and low
karst conduits resulting in less groundwater surface-water interaction.

From the conceptual model, in-lake spring discharge locations are
highlighted along with the low permeability lake-bed sediments
(Figure 12a). The upper Lough Gur and Waulsortian limestone forma-
tions have well developed vertical and horizontal fissures with the
general direction related to the prevailing groundwater flow. Gener-
ally, despite the overlying Knockroe formations, fast flow is evident to
the lake under high flow conditions resulting from rapid infiltration
and recharge through karst conduits from the rapid response of
groundwater levels at the elevated eastern side of the lake. In particu-
lar, rainfall infiltration and recharge through the Knockroe volcanic
and limestone conduits to the east of the lake may result in dolomite
under-saturation, which suggests this to be an important mineraliza-
tion process and source of Mg?* to associated water compartments
(Figure 12a).

Stable isotopes of water and d-excess values particularly illustrate
seasonal and spatial dynamics in groundwater evolution, recharge pro-
cesses and flow pathways to and from the lake between water com-
partments. Significantly, 580 and §?H signatures for groundwaters
plot above the GMWL and LMWL lines indicating (de)hydration of sili-
cate minerals and direct isotope exchange of 580 between water and
rock minerals (Allegre, 2008; Brkic¢ et al., 2016). This highlights the
potential importance of such geochemical processes for groundwater
hydro-chemical composition in karst/volcanic aquifer systems
(Figure 12b).
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The primary biogeochemical and geochemical processes associ-
ated with carbon and nitrogen cycling within this geologically het-
erogeneous groundwater-fed lake catchment are illustrated in
Figure 13. Spatial variation for nitrate isotopic signatures
(e.g., 5*80No3- and 5*°Nyos.) suggest a number of potential nitrate

sources to groundwaters including soil organic nitrogen, manure

and/or domestic effluent with indications of denitrification pro-
cesses under low flow conditions. The primary nitrification pro-
cesses include nitrate liberation from ammonium and ammonium
nitrate while denitrification processes involve degradation of
organic matter under more anoxic conditions as outlined in

Figure 13.
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FIGURE 12 (a) Schematic conceptual hydrogeological cross-section of the Lough Gur multi-layer aquifer system showing the prevailing
groundwater flow direction from E to W with elevations in meters over datum (mOD); (b) Isotope exchange of 580 between water and the
mineral crystal lattice during contact with flowing groundwater in fractures and faults characterized by signatures above the GMWL.
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Geochemical indicators suggest carbonate weathering processes
through the reaction of dilute nitric acid and carbonate rocks. Such
chemical weathering of carbonate rocks through nitrification and
denitrification processes has been observed as an important (bio)geo-
chemical process in similar small carbonate containing agricultural
catchments (Perrin et al., 2008b; Yue et al., 2015b). Dissolution of
CO, and oxidation of organic matter resulting in generation of dilute
carbonic acid plays a pivotal role in carbonate weathering (Li
et al.,, 2010b). Hydrochemistry and carbon isotopic compositions of
dissolved inorganic carbon show groundwater carbon geochemistry is
governed by a seasonal switch between carbonate weathering and
oxidation of organic matter. Correlations between carbonate weather-
ing parameters and pCO, indicate for the majority of water compart-
ments, the partial pressure of soil CO, recharge is an important
influencing recharge process Figure S5.

Overall, this study illustrates how the findings of complementary
investigative methods can contribute detailed insights towards the
development of conceptual hydrogeological and (bio)geochemical
models for geologically heterogeneous aquifer systems.
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