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ABSTRACT

Submarine groundwater discharge (SGD) is a major source of solutes to the ocean. Consequently, the accuracy of estimates of the magnitude and seasonal variability
of SGD is critical for the management of coastal marine ecosystems. However, very few intercomparison studies between different conceptual approaches have been
made to assess the reliability and consistency of SGD flow estimates while simultaneously gauging the applicability of underlying models and budget assumptions in
real-world scenarios. To date, intercomparison efforts have focused on homogeneous aquifers, and less so on highly heterogeneous aquifers such as karst systems.
Here we compare the results of tracer-based (salt mass balance, tidal prism and radon mass balances) and catchment-based methods (water balance, semi-distributed
karst network model) to assess SGD at a data-rich coastal location. All approaches tested here reveal a positive relationship between SGD fluxes and groundwater
level measured close to the preferential groundwater flow pathways in the phreatic karst aquifer (e.g. water-saturated conduits or fracture network). We use this
finding to derive site-specific relationships between groundwater level and SGD flow rates. We derive these relationships from least square fitting of Darcian and Non-
Darcian models and regression analysis. The relationships validate the findings derived independently from hydraulic/hydrogeological modelling of the complex
karst networks. By combining various estimates made with distinct assumptions, this method produces robust estimates of the SGD seasonal variability, essential to
develop optimal management strategies of SGD resources in coastal karstic regions. Where direct measurements of SGD are not possible, monitoring of coastal
groundwater level close to preferential phreatic groundwater pathways can be thus used as a useful indicator to compare past groundwater flow measurements and

derive site-specific relationships, particularly in settings where large flow rate changes are present such as karst aquifers.

1. Introduction

Submarine Groundwater Discharge (SGD) is a crucial source of dis-
solved chemicals to coastal areas and the global ocean, and may play a
larger role in oceanic nutrient budgets than river water (Kwon et al.,
2014; Moore et al., 2008; Santos et al., 2021). Protecting coastal
ecosystem value for humankind requires reliable estimates of SGD rates
to (1) assess the effect of SGD fluxes on salinity and water chemistry to
maintain healthy coastal ecosystems, and (2) validate marine biogeo-
chemical budgets of elements such as carbon, nitrogen and phosphorus.
SGD comprises fresh groundwater fluxes driven by rainfall recharge on
land and seawater recycled through coastal aquifers and sediment at
various temporal and spatial scales (Burnett et al., 2003). Similarly, in
coastal karst aquifers, water fluxes are driven by aquifer recharge, saline
intrusion through conduits connected to the sea, or both (Fleury et al.,
2007).

In this context, hydrogeologists and oceanographers tend to
approach the same problem from different directions. Standard hydro-
logical approaches include measurement of the hydraulic gradient on
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land with flow estimated either analytically or numerically (Burnett
et al., 2006; Gill et al., 2013). On the other hand, oceanographers have
been using seepage meters, mini-piezometers and geochemical tracers to
estimate SGD in the coastal zone (Burnett et al., 2006; Taniguchi et al.,
2019). However, each method has inherent uncertainties, which are
sometimes larger than the fluxes being assessed (Burnett et al., 2001).
Intercalibration experiments are therefore necessary to compare the
existing methods employed in deriving SGD rates to build confidence in
their accuracy (Burnett et al., 2001). A series of studies have combined
marine tracers and hydrogeology to assess SGD fluxes in homogenous
media such as sands and quaternary aquifers (Burnett et al., 2008;
Mulligan and Charette, 2006; Smith and Zawadzki, 2003), or in het-
erogeneous media such as karst aquifers (e.g. Mejias et al., 2012; Mon-
tiel et al., 2018; Smith and Zawadzki, 2003) or fractured aquifers
(Burnett et al., 2008). Most, if not all studies combine various methods
to assess SGD focused at specific times of the year (e.g Burnett et al.,
2002, 2008; Dulaiova et al., 2006; Smith and Zawadzki, 2003), localised
springs (Mejias et al., 2012; Montiel et al., 2018; Smith and Zawadzki,
2003) or to give a first assessment of the magnitude of SGD fluxes during
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Fig. 1. Kinvarra bay and the catchment of Kinvarra springs, with the boundary of the pipe network hydrogeological model, and the limits of the upper catchment
sections modelled with a rainfall-runoff approach. Kinvarra West/Arch (KW) and Kinvarra East/Castle (KE) are the two main springs of the bay. BH is a borehole
located close to the main conduit feeding Kinvarra springs and sampled in this study. The EPA monitor groundwater level continuously at Killiny Borehole (KL).
Geology (Geological Survey, 2019) is grouped by main lithologies relevant for water circulation within the catchment. Grey dotted lines connect locations linked by a
karst network, as identified by tracing studies (Geological Survey, 2019). The red dashed lines are the approximate location of major cave network (e.g.: underground
river) identified by surface features and cave exploration (Drew, 2003), modified following maps of Morrissey et al., (2020). Three rivers flowing off the Slieve
Aughty mountains providing allogenic input to the lowlands are modelled separately using a rainfall runoff approach. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

specific periods (most previous references). Few studies so far have
characterised the full variability of SGD during the year resulting from
the change of gradient between sea level and groundwater level.

Early intercalibration experiments were done in settings where
groundwater levels were relatively stable during the year (e.g. £ 1 m in
Giblin and Gaines, 1990 or in Mulligan and Charette, 2006). As a result,
they frequently compared estimates made at different times and
groundwater levels, assuming similar flow conditions. Karst systems and
fractured aquifers, however, generally show larger changes of ground-
water head than homogenous aquifers, which would translate into
higher fluctuations of the magnitude and composition of SGD fluxes
during the year. For example, submarine or coastal karst springs
reviewed by Fleury et al. (2007) have their discharge multiplied by a
factor of 3 to 300 from dry to wet periods. Inter-alia, this variability was
noted in the intercomparison of Montiel et al., (2018), but limited to a
comparison between “wet” and “dry” periods. Annual average flow rates
of submarine karst springs also vary substantially between sites, with
flow from point source springs ranging from 0.01 to 300 m3/s (Fleury
et al., 2007; Paloc and Potie, 1974; Williams, 1974). Flows from karst
springs vary strongly with the head difference between the karst
network feeding the spring and the level of the water body receiving its
flow (here the sea), and may also receive saline inputs in systems where
deep karst conduits connected to the sea or deep saline aquifers are

present (Fleury et al., 2007; Paloc and Potie, 1974). Despite this known
variability, studies going beyond providing more than point source es-
timates of flow rates from karstic submarine spring to estimate flow rates
over long periods remain rare, limiting the understanding of karstic
aquifer systems with submarine outlets (Fleury et al., 2007) and their
effects on marine chemistry and ecology (e.g. Bejannin et al., 2020).
Direct measurements of discharge from submarine conduit flows are not
always technically feasible or logistically practical, and often do not
allow quantification of the totality of water fluxes crossing the subsur-
face land-sea boundary, over a wide range of space and timescale
(Fleury et al., 2007; Taniguchi et al., 2019). Tracer-based methods allow
such quantifications to be made, if compositions of the end members are
well characterized (Fleury et al., 2007; Povinec and Aggarwal, 2006;
Rocha et al., 2016). Recent studies in Ireland have also used measure-
ment of groundwater-surface water interactions in ephemeral karst
lakes (known as turloughs in Ireland) combined with salt budgets to
develop and validate hydrogeological models for marine systems con-
nected to karst aquifers (Gill et al., 2013; McCormack et al., 2016;
Morrissey et al., 2020). A combination of tracers, including radon and
stable isotopes of water, were also used to assess discharge in the same
system (McCormack et al., 2016; Rocha et al., 2015; Schubert et al.,
2015). The question remains, however, as to how the different estimates
derived using such distinct methods compare across different recharge
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conditions. To our knowledge, no intercomparison experiments has yet
been carried out with this specific aim, either in Ireland or abroad.

In this context, Kinvarra bay is a well-suited test site to assess the
seasonal variability of SGD fluxes because the majority of its freshwater
inputs comprise groundwater originating from an extensive and well-
studied karst hinterland. We combine results from hydrogeological
modelling (Morrissey et al., 2020), tracer based methods (Cave and
Henry, 2011; Rocha et al., 2015; Savatier and Rocha, 2021; Schubert
et al., 2015) and direct discharge measurements on specific springs in
conduits connected to this bay (Drew, 2008). To allow a comparison
between flow estimates made at different time periods, we correlate this
data with the groundwater level measured (with reference to a variable
sea level) in a location hydraulically connected to the main karst conduit
feeding Kinvarra spring. This intercomparison exercise evaluates the
effect of the annual variability of groundwater level on SGD rates. We
then derive site specific relationships between fresh SGD and ground-
water level, providing a method which may be valuable in other sites
receiving fluxes from karst aquifers to estimate the effect of groundwater
head relative to sea level on groundwater discharge. This can provide
useful information to support appropriate water management in such
sites.

2. Material and methods
2.1. Site description

Kinvarra Bay in the west coast of Ireland is connected to a major karst
network (Fig. 1). The bay receives major inputs of groundwater (with
discharge estimates ranging between 0.2- to above 30 m%s~! according
to the review of Savatier and Rocha, 2020), mainly from two springs
located in the upper part of the bay, Kinvarra East (Castle) and Kinvarra
West (Arch). Some potential additional springs were also identified at
Tarea Pier (Schubert et al., 2015). The Kinvarra West/Arch spring is fed
from a catchment estimated to be between 483 km? (EPA, 2011) and
500 km? (Morrissey et al., 2020; Naughton et al., 2018), with a lower
part of well-developed limestone karst system, served in part by river
water coming from an upper catchment of old-red sandstone (Clare and
Mcnamara, 2009) (Fig. 1). The catchment area for the Kinvarra East/
Castle spring has been estimated to be 88 km?(McCormack et al., 2014).
According to Cave and Henry, (2011), the Arch spring tends to dry
during droughts, while the Castle spring is active at low tide even during
extended summer drought, which may suggest a deeper pathway of the
water flowing to the Castle spring. Analysis of trace elements in the two
springs showed that the system feeding the Arch springs contains
autogenic water (coming from infiltrated rainfall directly onto the karst
catchment to the east) compared to the castle spring which contains a
mix of autogenic recharge and allogenic recharge from the Sleive
Aughty mountains to the south which discharge down into the extensive
karst conduit network (Gill et al., 2018). However, some tracer studies
have showed that there may be a small high level connection between
the two karst catchments at very high groundwater levels (Drew, 2003;
Gill et al., 2018) (Karst connections, Fig. 1). The EPA monitors
groundwater level at Killiny Borehole (KL, Fig. 1) and quality at
Loughcurra South (BH, Fig. 1), which is close to the main series of
conduits feeding Kinvarra East and West. Kinvarra East and West do not
have distinct radon or stable isotope signatures during summer (Schu-
bert et al., 2015).

2.2. Tracer-based methods

Tracer-based methods to detect SGD locations and quantify SGD
fluxes use the measurement of elements whose concentration changes
relative to seawater as a result of SGD (e.g., for total SGD: radon, radium,
stable isotopes, methane or silicon) (Burnett et al., 2006). The quanti-
fication of SGD fluxes with the tracer methods requires an evaluation of
any other sources of the tracer and an “end member” concentration to be
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chosen that is representative of SGD.

Savatier and Rocha (2020) reviewed previous estimates of discharge
from Kinvarra spring and assessed different methods to estimate SGD
from conservative (e.g., salinity) and non-conservative tracers (gener-
ally subject to time dependant losses that can be quantified, such as
decay, e.g. 2?°Ra, 2**Ra, ?*’Rn or degassing e.g. 2?Rn). This study
showed that SGD estimates based on single point time series (Eulerian)
outside of a water retention area can lead to consistently lower estimates
than when sampling tracers using transect data (Lagrangian). Moreover,
it showed that the outcome of radon (**2Rn) based SGD estimates is
dependent on how the effect of water age variability on radon decay and
degassing is accounted for. On this basis, the study proposed a correction
of 222Rn budgetary approaches to estimate SGD, based on the spatial
variation of water ages estimated from dissolved radium isotopes (***Ra,
224p,).

Considering these findings, for the purpose of this study, we thus
employ radon budgets based on longitudinal data, corrected for the ef-
fect of water ageing, following Savatier and Rocha, (2020).

Moreover, among the different types of tidal prism methods tested in
Savatier and Rocha (2020), we select here those allowing for the return
during the flood tide of water that left the bay during the previous ebb
tide (Model C in Luketina, 1998 and the tidal prism method used in Eq.
(2) in Cave and Henry, 2011) for two reasons. First, including a return
flow is consistent with previous estimates by Rocha et al. (2015) of a
return flow factor in the bay of 0.86 + 0.04 during summer and recent
further evidence of storage for several tidal cycles of freshwater in the
inner bay by Gregory et al., (2020). Secondly, including return flow
leads to discharge rates similar to previous estimates based on tracers,
hydrogeological modelling or water balances. Discharge estimates from
Guerra et al. (submitted, as cited in Savatier and Rocha, 2020) and from
Cave and Henry (2011), which are derived from Eq. (2) in Cave and
Henry (2011) are also included here as they consider return flow. Esti-
mates from Eq. (1) in Cave and Henry (2011), did not account for return
flow and led to freshwater inputs to the bay higher by one order of
magnitude than other estimates and are thus not included here. Finally,
for comparison purposes we also give the early flow estimates by Drew
(2008); annual average fresh water inputs to the bay derived from water
balance by Schubert et al. (2015); the single point estimate of the flow
from Kinvarra East and West derived from the change of volume of the
salt wedge within the bay (McCormack et al., 2016) and total SGD and
freshwater inputs estimates from Rocha et al. (2015) based on radon and
salt mass balances.

2.3. Hydrogeological model

A semi-distributed 1D model of the catchment was developed in the
Infoworks ICM (Innovyse) urban drainage software to simulate
groundwater-surface water interaction for 15 turloughs across the
catchment, and floodplains (see Morrissey et al., 2020 for more details).
This was based on a previous 1D semi-distributed model of the five
turloughs due to its ability to model the hydraulics of the karst conduit
network in both open channels and pressurised pipe flows (Gill et al.,
2013a). The groundwater-surface water turlough dynamics were
modelled as storage ponds in the software which were configured with
the same depth-volume characteristics as the surface topography, as
derived from the DEM. Diffuse recharge from rainfall is modelled per
sub-catchment via a series of reservoirs: rainfall-runoff, soil, and
groundwater stores in series, all yielding different delayed discharges in
parallel into the pipe network. All flows discharge into permeable pipes,
one connected for each sub-catchment to represent the primary and
secondary permeability. The allogenic recharge into the karst network
from the rivers flowing off mainly from the old red sandstone mountains
was input as point flow time series into the head of the pipe network.
These data were derived by three separate rainfall-runoff models (one
for each river), using the MIKE11-NAM software (DHI Software). Certain
key floodplains were also included as 2-D areas into the model to allow
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for overland flow between turloughs/floodplains which was not previ-
ously accounted for and therefore provided an accurate representation
of flooding mechanisms across the whole catchment. The final 1-D/2-D
model network was developed on the back of previous field in-
vestigations (tracer studies, caving records etc.), with further insights
into the system gained from the accumulating hydro-meteorological
data across the catchment as well as water hydrochemistry (Morrissey
et al., 2020). Time and frequency series analyses on the continuous
water level measurements of the five turloughs in the linked network
were used in order to elucidate the nature of the hydraulic pipe con-
figurations at key points in order to improve the conceptual model (Gill
et al., 2013b; Morrissey et al., 2020).

2.4. Relationship between SGD estimates and groundwater table

As Kinvarra Bay hosts a series of submarine springs in a rocky shore
setting, and flow occurs both in focused and diffuse manner, no direct
measurement of the totality of flows is feasible on the site. Thus, to allow
for an inter-annual comparison between different studies, we related the
SGD estimates obtained in each study (Cave and Henry, 2011; Drew,
2008; Gill et al., 2013a; McCormack et al., 2016; Morrissey et al., 2020;
Rochaetal., 2015; Schubert et al., 2015) to the groundwater level (taken
from EPA dataset, 2020) that was present next to the main conduit
feeding Kinvarra east and west, Killiny Borehole, at the time when each
study estimated SGD rates.

We make this choice for the following reasons: SGD estimates for
Kinvarra Bay using salinity (Cave and Henry, 2011; Rocha et al., 2015;
Savatier and Rocha, 2021), radon (Rocha et al., 2015; Savatier and
Rocha, 2021) and hydrogeological modelling (McCormack et al., 2014)
are positively correlated with groundwater level measured at Killiny, as
previously shown (Savatier and Rocha, 2021). Moreover, tracer tests
and cave exploration showed that Killiny borehole is less than 1 km
away from a series of conduits feeding Kinvarra springs (Boycott et al.,
2003). Because flow rates in the conduit are estimated to vary between
60 and 1000 m h™! (Drew, 2003), conduit flows would cross this dis-
tance in less than a day. This proximity, the hydrological connections,
and the correlation observed between fresh SGD and groundwater level
suggest that daily averaged groundwater level at Killiny borehole is a
good indicator of the variability of hydraulic head in the conduit feeding
Kinvarra spring, and thus of the fresh SGD coming to Kinvarra bay. It
should be noted here that the level in Caherglassaun turlough, the most
downstream turlough with several years of dataset available (Basu et al.,
2022) might also have been used here to test the discharge-height
relationship. Killiny borehole was preferred here as it has been moni-
tored since 1995, and has continuous monitoring of level since October
2003, with updated level dataset publicly available online and
continuing until present time (EPA, 2023), which provide a common
reference to compare the height discharge relationship for the studies
carried out over the last decade.

We fit a first-order relationship between groundwater level measured
at Killiny and the daily averaged fresh SGD into Kinvarra bay using a
regression analysis of the flow estimates derived by previous studies.
When fitting a regression from a limited number of datapoints derived
from different methods, which can be biased in different ways, the
chosen relationship should ideally represent the physical driver of flows
in a realistic manner, so as to limit overfitting with relationships lacking
physical basis. Two types of such relationships can be derived: equations
assuming that the flow in the aquifer is laminar, including the commonly
used Darcy law (for flow in porous media) and the Hagen-Poiseuille
equation (for flow in a conduit), or equations assuming turbulent flow
conditions in the aquifer conduit. The two first expressions are used for
discrete element modelling in FEFLOW (Diersch, 2009), or for conduit
flow processing in MODFLOW (e.g. Shoemaker et al., 2008). Equations
to assess turbulent flow in conduits generally require more information
on conduit or fracture shape, length, roughness, or other physical pa-
rameters that are in practice challenging to characterise precisely from a
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flow measurement dataset. A classical approach to non-darcian turbu-
lent flow in a network of karst conduits is the combination of the Dar-
cy—Weisbach and the Colebrook-White equations (used for example for
conduit flow processes in an updated version of MODFLOW (unstruc-
tured grid (USGS) with continuous linear network (CLN)) see Shoe-
maker et al., (2008) and Duran and Gill, (2021). In hydraulic/
hydrological models (such as Infoworks ICM) these standard equations
are frequently replaced by the Saint Venant equations of unsteady flow,
to allow to model continuously variable flow conditions in time and
space within distinct network shapes. These models, however, require
information on conduit shape, tortuosity, length of conduit and mean
surface roughness of the conduit. A recent alternative which does not
require these data has been developed from the Torricelli formula (a
derivation of the Bernoulli Law) based on the assumption that karst has
fractal properties (Maramathas and Boudouvis, 2010). Porous or frac-
tured media generally have characteristics of the fractals: self-similarity
(Paredes and Elorza, 1999; Yu and Cheng, 2002), i.e. similar shapes are
found at various scales.

Here we test these three options of the Darcy equation, the Dar-
cy—Weisbach and Colebrook-White equation and the Fractal approxi-
mation, to assess their fit to the observed correlation between
groundwater level and the tracer-based estimates of SGD. This analysis
was carried out in two steps:

First, we fit the parameters of the three relationship types and assess
their uncertainty using the non-linear least square fitting library of the
open-source R software. Total SGD estimates are not directly compara-
ble with estimates from hydrogeological models since they also include
seawater recirculated through the coastal aquifer and are susceptible to
non-steady variability of water ages and flushing in the bay when based
on non-conservative tracers (Savatier and Rocha, 2021). To compare
tracer based to model-based estimates of SGD, we thus focus our analysis
on fresh-SGD estimates, using three alternative hypotheses.

Secondly, after adjusting the parameters of each relationship to the
SGD estimates by regression, we compute the 95" % confidence and 95®
% prediction intervals for each curve through higher order Taylor
expansion and Monte Carlo simulation (using the propagate package in
R statistical software, Spiess, 2018) and the tracer-based estimates of
flow coming to Kinvarra Bay.

We detail further below how each equation fitted is structured and
what parameters were selected for fitting the relationships.

2.4.1. Equation type 1: Assuming laminar flow in the karst (Darcian flow
or Hagen-Poiseuille equation)

In the case of laminar flow, if we approximate the aquifer as a porous
medium, the discharge rates follow the Darcy law:

— +de'<
Or = KA )
where K is the hydraulic conductivity of the aquifer at large scale (m.d”
1), dH/dL is the hydraulic gradient (where H and L are respectively the
hydraulic head and the distance between the borehole where the
groundwater level is measured and Kinvarra spring (m)), A is the area
through which the flow occurs (m?).

Alternatively, if we approximate the karst feeding Kinvarra spring as
a conduit with laminar flow the discharge rates we can express the
Hagen-Poiseuille equation in a similar form to Eq. (1), where K is:

2%
~ Tyar™ 7008

K
2

@

where Rpyqr is the hydraulic radius of the conduit (m, area divided by
wetted perimeter), o, the density of the fluid (kg m~>), g the gravita-
tional constant (m/s’z(— [-)) and y the dynamic viscosity of the fluid (kg
m! s’l).

Both equations lead to a linear relationship between flow and
groundwater level measured close to the main conduit network if K*A/
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Table 1
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Selected water flow estimates coming to Kinvarra Bay, following a previous analysis made by Savatier and Rocha, (2021). For each fieldwork period, we give the
average groundwater levels measured at Killiny Borehole (EPA, 2020), and the daily tidal range (Marine Institute, 2020). Radon mass balances give the total SGD flow,
while other estimates give the fresh water flow to the bay. Groundwater levels were updated to correspond to daily averages during the exact dates of the surveys.

Date Groundwater Tidal Flow Method Approximation Data used Reference
level (m) range (10°m®
(m) dh
13-14/07/ 2.2 5.0 - Salt balance Tidal prism B/C Luketina, (1998), with 24 h sampling at the outlet Savatier and Rocha (2020)
2018 b=0 (Eulerian)
22-23/10/ 3.7 3.9 85+
2018 1.5
25-26/01/ 7.1 4.5 18.6 +
2019 3.2
07-08/04/ 8.8 4.3 18.3 +
2019 3.2
13/07/ 2.1 4.9 1.3 Tidal prism C, Luketina, (1998) with b = Transects Savatier and Rocha (2020)
2018 0.86
21/10/ 3.8 3.2 9.9
2018
28/01/ 7.0 2.9 24.2
2019
06/04/ 9.2 4.3 15.5
2019
13/07/ 2.1 4.9 3.5 Tidal prism with eq. (2) in Cave and Savatier and Rocha (2020)
2018 Henry, (2011), considering some return
21/10/ 3.8 3.2 7.8 of water during floodtide
2018
28/01/ 7.0 2.9 13.8
2019
06/04/ 9.2 4.3 20.7
2019
13-14/07/ 2.2 5.0 4.8 24 h sampling at the outlet Guerra et al. (in press, as
2018 cited in Savatier and
22-23/10/ 3.7 3.9 8.5 Rocha (2020)
2018
25-26/01/ 7.1 4.5 14
2019
07-08/04/ 8.8 4.3 21
2019
31/08-01/ 6.5 5.7 12
09/2019
Nov-06 6.6 - 12.1 Continuous long-term EC Cave and Henry (2011)
Dec-06 10.3 - 19.9 measurements on several
Jan-07 10.9 - 26.8 locations
Feb-07 9.3 14.7
03-04/08/ 4.4 5.5 7.7 Ignore mixing of saline prism, estimates ~ Transects + continuous McCormack et al. (2014)
2012 KE + KW only measurements
14-15/07/ 2.4 5.1 2.3+ Steady state, outflow at the outletis well ~ Transect + 24 h sampling at ~ Rocha et al., (2015)
2010 0.5 mixed the outlet
22-23/06/ 2.8 2.6 0.8 +
2011 0.2
05-07/09/ 2.5 2.5 0.5+
2011 0.2
23-24/07/ 1.6 5.6 0.2 +
2013 0.2
14-15/07/ 2.4 5.1 3+1.2 Radon mass Not corrected for spatially variable water =~ Transect + 24 h sampling at ~ Rocha, et al. (2015)
2010 balance ageing the outlet
22-23/06/ 2.8 2.6 0.5+
2011 0.2
05-07/09/ 2.5 2.5 0.3+
2011 0.2
23-24/07/ 1.6 5.6 0.2+
2013 0.1
13/07/ 2.1 4.9 5.2 Corrected for water ageing using Ra Transect Savatier and Rocha,
2018 relative ages (2020)
21/10/ 3.8 3.2 9.2
2018
28/01/ 7.0 2.9 21
2019
06/04/ 9.2 4.3 8.5
2019
13-14/07/ 2.2 5.0 5 Daily water Ignore changes of storage with Groundwater level change, This study
2018 balance groundwater level + assumed Darcian recharge, catchment size.
22-23/10/ 3.7 3.9 10 flow
2018
25-26/01/ 7.1 4.5 18.1
2019

(continued on next page)
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Table 1 (continued)
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Date Groundwater Tidal Flow Method Approximation Data used Reference
level (m) range 10° m®
(m) ah

07-08/04/ 8.8 4.3 23.4

2019
Annual - - 15.6 Annual All flow from catchment goes to Kinvarra Recharge, catchment size Schubert, et al. (2015)

average water Bay.

balance

min SGD - - 4 Not Not specified Not specified Drew et al. (2006)
Max SGD - - 26 specified

dL is constant. In Eq. (1), this will be true if fractures linked to the karst
network are distributed homogenously vertically (large scale hydraulic
conductivity and A remains constant with groundwater level changes).
This approach is expected to be a good approximation if groundwater
level is measured in areas of the phreatic karst that are connected to the
main karst network feeding the karst spring under study, with no
impermeable layers of sediment separating the measurement point from
the main karst network feeding the karst spring. In our case, this
assumption is likely to be valid at large scale, and K is constant with
groundwater level if we approximate the aquifer as a porous medium
homogenous at large scale. In Eq. (2), K is a constant if the main section
of the conduit is always fully submerged (e.g. if springs in Kinvarra bay
are fed by a karst network below the minimum groundwater level). If we
assume this is the case, we can thus fit in both Eq. (1) using the same
regression analysis by modification of the constant KA/dL.

2.4.2. Equation type 2: The Darcy-Weisbach Colebrook-White equations

By combining the Darcy-Weisbach equation and the empirical
Colebrook-White equation for the friction factor (as shown in Appendix
1) we can find the turbulent flow rate from a tortuous conduit of wetted
cross sectional area A and wetted perimeter P as a function of the water
height change in the network by:

[16gA3AH € 2.51v
= —/——1 — 3
e 7 ALP 810 3.7DJr 128343 AH 3)
\ “zarp

where AH and AL are the head difference and the distance between two
locations connected by the conduit (m); A the wetted cross-sectional
area of the conduit; P the wetted perimeter of the conduit; g is the ac-
celeration of gravity (m/s’2(7|—)); v is the kinematic viscosity of the
fluid flowing in the conduit (mz/s), 7 is the tortuosity of the conduit
(unitless, length of curve per straight distance between two points), ¢ is
the mean roughness height of the conduit microtopography.

We approximate the karst conduit network connecting the Killiny
borehole (where the groundwater level is measured) and Kinvarra
springs, as a single conduit of a section that is approximately rectan-
gular, variably filled with water, where a turbulent flow towards Kin-
varra springs occurs. This type of shape is considered to be a fair
approximation for a conduit that developed by preferential dissolution
along a fault or other planar discontinuity in the aquifer. Using such
assumption, Eq. (3) becomes:

16gy3b3AH e(y+b) 2.51v
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where b is the base length of the conduit cross-section, y the average
height filled by water in the conduit. y is calculated from the ground-
water level at Killiny Borehole (AH) minus the water table height at
which some flows can occur in the conduit between Killiny Borehole and
Kinvarra springs (Hjoy,). When the groundwater level is lower than H,y,

no conduit flows occur to Kinvarra bay. Similarly, the conduit is
assumed to stop vertically at a height Hy,y, and when groundwater level
reaches levels above it, no additional conduit flow can occur and y =
Higp-

Using Eq. (4) and the observed flow — groundwater level relation-
ships we can thus find b, 7, ¢ and H,, and Hjoy, corresponding to the
observed flow-discharge relationship. The straight distance between the
borehole and Kinvarra spring is AL ~ 5.2 km. Similarly, AH is the dif-
ference of altitude between Kinvarra spring and the groundwater level in
Killiny Borehole from the EPA (2020) dataset, and v the average kine-
matic viscosity of water. We take Hy,,, = 0 as no freshwater flow is likely
to occur when groundwater level inland is at sea level, and the smallest
flows estimated (Q = 0.2 x 10 ® m®/d) were observed in Kinvarra spring
for the lowest groundwater level recorded at 1.5 m (Savatier and Rocha,
2021). Tortuosity was taken as 7 = 1.27 the median of 35 cave networks
previously studied by Collon et al., (2017). Thus b, € and Htop were used
to fit the equation during our regression analysis.

2.4.3. Equation type 3: Karst network with fractal properties

From Maramathas and Boudouvis, (2010) the daily average flow
occurring at mean sea-level from a spring fed by an aquifer with fractal
properties is:

0 = a+/2g(Hs) 5)

where g is the gravitational acceleration constant; Hs is the groundwater
table height above the level of the main outlet of the fractal aquifer (here
Kinvarra spring); a is a constant specific of the aquifer fractal properties
and water volume in the aquifer (Maramathas and Boudouvis, 2010);

In our case, the groundwater level in Kinvarra spring is measured
relative to mean sea level, and the average altitude of the point where
SGD reach Kinvarra bay is not known. Moreover, the average daily flow
derived from tracers is close to zero when the groundwater level inland
is above sea level. We thus introduce a correcting factor b to account for
this difference. Eq. (5) becomes:

0 =a/2g(H —b) Q]

where H is the groundwater table height above the level of the main
outlet of the fractal aquifer (here Kinvarra spring), and b a correcting
factor representing the difference between the effective altitude of
discharge to Kinvarra Bay (potentially also affected by head losses) and
sea level. This was added to account for the fact that daily averaged flow
was close to zero when groundwater was higher than zero (and
improved the fit). This parameter b different from zero can be consid-
ered as a difference between the “theoretical” level of the spring and the
“effective” level of the spring, at which in average most of the discharge
occurs. Alternatively, it might represent an approximately constant head
loss by friction between the fractal aquifer and the spring discharge
point, which may occur for instance if there are restriction impeding the
flow (reduction of size of conduit before the spring). The relationship (6)
thus was fitted using the a and b parameters.
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Fig. 2. Validation of a daily water balance approach using groundwater level measured by the EPA at the Killiny borehole (EPA, 2020).

2.5. Daily water balance

We can express a daily water balance for the aquifer as:

AS=P—E—Qr—-M )

where AS is the change of storage in the aquifer for a given day, P is the
precipitation and E is evapotranspiration in the catchment, Qr is the flow
of Kinvarra spring in one day and M is the additional abstractions from
pumping each day in the area (all terms in m®.d ). The main ground-
water abstraction in this area feeds the town of Kinvarra with drinking
water supply with an average abstraction rate of 1440 m>/d. Private
boreholes are also present in the catchment and may add to this
abstraction value. The total M value is thus unknown to date. However,
most previous works on Kinvarra spring flows suggest flow rates larger
than 5x10° m>d™!, which implies that abstraction will play a minor role
in the water balance variability unless in particularly dry periods. Ac-
cording to some estimates abstraction might be more significant during
severe droughts periods (with the lowest estimate of discharge from
Kinvarra spring being 2x10* m®/d, Table 1). However, even during these
periods a good part of the water abstracted in this area is then dis-
charged back to groundwater via percolation areas in houses. With
current water usage we do not expect abstraction to make a large dif-
ference in the annual water balance. For this annual intercomparison,
and in the absence of data on the variability of M, we thus neglect M, the
effect of which is negligible during low-medium to medium to high flow
periods (flows in Table 1 are generally far above 10° m>/d).

The relationship between groundwater level and the storage in the
aquifer can be given using the volumetric specific storage:

AS = Va*Ss*AH (8)

where Ss is the volumetric specific storage (m’l), Va the bulk volume of
the portion of the aquifer from which the volume is released (m®), AH
the hydraulic head change (m).

Assuming Darcian flow (equation type 1), and using Eq. (5), the
water mass balance (Eq. (7) becomes:

KA
Va*Ss*AH = d—L*dH +P—E ()

This can be rearranged to express the groundwater height at day n +
1 as a function of the water table height measured the previous day:

((% — VaSs)*H, + P — E)

Hy = Va*Ss (10)

If we make X = %andY = VasSs, this becomes:

(X-Y)*H,+P—E)
Y

H,. = an

An eight-year long (June 2011 to Nov. 2019) groundwater and
meteorological dataset was used to find the values of X and Y and
validate the model. For this purpose, we divided the data set into two
parts, the first for calibration (to find the X and Y parameters using least
squares fitting) and the second part was used for validation of the data.
We then used the value of X to independently evaluate the model pre-
dictions of fresh SGD for any groundwater level from Eq. (1) against
prior tracer and hydrogeological modelling estimates. Rainfall and
evaporation data to close the daily water balance were taken from the
Athenry meteorological station, 20 km from Kinvarra Bay (Met Eireann,
2020).

3. Results
3.1. Daily water balance

The daily water balance reproduced the general seasonal ground-
water level variability at Killiny Borehole (Fig. 2). The coefficient of
determination between modelled and observed groundwater level for
the validation period was 0.86, suggesting an acceptable fit. The
modelled groundwater levels decreased faster than the observed levels
at the end of periods of high groundwater level, leading to a maximum
difference of 2.5 m, potentially due to the changes of storage associated
with flooding of turlough and the effect of superficial drainage, not
considered in this simplified model.

This model resulted in: X = 2.49*10° m%.d™ and Y = 1.07*10” m?
(parameters in Eq. (10), 11). This simplified estimate provides us with a
base of comparison, which will be used to compare with the tracer-based
estimates and results from the more complex hydrogeological models.

3.2. Comparison between daily average fresh SGD estimates

All previous studies’ fresh SGD estimates from salt mass balances and
tidal prism methods (Cave and Henry, 2011; McCormack et al., 2016;
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== Daily water balance fitted to groundwater level change (this study)

Modelled groundwater flow 2007-2019 (Morrissey et al., 2020, Kinvarra East spring modelled flow*1.13)

©  Salinity derived fresh water flux, using salt water wedge change of volume (Mc Cormack et al.,2011)

A Tidal prism, equation 2 in Cave and Henry, 2011 (Cave and Henry, 2011)

A Tidal prism, equation 2 in Cave and Henry, 2011 (Guerra et al., submitted, as in Savatier and Rocha, 2021, 24h sampling)

A Tidal prism, equation 2 in Cave 2011 (Savatier and Rocha, 2021, 24h sampling).

® Tidal prism C, Luketina 1996 with b=0.86 (Savatier and Rocha, 2021, salinity transects)

O  Tidal prism B/C Luketina, 1996, with b = 0 (Savatier and Rocha, 2021, 24 sampling)

B Salt mass balance (Rocha et al.,2015)

= = = Annual water balance (Schubert et al., 2015).

O Total SGD derived from Rn mass balance (Rocha et al.,2015)

O Total SGD derived from Rn mass balance, corrected for aging, with exports calculated from Officer, 1979 (Savatier and

Rocha, 2021)

Fig. 3. Comparison between daily SGD estimates in Kinvarra bay as a function of groundwater level at Killiny Borehole. The modelled flows from Morrissey et al.,
(2020) are multiplied by 1.13 to account for the additional recharge occurring from the Kinvarra East spring catchment not included in the main hydro-

geological model.

Rocha et al., 2015; Savatier and Rocha, 2021) and from hydrogeological
modelling (Morrissey et al., 2020) as described in Section 2.2, are shown
in Fig. 3 and Table 1. There is a highly significant monotonic positive
correlation between groundwater level and flow rates (Spearman cor-
relation: 0.84, with p value: 7.1 x 10'19). For example, fresh SGD esti-
mates derived from the tidal prism method range from 0.2 x 10° m3/d at
low groundwater levels (1.6 m) to 26.8 x 10° m®/d at high groundwater
levels (10.9 m, Table 1). Estimates of total SGD (fresh + saline SGD)
follow similar trends, going from 0.2 x 10° m®/d at low groundwater
levels (1.6 m, Table 1) to 21 x 10° m®/d at medium to high groundwater
levels (7 m, Table 1). However, one exception to this trend is the esti-
mate for groundwater level 9.5 m which is only at 8.5 x 10° m%/
d (Savatier and Rocha, 2021) (Fig. 3, Table 1). Most of the SGD estimates
from tracers and hydrogeological models are within the range put for-
ward by Drew (2008) and the relationship between groundwater level
and flow is consistent with the estimates from water budgets developed
in Schubert et al. (2015a).

Conversely, the Spearman correlation coefficient between tidal
range and the daily averaged fresh and total SGD for the range observed
so far is —0.16 with a p-value of 0.37 (2.5 to 5.6 m, Table 1 and Fig. 3).
Thus, there is no significant monotonic function between tidal range and
SGD (as also visible graphically in Fig. 4). This suggests that in this case,

the groundwater level variation above sea level explains a greater pro-
portion of the variability of SGD than tidal variability alone.

If we focus on the 2018-2019 period for which the most recent flow
estimates were made (Morrissey et al., 2020; Savatier and Rocha, 2021),
the estimates of SGD from salt and radon budgets are generally similar to
or larger than flows modelled by Morrissey et al. (2020) for the
2018-2019 period, except during April 2019, where they are similar or
lower (Fig. 5). Similarly, radon-based estimates are always within the
range of the salt-derived estimates except for April 2019, where they are
significantly lower than estimates produced by the Morrissey et al.
(2020) model (Fig. 5).

The Morrissey et al. (2020) model predicts lower SGD values for
groundwater level 2 m than those suggested by tracer-based estimates
for this period (July 2024, Fig. 5). This difference may be explained from
the large uncertainty of tracer-based estimates and/or if other more
minor springs (compared to Kinvarra East and West springs) are active
during low groundwater level periods providing more diffuse flows to
the bay.
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Fig. 5. Comparison between tracer-based estimates and daily averaged modelled flow rates from the hydrogeological model during the 2018-2019 period. The
modelled flows from Morrissey et al., (2020) are multiplied by 1.13 to account for the additional recharge from the Kinvarra East spring catchment, not included in
the main hydrogeological model.

3.3. Relationship between fresh SGD and groundwater level well for medium groundwater levels, with most points within the 95th %
prediction interval. Considering the lateral spread of the data and the

3.3.1. Comparison with discharge estimates from tracers large uncertainty of the flow estimates, these results raise further con-
The three alternative relationships between groundwater level and fidence on the internal consistency of the methods previously used to
SGD (Darcian flow, Fig. 6 a; Darcy—Weisbach Colebrook-White equa- estimate flow in Kinvarra Bay. The second and third relationship (Fig. 6
tions Fig. 6 b; Non Darcian flow in a fractal aquifer, Fig. 6 c) fit the data b, ¢) give a better estimate of the range of freshwater flows for
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the fit using the Darcy-Weisbach Coolebrook-White equations a simplified method is used for the estimation of the 95% 94 confidence and prediction interval (cf.
Annex 2).
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Fig. 7. Comparison of hydrogeological model results (Morrissey et al., 2020) for the 2007-2019 period with tracer derived flow data and relationship derived from
tracer-based fresh SGD estimates: (a) fitted with the Darcy equation, (b) fitted with the Darcy-Weisbach Coolebrook-White equations assuming turbulent conduit
flow with Htop = 4.8, b = 6.4, ¢ = 2.1, (c) fitted with the Toricelli formula adapted for fractal networks, assuming a karst with fractal properties. Modelled flow rates
from the hydrogeological model (Morrissey et al., 2020) are shown with blue dots, with darker colour with increasing density of points. Flow rates from this model
were multiplied by 1.13 to convert Kinvarra East flow rate into total flow rates. The 95™ % confidence and prediction interval for discharge shown in figure 8a are
likely to be underestimates of uncertainty as a linearization approximation had to be used to estimate them (see appendix 2 for the details on parameters uncer-
tainty). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fitted model parameters and their estimated uncertainties (expressed as 95th % confidence interval).

Model type Method to fit the model and calculate =~ Method to calculate uncertainty of Fitted model parameter
parameter uncertainty discharge Name Fitted value + 95th 95th % confidence
% confidence interval (% of fitted
interval value)
Darcy model Least square minimisation with Higher order taylor expansion and KA/dl 2.2+ 0.4 17 %
Darcy-Weisbach Gauss-Newton algorithm (using R montecarlos simulation propagate R Conduit top 48+3 62 %
Colebrook-White non-linear solver) package (Spiess, 2018) height y
equations Conduit 6.4 + 35.2 550 %
width b
Conduit 2.1 +33.5 1300 %
roughness &
Fractal model a 1.8+0.3 17 %
b 2+04 22 %

groundwater levels below 3 m and groundwater levels above 9 m, with
more points closer to the 95th % confidence interval.

3.3.2. Comparison with discharge estimates from hydrogeological model

While model predictions from the hydrogeological model are linear
for groundwater levels above 4-5 m, at groundwater levels below 3 m
we observe an increase of slope as we get closer to 1.5-2 m groundwater
level. This change of slope corresponds well to the expected trend for a
fractal aquifer we derived independently from our third relationship
(Fig. 6¢), and for the expected trend for a single conduit with turbulent
flow feeding Kinvarra spring (Fig. 6b) but less so to the first relationship
based on purely Darcian flow (Fig. 6a). The estimates of SGD from the
hydrogeological model results (Morrissey et al., 2020) are mostly within
the 95th % predicted interval for the three relationships (Fig. 7).
Moreover, most points predicted by the hydrogeological model are close
to or within the 95th % confidence interval of the second and third re-
lationships for groundwater less than 9.5 m (Fig. 7). Above 9.5 m, the
hydrogeological model can predict larger flow values than suggested by
the 95th % confidence interval, which suggest that this model will be
less accurate during severe flooding conditions. However, only a few
points (<0.5 % of daily values) are higher than the 95th % prediction
interval.

This suggests that a simple approach approximating the behaviour of
a karst aquifer from its fractal properties can lead to first-order re-
lationships consistent with the flow variability with groundwater level
suggested by hydrogeological models approximating the karst as a series
of interconnected conduits (McCormack et al., 2014; Morrissey et al.,
2020). The Darcy-Weisbach Colebrook-White equations may also
perform well for these conditions but requires more information on the
nature of the karst network to fit the flow-groundwater level relation-
ship (shape, size, altitude, tortuosity and roughness of conduit). The
uncertainty of the fitted parameters is also much larger for the Dar-
cy—Weisbach Colebrook-White equations than for the fractal equation
when estimating using Monte Carlo analysis and Taylor expansion series
(see Appendix 2: Fitted parameters of the three models and their un-
certainty estimation). The Darcy equation, on the other hand provided a
fair estimate of fresh SGD when groundwater level was at intermediate
levels, but overestimated SGD when groundwater level was at low or
high levels (droughts or high recharge conditions).

4. Discussion

Our cross-analysis of multiple methods to assess SGD in coastal sites
showed that: (1) daily averaged estimates coincide with groundwater
table variability after a systematic review and validation of the methods
assumptions for the bay under study (e.g. Savatier and Rocha, 2020);
and (2) a simplified relationship between fresh SGD and groundwater
table height next to a conduit near the coast can be derived for man-
agement purposes. Three types of approximations were tested to derive
relationships between near-conduit groundwater level and flow: (a) a

12

linear relationship between groundwater level and flow, assuming
Darcian flow in the karst, (b) a non-linear approximation using the
Darcy-Weisbach Colebrook-White equations, approximating the karst
between Killiny Borehole and Kinvarra springs as a single phreatic
conduit carrying most of the flow to the bay, (c) a fractal approximation,
approximating the karst as a network with fractal properties. Methods
(a) (b) and (c) performed equally well for medium groundwater levels
(between 4 and 9 m at Kinvarra), but methods (b) or (c) corresponded
better to the flows predicted by a complex hydrogeological karst
network model of the catchment for low and high groundwater level
when a non-linear change was observed between groundwater level and
fresh SGD (Fig. 6). We also remind the reader that for method (b) a
simplification is used in this work to estimate the confidence interval of
parameter uncertainty with three fitted parameters (see annex 2 for
more detail and justification as to why a simplified method was
preferred). Using a three parameter expression, the higher order Taylor
expansion and Monte Carlo analysis leads to large confidence and pre-
dictive interval of parameter and flow uncertainty for method (b). This
uncertainty is significantly lower if only two parameters are unknown
(see annex 2 for more detail).

When groundwater levels are less than 11 m, the flows given by the
Morrissey et al., (2020) hydrogeological model were within the 95th %
prediction interval and close to or within the 95th % confidence interval
of the fits approximating the aquifer as a fractal network or as a single
dominant conduit with turbulent flow (Darcy-Weisbach / Colebrook-
White equations). This suggests that daily SGD from this system can
be well predicted by the fractal approach, as well as using the hydro-
geological model for this range of flow. Above 11 m, the flow rate pre-
dictions of the Morrissey et al., (2020) model significantly deviate from
the fractal or the Darcy-Weisbach /Colebrook White approximation,
with some values above the 95th % prediction interval of these re-
lationships. It is likely that above such high groundwater levels, the
effect of water storage in turloughs and other groundwater-surface in-
teractions (river complete infiltration in the karst network, transient
storage of groundwater above ground in turlough or their associated
floodplains), considered with more realism in the Morrissey et al.,
(2020) model, explain this difference. However, due to the absence of
tracer-based discharge estimates by other methods at groundwater
levels above 11 m (Fig. 3 and Table 1) it is not possible to provide any
confidence as to which range of groundwater flow is the most likely to
discharge into the bay during such periods. As previously highlighted
(see Fig. 1), the nearby Aughinish Bay also receives groundwater inputs
during winter and periods of significant rainfall (Smith and Cave, 2012),
when the groundwater level is most likely to be the highest. Although
this conduit does not appear to feed Aughinish bay significantly outside
of the flood periods (Smith and Cave, 2012), we can expect some
groundwater flows to be redirected to Aughinish Bay when groundwater
levels are high, thus reducing the flow rates expected for these
groundwater levels. Thus, additional tracer-based estimates of SGD
could be made at groundwater levels above 11 m (at Killiny borehole) to
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Table 3
Effect of the fitting method on the parameter values and their uncertainty for the
Darcy-Weisbach Colebrook-White equations.

Method to fitthe =~ Method to Model parameter
model and calculate )
. Name Fitted value 95th %
calculate uncertainty of .
parameter values = 95,th % f:onﬁdence
uncertainty confidence interval (%
interval of fitted
value)
Generalized Regression Conduit 4.4 Unknown
Reduced analysis top height
Gradient Non-  assuming that y
linear solver uncertainty Conduit 13.2 Unknown
(excel) distribution is width b
(solution if similar to the Conduit 9.0 Unknown
start value one of a linear roughness
Htop=5,b = regression. €
3,e=10.05)
Generalized Regression Conduit 7 Unknown
Reduced analysis top height
Gradient Non- assuming that y
linear solver uncertainty Conduit 1.8 Unknown
(excel) distribution is width b
(solution if similar to the Conduit 0.01 Unknown
start value one of a linear roughness
Htop=7,b=  regression. €
2,e=0.01)
Evolutionary Regression Conduit 4.4 Unknown
Non-linear analysis top height
solver (excel) assuming that y
(solution if uncertainty Conduit 13.1 Unknown
start value distribution is width b
Htop =5,b = similar to the Conduit 8.9 Unknown
3, e =0.05) one of a linear roughness
regression. €
Evolutionary Regression Conduit 4.4 Unknown
Non-linear analysis top height
solver (excel) assuming that y
(solution if uncertainty Conduit 13 Unknown
start value distribution is width b
Htop=7,b = similar to the Conduit 8.9 Unknown
2,e=0.01) one of a linear roughness
regression. €
Gauss-Newton Higher order Conduit 48 £ 1.4 29 %
algorithm taylor top height
(using R non- expansion and y
linear solver) montecarlos Conduit 2242 93 %
simulation roughness
propagate R €
package (
Spiess, 2018)
with b constant
=6.4
Higher order Conduit 48+15 32 %
taylor top height
expansion and y
montecarlos Conduit 6.4+ 2.1 33 %
simulation width b
propagate R
package (

Spiess, 2018)
with e constant
=21

(a) determine if this effect is significant for the flow to Kinvarra bay and
to (b) improve the simple relationships based on fractal approximation
or the Darcy—Weisbach / Colebrook-White approximations for these
high discharge conditions. Nevertheless, groundwater levels measured
at Killiney Borehole were below 11 m more than 93 % of the days be-
tween 2007 and 2019. Thus, until new flow estimates measurements are
available for these high discharge conditions, we expect the current fits
to provide an acceptable assessment of the annual variability of fresh
SGD each year for most days in this system.

Without continuous measurement of SGD tracers in the bay, we
cannot, however, be sure that the relationship between groundwater
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level and daily averaged freshwater discharge will stand for any day.
Exceptions may occur as a result of density-driven SGD and the seaward
movement of the fresh/seawater interface (Kohout, 1965). Moreover,
for the use of equation of this type in other karst systems, it is important
to highlight that the type of head discharge relationship may be distinct
between phreatic conduits and superficial conduits: epikarst conduits
may be more strongly non-linear (e.g. as highlighted by Jeannin, 2001).
The measurement point for groundwater level used in this study is a
borehole connected to a deep phreatic conduit. The relationship be-
tween groundwater discharge and head observed here is similar to the
one observed by Jeannin, (2001) for a deep phreatic conduit in the
Holloch cave, which suggests that the method used here may be
appropriate for other karsts with phreatic conduits. This suggests that
these relationships, once fitted with appropriate flow and groundwater
level data for a specific site, are likely to lead to a reasonable forecast of
the general annual variability of water flow from karst aquifers to
coastal areas. In particular they are likely to apply in sites where the
head variability due to net recharge is larger than the variability of sea
level, and where groundwater level can be measured in a point con-
nected to a phreatic conduit (in such sites, daily averaged fresh SGD
becomes mainly dependent on groundwater level).

It should be kept in mind that discharge of coastal springs in karst
may also contain a large fraction of saline water, depending on the
connectivity of the karst conduit with the sea (Fleury et al. 2007). Where
these saline fluxes occur in diffuse karst network and/or coastal sedi-
ments, their magnitude and effect on solute fluxes may be challenging to
quantify, as multiple solute sources may be present with distinct prop-
erties. In Kinvarra Bay, an increase of radium activities was observed
during summer, low groundwater level periods. This was attributed to
fluxes of saline SGD of between 0.5 x 10° m®/d to 80 x 10° m%/
d depending on the dominant water pathway creating the Ra release,
potentially bringing new nutrients such as phosphorus (Savatier, 2021).
Such inputs can amplify phytoplankton growth in coastal areas and
require characterisation in addition to the fresh SGD inputs. Similar first-
order relationships might be derived for saline SGD under certain con-
ditions, to help decision making in SGD sites (Savatier, 2021). However,
more estimates of both recirculated and fresh SGD are required to
develop such relationship for recirculated SGD.

Simple relationships describing the temporal variability of SGD are
valuable for coastal managers and decision-makers when long term
predictions have to be made on potential trends, before a more detailed
assessment can be made. For example, to develop optimal management
of groundwater resources to preserve coastal ecosystem value for human
activities (e.g. Pongkijvorasin et al., 2010).

The lowest SGD values are found during periods when groundwater
levels ranged between 1.7 and 2.2 m above mean tide level (Fig. 3).
Three hypotheses may explain these low, close to zero flows when the
groundwater head is still above sea level: (1) the main spring altitude is
above mean sea level at an altitude between 1.7 and 2.2 m; (2) there is a
head loss of 1.7-2.2 m within the karst conduit between the measure-
ment point and the spring, preventing flow when groundwater level is
too low; (3) there is both a head loss and a spring altitude above mean
sea level.

The altitude of Kinvarra springs, as estimated from Infomar data, is
between 1.9 and 3.9 m above the lowest astronomical tide level. This is
equivalent to —1.4 and + 0.5 m above mean sea level, thus much lower
than the observed transition point (Fig. 3). Unless other springs at higher
altitude are present contributing to the head loss, it is thus likely that a
non-linear head loss is present within the karst system. This further
suggests that equation type 2 and 3, which account for head loss due to
turbulent flow, are more appropriate than an equation assuming a
Darcian, laminar only flow.

Finally, one total SGD estimate derived from radon mass balance was
lower than suggested by the groundwater level discharge-flow rela-
tionship derived from other surveys (April 2019 survey, Table 1 and
Fig. 3). Such low estimates were previously attributed to the variable
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water exchange between Kinvarra Bay and Galway Bay and its effect on
non-conservative tracers (Savatier and Rocha, 2021).

5. Conclusion

An intercomparison study of a range of catchment-based and tracer-
based methods to assess submarine groundwater discharge from a
lowland karst catchment to an enclosed bay has been presented. It is
generally not feasible to measure directly the total discharge from sub-
marine springs entering a bay as flows can occur through multiple
diffuse karst networks, and tracer based and catchment-based methods
are thus used to close this knowledge gap. They enable the total
discharge coming into a bay to be assessed when they are based on as-
sumptions appropriate for the study site, but it may be difficult in
practice to verify the assumptions taken. Comparing discharge estimates
from multiple methods to cross validate them generally requires the
studies to be carried out across the same dates, which can be time and
resource demanding. These may also prevent the observation of dis-
parities between method variables with time (for example due to
changes of flushing during high groundwater flow periods). On the other
hand, hydrogeological models can simulate the total discharge from a
groundwater catchment into coastal bays but depend upon being thor-
oughly calibrated and validated on real data collected in the catchment
across the same periods for their simulated flow rates, and extensive
knowledge of the catchment limits and of preferential flow pathways. To
overcome these obstacles, and facilitate the comparison and cross vali-
dation of studies carried out in the last thirty years in Kinvarra bay, we
used as a standard reference continuous measurements of groundwater
level in direct proximity to a karst conduit feeding the main springs of
the bay during the same period. Using this approach, we show that
tracer-based estimates and catchment-based estimates all suggest a
relationship between groundwater level -measured close to this prefer-
ential water flow pathway- and flow, as expected, and that they match
fairly well between each other. We use the pooled results to test three
types of first-order relationships between groundwater level and fresh
SGD in a karst system. Relationships assuming Darcian or laminar flow
in the karst fitted the flow-groundwater level dataset well for medium
groundwater levels, but overestimate discharge during high and low
groundwater level periods. Relationships using the Darcy-Weisbach /
Colebrook-White equations or approximating the karstic aquifer as a
fractal network performed better for these high and low level conditions,
and fitted equally well the data for medium flow conditions. Further-
more, flow predictions from a more complex hydrogeological model
calibrated independently by a previous study were within the 95th %
prediction interval of these two equations when groundwater levels
were less than 11 m. However, at groundwater level above 11 m the
hydrogeological model predicts significantly larger flows than expected
from the two simple flow-discharge relationships. However, no flow
predicted data is available for these conditions above 11 m yet by other
methods, and so it is not possible to corroborate or otherwise such
predicted flow rates. Nevertheless, we can expect the more complex
hydrogeological model to represent the discharge into the bay more
confidently across these higher range of groundwater levels, as the
complexity of variable storage in turlough and groundwater-surface
interactions in the catchment are accounted more accurately. On the
other hand, events not accounted for in this hydrogeological model are
also possible and could lead to reduced fluxes during high groundwater

Journal of Hydrology 627 (2023) 130358

periods. For example, there is previous evidence that some of the
groundwater flow in the conduit feeding Kinvarra springs may be
diverted via an overflow to the nearby Aughinish Bay during high
groundwater level periods. To conclude, most previous intercomparison
studies have not compared SGD fluxes estimates across a full range of
groundwater level variability observed during the year. We illustrate
that doing so is crucial to understand such coastal systems, in particular
when connected to karstic areas, where fresh SGD fluxes can be multi-
plied by ten or more with rising groundwater level and multiple water
pathways can be present. Intercomparison studies accounting for time
variability need to be carried out more frequently as they: (1) enable
validation of SGD estimates from multiple methods and periods; (2)
derive the annual variability of SGD fluxes from which optimum man-
agement strategy of coastal bays can be developed; and (3) assess the
limits of models used to evaluate SGD fluxes.
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Appendix 1:. Demonstration of the combined Darcy-Weisbach and Colebrook-White equations used in part 2.4.2

For turbulent flow rate through a pipe or conduit (Reynolds number > 4000), the head loss by friction is defined empirically by the Colebrook-

White equations:

L_ Y € n 2.51v
v 7% \3ap T v

(al)
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Where fis the friction factor (unitless), ¢ is the mean roughness height of the conduit wall micro-topography (m), D is the hydraulic diameter of the
conduit (here four times the wetted cross section divided by the wetted perimeter of the conduit), V is the mean velocity of the flow in the conduit (m/
s), v is the kinematic viscosity of the fluid (m2sh.

From the Darcy-Weisbach equation the head loss (AH, m) per length (C, m) in a pipe is:

AH V> fQ?

AH_ VT & 2
C ~2¢D  2gDA? (a2)
So,
AH 2gD.A
== ng (a2 bis)

where g is the gravitational acceleration constant (m/s’z(—|-)), A is the cross-section area filled with water in the conduit (mz), Q is the flow rate
crossing the cross section of the conduit (m3/s). If we consider that the conduit goes between two points following a curve of tortuosity 7, equal to the
curve length (C) divided by the straight distance between the two points (AL), we can replace C by 7AL in Eq. (a2) to account for the tortuosity of the
conduit and find f as:

Fe 2¢DAH  2gDA’AH
T TALV? T tALQ?

(a3)

By inserting Eq. (a3) in Eq. (al) we can express the combined the Darcy-Weisbach and Colebrook-White equations as:
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From which we can find for example the equation from Horlacher and Liidecke, (1992), in Shoemaker et al., (2008) used in MODFLOW CFP for
circular conduits, after replacing A with its value for conduits of circular cross-sections (zD?/4).

If we include in equation a(4) the definition of the hydraulic diameter (D = 4A/P) we thus have the general equation for the combined Dar-
cy—Weisbach Colebrook-White equations:

[32gA3AH eP 2.51v
= — 1 5
e T ALP 810 3.7"‘4A+ 128gA3AH @)

7 ALP?

where P the wetted perimeter of the conduit cross-section.
In the case of a conduit of rectangular section of base b and height filled with water y (thus area A = b.y and wetted perimeter P = 2(y + b)) we thus
have the equation used in this work for a conduit with rectangular cross section:

_ iegyaH,  |e(v+b) | 251
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Appendix 2:. Fitted parameters of the three models and their uncertainty estimation

Table 2 shows the fitted model parameters for the 3 equations between groundwater level and SGD (Darcian flow; Darcy—Weisbach Colebrook-
White equations; non Darcian flow in a fractal aquifer) and the uncertainty of their fitted parameters (95th confidence interval).

The Darcian flow models and the fractal aquifer model have similar relative uncertainty: 17 % for the fitted parameters of the Darcy model, and 17
% for a and 22 % for b for the Fractal model (Table 1).

By comparison, the uncertainty of the three fitted parameters for the Darcy-Weisbach / Colebrook White equations were much larger (Table 2).
The uncertainties for the fitted parameters estimated with the non-linear regression package in R are 550 % of the fitted value for conduit width b and
1300 % of the fitted value for conduit roughness ¢. The uncertainty of conduit maximum height y is lower at 60 % (Table 2).

Such large parameter uncertainty for conduit width and roughness led to large prediction and confidence interval for the fitted height discharge
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relationship using the Darcy-Weisbach / Colebrook White equations. Moreover, the 95th % prediction and confidence interval for discharge using this
equation were different when using the higher order Taylor series expansion (+500 *10° m®/d) than when using the Monte Carlo analysis to estimate
it (less than 1 *10° m3/d to 50 *10° m3/d). If we assume that the range of daily flow rate dataset derived from tracer-based estimates is roughly
representative of the overall magnitude of natural variability of SGD coming to Kinvarra Bay, such uncertainty seemed unrealistic. By comparison, for
the range where data is available, the 95th % prediction and confidence interval were not significantly different for the Taylor series expansion and the
Monte Carlo simulations applied when using the fractal model. It is thus possible than the structure of the Darcy—-Weisbach / Colebrook White
equations (i.e.: the presence of the conditional variable y, coupled with multiple square root terms) is causing a problem during the propagation of
uncertainty using higher order Taylor series expansion and Monte Carlo simulation. For this equation, we thus had to use a simplification to assess
discharge uncertainty with the Darcy-Weisbach / Colebrook White equations (linearization of uncertainty). We provide in the next paragraphs the
results of the different tests we carried out before taking this decision.

First, to assess whether this large parameter uncertainty was an artefact of the method used to assess it within the R package, we tested the effect of
the method chosen to calculate parameter uncertainty. This was done using least square fitting within Excel’s solver to compare with results from R
non-linear solver. We tested parameter fits derived from the two modules applicable in excel for non-linear regression: the GRG solver and the
Evolutionary solver (deemed to be less dependent on starting value). For the test, a manual trial and error method was used to set the initial value
within the expected range of parameter for karst systems (roughness less than 1, conduit to be expected to be less than 3 m length). The results
depended on starting value for the GRG solver and on the parameters applied and on the starting values for the Evolutionary solver (ex: integer
optimality). Examples of fitted parameters for the two equations are provided in Table 3. This approach led to fitted parameter values different from
the those derived from the R non-linear regression analysis packages, but generally within their range of estimated parameter uncertainty. By
themselves these large differences between fits of the equation confirm that many parameters combinations may exist for the Darcy-Weisbach /
Colebrook-White equations. In other words, it may exist multiple conduit shapes which may lead to the discharge data derived from tracers mass
balances (ex in Fig. 6 and Fig. 7).

Then, we came back to the R script, and tested the effect of reducing the number of fitted parameters on parameter uncertainty (which may occur
for example if more field data become available on conduit shapes in the area). Reducing the number of parameters to two (by fixing one of the
variable ¢ or b to a constant during the calculation of uncertainty of the parameter estimate) reduced strongly parameter uncertainty derived from the
script of Spiess, (2018). Fixing the conduit width parameter b to 6 m during uncertainty calculation decreased the relative uncertainty for conduit
rugosity ¢ from 1300 % (Table 2) to 93 % (Table 3). Similarly, fixing the conduit rugosity parameter ¢ to 2 decreased the relative uncertainty for
conduit width b from 550 % (Table 2) to 33 % (Table 3). Thus, additional data on conduit width or on conduit rugosity for karst in the area will allow to
much better estimate the uncertainty of the other parameters of the Darcy-Weisbach Colebrook-White equations using the higher order Taylor series
expansion and Monte Carlo simulation in the propagate R package (Spiess, 2018).

As we do not have at the moment of writing such data on conduit shape or rugosity, but still needed to give some reasonable assessment of un-
certainty of the discharge estimates from the Darcy-Weisbach / Colebrook-White equations, we used a simplified method to calculate the 95th %
confidence and prediction interval for these fitted equations: The confidence and prediction interval for the fitted Darcy-Weisbach / Colebrook-White
equations shown (ex the one shown in Fig. 6 and Fig. 7) are calculated using a linearization approximation (calculation of the uncertainty of this non-
linear equation in a similar manner than for a linear regression).

Fitted parameters values for the Darcy-Weisbach / Colebrook-White equations provided in these figures Fig. 6 and Fig. 7 are derived from the non-
linear regression analysis in R and should correspond well to a “median” solution. However, the discharge uncertainties provided should be taken with
carefulness as this method may not include the full length of uncertainty of the fitted Darcy-Weisbach/Colebrook-White equations. If the linearization
approximation does not stand, parameters uncertainty shown in Table 2 for the Darcy—Weisbach / Colebrook-White equations may then be used, but
would then lead to very large discharge uncertainties for estimated discharges based on this equation (going well outside of the range of discharge data
based on tracer mass balance selected in this work, and of data from Morrissey’s hydrogeological model, thus of little use for practical applications for
discharge modelling of groundwater flow to Kinvarra Bay).
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