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• Combining geophysics and seepage me
ters helps identify distinct SGD 
pathways.

• Nutrient fluxes differ significantly across 
SGD pathways, even on a local scale.

• Diffuse discharge drives ammonium, 
while focused discharge dominates ni
trate flow.

• A single submarine spring contributes 
over 50 % of nitrate discharge into the 
cove.
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A B S T R A C T

Submarine groundwater discharge (SGD) plays a pivotal role in coastal biogeochemistry, yet it is still challenging 
to accurately quantify water and solute fluxes driven by this process due to its complex hydrogeological dynamic. 
This work aims to improve the methods to identify and independently quantify different pathways of SGD by 
combining direct measurements through seepage meters and Amphibious Electrical Resistivity Tomography 
(AERT) at a heterogeneous karstic system in the Mediterranean Sea. The integrated approach identified and 
quantified distinct SGD pathways, including beach-face recirculation, focused discharge zones, submarine 
springs, and diffusive discharge, each uniquely influencing SGD dynamics. Given that each pathway is charac
terized by specific geochemical signatures and discharge rates, nutrient fluxes supplied by different pathways 
varied significantly in magnitude. In the study site, while diffusive discharge was the primary process for 
transporting fresh groundwater and ammonium, nitrate and phosphate were mainly delivered to the coastal 
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ocean through focused discharge, especially via submarine springs. The combined methodology proved more 
accurate for determining water and nutrient fluxes than straightforward extrapolations from seepage meters, 
which were consistently 20 to 120 % higher. This discrepancy highlights the need of combining qualitative and 
quantitative methods, particularly in regions where multiple SGD pathways coexist.

1. Introduction

Submarine groundwater discharge (SGD) represents an important 
source of nutrients and contaminants to coastal waters (Moore, 2010; 
Santos et al., 2021; Wilson et al., 2024) with significant social and 
environmental implications (Alorda-Kleinglass et al., 2021; Johannes, 
1980; Lecher and Mackey, 2018). The process is governed by a set of 
driving forces (e.g., land-sea hydraulic gradients, density-driven con
vection, wave and tidal pumping, bioirrigation) from both terrestrial 
and marine origins (Anwar et al., 2014; Martin et al., 2006; Santos et al., 
2012; Schlüter et al., 2000). The driving forces and the groundwater 
origin (terrestrial or marine), along with the geology and hydraulic 
parameters of coastal aquifers, determine the temporal and spatial scales 
of SGD processes (Taniguchi et al., 2002). In turn, these factors ulti
mately modulate the extent of biogeochemical reactions in the subsur
face influencing the concentration of solutes in the discharging 
groundwater (Goyetche et al., 2022; Spiteri et al., 2008b; Windom and 
Niencheski, 2003; Wong et al., 2020).

Currently, a wide variety of methods exist to assess SGD qualitatively 
or quantitatively at various scales (Garcia-Orellana et al., 2021; Tani
guchi et al., 2019). Each of the methods captures a specific SGD pathway 
or a set of them. However, many SGD studies still rely on single-method 
approaches, which typically provide total SGD estimates and limit the 
ability to differentiate between fresh and saline SGD or various SGD 
pathways (Santos et al., 2021). This oversimplification leads to SGD 
estimates that lack a process-based context, which prevents broader 
scaling or inter-site comparisons. In contrast, multi-methodological ap
proaches may be instrumental in delineating the magnitude and impli
cations of different SGD pathways (Bejannin et al., 2017; Burnett et al., 
2006; Swarzenski et al., 2006a).

Direct assessment methods like seepage meters allow for the direct 
quantification of groundwater discharge, capturing beach-scale hetero
geneities in groundwater flow paths (Duque et al., 2020). Because fluxes 
can span orders of magnitude over small spatial scales, the accuracy of 
upscaled flux calculations depends on the number of measurements and 
their spatial distribution. Accuracy can be improved by using more 
seepage meters and selecting representative locations based on prior 
knowledge of the site's hydrogeological characteristics (Duque et al., 
2020; Stieglitz et al., 2008; Taniguchi et al., 2007), which is often not 
available. In these cases, extrapolating point measurements obtained 
from seepage meters to broader areas may lead to significant biases in 
the final SGD estimates (Duque et al., 2020). Furthermore, seepage rate 
measurements are unreliable in strong currents and waves (Cable et al., 
2006; Shinn et al., 2002).

Overcoming the limitations of point measurements can be achieved 
by coupling them with geophysical methodologies that map subsurface 
properties like salinity, temperature, and resistivity (Paepen et al., 2020; 
Swarzenski and Izbicki, 2009; Tait et al., 2013; Tur-Piedra et al., 2024). 
Specifically, geophysical methods have been used along with seepage 
meters to study groundwater dynamics and the location of the fresh- 
saltwater interface (Kontar and Ozorovich, 2006; Swarzenski and 
Izbicki, 2009), to evaluate the spatial and temporal variability of SGD 
(Durand and Kalyanie, 2014; Stieglitz et al., 2008b; Taniguchi et al., 
2006a), to investigate the geochemical cycling of nutrients and trace 
elements (O'Connor et al., 2015; Sawyer et al., 2014), and to assess SGD 
flows and its implications (Das et al., 2020; Swarzenski et al., 2007). 
However, because most geophysical techniques are traditionally 
designed for use in either terrestrial or marine environments, relatively 
few studies have addressed the emerged and submerged land-ocean 

continuum simultaneously (Kroeger et al., 2007; Swarzenski et al., 
2006a; Taniguchi et al., 2006b). This area represents a critical transition 
zone that regulates the magnitude of various SGD pathways, the 
composition of the discharging groundwater, and the biogeochemical 
transformations of different compounds before they are discharged 
(Arévalo-Martínez et al., 2023).

Understanding the land-ocean continuum is particularly important 
in complex geological settings like karstic aquifers, where flow paths are 
notoriously heterogeneous and difficult to predict (Beddows et al., 2007; 
Null et al., 2014; Pain et al., 2019). Karst is present over 15 % of all land 
(Goldscheider et al., 2020), and 25 % of the world's population lives on 
karst (Ford and Williams, 2007), yet karst is highly underrepresented in 
SGD studies (see Fig. 3 of Santos et al. (2021)).

This study aims to advance current approaches for differentiating 
and quantifying the magnitude of various SGD pathways in highly het
erogeneous geologic settings by coupling seepage meter measurements 
and geochemical analysis with three-dimensional geophysical modeling 
of the land-ocean continuum. We tested the effectiveness of the pro
posed method in a karstic system in the microtidal western Mediterra
nean Sea where groundwater and nutrient discharge have been 
quantified and compared with an extensive literature review on SGD 
studies using seepage meters. This study thus advances methods for 
measuring SGD and offers a conceptual model linking the style of SGD 
with nutrient loads in karstic settings.

2. Methods

In July 2023, a field campaign was conducted to integrate individual 
SGD rate measurements from 24 seepage meters with three-dimensional 
Amphibious Electrical Resistivity Tomography (AERT) data. Addition
ally, porewater samples were collected along the AERT transects and 
near each seepage meter for physicochemical and nutrient analysis, 
aiming to characterize the composition of the discharging groundwater 
(e.g., Russoniello et al., 2016; Sawyer et al., 2014; W. Brooks et al., 
2021). The combination of seepage meters and AERT transects was 
tested on a sandy beach within a karstic system in the western Medi
terranean Sea to assess the significance of different SGD pathways at a 
local scale.

2.1. Study site

The study site, Aiguadolç Beach, is located in Garraf County, in 
northeast Spain, along the western Mediterranean Sea (Fig. 1). The 
beach spans approximately 160 m in length running in an NE-SW 
orientation and is bordered by fractured and karstified limestone 
rocky formations at the north and by a block pier at the south (CIIRC, 
2010). The main aquifer is the Garraf Jurassic-Cretaceous limestone 
aquifer, which primarily drives regional groundwater flow in the area. 
Miocene-Quaternary sediments cover parts of the carbonate aquifer, but 
these sediments don't constitute a distinct aquifer unit, since its thick
ness is relatively low and discontinuous. The sediments are composed of 
conglomerates, sandstones, clays, and marls, and likely influence 
groundwater flow at the beach scale. Specifically, in the very close 
coastline, the lithology is composed of fine sand sediments (ca. 90 %; 
Generalitat de Catalunya, 2010). Originally, the beach consisted of 
rocky terrain with minimal sand or sediment. Following the construction 
of the nearby harbor and the urbanization of the Garraf coastline in the 
mid-20th century, sand was introduced to create a sandy beach. 
Currently, like several other beaches along this coastline, Aiguadolç 
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Beach undergoes sediment loss due to storm activity and littoral cur
rents. To address this, local authorities routinely replenish the beach 
with sediment from nearby dredging sites. The most recent sand 
replenishment took place in 2017, with approximately 6000 m3 of sand 
added (GEM, 2021). Perhaps due to this intervention, the composition of 
surficial sediments was observed to be quite uniform throughout this 
relatively small cove. Furthermore, a regional study examining ba
thymetry, sedimentology, and benthic habitats near our study area (at 
depths ranging from 8 to 16 m below sea level) found that most sediment 
samples contained 20–40 % carbonate content and 1–2 % organic matter 
content (Canals et al., 2021).

The aquifer recharge occurs by direct infiltration of the rainfall and 
the runoff through a well-developed drainage system. At regional level, 
the karstification and the tectonic faults and fractures, generate a sec
ondary high permeability and a regional anisotropy (Fig. 1).

Annual average precipitation ranges from 550 mm to 600 mm, with 
autumn being the rainy season and summer and winter characterized by 
drier conditions. Winters are moderately cold, with average tempera
tures between 7 and 9 ◦C, while summers are warm, averaging 22 to 
24 ◦C. This results in a moderate annual temperature range (SMC, 2023). 
Waves primarily originate from the South-West and East directions, 
typically not exceeding a height of 1 m (Puertos del Estado, 2023). Tides 
in the region follow a semidiurnal regime, with an estimated range of 
only 0.5 m, typical of the micro-tidal regime of the Mediterranean Sea 
(CIIRC, 2010).

The specific area under study at Aiguadolç covers a total surface of 
4000 m2. The beach has a gentle slope, with a maximum depth along 
transects of 1.25 m, located 40 m from the shoreline towards the end of 
the study area. At the western section of the beach, there is a small 
ephemeral stream that flows only after extreme precipitation events. 
The beach is well-known for its freshwater springs, both onshore and 
submarine (e.g., an onshore spring is in the eastern section of the beach; 
Fig. 1). These freshwater springs are the reason behind its Catalan name, 
“Aiguadolç,” which means “fresh water” in English.

2.2. Amphibious electric resistivity tomography

AERT is a geophysical technique designed to assess subsurface 

resistivity variations encompassing both terrestrial and aquatic envi
ronments and allowing for the characterization of the land-ocean tran
sition zone (Kroeger et al., 2007; Swarzenski et al., 2006a; Taniguchi 
et al., 2006b). The technique provides the combined resistivity of both 
the solid matrix and the porewater. At the study site, five offshore AERT 
transects of 60 to 80 m long were established to generate a three- 
dimensional model illustrating the distribution of resistivity on a 
beach scale (Fig. 1). The equipment setup featured a 10-channel Iris- 
Syscal Pro resistivity meter connected to a 12 V battery. To encompass 
the distinct environments of the emerged and submerged parts of the 
beach, two different sets of cables and electrodes were employed. 
Stainless steel electrodes were utilized for the emerged portion of the 
beach, while a 46-meter multielectrode cable, equipped with 24 
graphite electrodes, was employed for the submerged beach. All elec
trodes were uniformly spaced at 2-m intervals. The deployment of the 
multielectrode cable across all five transects was conducted manually, 
with the assistance of a GPS device (Garmin eTrex® 32×) for precise 
location identification at both ends of each transect. Each electrode was 
securely buried in the sediment and the cable was anchored with 2 kg 
lead weights. The elevation of each electrode, relative to the coastline 
reference level, was measured using an optical level and a telescopic 
measuring rod, and this data was incorporated into the resistivity 
transects. Additionally, a roll-along method was used to extend the 
length of the AERT survey line beyond the initial setup of electrodes, 
thereby covering a larger area (i.e., a seaward extension of 8 to 12 m in 
all transects). This extension involved shifting the multielectrode cable 
seaward after the initial resistivity reading to enhance the reliability of 
resistivity data for the seaward end. Each data acquisition took 
approximately 2 h, and all AERT transects were completed over two 
consecutive days. It is important to note that the sequential acquisition 
of the AERT transects over two consecutive days introduced potential 
variability due to sea-level changes. The tidal amplitude during the 
acquisition period was approximately 8 cm, and these variations may 
have influenced the distribution of subsurface salinity, thereby affecting 
the AERT results.

For the 2D inversion of the AERT transects data, the smoothed 
inversion feature of the EarthImager program (Advanced Geosciences) 
was used. The inversion model assumes homogeneous seabed sediments 

Fig. 1. Study site map. A: Location map of the Aiguadolç beach and geological layout of Aiguadolç Beach. B: Spatial arrangement of seepage meters and porewater 
sampling, and Amphibious Electrical Resistivity Tomography transects.
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with resistivity equal to the average apparent resistivity. The seawater 
resistivity was set to 0.18 Ω⋅m, determined based on seawater salinity 
(see Section 2.3).

The inversion model results from the five AERT transects were used 
to construct a surface map representing the horizontal spatial variability 
of the subsurface resistivity. Resistivity data was filtered to include 
depths ranging from 0.5 to 2 m below the bathymetry level (i.e., ground 
surface or sediment-water interface), ensuring the focus remains on 
variations in shallow geological material and porewater. This depth 
range, was selected to exclude resistivity values from surface seawater 
and deeper regions (>2 m), allowing comparison with point measure
ments from seepage meters and manual piezometers (see Section 2.3). 
Filtered data were used in a geostatistical framework employing the 
open-source software SGeMS (Remy et al., 2009). The histogram anal
ysis showed a log-normal distribution. Therefore, log-resistivity data 
were used to define the geostatistical model through the analysis of 
experimental variograms. The inferred variogram model follows an 
isotropic exponential function characterized by a range of 22.5 m and a 
sill of 0.27. The log-resistivity field was ultimately estimated by 
applying ordinary kriging.

2.3. Discrete measurements: seepage meters, porewater and seawater 
sampling

2.3.1. Seepage meters
Twenty-four Lee-type manual seepage meters (Lee, 1977) were 

installed at specific locations to measure SGD rates along 4 shore- 
perpendicular transects (Fig. 1). The devices consisted of bottomless 
steel drums with an area of 0.16 m2 and a height of 20 cm with an outlet 
on the upper face connected to a 18-mm inner diameter PVC hose 
attached to a collecting plastic bag (Deltalab™ polypropylene 40 × 75 
cm autoclave sterilization bag). The 1-m long PVC hoses were weighted 
to the seabed to prevent the excessive movement of the plastic bag 
during water sampling. Seepage meters, hoses, and plastic bags were 
connected using steel and plastic fittings, previously waterproofed with 
Teflon tape to avoid water losses. The placement of seepage meters 
along the transects was based on previous information from preliminary 
AERT transects to capture the resistivity heterogeneities of the study 
site. The devices were strategically installed next to AERT electrodes (ca. 
0.5 m to the side) in the concurrent survey so that resistivity and 
discharge measurements could be easily compared. Three to four 
groundwater discharge rate measurements were done at each seepage 
meter at the study site during July 2023, representing 78 flux mea
surements. However, only those samples collected two days after 
installation are presented to ensure stable geochemical conditions 
(Murdoch and Kelly, 2003) and mitigate potential measurement errors 
caused by adverse sea conditions (significant wave height of 0.5–1.0 m; 
Puertos del Estado, 2024) immediately after installation. It is important 
to note that, as all seepage measurements were completed within 4 h, 
the impact of tidal variations on flow measurements is expected to be 
negligible. The nearest buoy data (offsite) show a total tidal range of 
approximately 15 cm during the field campaign, typical from a micro
tidal environment, where terrestrial drivers, such as hydraulic gradients, 
are significantly more influential than the relatively small tidal fluctu
ations (e.g., Correa et al., 2020; Kreuzburg et al., 2023; Pain et al., 
2021). To directly measure recharge and avoid errors due to bag elas
ticity, seepage bags were prefilled with 500 mL of seawater and then 
connected to the chambers. Approximately 2 h after installation of the 
bags, the discharge volume was measured using 1 L and 2 L poly
propylene graduated cylinders. Additionally, salinity measurements 
were conducted on both the initial seawater used to prefill the bags and 
the recovered water to assess the salinity of the discharging groundwater 
and determine the fraction of fresh SGD rates relative to the total SGD 
(Garrison et al., 2003; Martin et al., 2007; Michael et al., 2005).

2.3.2. Porewater and seawater sampling
Porewater sampling was conducted at 54 stations evenly distributed 

along both the emerged and submerged sections of the AERT transects, 
adjacent to specific electrodes, enabling comparison of resistivity data 
with porewater salinity (Fig. 1). Additionally, for nutrient analysis, 
porewater samples were collected next to each seepage meter for 
nutrient analysis (n = 24). A single seawater sample was collected in the 
eastern section of the study area, approximately 40 m from the shore, at 
a depth of 0.5 m below the seawater surface. Porewater sampling was 
conducted using small and narrow piezometers, consisting of thin 
stainless-steel tubes with a set of small openings at the end, approxi
mately 3 cm lengthwise, and with an internal diameter of 0.5 cm. The 
piezometers were inserted into the sediment at a depth of 25 cm, and 
porewater was extracted using a manual vacuum pump connected to a 
Büchner flask where porewater was collected. Approximately 300 mL of 
porewater was collected each time from the piezometers to purge the 
system, salinity measurements, and nutrient analysis. Collecting this 
volume ensures the minimization of vertical concentration gradients. 
Salinity of pore water and seawater were analyzed in the extracted water 
using a multiparameter probe (YSI Pro Plus).

Samples for the analysis of silicate (SiO2), phosphate (PO3−
4 ), nitrite 

(NO−
2 ), nitrate (NO−

3 ), and ammonium (NH+
4 ) were collected in 10 mL 

high-density polyethylene (HDPE) vials following filtration through 
nylon syringe filters with a pore size of 0.45 μm. These vials were 
promptly placed in a portable refrigerator and subsequently frozen upon 
arrival at the laboratory for later analysis. The nutrient analysis was 
conducted using a colorimetric method employing an auto-analyzer 
(CFA AA3 HR; Seal Analytica) with detection limits of 0.016 μM, 
0.010 μM, 0.003 μM, 0.006 μM, and 0.003 μM for SiO2, PO3−

4 , NO−
2 , 

NO−
3 , and NH+

4 , respectively, a coefficient of variation lower than 0.5 %.

2.4. Quantification of SGD and nutrient fluxes

The fluxes of water and nutrients transported by SGD at beach-scale 
(m3 d− 1) were calculated using two different approaches. In the first 
approach, measured seepage rates (m3 m− 2 d− 1) were averaged and then 
multiplied by the seepage deployment area (ca. 3300 m2) to estimate the 
overall water flow. Similarly, for nutrient flux calculations, the seepage 
rate at each seepage meter was multiplied by the nutrient concentration 
(mol m− 3) from groundwater samples taken nearby. The resulting 
seepage-derived nutrient flux (mol m− 2 d− 1) was averaged across all 
locations and then multiplied by the deployment area to obtain the in
tegrated beach-scale nutrient flux (mol d− 1).

The second approach integrated point measurements of seepage 
rates and nutrient concentrations with the 2-D surface electrical re
sistivity field. This geophysical and geochemical information, was used 
to identify distinct SGD pathways, characterized by differences in 
salinity (inferred from AERT transects), discharge rates, or nutrient 
composition. A conceptual model of SGD pathways was then developed 
using this surface map. For each identified SGD pathway, an area of 
influence was delineated by interpreting the 2D resistivity field. Seepage 
meters within each pathway's area were used to calculate the average 
seepage rate specific to that pathway. This method allowed for the 
assessment of each pathway's contribution to the total beach-scale SGD 
flows and nutrient fluxes. The total SGD and nutrient fluxes were then 
calculated as the sum of the individual contributions from all pathways. 
Throughout the manuscript, seepage rates (Darcy velocities) are re
ported in cm d− 1, as these are the standard units commonly used in most 
studies employing seepage meters. It is also important to acknowledge 
that the reported nutrient fluxes may be biased due to the adopted 
sampling strategy. In contrast to other studies that sampled seepage bags 
for biogeochemical analysis (e.g., Brooks et al., 2021; Debbie-Ann et al., 
2019; Garrison et al., 2003; Leote et al., 2008) to quantify solute fluxes 
to the coastal ocean, we opted to use nutrient concentrations from 
single-depth water samples collected near each seepage device at 25 cm 
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below the sediment surface as the endmember for flux calculations. This 
approach aligns with methodologies employed by many other authors 
(e.g., Fear et al., 2007; Ibánhez et al., 2011; Szymczycha et al., 2012; 
Vanek, 1991) and this decision was made taking into account the un
certainties associated with the use of water from the seepage bags; (1) 
seepage meters can alter redox conditions by restricting oxygen ex
change, leading to biogeochemical transformations, (2) they may 
release compounds like dissolved iron due to corrosion, affecting water 
composition, and (3) once collected, seepage bag water is exposed to 
sunlight and temperature changes, further altering its chemistry. These 
factors can compromise the accuracy of nutrient flux estimates, partic
ularly when comparing seepage meters across different sites. The chosen 
method (i.e., single-depth porewater sampling) also has inherent un
certainties, which we acknowledge. This approach does not account for 
potential biogeochemical transformations that may occur over the short 
distance between the sampling depth and the actual discharge point, 
introducing some uncertainty in the calculated fluxes. Such limitations 
have been extensively highlighted in previous studies (e.g., Sawyer 
et al., 2014; Weinstein et al., 2011; Wong et al., 2020) and represent a 
common challenge in SGD research, as frequently discussed in the 
literature (e.g., Cerdà-Domènech et al., 2017; Cho and Kim, 2016; 
Rodellas et al., 2021; Santos et al., 2021).

The relative contributions of fresh and recirculated SGD at each 

seepage meter were determined by first calculating the salinity of the 
discharging groundwater (CSPG). This calculation was based on the 
initial and final salinity measurements (C0 and Cf, respectively) and the 
initial and final volumes in the seepage bag (V0 and Vf, respectively, in 
m3) (Eq. (1)). The final volume, Vf, is given by Vf = V0 + VSPG, where 
VSPG is the volume of groundwater seeping during the sampling period. 

CSPG = Cf +
V0

VSPG

(
Cf − C0

)
, (1) 

then the fresh and recirculated seepage rate (QF and QR, respectively in 
m3 m− 2 d− 1), were calculated using water and salinity mass balances; 

QSPG = QF + QR
QSPGCSPG = QFCF + QRCR

, (2) 

where QSPG is the discharge rate of each seepage (m3 m− 2 d− 1) and CF 
and CR are the salinities of fresh and saline endmembers, respectively. 
The selection of endmembers was done by using the freshest ground
water salinity of all porewater samples for CF and seawater salinity for 
CR.

Fig. 2. Shore-perpendicular AERT transects conducted during the sampling of July 2023 from east (TA) to west (TE) direction in Aiguadolç beach. The 0-distance 
value represents the shoreline, and negative and positive values represent the terrestrial and marine parts of the AERT transect, respectively. Circles represent the 
locations where seepage meters were installed. The resistivity range displayed is limited to 30 Ω⋅m in the upper range to ensure clear visualization of the relevant 
resistivity changes and the semi-transparent white band in TC represents the depths used for 2-D surface map interpolation.
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3. Results

3.1. Subsurface resistivity

Subsurface resistivity at the study site, determined from AERT 
transects, ranges from 0.01 to 180 Ω⋅m. Lower resistivity values (0.01 to 
2 Ω⋅m) are typically indicative of sediment saturated with seawater, 
while higher resistivity values (>2 Ω⋅m) suggest the presence of fresh or 
brackish groundwater (Day-Lewis et al., 2006; Paepen et al., 2020). 
Therefore, the resistivity data from the AERT transects at the study site 
likely indicate a mix of fresh and saline groundwater (Fig. 2). It is 
important to note that variations in resistivity may not solely reflect 
changes in porewater salinity but could also result from variations in 
sediment composition. Nevertheless, the surficial sediments were qual
itatively consistent in texture where we installed electrodes. A discern
ible trend is observed across all transects, characterized by elevated 
resistivity values at the inland region of the transect, progressively 
decreasing in the seaward direction. Minimum resistivity values are 
found at the seaward end of the transects. The 2-D surface map of 
interpolated resistivity (Fig. 4) reveals a low-resistivity area extending 
horizontally from the surf zone landward, ranging from 2 to 10 m, 
depending on the AERT transect. This low-resistivity region is more 
extensive in the eastern transects compared to the western transects. In 
the eastern segment of the beach, high-resistivity zones are unevenly 
distributed and frequently overlain by regions of lower resistivity. A 
notable high-resistivity area, approximately 100 m2 in size, is observed 
in the eastern most seaward part of the surface map (Fig. 4). Conversely, 
the western part of the beach is predominantly characterized by a large 
and relatively homogeneous high-resistivity zone (Fig. 4). Resistivity at 
0.5 to 2 m depth not strongly correlated with porewater salinity along 
the AERT transects (Supplementary Fig. S1), likely due to three factors: 
1) complexity in vertical resistivity structure and its relationship to 
three-dimensional flow paths across the sediment-water interface, 2) the 
different support volumes of resistivity at pixels (which are inverted 
rather than directly measured) and porewater salinities, which are 
localized to small volumes (Ward et al., 2010; Zhang et al., 2023), and 3) 
the influence of the solid matrix on bulk resistivity (which we believe to 
be relatively minor at this site). However, higher salinities (above 15) 
generally correspond to lower resistivities (below 20 Ω⋅m), while lower 
salinities are linked to higher resistivity values (Supplementary Fig. S1).

3.2. Seepage meter discharge rates

The seepage flow rates ranged from − 0.2 ± 0.1 to 86.3 ± 4.3 cm d− 1 

with a mean discharge rate of 25.7 cm d− 1 (see Table S1 for more de
tails). These rates are consistent with seepage rates reported in studies 
worldwide, as shown in the literature review (Fig. 3). The relative 
discharge rate of fresh groundwater ranged from 0 % to 94 % of the total 
discharge (mean of 46 %) (Fig. 4), with mean seepage rates of 16.8 cm 
d− 1 for fresh groundwater and 9.0 cm d− 1 for recirculated groundwater.

The spatial distribution of seepage rates showed substantial hetero
geneity along the beach. Recirculated SGD exhibited relatively constant 
values, differing by less than one order of magnitude (interquartile range 
(IQR): 4.0–13.5 cm d− 1). In contrast, fresh groundwater discharge var
ied significantly, with almost two orders of magnitude of difference 
(IQR: 0.7–30.0 cm d− 1). Generally, lower seepage rates were observed in 
seepage meters located nearest to the coast, particularly in low- 
resistivity areas (Fig. 4). Conversely, higher seepage rates were found 
in the most seaward portions of the AERT transects, with a peak fresh 
groundwater discharge of 70.7 ± 4.4 cm d− 1, occurring 40 to 50 m from 
the shore in the eastern transect (TA in Fig. 2). The maximum seepage 
rates reported here are comparable with those reported in other studies 
with similar geological settings (e.g., 190 cm d− 1, Leote et al., 2008; 40 
cm d− 1, Montiel et al., 2018; 370 cm d− 1, Povinec et al., 2012; 180 cm 
d− 1, Prakash et al., 2018; 40 cm d− 1, Rapaglia, 2005; 70–360 cm d− 1, T. 
Stieglitz et al., 2008a; 90 cm d− 1, Taniguchi et al., 2008a). However, no 

correlation is observed between water flows (fresh, saline, or total) and 
resistivity (see Fig. S1). This lack of correlation is not unexpected, as 
groundwater composition (e.g., salinity inferred from resistivity varia
tions) does not directly indicate the magnitude of SGD flow. Rather, the 
magnitude of SGD pathways is influenced by their driving force (e.g., 
hydraulic gradients, density-driven flow, bioturbation), which can lead 
to the discharge of both fresh and saline groundwater in varying pro
portions depending on the specific characteristics of the study site (e.g., 
Pain et al., 2021; Santos et al., 2012; Taniguchi et al., 2019).

3.3. Nutrient concentrations

Nutrient concentrations in groundwater samples at the study site 
ranged from 0.06 to 1.00 μmol⋅L− 1 for phosphate, from 18 to 52 
μmol⋅L− 1 for silicate, from 0.02 to 0.84 μmol⋅L− 1 for nitrite, from 1.4 to 
230 μmol⋅L− 1 for nitrate, and from 85 to 410 μmol⋅L− 1 for ammonium 
(Fig. 5). The dissolved inorganic phosphorus (DIP) and dissolved inor
ganic nitrogen (DIN) concentrations in this study were comparable with 
other Mediterranean karstic areas (Alorda-Kleinglass et al., 2024; Chen 
et al., 2020; Garcia-Solsona et al., 2010; Tamborski et al., 2020; Tovar- 
Sánchez et al., 2014). The inorganic nitrogen speciation is dominated by 
ammonium (median: 180 μM; IQR: 130–270 μM), with concentrations 
generally 1 to 2 orders of magnitude higher than nitrate (median: 5.9 
μM; IQR: 4.1–9.3 μM) and 4 orders of magnitude higher than nitrite 
concentrations (median: 0.04 μM; IQR: 0.02–0.09 μM), as commonly 
observed in coastal porewaters (Devol, 2015; Rigaud et al., 2013; 
Rodellas et al., 2018). The seawater sample collected at the eastern part 
of the beach exhibited relatively high DIP, dissolved silica (DSi), and 
DIN concentrations of 0.04, 3.1, and 180 μM, respectively. It is note
worthy that all groundwater samples displayed high DIN:DIP ratios 
(from 100:1–6000:1) exceeding the Redfield ratio of 16:1, which could 
exacerbate phosphorus limitation in the coastal ocean. This situation is 
particularly prevalent in the Mediterranean Sea and other regions 
globally (Chen et al., 2020; Rodellas et al., 2015; Santos et al., 2021).

4. Discussion

4.1. SGD pathways

Identifying and distinguishing different SGD pathways is funda
mental to accurately constrain both the discharge of water and solutes to 
the coastal ocean. The geophysical information and seepage rates in 
Aiguadolç Beach indicate the presence of at least 5 different SGD 
pathways (Fig. 6). At the shoreline, (1) beach-face recirculation of 
seawater induced by waves generates seawater circulation cells of 5 to 
10 m in length in the shore-perpendicular direction and 2 m in depth as 
inferred by the AERT transects (Figs. 2 and 4). At the eastern region of 
the beach (2) focused discharge of groundwater occurs both at the 
coastline and offshore. The localized nature of the discharge might be 
associated with the presence of karstic conduits and fractures of the 
bedrock, as it is expected based on historical information suggesting that 
the beach sediment thickness is relatively thin, as limestone rock was 
outcropping just a few decades ago. If the magnitude of the discharge 
and the affected area is relatively significant, these karstic features can 
develop into (3) submarine springs, as such observed between 35 and 45 
m along the eastern transect (TA; Fig. 2), where the highest seepage 
rates in the area have been recorded (Fig. 4). These focused discharge 
areas are surrounded by the presence of saltier groundwater which may 
generate (4) density-driven recirculation cells of 4 to 6 m in length with 
relatively low discharge. Finally, at the western section of the beach, 
geophysical data show the presence of a large and continuous (25 to 40 
m length) high resistivity body indicating (5) diffusive discharge of 
groundwater which might be a mixture of meteoric groundwater and 
recirculated seawater (Fig. 4). The diffuse nature of SGD in this area may 
stem from the absence of karst conduits in the bedrock, unlike those in 
the eastern section of the cove, or it may be linked to a thicker alluvial 
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Fig. 3. Seepage rates as reported by various authors, with values presented in ranges of minimum and maximum values represented by lines. In instances where 
specific ranges are not provided, averages are denoted by triangles. Red lines or triangles represent articles that have concurrently employed seepage meters and 
geophysical data, and asterisks those in karstic systems. The vertical blue band is the range value of the data presented in this manuscript, and red, green, and blue 
dashed lines are the mean value of focused, diffusive, and submarine spring areas, respectively. The comprehensive literature review encompassed a total of 110 
articles, from which seepage rates were reported in only 74 cases, and the combined use of seepage meters and geophysical methods in 14 cases (Beck et al., 2007; 
Beebe and Lowery, 2018; Belanger et al., 2007; Bokuniewicz et al., 2008; Bugna et al., 1996; Burnett et al., 2001; Burnett et al., 2008; Chaillou et al., 2016; Chanton 
et al., 2003; Craddock et al., 2022; Crusius et al., 2005; Debnath and Mukherjee, 2016; Gordon-Smith and Greenaway, 2019; Debnath et al., 2018; Lee et al., 2018; 
Mulligan and Charette, 2006; Dulaiova et al., 2006; Grünenbaum et al., 2020; Kao et al., 2013; Kobayashi et al., 2017; Michael et al., 2003; Mwashote et al., 2010; 
Mwashote et al., 2013; Nakajima et al., 2018; Null et al., 2011; Peterson et al., 2008; Povinec et al., 2008; Rocha et al., 2009; Rapaglia et al., 2010; Russoniello et al., 
2013; Santos et al., 2009; Schlueter and Maier, 2021; Sholkovitz et al., 2003; Smith et al., 2003; Stieglitz et al., 2007; Swarzenski et al., 2006b; Szymczycha et al., 
2016; Tamborski et al., 2017; Taniguchi, 2002; Taniguchi, 2006; Taniguchi and Iwakawa, 2004; Taniguchi et al., 2008b, 2008c, 2014; Tirado-Conde et al., 2019; 
Turner et al., 2018; Uddameri et al., 2014; Uemura et al., 2011; Vanek and Lee, 1991).
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deposit on the western side of the beach, which was likely transported by 
the ephemeral stream.

4.2. Coupling AERT and seepage meters for quantifying SGD

The combination of AERT and seepage meters enables the quantifi
cation of individual SGD pathways based on the zonation and the 
observed seepage rates. Three distinct areas have been identified based 
on the conceptual discharge model (Fig. 6): the beach-face recirculation 
area, the diffusive area, and the focused area (Fig. 7). Notably, the 
focused area encompasses various pathways, as it can be inferred from 
the variability in the total and fresh discharge rate. These pathways may 

include focused discharge, density-driven recirculation cells, and the 
submarine spring. However, the submarine spring has been indepen
dently quantified due to its unique characteristics. At the beach-face 
recirculation area, no seepage meters could be deployed due to the 
low water column depth. However, resistivity data (1–5 Ω m) and 
porewater salinity (20–36) indicate the discharge of recirculated 
seawater with a significant contribution of meteoric groundwater. 
Seepage meters located at the diffusive discharge area had relatively 
high seepage rates (mean and standard error of the mean; 25 ± 8 cm 
d− 1; N = 7) with a high contribution of fresh groundwater discharge (70 
%), relative to total SGD. This is consistent with the large high-resistivity 
body present in this area and extending across AERT transects TC, TD, 
and TE (Fig. 4). Conversely, seepage rates at the focused discharge area 
(excluding the submarine spring), which is dominated by the presence of 
localized discharge tubes and saline recirculation cells, were relatively 
low (18 ± 5 cm d− 1; N = 10), and mostly associated with the discharge 
of saltier groundwater (relative contribution of fresh seepage of 30 %). 
Notably, the submarine spring in this region exhibited the highest 
seepage rates in the cove, averaging 60 ± 23 cm d− 1 (N = 3), with fresh 
groundwater constituting 60 % of the discharge (Fig. 7).

By combining the areas of influence of each SGD pathway and their 
mean measured seepage rates (Fig. 7), it can be established that diffusive 
seepage was the main SGD pathway at Aiguadolç Beach. It contributed 
56 % of the total SGD (420 ± 140 m3 d− 1) and 64 % of the fresh SGD 
(340 ± 120 m3 d− 1) in the cove (Fig. 8). In contrast, focused discharge 
accounted for 35 % of the total discharge (260 ± 82 m3 d− 1) and 27 % of 
the fresh groundwater discharge (140 ± 70 m3 d− 1). Despite its small 
area of influence, the single submarine spring in the eastern region of the 
cove (Fig. 7) was responsible for 8 % of the total SGD and 9 % of the fresh 
SGD at the site, with rates of 60 ± 20 and 50 ± 20 m3 d− 1, respectively. 
Compared to other submarine springs along the Mediterranean coast
line, our results are substantially lower (e.g., 0.8–1.6 • 106 m3 d− 1, 
Garcia-Solsona et al., 2010; 2.1 • 105 m3 d− 1, Mejías et al., 2012; 
0.2–1.1 • 105 m3 d− 1, Pavlidou et al., 2014). These differences may 
reflect the presence of an overlying sediment layer in our study area, 
which could attenuate discharge flow, as well as the absence of large 
ephemeral streams that significantly enhance SGD in other regions.

Fig. 4. Total and fresh SGD as measured using seepage meters along AERT shore-perpendicular transects at Aiguadolç Beach and resistivity depth-slice from the 
AERT survey (integrating data between 0.5 and 2 m depths). The size of the transparent and gray circles represents the magnitude of the measured seepage rate for 
total and fresh SGD, respectively. Dashed line represents the coastline.

Fig. 5. Phosphate (PO3−
4 ), silicate (SiO2), nitrite (NO−

2 ), nitrate (NO−
3 ), and 

ammonium (NH+
4 ) concentrations in groundwater samples collected in the vi

cinity of the deployed seepage meters.
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The relatively low contribution of focused discharge to the total SGD 
at Aiguadolç, particularly in terms of fresh SGD, might be associated 
with the heterogeneity of the area, which encompasses multiple 
discharge pathways, and the biases related to the placement of seepage 
meters (Duque et al., 2020; Murdoch and Kelly, 2003; Taniguchi et al., 
2003). It is important to note that, unlike the diffusive seepage area 
where discharge flows are relatively consistent, focused SGD is highly 
localized. Accurate measurement in such areas requires high spatial 
resolution sampling and precise positioning of seepage meters to ensure 
coverage of various discharge processes (Burnett et al., 2006). Con
trastingly, the results of combining seepage meters with AERT are 
instrumental in identifying and quantifying relatively large submarine 
springs such as the one located in the eastern region of the cove (Fig. 7).

The results showed that the integration of AERT and seepage meters 
has proven instrumental in unraveling the small-scale dynamics of SGD 
within a karst area with highly heterogeneous geology and flow rates. 
This combined approach enabled the creation of a conceptual model of 
SGD at the study site, including the identification of five distinct SGD 
pathways, each involving the discharge of groundwater with varying 
compositions.

4.3. Implications for SGD estimates

Accurate SGD estimates are fundamental for assessing the environ
mental and social relevance of this process worldwide (e.g., Alorda- 
Kleinglass et al., 2021; Lecher and Mackey, 2018; Moosdorf and Oehler, 
2017) and capturing the potential effect of climate change and induced 
meteorological and oceanographic events on the magnitude of SGD 
fluxes (e.g., Adyasari et al., 2021; Diego-Feliu et al., 2022; Richardson 
et al., 2024). The accuracy of the estimates requires adequately gauging 
the magnitude of water flows and transforming this volumetric 
discharge to solute fluxes. However, this is especially challenging in 
heterogeneous systems, particularly karstic areas, such as Aiguadolç 
Beach, with the presence of multiple concurrent SGD pathways (Burnett 
et al., 2003).

Concerning the quantification of water flows, the integration of 
seepage meters and AERT has facilitated the differentiation of various 

SGD pathways illustrating their distribution along the beach area. 
However, concerning the quantification of the overall discharge into the 
cove (derived from individual SGD pathways estimates, Section 4.2), the 
estimates do not significantly deviate from those obtained by simply 
extrapolating individual seepage rates through a straightforward aver
aging approach, showing disparities of approximately 22 % and 15 % for 
total and fresh SGD, respectively (Fig. 8). Nonetheless, the benefit of 
individually quantifying distinct SGD pathways lies in the improved 
understanding of solute fluxes, given that each pathway is expected to 
exhibit a unique chemical signature (e.g., Slomp and Van Cappellen, 
2004; Spiteri et al., 2008b, 2008a).

This is the case for Aiguadolç Beach where groundwater nutrient 
enrichment varies among SGD pathways (Fig. 8). Samples from diffusive 
area exhibited lower variability, displaying narrower ranges of DIP 
(0.06–0.21 μM), DSi (19–32 μM), and DIN (120–230 μM) relative to 
those in the focused discharge area (DIP: 0.07–1.00 μM; DSi: 19–52 μM; 
DIN: 90–380 μM) which exhibited greater dispersion due to the het
erogeneity of the area and the variety of discharge processes. Notably, 
the samples collected at the submarine spring exhibited the highest 
concentrations of DIN, ranging from 460 to 530 μM. In all groundwater 
samples, ammonium was the predominant species of inorganic nitrogen. 
This was especially pronounced in samples from the diffusive area, 
where ammonium constituted >90 % of the total DIN. In contrast, the 
submarine spring samples had lower NH4:DIN ratios relative to the 
diffusive area (with ammonium comprising 50 % to 90 % of the total 
DIN), indicating a higher proportion of nitrate in this area.

Both, the higher DIN concentrations, and the relatively higher pro
portions of nitrate in samples collected at the submarine spring may be 
indicative of higher groundwater velocities which may hinder the 
removal processes of inorganic nitrogen (e.g., denitrification, anaerobic 
oxidation of ammonium, adsorption into sediment surface; Bernard 
et al., 2014; Jiao et al., 2018; Wu et al., 2021) and the reduction of ni
trate to ammonium mediated by microbial communities (Dissimilatory 
Nitrate Reduction to Ammonia; Bernard et al., 2015; Brooks et al., 
2021). These processes may take place in the diffusive area due to the 
lower velocities of groundwater, which increases the reaction time be
tween solutes and aquifer solids (Devol, 2015). Furthermore, the higher 

Fig. 6. Conceptual diagram of SGD pathways in Aiguadolç Cove. The pathways are grouped and categorized into diffuse areas, focused areas, and submarine springs. 
Each of these pathways is independently quantified in Sections 4.2 and 4.3.
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concentrations of phosphate in the focused area compared to the 
diffusive area may suggest that seawater recirculation drives the 
degradation of organic matter, releasing phosphate into the water col
umn. In contrast, phosphorus attenuation in the diffusive area could be 
attributed to coprecipitation and adsorption into the solid matrix 
(Robinson et al., 2018; Spiteri et al., 2008a). The behavior of phosphorus 
is highly complex and may be influenced by the redox conditions of the 
porewater, as well as the presence and specific cycling of manganese and 
iron oxides within the subterranean estuary (Gonneea and Charette, 
2014; Roy et al., 2013, 2012). Understanding nutrient transformations 
along groundwater flow paths is inherently complex and requires 
comprehensive biogeochemical sampling, which falls beyond the scope 
of this manuscript.

The geochemical signatures of each pathway led to significant dif
ferences in the SGD-derived nutrient flux. The submarine spring DIP, 
DSi, and DIN fluxes (0.11, 17, and 290 mmol m− 2 d− 1, respectively) 
were the highest in comparison with fluxes of the diffusive seepage 
(0.03, 7, and 50 mmol m− 2 d− 1, respectively), the focused area (0.06, 3, 
and 30 mmol m− 2 d− 1, respectively) and within the range of the reported 
nutrient fluxes worldwide (Santos et al., 2021). The area-normalized 
flux considering the influence area of each SGD pathway as inferred 
by AERT profiles at the cove of Aiguadolç was 0.1 mol⋅d− 1 for DIP, 20 
mol⋅d− 1 for DSi, and 110 mol⋅d− 1 for DIN. However, the relative sig
nificance of each SGD pathway varied depending on the kind of nutrient 
considered; while diffusive seepage was the primary pathway trans
porting groundwater, ammonium, and silicate to the coastal ocean, 
discharge through the focused discharge area was the main pathway for 

nitrate and phosphorus, with the submarine spring accounting for over 
50 % of the total nitrate discharge (Fig. 8). The quantification of overall 
nutrient fluxes by integrating AERT data and seepage meters and dis
tinguishing SGD pathways varies significantly relative to the straight
forward averaging method. The average method tends to overestimate 
the overall water flows by a factor of 2 for nitrate, ammonium, and 
phosphorous (Fig. 8).

These findings highlight the importance of separately examining 
SGD pathways and their influence on coastal biogeochemistry. Relying 
solely on point-measurement estimates, a common approach using 
seepage meters (Fig. 3), to determine total SGD can introduce significant 
deviations and biases in both groundwater flow and associated solute 
fluxes. Despite this, the integration of quantitative data from seepage 
meters with prospective techniques like resistivity profiling remains 
relatively scarce in the literature. Only 14 studies have reported con
current use of seepage meters and geophysical techniques, and of these, 
only one was conducted in a karstic system (Fig. 3). Furthermore, most 
articles using ERT techniques have focused on either marine or terres
trial environments, with only a few examples employing amphibious 
techniques (AERT) that encompass both environments (Kroeger et al., 
2007; Swarzenski et al., 2006a; Taniguchi et al., 2006b).

5. Conclusions

The combination of Amphibious Electric Resistivity Tomography 
(AERT) and seepage meters has provided valuable insights into the 
complex dynamics of Submarine Groundwater Discharge (SGD) 

Fig. 7. Area (A), seepage rate (SPG rate), number of seepage meters (N), and relative proportion of fresh SGD in percentage (Fresh SGD) of the different SGD 
pathways in Aiguadolç Beach and AERT surface (0.5 to 2 m depths) interpolation. Black lines represent the border of the different discharge areas and dashed line 
represent the coastline.
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pathways and their implications for coastal biogeochemistry in a highly 
heterogeneous karstic beach of the Mediterranean Sea. High-resolution 
3D resistivity data revealed distinct SGD pathways, including beach-face 
recirculation, focused discharge, submarine springs, density-driven 
recirculation cells, and diffusive discharge. Each of these pathways 
contributes uniquely to the overall SGD dynamics at the study site. The 
study emphasizes the importance of independently quantifying distinct 
SGD pathways and their area of influence to accurately determine solute 
fluxes to the coastal ocean, rather than expressing estimates as total 
SGD. It was found that while diffusive discharge was the primary 
pathway for SGD and ammonium, focused discharge—particularly 
through a submarine spring—was the main process for nitrate and 
phosphate delivery to the coastal ocean. Because focused submarine 
springs make an important contribution to fluid and geochemical fluxes 
and are difficult to predict in terms of number and location, integrated 
AERT and seepage meter studies can substantially improve the accuracy 
of water and nutrient fluxes estimates, reducing the conceptual un
certainties. The methodological setup presented here is instrumental not 
only for understanding groundwater and solute fluxes but also for 
assessing biogeochemical transformations across the land-ocean con
tinuum. Additionally, it can be used for monitoring coastal groundwater 
dynamics, whether seasonal or associated with episodic events. This 
study underscores the necessity of combining qualitative and quantita
tive measurements to obtain more reliable and accurate estimates of 
submarine groundwater discharge (SGD). Such an approach is essential 
for improving our comprehension of groundwater discharge mecha
nisms in heterogeneous coastal settings such ad karst systems.
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