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Abstract
Offshore freshened groundwater (OFG) is a potential unconventional water source for coastal cities, but its spatial distribution, 
emplacement mechanisms and the geological factors influencing OFG migration and preservation remain poorly constrained. 
The Gulf of Corinth (GOC) in Greece, an active continental rift, presents a unique study area where pore-water freshening 
has been documented through scientific drilling. In this study, the spatial distribution, emplacement mechanisms and controls 
on OFG has been investigated in the GOC sediments by integrating core physical properties, lithostratigraphy, 2D seismic 
reflection data and 2D hydrogeological modelling. The freshened water extends from ca. 20 to 600–700 m below seafloor 
(mbsf) in the central subbasin and from ca. 15 to 150 mbsf in the eastern subbasin of the Alkyonides Gulf. This freshened 
water in the gulf sediments is attributed to meteoric recharge during glacial periods. A 2D hydrogeological model of salinity 
changes over the past 800,000 years confirms that the deep basin’s freshened water is a remnant from sea-level lowstands. The 
results indicate that both glacial and interglacial sediments stored freshwater, with salinity variations occurring independently 
of total porosity, likely because of vertical diffusion of fluids across sediments deposited during multiple interglacial and 
glacial cycles. The laterally continuous seismic units in the gulf basin may contain up to 250 km3 of freshened groundwater. 
This study offers new insights into the occurrence and distribution of freshened groundwater in rift basins, highlighting the 
role of long-term sea-level fluctuations in groundwater freshening, and providing a comprehensive model for groundwater 
storage capacity in such environments.

Keywords  Gulf of Corinth rift basin · Offshore freshened groundwater · Petrophysical and hydrogeological modeling · 
Diffusive salt transport · Greece

Introduction

Many coastal cities are facing severe water shortages 
because of increased population, water contamination, and 
climate change impacts (e.g., Cohen et al. 2010; Berndt and 
Micallef 2019; Micallef et al. 2021; Sheng et al 2023). Off-
shore freshened groundwater (OFG), stored in subseafloor 
sediments and rocks with salinity levels lower than seawa-
ter, has been proposed as an unconventional water source to 
address these challenges (e.g., Bakken et al. 2012; Person 
and Micallef 2022). Despite its estimated global volume 
(ca. 5–10 × 105 km3; Post et al. 2013; Micallef et al. 2021), 
key questions remain regarding its recharge and discharge, 
if/how the terrestrial and offshore systems are connected, 
and how these systems will evolve in a changing climate 
(Micallef et al. 2021). These knowledge gaps persist pri-
marily because of the technical challenges associated with 
acquiring field data on OFG (Lofi et al. 2013).
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Various mechanisms have been proposed for OFG 
emplacement in continental margins, including active mete-
oric recharge through onshore-offshore aquifer connections 
(e.g., Michael et al. 2016; Gustafson et al. 2019), meteoric 
recharge during sea-level lowstands (e.g., Zhang et al. 2018; 
Thomas et al. 2019), sub‐glacial and pro‐glacial injection 
(e.g., Person et al. 2012), diagenesis (e.g., Moore and Saffer 
2001), and decomposition of gas hydrates (e.g., Lin et al. 
2016). Meteoric recharge is the most commonly reported 
OFG emplacement process in the literature (72.8%), with 
recharge during lowstands being the most prevalent (33.4%) 
(Micallef et al. 2021).

Previous studies have shown contrasting results on the 
role of geology in OFG storage, with both high-permeabil-
ity units, such as coarse-grained sediments (Hathaway et al. 
1979), and low-permeability formations such as fine-grained 
clay intervals and limestones (e.g., Lofi et al. 2013; Haroon 
et al. 2021), acting as reservoirs. Additionally, OFG has been 
identified in fractured karstic rocks (Varma and Michael 
2012; Morgan et al. 2018) and channel sands (Davies 1997; 
Micallef et al. 2020). The original depositional architecture 
strongly controls permeability distribution, which affects 
OFG flow, distribution, and flow. OFG bodies are often 
hosted in coarse sediments beneath fine-grained aquitards, 
which trap freshwater deposited during sea-level lowstands 

(Bratton 2007; Micallef et al. 2020). The connectivity of 
permeable and confining strata further controls OFG extent. 
For instance, permeable zones can extend OFG offshore, 
while features such as faults, paleochannels, and submarine 
canyons influence flow, mixing, and discharge (Groen et al. 
2000; Lofi et al. 2013; Morgan et al. 2018). In many of the 
aforementioned OFG investigations, lithological features 
(e.g., permeable vs. non-permeable units), depositional 
structures (e.g., paleochannels, clinoforms), and tectonic 
elements (e.g., faults) have been shown to either facilitate 
fluid flow or act as barriers to migration within sedimentary 
strata. However, the understanding of the geological controls 
on OFG systems remains limited, largely because of a lack 
of fundamental constraints on lithologies, material proper-
ties, ages, and pore fluid conditions. There has been limited 
integration of seismic reflection data with petrophysical and 
geochemical analyses to comprehensively evaluate the geo-
logical controls on OFG distribution and flow.

In this study, these knowledge gaps are addressed in the 
Gulf of Corinth (GOC; Fig. 1), an active rift zone. OFG has 
never been previously investigated in this area, with recharge 
potentially originating from all directions. The study com-
bines seismic reflection data, petrophysical analysis from 
the International Ocean Discovery Program (IODP) Expe-
dition 381 (McNeill et al. 2019a; Fig. 2), and numerical 

Fig. 1   Physiographic map of the Gulf of Corinth (GOC) and its sur-
roundings, showing topography and mapped faults onshore and off-
shore, which are predominantly oriented in E–W direction (modified 
from Bell et al. 2009; McNeill et al. 2019a). Black circles denote the 
location of the  IODP Expedition 381 drilling sites M0079, M0078 

and M0080, and the AIG10 well. The dashed red rectangular marks 
the area of previously documented freshened groundwater discharge 
(Christodoulou et  al. 2003). The red box on the index map bounds 
the study area. Elevation and bathymetry are measured relative to sea 
level (s.l.)
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groundwater modelling to achieve the following key objec-
tives: (1) quantification of the volume and spatial extent of 
the OFG in the GOC, (2) establishment of the origin and 
emplacement mechanism of the OFG, and (3) evaluation of 
the controls on OFG distribution.

Regional and geological setting

Regional setting

The GOC is a young (< 5 Ma) active rift basin located in 
central Greece, characterized by an extension rate of up 
to 15 mm/year (Bell et al. 2011; Fig. 1). The basin has an 
elongated asymmetric shape with a surface area of 2500 
km2, extending for ca.  130 km in a west–east direction 
and ca. 20 km in a north–south direction. The southern con-
tinental shelf is narrow (< 1 km) with steep slopes (14–18°), 
whereas the northern continental shelf is broader (up to 
12 km) and has gentler slopes (1–2°; Fig. 2; Poulos et al. 
1996). The central part of the GOC is the deepest, with water 
depths exceeding 900 m (Fig. 2). Hydrologically, the GOC is 
connected to the Ionian Sea and Mediterranean Sea via the 
Rion Sill in the west (60 m below sea level, mbsl) and the 
Corinth Canal in the east (55 mbsl; Bell et al. 2008; Perissor-
atis et al. 2000; Fig. 1). During Quaternary glacial periods, a 
drop in sea level separated the GOC from the Mediterranean 
Sea (McNeill et al. 2019a). The surrounding catchment area 
exceeds 5,000 km2, with the catchment network stabilizing 
at ca. 400–600 ka and coinciding with the rift’s present-day 

geometry (Ford et al. 2013). The northward-draining catch-
ments have a steeper gradient compared to the south- or 
west-draining streams (Fig. 1).

Structural setting

Offshore seismic reflection profiles reveal numerous E−W 
striking, N- and S-dipping normal faults forming horst and 
graben structures (Fig. 1; Bell et al. 2009; Nixon et al. 2016). 
Basement depth is greatest in the central rift (∼ 3 km) and 
decreases toward the east and west (Bell et al. 2009). The 
GOC’s two major depocenters, 20–50-km long, formed 
before 400 ka, with a single 80-km-long depocenter con-
trolled by N-dipping faults since then (Bell et al. 2009). 
Onshore, faults south of the GOC are up to 20 km long, 
with displacements of several kilometers (Fig. 1; Gawthorpe 
et al. 2017).

Sedimentology

Sediments from the GOC were sampled during IODP expe-
dition 381, which drilled three sites: M0078, M0079, and 
M0080 (Figs. 1 and 2; McNeill et al. 2019a). At all sites, 
alternating interglacial and glacial subunits were identified 
in the upper lithostratigraphy. Interglacial intervals predomi-
nantly consist of homogeneous green-grey bioturbated mud 
with marine microfauna, interbedded with isolated sandy 
deposits, typically 0.5 to 20 cm thick, composed mainly of 
very fine-grained sands. These intervals are interpreted as 
being deposited in deep marine conditions with occasional 
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occurrences of turbidite deposits. Glacial intervals are com-
posed of facies associations dominated by beds of laminated 
mud lacking marine microfauna (McNeill et al. 2019a, b), 
with the abundant occurrence of turbidite deposits. Sedi-
mentation rates during glacial periods were 2–7 times higher 
than during interglacial periods, likely because of reduced 
vegetation cover (McNeill et al. 2019b; Gawthorpe et al. 
2022). The grain size analysis from site M0079A shows that 
glacial and interglacial sediments have nearly identical grain 
size frequency distributions (Kang et al. 2022). However, 
the marine sediments from interglacial periods are slightly 
coarser in nature, which can be attributed to changes in cur-
rent circulation associated with the opening of the Isthmia 
Strait (Fig. 1; Kang et al. 2022). The presence of this open 
strait likely altered the shallow water current circulation in 
the southeastern area of the basin, facilitating the transport 
of shallow sediments to the deep-water basin axis.

The origin of sediments in the GOC during both glacial 
and interglacial periods may include hemipelagic suspension 
settling (McNeill et al. 2019a; Gawthorpe et al. 2022), seis-
mically induced gravitational mass flows sourced from basin 
slopes (Sergiou et al. 2016), gravitational collapse of ancient 
deltas along the southern margin induced by seismic activity 
(Ferentinos et al. 1988; Lykousis et al. 2007a, b; Gawthorpe 
et al. 2017), and hypopycnal plumes and lofted turbidity cur-
rents (Gawthorpe et al. 2022) in a deep water rift-axis setting.

Deltaic deposits, including lowstand and highstand del-
tas, are particularly common along the southern margin of 
the GOC, where major rivers are located (Gawthorpe et al. 
2017). Previous studies from the GOC (e.g., Ferentinos et al. 
1988; Lykousis et al. 2007a, b; Gawthorpe et al. 2017) have 
documented evidence of the gravitational collapse of ancient 
deltas, such as scarps along their edges and associated 
slumps/slides (Lykousis et al. 2007a, b). These delta-front 
mass failures are transported downslope via high-density 
turbidity flows into the basin, resulting in the deposition of 
coarse-grained sediments (Ferentinos et al. 1988).

At site M0078 (central GOC), 610 m of sediment were 
recovered with 87% core recovery. Lithostratigraphy is 
divided into two units, with unit 1 further subdivided into 16 
subunits, alternating between interglacial (odd-numbered) 
and glacial (even-numbered) intervals (Table S1 of the elec-
tronic supplementary material (ESM); McNeill et al. 2019a).

Site M0079, in the central Corinth Basin, recov-
ered ca. 705 m of sediment with 86.65% recovery, with the 
oldest sediments dating to ca. 750 ka. Lithostratigraphy is 
divided into two units, with unit 1 subdivided into 16 subu-
nits, following the same pattern as site M0078 (Table S1 of 
the ESM; McNeill et al. 2019a).

Site M0080, located in the Alkyonides Gulf, 
cored ca.  634  m of sediments with 84% recovery. 
Lithostratigraphy includes four units, with unit 1 subdivided 

into 11 subunits on the basis of alternations between domi-
nantly bioturbated, homogeneous, and poorly bedded green-
ish-gray to gray mud, and laminated mud beds (Table S1 of 
the ESM; McNeill et al. 2019a).

Stratigraphy

The seismic stratigraphy of the GOC reveals a synrift suc-
cession up to ca. 2.5-km thick, divided into two seismic 
units: SU1 (lower) and SU2 (upper), separated by an angu-
lar unconformity (Unconformity–U or H7 in this study; 
Fig. 3; McNeill et al. 2019a; Bell et al. 2008; Taylor et al. 
2011; Nixon et al. 2016). SU1 consists of discontinuous 
low-amplitude reflections while SU2 exhibits alternating 
low- and high-amplitude reflections, interpreted as lowstand 
lacustrine and highstand marine sequences, respectively 
(e.g., Sachpazi et al. 2003; Lykousis et al. 2007a, b; Bell 
et al. 2008, 2009; Taylor et al. 2011; Nixon et al. 2016). The 
base of SU2 is estimated as ca. 600 ka (Nixon et al. 2016), 
while biostratigraphy from the IODP cruise suggests an age 
of ca. 770 ka (McNeill et al 2019a).

Data

Multibeam echosounder data

Multibeam bathymetric data (EW0108 Cruise Report, 2001; 
McNeill et al. 2005) were collected during EW0108 survey 
using a Hydrosweep DS-2 sonar system (Fig. 2). The data 
were manually edited after sound-velocity corrections on the 
basis of four XBTs (salinity, depth, temperature). A 55-m 
grid, also including digitized points from nautical charts to 
fill gaps in the shallow gulf areas, was generated.

Multi‑channel seismic reflection data

Multi-channel seismic reflection (MCS) data (EW0108; 
Cruise Report 2001; McNeill et al. 2005) were collected 
aboard the R/V Maurice Ewing in 2001 (EW0108; Fig. 2). 
The seismic source used a generator-injector air gun (5.2 M/
m3 primary pulse) at 50-m intervals. Each shot recorded 
6384 ms of data at a 4 ms sample rate. Seismic Lines in 
the Gulf of Itea were recorded with 240-channel, 6 km-long 
streamers at 25-m group spacing (23 profiles), while other 
Lines used 240 channel, 3 km-long streamers with 12.5-m 
group intervals (26 profiles). The MCS data were processed 
at the University of Hawaii using ProMAX and SeisWorks, 
including geometry setup and binning, editing, muting, 
deconvolution, NMO and velocity analysis, brute stack, 
time-varying band pass filter and post-stack time migration 
(Taylor et al. 2011).
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Offshore drilling sites and petrophysical data

Offshore drilling data from sites M0078A, M0079A and 
M0080A (Figs. 1 and 2; IODP Expedition 381 Scientists 
2020) were acquired during IODP Expedition 381 in 2018 
(McNeill et al. 2019a, b). Petrophysical data include wire-
line logs of gamma ray (GR), P-wave seismic velocity, 
natural gamma ray (NGR), moisture and density (MAD) 
porosity (total porosity), and wet bulk density. Time and 
depth (T-D) charts were also used for the seismic-to-well 
tie. Physical properties, MAD total porosity and wet bulk 
density were obtained from offshore and onshore whole 
cores, split cores, and discrete samples (McNeill et al. 
2019a). Pore-water samples were collected using rhizons 
or squeeze cakes and analyzed for geochemistry, including 
alkalinity, ammonium, pH, chlorinity and salinity with only 
salinity being used in this study. Salinity sampling intervals 
ranged from < 10 m in the uppermost sections to 20 m in 
the deeper sections.

Methodology

Seismic and well data analyses

A total of 14 horizons were mapped from seismic reflec-
tion data, including the top of the acoustic basement, 
seafloor, and horizons H1–H7, which define seismic unit 
(SU) boundaries (Fig. 3; Table S1 of the ESM). In the 
central subbasin, these SU boundaries are named from 
older to younger as H7, base and top of H6 to H2, and 

H1 (Table S1 of the ESM). This nomenclature follows 
the IODP Expedition 381 scientific reports (McNeill et al. 
2019a) and Nixon et al. (2016).

Biostratigraphic ages from site M0079 were used to 
assign ages to seismic unit boundaries (Table S1 of the 
ESM; McNeill et al. 2019a, b). However, the ages of SU 
boundaries in the eastern gulf remain uncertain because 
of the lack of biostratigraphic data at site M0080 (McNeill 
et al. 2019a).

In the central subbasin, 12 seismic units were assigned 
between these boundaries. These are labeled SU1-1 within 
SU1 and SU2-1 to SU2-12 within SU2 (Table S1 of the 
ESM). The central and the eastern parts of the GOC basin 
are separated by a basement high (Fig. 3), so the seismic 
interpretation, mapping, and volumetric calculation were 
done separately for the central and the eastern subbasins. 
Seismic and lithological units also differ between these 
basins. In the eastern subbasin, H1 and the top of the hori-
zons between H2 and H6 are not defined, and seismic units 
are named SU1-1 in SU1, and SU2-1 and SU2-6 in SU2 
(Table S1 of the ESM).

Lithostratigraphic units in the central subbasin were 
correlated with seismic units (Table S1 of the ESM). There 
are 17 subunits distributed in two seismic units described 
in the cores of sites M0078A and M0079A. However, 
M0079A is considered the best fit when correlating lith-
ological subunits to seismic units because of the strong 
correlation between well and seismic data (Fig. S1 of the 
ESM). In the eastern gulf, lithostratigraphy consists of 
four units (U1–U4), further subdivided into 22 subunits 
(Table S1 of the ESM).

Fig. 3   E−W trending arbitrary seismic profile crossing the IODP 
drilling sites, showing the general seismic stratigraphy of the GOC. 
Two distinct seismic units, seismic unit 1 (SU1) and seismic unit 2 
(SU2), are discernible, separated by a prominent angular unconform-
ity or seismic boundary (H7, marked by blue horizon). SU1 exhibits 

low-amplitude discontinuous reflections, while SU2 features alternat-
ing high- and low-amplitude continuous seismic reflections. Numer-
ous faults offset the sedimentary strata, with some extending into the 
seafloor. The location of arbitrary seismic section is shown by bold 
black line in the index map
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Construction of time structure and isopach maps 
and volumetric estimation of OFG

Thickness maps of seismic units were constructed from 
isopachs converted to depth using the time-depth (T-D) chart 
from site M0079A. For volumetric estimation of OFG, the 
mean total porosity and salinity values for each seismic unit 
were calculated (Tables S2 and S3 of the ESM). Using these 
porosity values and isopach maps, volumes were determined 
via the volumetric module of IHS Kingdom Suite software 
for the central and eastern subbasins (Tables S2 and S3 
of the ESM). Volumetric calculations assumed a laterally 
homogeneous distribution of freshened groundwater, using 
constant average salinity and total porosity values from site 
M0079A, with sediment pores fully saturated with water.

3D petrophysical modelling

3D total porosity and salinity models (e.g. Lipparini et al. 
2023) for the central and eastern subbasins of the GOC 
were developed using core petrophysical data from three 
sites. Models were created with a grid size of 50 m in 
the X and Y directions, covering the three main sites in 
the GOC. The modelling process involved zone model-
ling (creating horizons, zones, and layers), upscaling and 
property modelling.

Fourteen horizons, including the seabed and top of the 
acoustic basement, define the top and base surfaces. Thir-
teen seismic units were created from the top and base of 
these horizons, and each zone was divided into 10 inter-
nal layers. After model setup, total porosity and salinity 
values from sites M0078A, M0079A, and M0080A were 
upscaled using arithmetic averaging. The upscaled prop-
erties were populated in the zones using the sequential 
Gaussian simulation (SGS) tool of Petrel petrophyscial 
modelling.

Vertical diffusive salt transport

Vertical diffusive salt transport times in the offshore deep 
site M0079A were calculated on the basis of the density of 
saline water using Cl− ions. The diffusion time (t) is given 
by t = L2/D, where D is the diffusion coefficient in a porous 
medium, and L is the unit thickness (Lofi et al. 2013). The 
effective diffusion coefficient was estimated as a function 
of porosity and tortuosity for Cl⁻ ions in porous media. 
These calculations account for aquifer properties such as 
total porosity and hydraulic conductivity, which influence 
the rate of vertical diffusive salt transport. The hydraulic 
conductivity (K) (or permeability k) of the aquifer units 
were considered to be high where their values exceeded 
defined thresholds. These properties were considered to be 
high where the values were defined to be K > 1 × 10–6 m/s Ta
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(or k > 103 mD), or low where the values were defined to be 
K < 1 × 10–8 m/s (k < 1 mD) (Lofi et al. 2013), respectively. 
Calculations for the maximum limit of K show medium-to-
low k of units, ranging from 2.8 × 10–8 and 4.5 × 10–9 m/s. 
Mean total porosities within each seismic unit were used 
for the calculations, which are presented in Table 1.

Groundwater model

2D geological model construction

A 2D geological model was developed by integrating 
the geology of the onshore southern margin, including 

Fig. 4   2D geological model 
domain created by integrat-
ing onshore (Giurgea et al. 
2004; Loveless 2013) with 
offshore geology data, illustrat-
ing discretization settings and 
seismic subunits derived from 
the geological model. The light 
blue area indicates the range of 
water-level variation over the 
last 800 ka

Table 2   Sea level cycles, 
used as input hydraulic heads 
in the model, and associated 
depositional environments in 
the Gulf of Corinth

a Initial water salinity condition
b Assumed seawater salinity

Cycle No. Cycle age range (ka) Environment/Deposition Water condition Hydraulic head (m)

1 800–773 Isolated/glacial Mixed (7.4 g/L)a −129.7
2 773–626 Isolated/glacial Fresh (0 g/L) −7.47
3 626–575 Marine/interglacial Saline (38 g/L or psu)b −29.59
4 575–535 Isolated/glacial Fresh −7.92
5 535–467 Marine/interglacial Saline −60.99
6 467–453 Isolated/glacial Fresh −59.24
7 453–436.4 Marine/interglacial Saline −94.65
8 436.4–420 Isolated/glacial Fresh −112.9
9 420–366 Marine/interglacial Saline −61.24
10 366–335 Isolated/glacial Fresh −60.11
11 335–276 Marine/interglacial Saline −59.21
12 276–245 Isolated/glacial Fresh −60.0
13 245–168 Marine/interglacial Saline −56.68
14 168–129 Isolated/glacial Fresh −58.58
15 129–70 Marine/interglacial Saline −61.77
16 70–13 Isolated/glacial Fresh −60.68
17 13–0 Marine/seafloor Saline 0.0
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deltaic deposits constructed from outcrops and core 
samples of well AIG10 (Giurgea et al. 2004; Loveless 
2013), with offshore seismic reflection data. The model 
was oriented in the south–north direction to align with 
the southern tip of the seismic line crossing IODP site 
M0079A. The northern margin model, ending at the 
exposed basement rock above sea level, was also inter-
polated. The hydraulic conductivity values for the sedi-
mentary units along the southern onshore margin (gray 
and dark gray unit in Table S4 of the ESM) were assigned 
on the basis of the laboratory measurements reported 
by Loveless (2013). For deep basin sediments, hydrau-
lic conductivities were calculated from total porosities 
and D10 grain size (input 0.4 and 1 µm for high and low 
permeability units) using the Kozeny-Carman equation 
(Kozeny 1927; Carman 1956). For the northern shelf 
sediments, identified as deltaic on the seismic reflection 
data, hydraulic conductivity values from the southern 
AIG10 well were applied (Table S4 of the ESM).

Groundwater model layout

The variable-density groundwater model SEAWAT 
(Langevin et al. 2008) was used to reproduce the 2D 
vertical cross-section running through the GOC in a 
north–south direction (Fig. 4). Onshore and offshore 
profiles, derived from the geological reconstruction, 
were combined for this purpose. Simulations under 
transient conditions were performed to investigate 
processes that led to the porewater salinity anomalies 
observed beneath the seabed. The model domain, based 
on the morphological and geological reconstruction, 
covers a V-shaped area of 35 × 3 km2, extending from 
the seabed to the impermeable bedrock. It is vertically 
discretized by a mesh of 100-m × 20-m-rectangular 
elements, resulting in 150 horizontal layers (Fig. 4). 
Depending on whether the hydraulic head value is above 

or below the top of a specific cell during simulations, 
the model determines whether to treat it as a confined 
element or not.

Model parameters

The spatial distribution of porosity and K was assigned on 
the basis of the lithologies reconstructed in the geologi-
cal model (Table 1). Vertical hydraulic conductivity (K) 
values were set to a tenth of the horizontal K values in 
order to account for anisotropy (e.g., Lemieux et al. 2015; 
De Biase et al. 2021). In the absence of direct measure-
ments, specific yield and specific storage values for the 
sediment in the study area were estimated on the basis 
of typical parameters of materials with similar hydrau-
lic conductivity and grain size characteristics (Lv et al. 
2021; Chowdhury et al. 2022). These values were 0.02 for 
specific yield and 8.7 × 10–4 (L/m) for specific storage.

The empirical power law developed by Schulze-
Makuch (2005) was used to account for the solute local 
velocity variations in the flow direction, and hence to 
define a value for the longitudinal dispersivity � [L]:

where c is a parameter characteristic for a geological 
medium [L1−m], L the flow distance [L], and m is the scal-
ing exponent. These parameters have been quantified via the 
analysis of hundreds of data from unconsolidated sediments 
and consolidated rocks. The first kind of material has been 
considered in the present case, and an average flow distance 
of 1 km has been deemed appropriate for the groundwater 
flow taking place in a substantially vertical direction from 
the seafloor to the model bottom. The resulting longitudinal 
dispersivity is equal to 20 m and the transversal one is set to 
be a tenth of this value. A value of 1 × 10–9 m2/s was finally 
assigned to the molecular diffusion coefficient.

Initial and boundary conditions

The GOC has gone through a series of cycles character-
ized by lower sea levels fostering the entry and perma-
nence of freshwater in the basin during glacial periods, 
alternating with interglacial stages marked by saltwater 
occurrence caused by the sea-level rise. To include these 
processes in the model, the cycles were reproduced start-
ing from 800 ka, up to present-day conditions. Depending 
on the cycle under simulation, seawater hydraulic head 
values described in Table 2 were set as a Dirichlet con-
dition at the uppermost layer representing the seafloor. 
Saltwater concentration was set on this boundary during 
interglacial cycles, whereas a freshwater concentration 

� = c ⋅ L
m

Fig. 5   Interpreted multi-channel seismic (MCS) profiles cross-
ing IODP sites: a M0078A, b M0079A, and c M0080A. A total of 
13 seismic units (SU1-1 and SU2-1 to SU2-12) are identified and 
mapped in the central basin (a–b) bound by 13 horizons, namely H1, 
H2_top to H6_top, H2_bottom to H6_bottom, H7 or U, and the top of 
the acoustic basement (e.g., Nixon et al. 2016; McNeill et al. 2019a). 
In the eastern subbasin (c), separated by a basement high from the 
central basin, seven seismic units (SU1-1 and SU2-1 to SU2-6) 
bounded by seven horizons are defined. Age correlation from the 
IODP drilling study (McNeill et al. 2019b) and the relative sea level 
curve (Spratt and Lisiecki 2016) suggests that most odd-numbered 
seismic units (SU2-5 to SU2-11) correspond to glacial intervals, 
while even numbered units (SU2-4 to SU2-12) correlate with inter-
glacial periods (b). Locations of seismic profiles are shown with red 
bold lines on the base map

◂
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was assigned during glacial periods (Table 2). No-flow 
conditions were assigned to the aquifer bottom. A fresh-
water initial condition was set in the whole domain for 

the first cycle, while model calculated concentrations 
obtained at the end of each cycle became the initial con-
ditions for the subsequent one.
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Fig. 6   Close-up interpreted seismic profiles superimposed with 
physical property data from the IODP sites: a M0078A, b M0079A, 
and c M0089A. The curve on the left is total porosity which ranges 
from 19 to 63%. The curve on the right of the site pertains to salin-
ity (1.95–37.5 in M0078A, 4.95–38.2 in site M0079A, 12.3–40.5 
in site M0089A). Seismic units (SU2-1 to SU2-12 and SU1-1) and 

lithologic units (U1-1 to U1-16 and U2-1) are marked by red and blue 
lines, respectively, on the depth track (McNeill et al. 2019a, b). Green 
shading represents intervals with strong freshened water. In M0080A, 
the lowest salinity sediment intervals include SU2-5 and the lower 
part of SU2-6 in U1-3 and U1-4
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Results

Seismic stratigraphy

Thirteen seismic horizons (Fig. 5), including the top of 
the acoustic basement, were mapped and interpreted. On 
the basis of the nannofossils and foraminifera assemblages 
of core samples from the IODP site 381 sites (McNeill 
et al. 2019b), these horizons are dated between ca. 770 ka 
(H7) and 13 ka (H1) (Fig. 5). On seismic profiles, they 
are characterized by laterally continuous, low- to high-
amplitude reflections (Fig. 5). The seismic units defined by 
these horizons are referred to as SU1-1 and SU2-1 through 
SU2-12, from oldest to youngest (Fig. 5). H7 marks a sig-
nificant unconformity or seismic unit boundary separating 
alternating, well-stratified, low- to high-amplitude seis-
mic reflections above (seismic units SU2-1 to SU2-12) 
from discontinuous, low-amplitude seismic reflections 
below (SU1-1; Fig. 5). H7 also corresponds to the bound-
ary between IODP lithostratigraphic units 1 and 2 (Fig. 3; 
McNeill et al. 2019a). The change in reflection pattern 
from SU1 to SU2 denotes a change in the depositional 
regime or environment.

Seismic to well correlation at M0079A show that the seis-
mic units generally correlate well with lithological subunits 
(Fig. 6). This correlation confirms that seismic units with odd 
numbers (SU2-5 to SU2-11) correspond to glacial periods, 
while those with even numbers (SU2-4 to SU2-12) represent 
interglacial periods (Figs. 5 and 6). Seismic units deposited 
during interglacial periods are characterized by continuous 
high-amplitude reflections, while those from glacial periods 
exhibit low-amplitude continuous reflections (Figs. 5 and 6).

The sedimentary strata in the central subbasin are inter-
sected by numerous N- and S-dipping normal faults (Figs. 3 
and 5); some extend into the seafloor, indicating recent activ-
ity. However, strata imaged at the IODP drill sites are not 
affected by faults and are nearly flat (Figs. 5 and 6). Seismic 
evidence of vertical and lateral fluid flow structures (e.g., 
pockmarks; seismic chimneys/pipes; bright spots) are absent 
on the seafloor and in the subsurface strata in the central and 
eastern subbasins.

Offshore freshened groundwater distribution

Pore-water salinity measurements from the three sites 
of Expedition 381 confirm the presence of freshened 
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groundwater (Fig. 7). Salinity values decrease sharply from 
over 38 g/L (or psu—practical salinity unit of seawater, or 
38 g/kg, which is equal to 38 ppt—parts per thousand or 
‰vol) to below 20 g/L (brackish water) at depths from 0 
to 15–20m below seafloor (mbsf) (Fig. 7). Salinity values 
remain below 18 down to ca. 600 mbsf in site M0078A 
and ca. 700 mbsf in M0079A, corresponding to the seismic 
units SU1-1 through SU2-12. The lowest salinity values, 
indicating freshened water (< 5 in M0078A and < 13 in 
M0079A), occur in the central subbasin, specifically within 
the interval spanning from SU2-1 to SU2-7 (Fig. 7).

In the eastern subbasin, the brackish interstitial water 
with salinities ranging from 18 to 12 is predominantly con-
fined to the upper 150 mbsf, situated between seismic units 
SU2-3 and SU2-6, except for a low salinity measurement at 
325 mbsf (Fig. 7). Similar to M0078A and M0079A, salin-
ity values in site M0080A decrease from 38 to below 20 at 
ca. 20 mbsf. The lowest recorded salinity, 12.3, was meas-
ured within seismic unit SU2-6 (Fig. 7).

Salinity profiles from sites M0078 and M0079 exhibit 
nearly uniform trends, with no significant variations/fluc-
tuations (Fig.  7). The lowest recorded salinity sample 
(1.95) in site M0078 occurs at depths of 275 and 282 mbsf 
within seismic unit SU2-5 and lithological subunit U1-10, 
deposited during the 335–365 ka glacial period, and at 340 
mbsf within SU2-2 and lithological subunit U1-14, depos-
ited during 420–470 ka glacial period (Fig. 7). Salinities 
in site M0079A are generally higher than in site M0078A, 
with the lowest value of 4.45 observed at 536 mbsf within 
SU2-2 (U1-13), deposited during the 420–470 ka intergla-
cial period.

Total porosities in sites M0078A and M0079A decrease 
abruptly from 60% to below 50% at depths of 15 to 20 mbsf 
(Fig. 7). Similar trends are observed in site M0080A, where 
total porosity values drop from 60% below 50% ca. 20 mbsf. 
Total porosities are generally higher in interglacial periods 
(ca. 50% on average) compared to glacial intervals (ca. 45% 
on average; Fig. 7). Overall, total porosities decrease with 
depth because of compaction. Scatter plots of salinity (< 20) 
versus total porosity in the three sites show no correlation, 
illustrating that salinity is independent of total porosity 
(Fig. 8).

The estimated volume of freshened water, calculated 
using seismic unit isopachs and mean total porosities derived 
from core petrophysical data, is 239.7 km3 in the central 
GOC and 11.3 km3 in the Alkyonides Gulf (Tables S2 and 
S3 of the ESM). Summing these volumes together, it is esti-
mated that the mapped region contains at least 250 km3 of 
OFG (Tables S2 and S3 of the ESM).

3D stochastic modeling of petrophysical properties

The modelled total porosity and salinity volumes in 3D 
reveal the vertical and lateral distribution of total porosity 
and salinity in the stratigraphically mapped areas in the cen-
tral and eastern subbasins (Fig. 9a–d). The total porosities 
and salinities in the study area range from 35 to 60% and 2.5 
to 35, respectively (Fig. 9a–d). Salinities and total porosities 
are relatively higher in the uppermost sediments. Moreover, 
total porosities gradually decrease with depth, while salini-
ties do not display any clear trends with depth.

A 3D volume rendering of the modeled salinity in the 
central subbasin (values between 2.5 and 5; Fig. 9e) and in 
the eastern subbasin (between 12.5 and 15; Fig. 9f) show the 
widespread occurrence of freshened groundwater throughout 
the gulf. The modelled 2D profiles traversing sites M0079A 
and M0078A (Fig. 10a, b) demonstrate that the total porosity 
of the individual seismic units is laterally continuous, with 
minimal heterogeneity. In contrast, total porosities exhibit 
vertical variations, showing an overall decreasing trend with 
depth. Similarly, the modelled data indicate that the seis-
mic units consist of laterally continuous layers; however, 

Fig. 8   Scatter plots of salinity (<  20) versus total porosity from 
IODP sites: a M0078A (R2 < 0.033), b M0078A (R2 < 0.102), and c 
M0080A (R2 < 0.088), indicating no correlation in the core measure-
ments
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unlike total porosity, salinity profiles do not display distinct 
vertical trends within seismic units (Fig. 10c, d). Seismic 
units with the lowest salinities (< 7.5) in M0078A include 
SU2-6 (Fig. 10e), SU2-5 (Fig. 10f), SU2-4 (Fig. 10g), SU2-3 
(Fig. 10h), SU2-2 (Fig. 10i), SU2-1 (Fig. 10j) and SU1-1 
(Fig. 10k).

Vertical diffusive salt transport times

The calculated vertical diffusive salt transport times of 
Cl− ion range from 69.2–531.9 ka in the glacial units and 
12.2–139.9 ka in the interglacial units (Table 1). In SU2-3, 
which represents a mixed environment of both glacial and 

60

55

50

45

40

35

60

55

50

45

40

35

Porosity

S  N

SU1-1

SU2-4

a

(%)

SU2-12

SU2-11
SU2-10
SU2-9
SU2-8

SU2-2
SU2-4

SU2-7
SU2-6
SU2-5
SU2-3

SU2-1

-900

-800

-1000

-1100

-1200

-1300

-1400

-1500

-1600

-1700

-1800

-1900

-2000

-2100

-2200

4220000X (m)

Z 
(m

)

4222000 4224000 4226000
X (m)

-1500

-1600

-1700

-1800

-1900

-2000

-2100

-2200

(%)

Z 
(m

)

4218000 4220000 4222000 4224000

X (m)

Y (m)

654000

652000

SU2-12
SU2-11

b
SU2-9
SU2-10
SU2-8

SU2-7SU2-6
SU2-5

SU2-3SU2-2
SU2-1
SU1-1

N

M0079

M0078S

Porosity

Y (m)

-1200

-1000

-1400

-1600

-1800

-2000

-2200

-2400

-2600

-2800

-3000

-1800

-2000

-2200

-2400

-2600

-2800

-3000

Z (m)
Z (m)

N

0 10 20
km

0 10 20
km

N

Fig. 10   2D cross-sections of total porosity and salinity models 
along a, c M0078A and b, d M0079A. Panels (e–k) show low salin-
ity (< 8 g/L) intervals in seismic units SU2-6 to SU1-1, occurring at 

depths below 1000 m. The locations of sections crossing M0078 and 
M0079 wells are shown on the index maps with red bold lines



	 Hydrogeology Journal

interglacial deposits, the diffusive salt transport time is 175.8 
ka, while in SU1-1, it is 5470.3 ka. Diffusive salt transport 
times are generally greater in glacial intervals (even-num-
bered units, shown in bold text in Table 1), because of their 
greater unit thicknesses and lower hydraulic conductivities.

Conversely, vertical diffusive salt transport times in inter-
glacial intervals (odd-numbered units) are lower, reflecting 
their lower thickness and higher hydraulic conductivities. 
Some interglacial units exhibit low salinity values (< 12, 

indicated in red in Table 1), with the lowest mean salinity 
observed in SU2-2. In this unit, the diffusive salt transport 
times are typically shorter (almost equal only in SU2-2) than 
the sedimentation time for these units.

Groundwater model results

Scatter graphs shown in Fig. 11a, b compare observed concen-
tration data at various depths in site M0079 with concentrations 
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calculated by the groundwater model, along the correspond-
ing vertical profile at the end of the time cycles (present-day 
conditions). The first scatter plot (Fig. 11a), derived from the 
simulations performed with the lowest distribution of K values, 
exhibit a correlation of R2 = 0.67 with the observed data. This 
setup affects both groundwater flow and salt transport in a way 
that calculated concentrations appear to be confined to an area 
very close to the seafloor with respect to the observed one. The 
K distribution marked by the highest values, on the other hand, 
allows for better salt spreading, ensuring the presence of con-
centration values at greater depths (Fig. 11b). Therefore, the K 
values in the upper limit of the estimated variation range better 
reflects the field measurements (R2 = 0.89). Finally, Fig. 11c 
shows the 2D spatial configuration of groundwater salinity, 
obtained with the higher K values, at the end of the sea level 
cycles simulation (present-day condition).

Discussion

Characteristics of OFG in the Gulf of Corinth

The total estimated volume of the OFG in the studied 
region of the GOC is 250 km3. With the GOC coastline 

stretching ca.  410  km, this corresponds to a volume of 
1.6 km3/km. This value is comparable to the other regions, 
such as 1.22–2.96 km3/km in the Canterbury Bight, New 
Zealand (Micallef et al. 2020), 1.6–1.8 km3/km offshore of 
New England (Cohen et al. 2010), and 1.0 km3/km offshore 
Jakarta (Post et al. 2013). Furthermore, the OFG in the 
GOC is one of the shallowest (ca. 20 mbsf) freshened water 
bodies below the seafloor documented globally (Micallef 
et al. 2021), and one of the thickest (ca. 1850 m). Simi-
lar thicknesses of sediment bodies bearing freshened water 
(ca. 1600 m) have been reported in Gippsland, Australia 
(Varma and Michael 2012).

From a hydrogeological perspective, the OFG in the 
GOC represent a significant freshwater resource. Consider-
ing Greece’s annual groundwater consumption of 3.6 km3 
(EASAC 2006), the OFG could potentially supply freshwater 
for ca. 70 years under current demands, assuming that the 
OFG is entirely fresh and no treatment is required.

Possible emplacement mechanisms and flow 
pathways for the OFG

The freshening of pore water in the GOC may be a result of 
several mechanisms, as outlined in the introduction. Among 
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these, the most plausible explanation is meteoric recharge 
during glacial periods when the GOC became a lake discon-
nected from the open oceans (e.g., McNeill et al. 2019a, b). 
Under these circumstances, large volumes of fresh ground-
water volumes may have been recharged through rainfall 
infiltration into the lake itself and from land because of 
higher hydraulic heads and steeper hydraulic gradients (Per-
son et al. 2003; Cohen et al. 2010; Micallef et al. 2020). 
This hypothesis is further supported by 2D groundwater 

modelling, which indicates that the freshened water in the 
deep basin is a relict from these lowstand periods, with no 
evidence of modern recharge. Furthermore, the absence of 
modern recharge is corroborated by seismic reflection data, 
which show no significant upward fluid migration in the 
deeper basinal areas (Figs. 3, 5 and 6).

Alternative mechanisms, such as post sedimentary altera-
tion (diagenesis), gas hydrate dissociation, and the intru-
sion of modern meteoric water from coastal aquifers were 

Fig. 11   Scatter plots of observed versus calculated salinity concentra-
tions for a lowest and b highest hydraulic conductivity distribution. c 
Present-day 2D spatial distribution of groundwater salinity obtained 
with the parameter setup with the maximum limit of hydraulic con-

ductivities that are calculated in lithologies from the total porosities 
and D10 of grain size (point on the grain size distribution curve below 
which 10% of the particles fall). D10 is used 0.4 and 1 µm for a and b, 
respectively (Kang et al. 2022)
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also considered. However, these are unlikely contributors 
in the GOC. Post sedimentary alteration can lead to release 
of freshwater and the formation of freshened water fronts 
in deeply buried marine sediments or in high pressure and 
temperature conditions in convergent margins (Micallef 
et al. 2020). Diagenesis of minerals such as silica (from 
Opal A to Opal CT) gypsum (dehydration to anhydrate), 
and clay (transformation of smectite to illite) are responsi-
ble for pore-water freshening in marine sediments (Micallef 
et al. 2020 and references therein). However, the influence 
of diagenesis on the formation of OFG can be ruled out in 
the study area because diagenetic minerals such as clays and 
zeolites are extremely low or absent in the sediments recov-
ered (McNeill et al. 2019b), suggesting that smectite-illite 
is likely a small player in freshwater production in the sub-
surface sediments here. Freshening of pore waters in marine 
settings has also been reported in association with dissociat-
ing gas hydrate deposits (Hesse 2003; Moore et al. 2001), 
but neither seismic profiles nor sediment records show evi-
dence of the presence of gas hydrates at the GOC sites. The 
intrusion of modern meteoric water from coastal aquifers 
may also cause elevated freshened waters in the subseafloor 
strata (Michael et al. 2016). However, any potential impact 
of modern recharge is likely to be small and restricted to 
the coastal areas, as documented by previous studies on the 
southern coast of the GOC where active groundwater dis-
charge has been observed (Christodoulou et al. 2003; See 
Fig. 1). The IODP drilled sites are located in deep water 
depths of 850 m in the central subbasin and 350 m in the 
eastern subbasin, far away from the onshore aquifers, thus 
making this hypothesis unlikely. Additionally, the modelling 
results suggest that the freshened water in the deep basin is 
a relict from past lowstand periods, further supporting the 
idea that no modern recharge is occurring in these areas.

The process of vertical diffusion has played a critical role 
in the homogenization of salinity profiles across glacial and 
interglacial units. Glacial units exhibit significantly greater 
sedimentary thicknesses than interglacial units, resulting in 
longer vertical diffusion times owing to their lower hydraulic 
conductivities. The mean salinity values of some interglacial 
units (e.g., SU2-10, 2–6, and 2–4; red values in Table 1) are 
low, with SU2-2 showing even lower salinities than the gla-
cial units. Diffusion time estimates at drilling site M0079A 
range from 12.2 and 139.9 ka, matching or being shorter 
than the sedimentation time of these units, indicating that 
these layers were desalinized by vertical diffusion (Table 1).

The petrophysical properties of glacial sediments, includ-
ing low total porosity and permeability but greater thick-
ness, likely allowed them to retain significant water volumes, 
preventing rapid flushing. These freshwater-charged glacial 
intervals are considered unconfined aquifers, whereas some 
interglacial units such as SU2-2, exhibit even lower mean 
salinities than glacial units. Over time, vertical diffusion 

between interglacial and glacial units (aquifer-aquitard) 
likely occurred following their burial.

Impact of geological structures on OFG distribution

Salinity profiles from sites M0078A and M0079A reveal 
homogeneous trends, lacking significant fluctuations across 
seismic and lithological units from glacial and intergla-
cial periods. Pore-water samples indicate freshened water 
occurs in both interglacial and glacial sediments, likely 
homogenized through vertical diffusion (Fig.  7). The 
glacial lowstand units, with relatively high total poros-
ity (ca. 35–50%) and ca. 2–7 times greater thickness than 
interglacial units, suggest a greater storage capacity. Con-
sistent with lithology, seismic data also show increased 
sediment thicknesses during lowstands (Figs. S3 and S4 of 
the ESM), when the basin was likely a restricted lake, the 
groundwater recharged from 360°.

Overlying interglacial highstand units, though thinner, 
have sufficient permeability to allow vertical diffusion over 
time. Seismic data show no evidence of fluid flow struc-
tures, such as pockmarks, that would suggest significant 
vertical migration driving OFG (Figs. 5 and 6). Pore-water 
salinity and total porosity plots further support homog-
enization by vertical diffusion, showing no correlation 
between salinity and total porosity (Fig. 8). This contrasts 
with studies off New Jersey, where total porosity and salin-
ity exhibit an inverse relationship because of the cemented 
horizons acting as permeability barriers (Lofi et al. 2013). 
In the GOC, such cemented horizons are absent; instead, 
transitions between glacial and interglacial units are 
marked by unconsolidated, laminated beds (McNeill et al. 
2019a), which allow upward fluid migration.

Lateral and vertical variations in total porosity, and 
hence permeability, would influence the fluid flow paths 
in the basin. Modeled total porosity and salinity dis-
tributions across the GOC show minimal lateral vari-
ation, consistent with laterally extensive seismic units 
with no significant seismic facies changes (Fig. 10a–d). 
This observation suggests that internal fluid flow in the 
GOC is likely to be diffuse. The modeled total porosity 
decreases with depth because of compaction (Fig. 10a, 
b), while salinity exhibits minor vertical variations in 
the OFG bearing zone, indicating independence from 
lithology, total porosity, or burial depth. Notably, the 
lowest salinity is observed in an interglacial deposit 
(U1-13 in SU2-2) within M0079A, where glacial sedi-
ments are relatively thick. As already noted previously, 
this pattern can be explained by homogenization by 
freshwaters through vertical diffusion between sedimen-
tary layers deposited during glacial/interglacial cycles.

Extremely high salinities (up to 40) likely due to seawa-
ter mixing in recent marine sediments (Fig. 10c, d), occur 
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in the upper ca. 20 mbsf. The southern central subbasin, a 
major depocenter for glacial and interglacial seismic units 
(Fig. 5a), suggests tectonic activity along the southern 
boundary fault since the gulf’s formation. While faults in 
deeper GOC sediments (Figs. 3 and 5) could enhance verti-
cal permeability and fluid leakage, seismic reflection data 
do not show evidence of acoustic anomalies associated with 
fluid migration (e.g., pockmarks associated with submarine 
groundwater discharge). Therefore, it is not expected that 
faults would act as fluid pathways or barriers in the study 
area, at least in the deeper basinal areas.

Overall, the findings from the GOC provide insights into 
the mechanisms controlling OFG emplacement and distri-
bution in rift basins. The results are in line with global stud-
ies (e.g., Micallef et al. 2021; Sheng et al. 2023; Thomas 
et al. 2019) which emphasize the importance of glacial 
recharge and sedimentary processes. However, the specific 
characteristics of the GOC, such as its shallow depth, thick 
freshwater zone, and lack of cemented barriers, highlight 
its uniqueness among OFG systems.

Limitations and uncertainties in the approach

The analysis of the OFG system in the GOC includes 
methodological limitations and assumptions that introduce 
uncertainties and highlight areas for improvement:

1.	 The estimation of the total OFG volume (250 km3) 
relies on interpolation and modelling based on the lim-
ited borehole data from IODP sites. The lack of direct 
sampling across the entire GOC basin may lead to an 
underestimation of the total OFG volume. Expanding 
sampling and incorporating new geophysical data would 
improve these estimates.

2.	 The 2D hydrological model assumes basin-wide homo-
geneity conditions for some forcings affecting the sys-
tem. The simulations have not accounted for ground-
water recharge fluctuations due to seasonal variations 
or tidal effects, which could influence saline-water 
intrusion. Some hydrodynamic and hydrodispersive 
parameters such as specific yield, specific storage and 
longitudinal dispersivity, were sourced from existing 
literature related to the various lithologies within the 
area, rather than through specific experimental testing. 
Including these aspects in the model could potentially 
enhance the accuracy of the outcomes.

3.	 Although this study suggests minimal modern recharge 
because of the depth of the drill sites, the potential influ-
ence of nearshore processes or seasonal variations in 
coastal aquifer discharge is not fully quantified. Monitor-
ing modern groundwater fluxes using time-series data 
could clarify the role of active recharge mechanisms.

Conclusions

The spatial distribution, emplacement mechanisms, and geo-
logical controls of freshened groundwater in the rift basin of the 
GOC were investigated by integrating the 2D seismic reflection 
data, core physical properties, lithostratigraphy, and ground-
water modelling. Salinity profiles from IODP Expedition 381 
sites reveal significant freshening of pore waters, extending 
from ca. 20 mbsf to ca. 600−700 mbsf in the central subbasin 
and from ca. 15 to ca. 150 mbsf in the eastern subbasin of the 
Alkyonides Gulf. The freshwater is likely the result of recharge 
of meteoric water into the lake itself and from adjacent coastline 
during glacial periods. A 2D hydrogeological model of salinity 
changes over the past 800 ka supports this interpretation, sug-
gesting that the OFG in the deep basin is a remnant from sea-
level lowstands. The freshwater is stored in both interglacial and 
glacial sediments, with salinity variations independent of total 
porosity. This suggests that freshened water has been homog-
enized through diffusion across sediments deposited through 
successive glacial and interglacial cycles. Sediments depos-
ited during glacial periods, with their considerable thickness 
and relatively high total porosity, likely had a greater capacity 
for freshwater storage. On the other hand, the overlying thin, 
saline marine units facilitated vertical freshwater penetration 
and homogenization over time. Seismic data reveal thick (up 
to 1840 m in the depocenter), laterally continuous sedimentary 
units that are estimated to contain 250 km3 of freshened water. 
Overall, this study documents the role of long-term sea-level 
fluctuations in groundwater freshening.
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