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Offshore freshened groundwater reservoirs controlled by submarine faults with a complex
dependency on antecedent hydrogeological conditions.
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Key Points:
e Submarine faults control offshore freshened groundwater if the antecedent fresh-saltwater
interface is seaward of the fault

e Faults close to the coastline control the extent of offshore freshened groundwater
regardless of antecedent conditions

e A new mode of offshore freshened groundwater is found with dependency on both
geologic connectivity and antecedent salinity
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Abstract

Offshore Freshened Groundwater (OFG) reservoirs are gaining attention, as evidence suggests
they are more prevalent worldwide than previously thought. OFG systems are generally
classified as either passive, a relic of ancient, lower sea levels, or as active, with an onshore-
offshore hydrogeologic connection and associated discharge offshore. Previous studies on the
mechanisms of OFG were conducted in various hydrogeologic settings, but the role of faults
remains understudied. Based on geologic data, we apply hydrogeologic modeling of a faulted
submarine confined aquifer in the Levant basin (eastern Mediterranean), to study the impact of
faults on OFG. We find that faults that are close to the coastline and within the brackish zone
that would have developed without a fault control the offshore salinities regardless of initial
conditions. The influence of distal faults, in contrast, depends on antecedent conditions. When
initial salinities are such that the distal fault lies in the fresh part of the aquifer, the saline wedge
migrates landward toward the fault with sea-level rise, and the fault dictates the steady-state
salinity distribution. If the fault is initially within the saline part of the aquifer, freshwater never
reaches the fault, likely due to the density-driven flow barrier that the underlying saline wedge
generates. These findings suggest a new mode of OFG in which the same geologic system can be
either active or passive depending on the hydrologic history. This should be considered in future
studies of OFG systems, the functioning of which has implications for marine ecosystems,
seafloor geomorphology, and coastal water resources.

1. Introduction

Over the past decades, Offshore Freshened Groundwater (OFG) has been increasingly
observed around the world (Post et al. 2013) in distal (>1 km offshore) and deep (>100 m water
depth) submarine environments, including Hawaii (Attias et al., 2021), Malta (Haroon et al.,
2021), New-Zealand (Micallef et al., 2020), and Israel (Paldor, et al., 2020a). The existence of
these reservoirs is difficult to explain, since contemporaneous hydraulic heads on land are
generally assumed to be too low to push terrestrial groundwater far offshore (Kooi & Groen,
2001; Person et al., 2003; Post et al., 2013). Until recently, this assumption led researchers to
believe that OFG reservoirs are not in steady state with the current hydrological state, but are
relics of ancient systems with lower sea levels and/or elevated glacial heads on land, after which
fresh groundwater was trapped when sea level rose to its modern location (Post et al., 2013).
Such systems are classified as passive OFG, because there is no direct flow from the terrestrial
recharge area to an offshore discharge area with an associated OFG reservoir (Fig. 1a). In recent
years, mounting evidence suggests that active OFG reservoirs are also plausible under certain
hydrogeological conditions, with direct onshore-offshore flow in deeper, subsea aquifers (Fig.
1b). Such conditions have been observed in several geological settings around the world. Ancient
lava tubes provide the onshore-offshore connectivity to transport terrestrial fresh groundwater
offshore in a volcanic aquifer in Hawaii (Attias et al., 2021, 2020; Geng and Michael, 2020).
Offshore the U.S. Atlantic margin, a subsea aquifer is connected to the ocean through a
monoclinal structure, facilitating a direct land-to-sea flowpath that brings freshened groundwater
to distal areas offshore (Gustafson et al., 2019). In New Zealand, freshened groundwater has
been recently observed tens of kilometers offshore, and attributed to meteoric recharge into a
fluvial aquifer that extends offshore. In the easternmost part of the Mediterranean Sea (hereafter
referred to as the Levant basin), a confined carbonate aquifer exposed on the seabed along a
submarine canyon was shown to produce discharge of freshened groundwater ~5 km offshore
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(Paldor et al., 2020a; Paldor et al., 2019). These seeps are spatially associated with submarine
canyons, which align with previous observations of active OFG inducing submarine landslides
(Kelner et al., 2016; Oehler et al., 2017; Sultan et al., 2020).

A fundamental difference between active and passive OFG systems as a resource is related to
their renewability. Passive OFG reservoirs are finite and likely shrinking with time, due to
diffusive escape of the trapped freshened groundwater, and slow landward movement of the
freshwater-saltwater interface, as the system moves toward steady state with present-day sea
level. Conversely, active OFG reservoirs are constantly replenished from the land under modern
hydrologic conditions, and are likely more viable for extraction in the long term. The recent
discoveries of active OFG systems (Figure 1b) mentioned above merit further exploration, and a
deeper understanding of the underlying physics is necessary to better assess the viability of
active OFG as a freshwater resource and its ecological and geomorphological influence. The
above-mentioned two types of systems (active and passive, Fig. 1), have been considered
separately as the only plausible mechanisms for OFG, though they could occur together in
different parts of the same system. The assumption is that the geologic and hydrologic conditions
together control the functioning, whether passive or active. The possibility that the same
hydrogeologic system can be either active or passive depending on its antecedent hydrologic
conditions has not been considered previously.

l l lRecharge

L

% SL b) Active

€ 10-10° m —>

< 103-10°m ——>
Figure 1: A conceptual illustration of (a) passive and (b) active systems of OFG. In panel (a)

arrows mark the shrinking/recession of fresh groundwater. In panel (b), the arrow is the
regional-scale trajectory of fresh groundwater from terrestrial recharge to offshore discharge.
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Beyond their value for human consumption, active OFG reservoirs have the potential to impact
ecosystem functioning as fresh groundwater discharge affects chemical budgets and nutrient
supply in the ocean (Li et al., 1999; Luijendijk et al., 2020; Moore, 2010). In the Levant basin,
the discharge point of the recently discovered active OFG system (Paldor et al., 2020a) coincides
with an area of high biologic activity (Elasar et al., 2013). In addition to the biogeochemical
importance of submarine groundwater discharge, the seepage force that is exerted by the
discharging groundwater has the potential to destabilize the seafloor and control its morphology
(Micallef et al., 2023; Iverson & Reid, 1992; Oehler et al., 2017; Schorghofer et al., 2004;
Stegmann et al., 2011). The Levantine system occurs in an area that is characterized by unique
seafloor morphology of regularly spaced submarine canyons. A causal relationship between
submarine groundwater discharge and submarine canyon formation has been suggested in
several places around the world (Cohen et al., 2010; Dugan & Flemings, 2002; Orange et al.,
1994, 2002; Paldor, et al., 2020b), and has recently been quantified on a global scale (Micallef et
al., 2023). Since active OFG systems likely feature active discharge (Figure 1b), understanding
their underlying dynamics is important to assess the implications for ecosystem functioning and
seafloor geomorphology, not only for their potential as a freshwater resource. Lastly, an
important angle in the discussion on the value of OFG is their potential to serve in oil production.
It has been suggested that freshwater can be injected into offshore oil reservoirs to improve oil
recovery, and that OFG may be used for this process to reduce costs of transporting fluids from
onshore (Person et al., 2017). However, this bears collateral environmental implications both
onshore and offshore (Yu & Michael, 2019). To better assess these implications, the underlying
physics of OFG systems must be rigorously investigated.

In many countries along the Mediterranean coastline, and in the Levant basin particularly,
karstic aquifers are one of the important sources of freshwater. In Lebanon, the Cretaceous
karstic aquifer has been shown to produce submarine groundwater discharge close to the
coastline (<1 km) and is considered a major component in the terrestrial water balance,
potentially transporting vast amounts of fresh groundwater to the sea (Bakalowicz et al., 2008;
Fleury et al., 2007; Shaban et al., 2005). In northern Israel, the Cretaceous aquifer is exposed on
land and receives substantial portions of the recharge in that area. This aquifer is known to
discharge groundwater on land along springs, but until recently, some of the recharge was
unaccounted for and researchers were unable to close the water balance (Kafri & Kessler, 2001).
A recent study showed that the aquifer outcrops far offshore (~5 km) along a submarine canyon,
and that this subsurface hydraulic connection causes losses of terrestrial water to the
Mediterranean sea (Paldor et al., 2020a; Paldor et al., 2019). These findings emphasize that in the
Levant region and in the Mediterranean more generally, understanding of the onshore-offshore
hydrogeological conditions is vital for water resources management, especially with the arid
climate that characterizes much of this region.

While active OFG systems have been found in several geological settings around the world,
previous studies do not consider the potential role of submarine faults. On nearshore scales (on
the order of tens of meters from the coastline), which correspond to shallow, phreatic aquifers
(Bratton, 2010), faults have been shown to impact the dynamics of saltwater intrusion and
submarine groundwater discharge. For example, modeling an idealized geometry revealed that
flow rates and salinities in a submarine spring are strongly sensitive to the characteristics of a
discrete flow conduit within the hypothetic aquifer (Xu et al., 2018). Similarly, a generalized
model of a fractured coastal aquifer demonstrated the strong control of the fracture-network
configuration on the rates of pumping-induced saltwater intrusion (Sebben et al., 2015). The
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effect of fractures has also been observed in natural conditions. In the Levant, remote sensing
revealed thermal anomalies that suggested a spatial relationship between faults and nearshore
submarine groundwater discharge (Shaban et al., 2005). Despite these important contributions,
hydrogeological modeling of submarine faults in a real system is still needed to better understand
their potential role in facilitating OFG.

This work aims to address two critical open research questions: 1) what is the hydrogeological
functioning of faults in OFG systems, and 2) can a given geological setting form an OFG system
that is either active or passive, depending on antecedent hydrologic conditions? To address these
questions, we conducted a detailed geological interpretation of an onshore-offshore system in the
Levant basin, including mapping of offshore faults. Based on the interpreted geological data and
the structural setting of the mapped aquifers, 2D hydrogeological modeling was applied to
analyze the processes that dominate the dynamics of OFG in that system, and the role of faults.
Calibrated model parameters were taken from previous studies in the region (Dafny et al., 2010;
Kafri, 1970; Paldor et al., 2020a; Paldor et al., 2020b; Paldor et al., 2019). To generalize our
findings, we also simulated various scenarios of faulting and antecedent conditions to explore the
global applicability of our models and the mechanisms they demonstrate. The results presented
here therefore provide insights for the exploration of OFG reservoirs worldwide, with important
global implications for water resources management, seafloor geomorphology, and marine
biogeochemistry.

2. (Hydro)Geological setting

The Levant Basin is located in the eastern Mediterranean Sea (Figure 2A) at the intersection of
three plates, i.e. the Arabian, African and Eurasian Plate (Vidal et al., 2000; Stacey, 2021). The
Basin formed in the Early Mesozoic, as regional geologic rifting occurred in the entire Tethys
area (Dewey et al., 1973; Garfunkel and Derin, 1984). At this time, the basin was characterized
by shallow platform carbonates in the east and by deep-water carbonates on the slope and basin
in the west (Bein and Gvirtzman, 1977; Druckman et al.,1995, Garfunkel, 1998). The Late-
Jurassic to Mid-Cretaceous shallow platform carbonates host the main aquifers of the Levant
region. These formations transition, westwards of a ‘hinge line’, to deep marine setting and fine-
grained, impermeable lithologies called “Talme Yafe” (Gardosh et al., 2008) (Figure 2C).

The Mesozoic karst aquifer that is the focus of this study is composed of numerous lithologies
(Fig. 2), with the Judea Group (Gardosh and Druckman, 2006) being its uppermost
hydrostratigraphic unit (green polygons in Fig. 2A and B). Traditionally, the Judea Group is
divided into two sub-aquifers. The lower sub-aquifer is formed by the ‘Yagur’ Formation, and
the upper sub-aquifer comprises the ‘Ya’ara’ Member (Dier Hanna Formation), Sakhnin
Formation and Bina Formation (Kafri, 1972, Kafri and Fleischer, 2003; Dafny et al., 2010).
These sub-aquifers are separated by a leaky aquitard of the Moza and Bet-Me’ir Formations
(Dafny et al., 2010). As the aquitard is discontinuous, the Judea Group is often considered one
single aquifer of thickness ~600m bounded from below by the Kurnub Group aquitard (Gardosh
et al., 2008). This work assumes this simplification and a uniform aquifer is considered hereafter.
The Judea Group transitions into the aforementioned impermeable Talme Yafe Formation, with
this lateral boundary located further offshore of our modelling area, therefore not included in the
model.

Today, the Judea Group aquifer is overlain by the Mt. Scopus Group of Senonian age, and the
Sagiye Group that was deposited throughout the Tertiary. The lithologies of both these Post-
Judea rock units are considered nearly-impervious, with hydraulic conductivities about 3 orders
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of magnitude lower than the Judea Group aquifer (Dafny et al., 2010; Kafri & Fleischer, 2003;
Kafri, 1972). The Judea Group outcrops on land (green polygons in Fig. 2) along the Lebanese
coastal plain and Mount Lebanon that rises up to a height of ~1500 m. Annual rainfall is
currently around 800 mm, providing the primary source of recharge into the aquifer. Past climate
conditions likely included different rainfall rates, but with the lack of other information, the
present value was adopted in the model described below. During the late Tertiary, several
tectonic phases and relative sea-level changes controlled the post-depositional evolution of the
Mesozoic aquifer, which has experienced tectonic deformation and karstification, forming an
extensive conduit system through which fresh/brackish water flows (Ghannam et al., 1998;
Shaban et al., 2005). We mapped submarine faults that cut through the Judea group (red lines in
Figure 2 a&b), based on seismic data analyzed in previous studies (Carton, 2009; Hawie et al.,
2013). The structure presented here has been verified in previous studies from the region
(Carton. 2009; Haiwe et al., 2013), including the offshore faults, and the velocities used for time
to depth conversion of the seismic reflection profiles have similarly been previously established
(Druckman, 2006). We therefore adopt the interpreted structure (Fig. 2D) and apply a
groundwater model according to it, as detailed in section 3 below. The naming of the geological
units adopted here follows the notion of the Geological Survey of Israel, whereas in Lebanon the
Cretaceous limestone, chalk and marl units which are time-equivalent of the Judea group are
named Mdairej (Lower Cretaceous), Hammama, Sannine and Maameltain and part of the Chekka
Fm. (Upper Cretaceous)

A shallow coastal aquifer also exists in the area, hosted by the Quaternary Kurkar formation.
Compared to the Mesozoic carbonate aquifer, this aquifer has limited recharge area and total
storage capacity, and large lithological heterogeneity with related differences in hydraulic
conductivities (Vengosh & Ben-Zvi 1994; Avisar et al., 2004). Furthermore, the offshore extent
of this aquifer is limited to the typical nearshore extents of shallow aquifers, on the order of 1-10
m from the coastline (Bratton, 2010). Hence, in the context of deep OFG systems, this local
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207 Figure 2: (A) Regional map and bathymetry of the Levant basin. (B) General fault regimes in

208  Lebanon. The onshore strike-slip faults, roughly trending E-W, are in thin black, as well as the
209  major elements of the Dead Sea Fault System (Walley, 2004). Tertiary thrusts have been found up
210  to 30km offshore (Carton et al., 2009) and are shown in red. These faults trend NE-SW and bend
211 around in northern Lebanon as part of the restraining bend. (C) A columnar lithologic section
212 detailing the geological units interpreted here (note that nomenclature follows the Geological
213 Survey of Israel). (D) The geological cross-section that is the focus of the current study, compiled
214  based on Ghalayini et al. (2017, 2018 (Petroleum systems of Lebanon)) for the onshore cross-
215  section and Hawie et al. (2013), Carton et al. (2009) for the offshore part of the section, see text
216  for an explanation on time-depth conversion. The domain taken for the FEFLOW model is marked
217  with a black dashed frame, including the observed offshore fault in red. A blue dashed line marks
218  the sea level (SL).

219 3. FEFLOW model
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Based on the inferred geological structure (Fig. 2D) we designed a hydrogeological model
using FEFLOW (Fig. 3), a finite-element numerical code that simulates groundwater flow and
salt transport. FEFLOW accounts for variable-density flow by coupling simulated salinities with
heads through a linear equation of state. The maximum salinity in the model was taken as the
Mediterranean Sea average salinity (39 g/L), with a corresponding maximum density of 1029
kg/m?®. These values are based on previous measurements of seawater in the same area (Paldor et
al., 2020a). For boundary conditions, the land surface (blue line in Fig. 3) was assigned a
constant freshwater flux, taken as 20% of the precipitation, consistent with previous estimates
from the region (Kessler & Kafri, 2008; Paldor et al., 2019; Yechieli et al., 2009). The seaside
boundary (red line in Fig. 3) was simulated with a constant seawater salinity and a fixed
freshwater-equivalent head that varied with depth as:

hZ)=-a-Z
where the factor a, called density ratio, accounts for the higher seawater density and is defined
asa = % = 0.029 (assuming freshwater density of p, = 1000 kg/m?). Applying a depth-
f

dependent freshwater head along the seafloor is a widely-adopted approach in coastal/marine
hydrogeology (e.g. Kooi and Groen, 2001; Person et al., 2003; Paldor et al., 2022; Stanic et al.,
2024). This assumes hydrostatic conditions along the seafloor, such that the saltwater head is
zero. Since the thickness of the (salt)water column varies with the depth of the seafloor, the
freshwater-equivalent head is greater than zero as the pressure head increases more rapidly than
the gravitational head due to the higher density of saltwater. The other model boundaries (black
line in Fig. 3) were assumed zero-flux for both fluid and salt.

-3¢ BC*
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Modern sea level

Seaside BC:
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Salinity = 39 g/L

2000
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=3000

—4000

-15000 —12500 —10000 -7500 -5000 -2500 0 2500 5000
X [m]
Figure 3: FEFLOW model setup and boundary conditions. The confined aquifer (shaded area)
and the overlying aquitard follow the interpreted structure (Fig. 2). The function that defines the
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head-depth relationship on the seafloor is f(Z) = —aZ, where « is the density ratio. See text for

details.

The aquifer and the overlying confining aquitard (Fig. 3) were assigned isotropic hydraulic
conductivities of 50 m/d and 0.01 m/d, respectively. These values are consistent with previous

models from the same area (Kafri & Kessler, 2001; Paldor et al., 2019). All other model
parameters are given in Table 1.
Table 1: Model parameters.
Parameter Symbol Unit Value Source
. : Paldor
Aqg:)fﬁg ll;lﬁ/ri?m ¢ Ka m/d 50 etal.
y (2019)
. . Kafri &
Aqlg;ﬂguﬁgsirf ulic Kc m/d 0.01 Kessler
y (2001)
Anisotropy K, /K, - 1
Paldor
Specific Storage Ss 1/m 10 et al.
(2019)
Yechieli
Freshwater recharge 90 m/d le-3 etal.
(2009)
Porosity ¢ - 0.3
Freeze
- &
Specific storage Ss 1/m le-4 Cherry
(1979)
Seawater density Ds kg/m?® 1029
I ay Gelhar
o . .
persivity (1992)
ar Gelhar
Lateral Dispersivity m 5 et al.
(1992)

Faults were simulated as simple elements with straight geometry cutting through the confining
layer down to the aquifer, having the hydraulic conductivity of the aquifer (Table 1). Rather than
simulating faults as discrete elements, we incorporated them continuously as part of the isotropic
porous medium, with a thickness of 50-100 m to represent the typical faulting damage zones.
This simplified representation of faults is conservative in the sense of their effect on OFG, since

we neglect the potential impact of anisotropic K enhancing along-fault flow. Due to the

dynamics of slip during faulting, it is often assumed that the flow rate along the fault is orders of
magnitude higher than across it (Bense et al., 2013). Such anisotropy means that the fault-related
hydraulic connection between the confined aquifer and the sea could be much stronger than
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simulated, which would likely strengthen the control of faults on OFG. Therefore, modeling the
relationship between faults and OFG assuming isotropic K in the fault is a conservative
approach. Simplifying the K in the fault also allowed increased numerical stability and
drastically decreased runtimes. To capture a range of faulting scenarios, we simulated separately
four fault configurations. The first configuration was of the observed fault, intersecting with the
seafloor at a water depth of ~1000 mbsl (meters below sea level), and a distance of 5.4 km
offshore. A second fault was simulated closer to the coastline, intersecting the seafloor at a
distance of 3.7 km and a water depth of 600 mbsl. The third fault was simulated closest to the
coastline, intersecting with the seafloor 2 km offshore and at a water depth of 350 m. Based on
their distance from the coastline, we name these faults distal, intermediate, and proximal. These
three faults were inclined at 40 degrees from the horizon, typical of compressional faults as the
ones observed in the studied area (Fig. 2). A fourth fault was simulated at the same depth as the
distal one (intersecting the seafloor at 1000 mbsl and 5.4 km offshore), but oriented vertically so
that its midpoint is further offshore than the distal one. This generalizes our results beyond the
local tectonic regime in the Levant Basin. Based on Anderson’s theory of faulting, vertical faults
typically occur in compressional tectonic regimes as strike-slip faults (Anderson, 1905). Since
the faults were assigned hydraulic properties similar to the aquifer, they are apparent in the
model only along the aquitard, as once they cut into to the aquifer they are essentially the same
material as their host rock.

The model was run with two initial conditions for salinity: one in which the interface between
fresh and saline groundwater was located seaward of the respective fault, such that the faults
were initially within the fresh part of the aquifer (the interface was seaward of the fault), and
another in which the fault location was initially saline (the interface was landward of the fault).
In all simulations, the model was run to quasi-steady state, considered when heads and salinities
in the aquifer were not changing with time. The salinities in the confining layer were not
considered in our assessment of quasi-steady state, as the aquitard reaches steady state over time
scales that are orders of magnitude higher than the aquifer, and beyond the scope of this work.

4. Results
4.1 The dependency of OFG on initial conditions

When the freshwater-saltwater interface is initially seaward of the distal fault, the steady-state
salinity is such that freshened groundwater exists continuously from the recharge area on land to
the fault (Fig. 4). If the initial conditions are such that the fault location is initially saline, then
the fresh groundwater never reaches the fault (Fig. 4 c&d). Hence, this fault-dependent OFG is a
combination of the two previously-considered types of OFG (Fig. 1). It features direct onshore-
offshore geologic connectivity (namely, active OFG), but its existence in steady state with
modern hydrological regimes requires antecedent conditions in which an OFG body extends to
or past the fault. These fresh conditions are the same as required for passive systems, but in this
case, they enable the existence of an active OFG. Without freshened antecedent conditions, the
OFG does not exist, despite having geologic conditions conducive to active onshore-offshore
freshwater flow. This suggests a novel mechanism for OFG that has not been previously
considered, since all occurrences of OFG were categorized as either passive (Fig. 1a) or active
(Fig. 1b). In other words, faults may generate onshore-offshore geologic connectivity, but
onshore-offshore flow of freshened groundwater in steady state with modern hydrologic
conditions requires initial emplacement in these fault-controlled systems. This important result
and its potential implications are further discussed in Section 5 below.
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Figure 4:Initial (left, panels a&c) and final (right, b&d) salinities with the furthest fault (distal)

starting fresh (top) and saline (bottom). The salinities in the aquitard are masked to distinguish

from the aquifer salinities. Note that the faults are marked here with a dashed line that extends

beyond the seafloor for visibility purposes only. See Section 3 above for detailed explanation of
the fault implementation in the model.

4.2 Fault location and geometry control OFG

For the case where the fault was initially fresh, the location of the fault along the shelf is found
to control the extent of OFG (Fig. 5). The intersection between the fault and the aquifer largely
controls the intersection between the 50% salinity contour and the top of the aquifer, such that
the distal fault brings the freshened groundwater ~650 m further into the basin compared to the
intermediate fault (Fig. 5 a&b). Since the intermediate fault is located ~1700 m closer to the
coastline than the distal fault, the difference in OFG extent (650 m) is much smaller than the
difference in fault location. It is also noted that there is a difference in the salinity distribution
around the fault between the two cases. In the case of the distal fault, the fresh-saline transition
zone evolved around the fault, meaning that the groundwater discharged through the fault is
brackish. In the intermediate fault, the transition zone is entirely seaward of the fault, meaning
that the fault cuts into the aquifer in an area where the salinities are much lower (compare Fig. 5a
with 5b - the intermediate fault intersects a blue region in the aquifer, whereas the distal fault
intersects a yellow region).

When the distal fault is simulated initially fresh but as a vertical fault (typical of strike-slip
faults in a compressional tectonic regime), there is a marginal effect on the OFG extent (Fig. 5
b&c). The OFG extent is controlled by the fault-aquifer intersection, such that with the vertical
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fault, the maximum offshore distance of the 50% salinity contour in the aquifer is ~150 m greater
than the inclined fault (black lines in Fig. 5b&c). While both faults intersect with the seafloor at
the same point, the vertical fault intersects the top of the aquifer at X=-5400 m, and the inclined
fault intersects at X=-4900 m. Thus, similar to the comparison between the distal and the
intermediate faults, the difference in the OFG extent (~150 m) between the distal and the vertical
faults is about 1/3 the difference in their fault-aquifer intersection locations (~500 m).
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Figure 5: Final simulated salinities for three fault scenarios: (a) Intermediate distance
offshore (fault intersects the seafloor at a water depth of 600 mbsl); (b) Distal (fault intersects
the seafloor at 1000 mbsl) and (c) Distal vertical (fault intersects the seafloor at 1000 mbsl but
its midpoint is further offshore). Vertical black lines denote the intersection of the 50% salinity

contour and the top of the aquifer. In all cases plotted here, the initial interface is seaward of the
fault (i.e., fault starts fresh). The salinities in the aquitard are masked to distinguish from the
aquifer salinities. Note that the faults are marked here with a dashed line that extends beyond the

13



347
348

349
350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

seafloor for visibility purposes only. See Section 3 above for detailed explanation of the fault
implementation in the model.

4.3 Proximal fault controls offshore salinity distribution regardless of initial conditions

When the fault is closest to the coastline (i.e., proximal fault), it controls the extent of OFG in
steady state regardless of the initial salinity distribution (Fig. 6). This is in contrast to the distal
fault, where an initially salty fault leads to final salinities that are independent of the fault, and
the freshened groundwater never reaches it (Figure 6¢). This means that there is a certain
threshold for the offshore distance of the fault that dictates whether or not its relationship with
the eventual OFG depends on initial salinities. This threshold distance depends on the transition
zone that is simulated regardless of a fault (i.e., the transition zone that would have been
simulated without any faults). When the proximal fault cuts the aquifer in an area that would
have eventually been brackish regardless of faults, then the fault controls the final distribution of
salt and the extent of OFG (Fig. 6b). This can be seen by the vertical line crossing from panels b
and c in Fig. 6 — the steady-state brackish zone predicted regardless of faults (panel b) is at the
same offshore distance as the intersection of the proximal fault with the aquifer (panel c). In both
cases, the initial salinity was such that the entire aquifer was salty (panel a), but the final extent
of OFG in the aquifer is ~2000 m with the distal fault, and ~3000 m with the proximal fault.
Furthermore, when the fault is proximal enough to control the final salinity Fig. 6c), the
transition zone is widened significantly compared to the transition zone that develops
independent of faults (Fig. 6¢). This is likely because the proximal fault acts as an outlet for
freshened groundwater from the aquifer to the sea, allowing greater flow velocities and therefore
higher hydrodynamic dispersion.
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Figure 6: (a) Initial and (b&c) final simulated salinities for two fault locations: (b) Distal (fault
intersects the seafloor at a water of depth of 1000 mbsl) and (c) Proximal (fault intersects the
seafloor at a water depth of 350 mbsl). Vertical black lines denote the intersection of the 50%

salinity contour and the top of the aquifer (shaded). In both cases plotted here, the initial
interface (@) is landward of the fault (i.e., fault starts saline). The final salinities (b&c) in the
aquitard are masked to distinguish from the aquifer salinities. Note that the faults are marked
here with a dashed line that extends beyond the seafloor for visibility purposes only. See Section
3 above for detailed explanation of the fault implementation in the model.

In cases where the initial salinities dictate a fault-controlled OFG, the relationship between the
location of the fault-aquifer intersection and the extent of OFG is evident across all simulated
faults (Fig. 7). In Figure 7, points that are below the 1:1 line mean that the furthest offshore
extent of freshened groundwater is less than the distance of the fault-aquifer intersection, and
vice versa. Since the aquifer-fault intersection is the location where fresh, terrestrial groundwater
potentially discharges from the aquifer up toward the sea, one might expect a 1:1 relationship,
but that is not the case. As the fault location is further offshore, this relationship weakens and the
seaward reach of OFG is less than predicted by the 1:1 line. In the case of a proximal vertical
fault, the intersection with the aquifer is 500 m seaward of its location with a tilted fault, but the
OFG reaches only ~150 m further offshore. This means that it is not only the aquifer-fault
intersection that controls OFG, since the vertical fault cuts the aquifer further offshore but the
impact on the offshore extent of OFG is minimal.
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Figure 7: The extent of OFG as a function of the location of the aquifer-fault intersection. The
extent of OFG is defined as the maximum distance offshore of the 50% salinity contour in the
aquifer (Figures 4-6). Dashed line is the 1:1 line.

5. Discussion and conclusions

Previous studies of OFG considered only two modes of active or passive OFG (Fig. 1) (Cohen
et al., 2010; Haroon et al., 2021; Kooi & Groen, 2001; Post et al., 2013). Here, a novel
mechanism for OFG is found, which is an intermediate mode. The fault-controlled OFG
simulated here is continuous from the recharge area to the offshore, along a subsurface hydraulic
connection, but it depends on antecedent conditions (Fig. 8). As the main current challenge in
assessing the value of OFG reservoirs as a resource relies on understanding their underlying
hydrogeologic dynamics, this study presents a crucial step toward better understanding of the
ways in which OFG can be generated. In many studies, OFG is detected through observational
methods such as geophysics, hydrographic surveys, chemical sampling, or offshore drilling
(Attias et al., 2021; Hathaway et al., 1979; Micallef et al., 2020; Paldor et al., 2020a), but the
hydrogeological regimes that generate them are often not explored. The distinction between
active and passive OFG is important because active systems are likely renewable and hence
represent a more sustainable resource for extraction. However, a third type of system is
introduced here, which we call conditional active since there is a geologic connection, but active
flow depends on the hydrologic history. One example of a potential implication of this novel
conditional OFG is that extraction of offshore freshened groundwater from a system with
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geologic connection may have a tipping point — while the steady state of the system could
include onshore-offshore flow, pumping could pull saltwater and form the density-driven barrier
that would inhibit active flow even if pumping is ceased. It is important to note that such a
conditional OFG may form regardless of faults, if the geological structure is such that there is a
U-shaped aquifer with an inlet onshore and an outlet offshore. In such cases, the initial
conditions have the potential to dictate whether a density-driven barrier will form and inhibit
fresh groundwater flow to the outlet. Further exploration is suggested here into these types of
conditional OFG systems and their dominating factors.

Assessments of modern OFG reservoirs that do not consider faults may erroneously estimate
the extent of OFG, as fault locations and configuration may strongly control the offshore salinity
distribution (Fig. 8). This is particularly important since faults are often neglected in large-scale
hydrogeological studies (e.g., Paldor et al., 2019; Paldor et al., 2020b) since they are difficult to
map and to model. However, the present work implies that ignoring faults may mean not only
underestimating the extents of OFG, but a completely misinterpreting the onshore-offshore
hydrogeologic regime. This can be seen in Figure 6, as the salinity transition zone that develops
independent of a fault (Fig. 6b) is much narrower than the transition zone that develops in the
vicinity of a fault (Fig. 6¢). This means stronger density gradients and higher rates of buoyancy-
driven flow even into the terrestrial domain of the aquifer. In other words, onshore wells that
monitor the groundwater state may be impacted by offshore faults, regardless of the question of
OFG extent.

The fault control on OFG is dependent on the initial salinity distribution (Fig. 8). This
conditional relationship is important to consider in the context of modeling sea-level
fluctuations, suggesting a hysteresis effect by which sea-level rise and sea-level drop may not
have symmetrical effects on subsurface salinities when faults cut through confined subsea
aquifers (fault starts fresh vs fault starts saline). In this work we did not model such processes
explicitly, but the conclusions drawn here imply that this hysteresis effect should be considered
when predicting modern salinities through simplifying assumptions on antecedent conditions.
This effect stems from the buoyancy force — when the fault starts seaward of the interface, then
the saline groundwater wedge acts as a density-driven flow barrier for the fresh groundwater
recharging into the aquifer. Thus, the freshened groundwater never reaches the fault. Conversely,
when the fault initially intersects the aquifer in a freshened area, direct flow of terrestrial
groundwater is generated because the density-driven flow barrier is seaward of the fault, and this
onshore-offshore flow keeps the transition zone seaward of the fault even in steady state. In the
context of modeling OFG systems, which is a tool that is very widely used (Kooi & Groen, 2001,
Paldor et al., 2020b; Person et al., 2003), simplifying assumptions on initial salinities are often
adopted to achieve numerical stability. This work suggests that initial conditions adopted in
modeling OFG are a crucial factor and strongly influences the final result.
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Figure 8: A comparison of the final salinity distributions with the three fault scenarios (proximal, intermediate, and distal),
with initial conditions of faults penetrating freshwater (left, panels a,c,e,g) and initially penetrating saltwater (right, panels
b,d,f,h). Thin black lines mark the fault location. Salinities in the aquitard are greyed out to facilitate comparisons between
aquifer salinities only.
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It should be noted that there are two factors that likely impact the fault-dominated salinity
distribution. The first factor is the offshore distance of the fault-aquifer intersection, which
dictates the overall land-to-sea gradient. For a given recharge rate on land and a given (upward)
percolation rate across the confining unit, a more distal fault experiences a weaker “push” of
freshwater toward it from land (when initial conditions dictate that freshwater ever reaches it).
The second factor is the head gradient along the fault. Since the freshwater-equivalent head
increases with seafloor depth (due to greater thicknesses of the denser seawater column), faults
that cut the seafloor at greater water depths have higher heads at their top. Therefore, it is not
only the fault-seafloor intersection that is important to consider, but also the geometry of the
fault and its intersection with the aquifer. This likely introduces great challenges since offshore
geophysical data quality strongly reduces with depth below the surface, meaning that this crucial
factor may be very hard to predict.

The findings of this study should be considered in future explorations of OFG, which rely
heavily on understanding the hydrogeological mechanisms for onshore-offshore transport of
freshened groundwater. Furthermore, modeling OFG systems should take in consideration the
critical dependency of the simulated dynamics on the adopted approach (initial conditions, fault
representation, etc.). Better understanding the dynamics of flow and transport in OFG systems
and better modeling approaches have important global implications for water resources
management, seafloor geomorphology, and marine biogeochemistry.
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