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Offshore freshened groundwater (OFG) is groundwater with a salinity below that of seawater that is stored in sub-seafloor sediments and rocks. OFG has been proposed as an alternative solution to relieve water scarcity in coastal regions and to enhance oil recovery. Although OFG has been documented in most continental margins, we still have a poor understanding of the extent and flow characteristics of OFG systems, and their evolution through time. In view of the general absence of appropriate field data, paleohydrogeological models have been used. The majority of these models are based on 2D approaches, and they rarely consider the future evolution of OFG systems, especially in response to predicted climate change. Here we utilize recently acquired geological, geophysical and hydrogeological data from onshore and offshore the Maltese Islands, and employ 2D and 3D numerical models, to: (i) reconstruct the evolution of the onshore-offshore groundwater system during the last 188 ka, (ii) predict the evolution of the OFG system in response to climate-related changes. We show that the mechanisms emplacing OFG include a combination of active meteoric recharge at present as well as at sea-level lowstands. The Maltese onshore-offshore groundwater system is relatively dynamic, with 23% of groundwater being preserved in the last 18 ka. The control of geology is expressed by the more prevalent distribution of OFG north of the Great Fault, which is associated to the occurrence of low permeability units, and the asymmetry of the groundwater lens during the 18 ka lowstand. A 30% decrease in recharge predicted in the coming 100 years will diminish OFG extent by 38%, whereas sea-level rise will play a negligible role. At present the estimated volume of OFG is 1 km3, which could potentially provide an alternative supply of potable water to the Maltese Islands for 75 years. Exploitation of OFG with minimal salinization of onshore groundwater bodies would require locating pumping wells close to the coast.
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1. Introduction

Offshore freshened groundwater [OFG; also termed offshore groundwater (Evans and Lizarralde, 2003), offshore fresh groundwater (Post et al., 2013), or subterranean estuary (Moore, 1999; Willard, 1999)] is groundwater stored in the pores of sediments or fractures of rocks in the sub-seafloor, and having a total dissolved solid concentration below that of seawater (Micallef et al., 2021). OFG has been documented in most continental margins (Post et al., 2013), although it predominantly occurs in siliciclastic passive margins, in water depths of 100 m and sub-seafloor depths of 200 m (Micallef et al., 2021). OFG can be emplaced by meteoric recharge (Kooi and Groen, 2001; Cohen et al., 2010; Thomas et al., 2019; Micallef et al., 2020, 2021), diagenesis (Kastner et al., 1991) or gas hydrate dissociation (Hesse and Harrison, 1981). Permeability contrasts (Zamrsky et al., 2020), connectivity of permeable and confining strata (Michael et al., 2016), buried paleochannels (Krantz et al., 2004), and faults (Varma and Michael, 2012) are the main geological elements controlling OFG distribution. There has been a growing interest in the study of OFG systems, especially in the last decade. This has largely been driven by their potential use as unconventional sources of water in coastal areas, where groundwater resources are being rapidly depleted or contaminated (Bakken et al., 2012; UN-Water, 2020), or to improve oil recovery (Person et al., 2017). OFG is also thought to play a key role in biogeochemical fluxes to the ocean (Michael et al., 2016), benthic and sub-seafloor biological systems (Moore, 1999), continental margin geomorphology (Johnson, 1939), and human migration patterns (Bailey and King, 2011), among others.

Our understanding of OFG is primarily based on borehole data (primarily chlorinity and total dissolved solids of extracted pore fluids) from legacy drilling campaigns and incidental discoveries (Micallef et al., 2021). Appropriate field data are limited, particularly in continental shelf environments. Direct observations of aquifer structure and properties, and geochemical characteristics, of OFG remain rare (Lofi et al., 2013; van Geldern et al., 2013). The mechanism and timing of OFG emplacement are often unknown, and the former has been confirmed by geochemical data for <10 records (Micallef et al., 2021). Downhole measurements of the physical characteristics of the OFG (e.g., flow velocity, direction, pressure) and residence times have never been performed. Detailed geophysical assessments of OFG systems, on the other hand, have only become available recently and for few locations (e.g., Gustafson et al., 2019; Attias et al., 2020; Micallef et al., 2020; Haroon et al., 2021).

As a result, important knowledge gaps still remain concerning the extent and flow characteristics of OFG systems, and evolution of these through time. To address these knowledge gaps at large spatial scales (e.g., margin) and temporal scales (e.g., glacial cycles), paleohydrogeological models have been used (e.g., Meisler et al., 1984; Kooi et al., 2000; Person et al., 2003; Marksammer et al., 2007; Cohen et al., 2010; DeFoor et al., 2011; Amir et al., 2013; Siegel et al., 2014; Morgan et al., 2018; Thomas et al., 2019; Micallef et al., 2020). The majority of these models are based on 2D approaches that take into consideration shore-normal topography-driven flow and varying sea-level conditions. They generally tend to reproduce the lateral extent of OFG, where this is documented in borehole data, and suggest that meteoric recharge during sea-level lowstands is the most common emplacement mechanism. 3D numerical modeling approaches, in comparison, remain rare and have primarily been applied to glaciated margins. For this reason, onshore-offshore and alongshore stratigraphic connectivity are poorly represented, which is problematic considering that shore-parallel flow regimes may be important in OFG systems (Micallef et al., 2020; Knight et al., 2021). A small number of studies have focused on the present and future evolution of OFG systems (e.g., Knight et al., 2018; Morgan et al., 2018; Yu and Michael, 2019). These are primarily 2D assessments, based on either analytical modeling or variable-density groundwater flow and transport modeling, which explore the link between onshore and offshore groundwater extraction. How OFG systems will respond to climate change—e.g., in terms of changes in groundwater recharge, water demand and sea-level—has still not been assessed.

The Maltese Islands, located in the central Mediterranean Sea, are a carbonate archipelago that has the highest population density in Europe and is one of the poorest countries globally in terms of water resources per inhabitant (FAO, 2003). Groundwater supplies ~50% of the potable water, and >16% of its volume is predicted to be lost due to climate change by 2100 (De Biase et al., 2021). Controlled-source electromagnetic and seismic reflection data from the seafloor offshore the SE of Malta were used to identify resistivity anomalies that were interpreted as indicative of OFG (Haroon et al., 2021). Numerical simulations suggest that an OFG body close the coast (~1 km) is actively recharging, whereas an isolated body at a distance of >3 km from the coast is likely a relict feature emplaced during the Last Glacial Maximum. The extent and characteristics of the freshened groundwater system offshore the Maltese Islands, how it has evolved in the past and how it will respond to climate change, remain poorly constrained.

In this study, we utilize recently acquired geological, geophysical and hydrogeological data from onshore and offshore the Maltese Islands, and employ 2D and 3D numerical models, to: (i) reconstruct the evolution of the Maltese onshore-offshore groundwater system during the last 188 ka in terms of extent, volume, salinity and velocity, (ii) predict the evolution of the OFG system in response to climate-related changes up to 2100.



2. Regional setting

The Maltese archipelago comprises the islands of Malta, Gozo and Comino, and three small islets. Outcropping across the archipelago are four main Oligo-Miocene sedimentary formations (Pedley et al., 1976). From bottom to top, these formations include: (i) Lower Coralline Limestone (1,000 m thick succession of shallow-water algal foraminiferal limestone); (ii) Globigerina Limestone (~200 m thick fine-grained biomicrite, made up of the Upper, Middle and Lower Globigerina Limestone members); (iii) Blue Clay (75 m of banded kaolinitic marls and clays); and (iv) Upper Coralline Limestone (~100 m thick shallow reef complex). This sedimentary sequence is disrupted by two normal fault systems (Illies, 1981; Gardiner et al., 1995). The most widespread system, which includes the Great Fault, trends ENE-WSW and was active intermittently between the Early Miocene and the mid-Pliocene. The second system trends NW-SE and was active during the late Pliocene to the Quaternary.

The archipelago generally tilts toward the NE, with cliffs reaching altitudes of 250 m along the western coast. Geomorphology is primarily controlled by tectonic activity, with mass movements, karstification, surface water and coastal erosion playing a secondary role (Alexander, 1988). The seafloor area considered for this study (i.e., from the coast down to a depth of 120 m; Figure 1) represents a submerged paleolandscape that is up to 10 km wide, gently sloping and hosting valleys, karstic landforms, paleoshorelines and deposits along the east (Micallef et al., 2013, 2019). Along the west, the shelf is comparably narrower. The predominant sediment type is muddy sand (Micallef et al., 2013).


[image: Figure 1]
FIGURE 1
 Topographic map of the Maltese Islands and the surrounding seafloor. Features of geological interest are denoted.


The Maltese Islands host three types of groundwater bodies (Bakalowicz and Mangion, 2003; Environment and Resources Authority, 2015; Pondthai et al., 2020; Lotti et al., 2021). The largest is the mean sea-level groundwater body, which is primarily hosted in the Lower Coralline Limestone formation. This comprises a freshwater Ghyben-Herzberg lens floating on seawater and is a key source of potable water. The other bodies have smaller areal extents and are hosted in the Upper Coralline Limestone formation, either as perched groundwater bodies above sea-level or in valleys below sea-level. Groundwater is primarily recharged by precipitation, which has a mean annual value of 550 mm (Galdies, 2011). The Maltese climate consists of hot, dry summers, and mild, wet winters, with most of the rain falling between October and February.



3. Materials and methods


3.1. Geological data

Onshore geological data for the Maltese Islands comprised: (i) a digital elevation model of the entire Maltese archipelago (1 m cell size; acquired during a 5.5 h flight in February 2012 using an IGI LiteMapper 6800 LiDAR system as part of the project “Development of Environmental Monitoring Strategy and Environmental Monitoring Baseline Surveys” funded by ERDF-156), (ii) a surface geological map (Pedley et al., 1976), and (iii) legacy and recent borehole logs (Costain and Messers, 1957; De Biase et al., 2021). Offshore geological data included: (i) multibeam echosounder data acquired offshore the eastern coast of the Maltese Islands during a number of expeditions (Micallef et al., 2013, 2019), (ii) >400 km2 of bathymetric data acquired with a Hawkeye IIb bathymetric LiDAR sensor and an interferometric swath system (Kongsberg GeoSwath), collected as part of the project “Development of Environmental Monitoring Strategy and Environmental Monitoring Baseline Surveys” funded by ERDF-156, (iii) bathymetry from the remaining seafloor derived from EMODnet Bathymetry (https://www.emodnet-bathymetry.eu/), (iv) multichannel seismic reflection profiles, and (v) offshore boreholes and seafloor samples (as described in Micallef et al., 2019; Haroon et al., 2021).



3.2. 2D groundwater modeling
 
3.2.1. Modeling framework

The 2D approach is the most suitable to assess future scenarios of groundwater evolution at high spatial and temporal scales, and to determine the values of anisotropy factors to use in both 2D and 3D modeling approaches. The 2D model was designed to reconstruct the seafloor offshore the SE of Malta and assess the evolution of the groundwater system there in the future. We focus on this zone because it hosts the best indications, from a geophysical and numerical modeling point of view, for the occurrence of an OFG (Haroon et al., 2021). The variable density groundwater model SEAWAT (Langevin et al., 2008) was used to run 2D simulations of the mean sea-level groundwater body in SE Malta under transient conditions. The model domain includes a two-dimensional transect across SE Malta (Figure 2), developed by interpolating the interfaces between different formations from the geological map, boreholes and offshore seismic reflection data. The cross-section is oriented along the main groundwater flow direction, which is perpendicular to both the intersected coastlines. It has a total length of 19 km, including a 12 km onshore section and a 7 km offshore section, and a maximum height of 560 m. The NW edge of the section stops abruptly at the coastline due to the occurrence of a vertical cliff descending below sea-level. We have extended the section to the west coast to set the sea boundary condition for the model. The base of the model is set at a depth of 500 m below sea-level, which is significantly deeper than the freshwater–saltwater interface. The simulation domain is vertically discretized for the first 200 m, with thirty horizontal layers that have a constant thickness of ~10 m. The layers progressively increase in thickness, reaching 100 m at the bottom layer, in the remaining 300 m. This layout has been designed to facilitate the convergence of the solute transport equation in the zone where freshwater and saltwater interaction occurs (Zheng, 1990), and to reduce the computational burden where a high calculation precision was not required. The domain has been horizontally discretized by dividing each layer with 380 elements having a size of 50 × 50 m. Figure 2 shows the described model settings and the formations derived from the geological model.


[image: Figure 2]
FIGURE 2
 2D model domain showing discretization settings and associated formations derived from the geological model. Location of profile in Figure 1.


The aquifer hosting the groundwater is considered as unconfined and each geological formation is modeled as homogeneous. There are no layers of impermeable material located both above and below the aquifer that cause it to be under pressure. The water table is at atmospheric pressure, and can thus rise and fall as a result of external forcings. The model layers are set to be “convertible”, which means that the model checks the hydraulic head value of each cell to determine if it is confined or not. Cells in convertible layers are either confined or unconfined depending on whether the head is above or below the top of the cell.

The aquifer bottom (boundary B-C in Figure 2) has been set as an impervious boundary for flow and transport. The seaward boundaries (left vertical edge A-B representing the steep cliff characterizing the coastline on that side; right vertical edge C-D and part of the top of the uppermost layer D-E representing the seafloor) are assumed to be at seawater hydrostatic pressure. On these boundaries, saltwater heads of 0 m have been assigned, a prescribed concentration of 35 g/L was set for entering fluxes and model calculated concentrations are applied for outcoming water flows.



3.2.2. Modeling parameters

Hydraulic properties of the formations in the model are assigned according to the values shown in Table 1. The specific yield was derived from the studies of Nicholson (2001) and Yeh et al. (2000), whereas the specific storage was derived from the study by Kuang et al. (2020), who reviewed this parameter from 182 field sites that covered a wide range of aquifer materials.


TABLE 1 Hydraulic parameters of the geological formations of the Maltese Islands.

[image: Table 1]

The longitudinal dispersivity, which is used to represent the local variations in the velocity field of a groundwater solute in the direction of fluid flow, has been estimated using the empirical power law developed by Schulze-Makuch (2005):

[image: image]

where α is longitudinal dispersivity [L], c is a parameter characteristic for a geological medium [L1−m], L the flow distance [L], and m is the scaling exponent. These parameters have been quantified for unconsolidated sediments and consolidated rocks via the analysis of hundreds of data pairs. In the present study, the aforementioned parameters have been derived for carbonate rocks and a modeling scale of 20 km. The resulting longitudinal dispersivity is equal to 40 m and the transversal one is set to be a tenth of this value. The density of seawater is set to 1.025 g/cm3 (salt concentration of 35 g/L) while the density of freshwater is set to 1 g/cm3 (salt concentration of 0 g/L).

Onshore recharge equivalent to ~25% of the annual precipitation of 550 mm (FAO, 2003; Galdies, 2011) has been attributed to the top boundary A-E not covered by the sea, and was kept constant during the simulations. Simulations of ~5,000 year duration were run, with a starting salt concentration of 35 g/L in the aquifer, to reach the equilibrium conditions of the groundwater body generated and fed by the superficial freshwater recharge.

The anisotropy ratio between horizontal and vertical hydraulic conductivity (KH/KV), which plays a fundamental role in the formation and extension of OFG (e.g., Haroon et al., 2021), is not known. Six different values of anisotropy (1, 10, 25, 50, 75, and 100) were used to estimate groundwater hydraulic heads from the 2D model and compare them with the maximum reconstructed groundwater hydraulic head value in proximity of the transect area. No monitoring wells are located in that zone, but some information about the water table layout are available from the analyses realized in Environment and Resources Authority (2015), Monteiro et al. (2016), and De Biase et al. (2021) (e.g., the maximum hydraulic head achievable in the investigated section). Figure 3 shows the parabolic trend interpolating the simulated maximum hydraulic heads obtained for the different anisotropy factors. An anisotropy factor of 56 provided the match between the calculated maximum hydraulic head value and the one derived from the aforementioned studies. This value of anisotropy was thus used in all 2D and 3D numerical simulations.


[image: Figure 3]
FIGURE 3
 Variation of maximum groundwater hydraulic head with respect to the anisotropy factor.




3.2.3. Simulation scenarios

The model was first used to simulate the groundwater distribution along the SE Malta transect at present. Such present-day conditions were then used as initial conditions to investigate how groundwater distribution changes with respect to changes in:

i. Hydraulic conductivity of the Globigerina Limestone formation: The hydraulic conductivity of Globigerina Limestone is an order of magnitude lower than Lower Coralline Limestone. Such contrast is thought to play an important role in extending freshened groundwater offshore Malta. The Globigerina Limestone formation is actually made up of three members separated by conglomerate beds, so the hydraulic conductivity across the formation can vary by two orders of magnitude (De Biase et al., 2021). The impact of this variation on the extent of OFG is explored with our model.

ii. Decrease in recharge rate: Temperature increases of 2°C with respect to present conditions are expected in southern Europe in the next 100 years, in association with severe decreases in precipitation of up to 30% (Vautard et al., 2014). A 30% decrease in recharge rate has thus been considered.

iii. Increase in sea-level: Models for the Mediterranean region indicate that mean sea-level rise in 2100 will range from 52 to 190 cm (Adloff et al., 2015; Ciro Aucelli et al., 2017). Malta is characterized by gently to steeply sloping coasts and this limits the extent by which sea-level rise reduces the extent of the subaerial terrain. The hinterland portion, gained by the sea with the highest considered level rise, is well-below the cell extension of the model mesh. This aspect was therefore neglected and thus the extension of the modeling domain was kept constant. The simulation was therefore performed by gradually raising the saltwater boundary conditions first by 1 m, and then by 1.9 m in a second scenario over a period of 100 years.

iv. Position and extraction rates of onshore pumping wells: Simulations were also carried out to assess the effect of a pumping well-withdrawing at a sustainable flow rate at different distances from the shoreline, starting from the location of the highest hydraulic head. The well has a depth of −30 m with a 10 m filtering screen operating with a flow rate of 40 m3/d in view of a 50 m model width, which results in a value of 0.8 m3/(m·d). This extraction rate was determined in order to maximize its value whilst maintaining a salt concentration lower than 1 g/L for a simulation period of 100 years.

The simulation scenarios are summarized in Table 2.


TABLE 2 2D simulation scenarios (100 years duration).

[image: Table 2]




3.3. 3D groundwater modeling

The 3D model focuses on a larger scale, coarser resolution representation of the archipelago in comparison to the 2D model, in order to reconstruct the past evolution of the onshore-offshore groundwater system over large time scales. 3D numerical simulations were implemented using the open-source, parallel, finite element code Elmer (2022). Darcy flow and the advection-diffusion equation for solute transport were solved using the formulation of Hartikainen (2018). Our transient 3D model includes the islands of Malta, Comino, and Gozo, and the adjacent seafloor down to a depth of 217 m below sea-level at present (Figure 4a). The finite element mesh was constructed using the LaGriT mesh generator (LaGriT, 2022) and consists of 2.5 million tetrahedra with 0.5 million nodes. 3D surfaces of the boundaries between adjacent geological formations were used to interpolate material properties of the formations onto the elements of the grid. The mesh extends down to a depth of 2 km, with vertical resolution that varies from ~3 m near the surface to ~50 m at the bottom of the domain. Horizontal mesh resolution is 1,000 m, except where the elevation is between 0 and −120 m, where the resolution is 250 m. This higher resolution was used to better resolve flow conditions at the freshwater-saltwater transition during sea-level fluctuations. The water table below the land surface for the islands of Malta, Gozo, and Comino was fixed and estimated based on the following analytical solution for steady-state groundwater flow equation:

[image: image]

where R is recharge (0.003 m/d), T is transmissivity (1,000 m2/d), and x is the distance from the shoreline, which yields the value of the water table elevation, h, as a function of:

[image: image]

where L is the maximum radial distance from the shoreline to the center of the island.


[image: Figure 4]
FIGURE 4
 (a) The finite element mesh used for the 3D numerical groundwater simulations. Location of model in Figure 1. (b) Sea-level fluctuations from present day to 200 ka years ago derived from Hansen et al. (2013).


Elmer solves the groundwater pressure in Darcy's equation and the salinity in the advection diffusion equation sequentially using the Newton-Raphson iteration scheme. The finite element method uses the standard Galerkin method with residual-free bubbles for stabilization. An incomplete Lower-Upper factorization preconditioner was used on all equations, and a first-order backward differentiation formula was used for the time discretization (Elmer, 2022).

The model is isothermal, with groundwater properties calculated at 20°C. At the water table, a recharge boundary condition of 138 mm/a was prescribed based on rainfall and evapotranspiration data (FAO, 2003; Galdies, 2011), and kept constant during the simulations. Because the model does not solve for the water table elevation (it is fixed for all times), the groundwater pressure (or hydraulic head) is calculated and can vary during the simulation depending on the balance between groundwater flow and recharge. At the seafloor, a head boundary condition based on the water depth was imposed. Zero salinity was imposed at the land surface and sea water concentration was applied at the seafloor. On all vertical sides of the domain, a hydrostatic boundary condition was used and a no-flow condition was imposed at the bottom boundary.

Model runs simulated 188 ka (from Marine Isotope Stage 6) of groundwater flow and solute transport up to present day at time-steps of 1 a. Sea-level fluctuations for this period of time were derived from Hansen et al. (2013) (Figure 4b). The results presented in section 4.2 are for 120 ka BP (Marine Isotope Stage 5e), 18 ka BP (Marine Isotope Stage 2) and present conditions.




4. Results


4.1. 2D modeling results
 
4.1.1. Present-day scenario

Figure 5A shows the modeled groundwater salinity distribution at present conditions in SE Malta. This consists of a >13 km wide and ~120 m thick freshwater lens, which matches salinity data from deep boreholes in the region (Energy and Water Agency, unpublished data). The OFG body extends ~1 km from the coast, in agreement with the estimation of Haroon et al. (2021), which was based on a 20 ka numerical simulation that took into account sea-level fluctuations.
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FIGURE 5
 2D numerical simulation results. For all figures, the contour lines represent the 17.5 g/L concentration, which stands at the transition between fresh and saltwater (0 and 35 g/L, respectively). Reference result from the calibrated model for present-day conditions is shown in red. (A) Simulated concentrations for an anisotropy factor of 56 and a time period of 5,000 years (until pseudo-stationarity conditions were achieved). (B) The impact of increased (light green) and decreased (dark green) hydraulic conductivity of the Globigerina Limestone formation on the dimensions of the groundwater body. (C) The impact of decreased surface recharge rate by 30% (green contour line). (D) Contour lines in shades of blue showing the extent of the groundwater body for five different scenarios (point 1: 5,400 m from shoreline; point 2: 4,050 m from shoreline; point 3: 2,700 m from shoreline; point 4: 1,350 m from shoreline; point 5: at shoreline) after a simulation time of 100 years).


This calibrated model allows us to assess the role of the Globigerina Limestone in the formation and extension of OFG. If the value of the hydraulic conductivity is increased by an order of magnitude (which is representative of the Lower Globigerina Limestone member and closer to the LCL formation), the contour for the 17.5 g/L concentration is just a few meters from shore (light green contour line in Figure 5B). This change in hydraulic conductivity also leads to a decrease of ~9 and 92% in the areas of the groundwater lens and OFG region, respectively. If the value of the hydraulic conductivity is decreased by an order of magnitude (which is representative of the Middle Globigerina Limestone member), the contour for the 17.5 g/L concentration is >2 km from shore (dark green contour line in Figure 5B). In the latter case, we observe an increase of 29% of the entire lens area, with the OFG area eight times larger than the reference result.



4.1.2. Influence of predicted climate change and pumping on OFG distribution
 
4.1.2.1. Decrease in recharge

The green contour line in Figure 5C represents the groundwater body extension obtained for a decrease of 30% in the recharge rate with respect to the one used in the calibrated model. The vertical extension of the groundwater body decreases by ~20 m at the point undergoing the greatest variation, while the OFG moves backward by ~200 m, resulting in an overall decrease of ~15% of the entire lens area and a decrease of 36% of the OFG area.



4.1.2.2. Increase in sea-level

Increases in sea-level of 1 and 1.9 m were simulated, starting from the calibrated model. Such changes in sea-level lift the interface between fresh and saltwater by a few centimeters, and this has no appreciable effect (in terms of the graphical result generated by our model) on both the mean sea-level groundwater body and the OFG configuration after 100 years.



4.1.2.3. Groundwater pumping

The last parameter that was explored with our 2D model was groundwater pumping and its impact on OFG. The contour lines in different shades of blue represent the estimated extent of the 17.5 g/L concentrations after a simulation time of 100 years for pumping wells operating at the same flow rate but different distances from the shoreline (Figure 5D). For locations 1 and 2 (5,400 and 4,050 m from shoreline, respectively), the extent of OFG is minimally affected by the pumping. The extent starts to decrease where the well is located at distances of <2,700 m from the shoreline (point 3). The decrease of the OFG area in this case is estimated to be 27%, while a loss of 55% is expected for pumping from point 4 (1,350 m from shoreline). The dark blue contour line, obtained after 100 years of constant water extraction for point 5 (at the shoreline), shows the almost complete disappearance of the OFG (95% reduction), although the onshore groundwater lens remains largely unchanged. In some scenarios (pumping from point 3, 4, and 5), a salt concentration < 1 g/L, with the extraction rate calibrated for point 1, cannot be maintained (Figure 6). In particular, the change of salt concentration with time at point 5, as calculated by our model, reaches a value of 2 g/L after just 1 year, and >13 g/L after 100 years of extraction (Figure 6).


[image: Figure 6]
FIGURE 6
 Variation of salt concentration with time calculated for pumping wells at the five points shown in Figure 5D.






4.2. 3D modeling results

The estimated volumes of groundwater, using the porosity values in Table 1, for the three time intervals are as follows:

i. 120 ka BP - total of 16 km3: 15 km3 onshore, 1 km3 offshore

ii. 18 ka BP - total of 97 km3: 85 km3 onshore, 12 km3 offshore

iii. Present - total of 22 km3: 21 km3 onshore, 1 km3 offshore.

These values are with respect to the coastline at the time. On average, ~25% of this groundwater volume has a PSU of <10.

The lateral extent of groundwater estimated by our 3D model at 120 ka, 18 ka and present is shown in Figures 7, 8. At 120 ka BP, when sea-level was 4–6 m higher than at present, OFG occurred along the coast between Mellieha and Valletta, with the largest extensions offshore Salini, Pembroke and Valletta (up to 2.8 km from the coast and a maximum thickness of 90 m). In the ensuing ~100 ka, the continental shelf was progressively exposed as sea-level dropped, promoting the expansion of the OFG across the shelf and beyond. The maximum extent of OFG was reached at the Last Glacial Maximum sea-level lowstand (18 ka), when OFG was primarily located offshore eastern Malta (up to 15 km from present coastline and a maximum thickness of 700 m) and, to a lesser extent, south and west of Malta, and east of Gozo. After the Last Glacial Maximum, the sea-level rose rapidly to reach present levels at 8 ka, driving the overall contraction of the OFG. At present, OFG is expected to predominantly occur between Malta and Gozo, and along the coast between Cirkewwa and Valletta, with the largest extensions offshore of St Paul's Bay, Salini and St Julian's (up to ~3 km from the coast and a maximum thickness of 100 m). This is in spatial agreement with the observed higher resistivity of the Blue Clay formation in CSEM line 2 offshore Cirkewwa and in CSEM line 6 offshore Salini (Haroon et al., 2021), in comparison to lower resistivities for Blue Clay elsewhere, which can be explained by fresher pore water. A resistivity anomaly (R1) was observed in Upper Coralline Limestone along CSEM line 6, although this was attributed to a decrease in porosity rather than a change in pore water salinity. A smaller extent of OFG is predicted offshore Birzebbuga, Lapsi, Golden Bay, and Gozo (Marsalforn to Ramla Bay, Dwejra). There are generally no indications of OFG in CSEM lines 5 and 8, which are located offshore north Malta and east Gozo, respectively, which is in agreement with our model results. There are two localized resistivity anomalies in these CSEM lines (R2 and R3), but these have also been attributed to reductions in porosity (Haroon et al., 2021). Offshore SE Malta, freshened groundwater is only predicted along the shoreline, rather than further offshore [as denoted by the localized resistivity anomaly R4 in CSEM line 9 (Haroon et al., 2021)]. We attribute to this to the coarse resolution of the 3D numerical model, which prevented the reconstruction of a small-scale OFG. A 2D profile extracted from the 3D model across the SE of Malta is shown in Figure 8. Whereas, the lens is largely symmetrical during sea-level highstands, it is thicker to the NE of Malta in comparison to the SW during the Last Glacial Maximum sea-level lowstand. Figure 9 shows the predicted groundwater velocity, which varies between 0.032 and 3.2 m/a at present, and which was at least an order of magnitude higher during the Last Glacial Maximum.


[image: Figure 7]
FIGURE 7
 Estimated groundwater extent from the 3D model at three different time intervals. Only the salinity at the top of the groundwater body is shown.
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FIGURE 8
 Salinity profile along SW-NE cross-section (location in Figure 1) at three different time intervals.
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FIGURE 9
 Estimated groundwater velocity along SW-NE cross-section (location in Figure 1) at three different time intervals.





5. Discussion and conclusions



5.1. OFG characteristics at present and their evolution in the past

Based on our modeling simulations, we can infer that:

i. The observed OFG distribution is strongly influenced by permeability and porosity distribution across the shelf. The occurrence of OFG at present is primarily located north of the Great Fault (Figure 7), which is where most of the Blue Clay is located (Haroon et al., 2021). South of the Great Fault, OFG is spatially more restricted and hosted by Globigerina Limestone. This, and the plot in Figure 5B, show the importance of lower permeability units in preserving OFG, either by improving its preservation or because of their role in providing a barrier to salt diffusion. Geological control is also reflected in the asymmetry of groundwater lens during Last Glacial Maximum (Figure 8), as this seems to follow the tilting of geological layers, and preferred recharge, toward the NE.

ii. Emplacement of OFG at distances of >1 km south of the Great Fault (e.g., offshore St Julian's), which is dominated by Globigerina and Lower Coralline Limestone formations with low coastal relief, can only be explained by recharge when sea-level was lower, followed by groundwater preservation in low permeability units when the sea-level rose again (e.g., Haroon et al., 2021). This emplacement mechanism is partly corroborated by the estimated faster groundwater velocities during the Last Glacial Maximum in comparison to present (Figure 9). North of the Great Fault, where Blue Clay is more prevalent, OFG extents of up to 3 km from the shoreline may be explained by active meteoric recharge in view of the low hydraulic conductivity of this formation (two orders of magnitude lower than Globigerina Limestone) and the higher coastal relief (Figure 5B).

iii. The onshore-offshore groundwater system of the Maltese Islands is relatively dynamic. Only 23% of the groundwater is preserved in the 18 ka between the Last Glacial Maximum and present, with the rest being replaced by seawater via density driven flows. The OFG interface moved landward at a rate of ~70 cm per year in the last 18 ka (Figure 7). This suggests that the freshwater emplaced across the Maltese shelf has a good chance of surviving an interglacial cycle, which would mean that the OFG we observe at present is likely a mixture of paleowaters emplaced during different sea-level lowstands. The preservation potential of the OFG offshore the Maltese Islands is comparable to that of the siliciclastic setting of the New Jersey margin, where 30–45% of initial OFG volume was preserved after 12 ka (Thomas et al., 2019).

iv. The extent of groundwater simulated for the Last Glacial Maximum spatially correlates with seafloor morphologies that have previously been attributed to groundwater seepage during sea-level lowstands (Figure 1). These morphologies include: (i) theater-headed canyons, which are inferred to form subaerially by seepage-driven slope failure associated with widening of joints and fractures in Upper Coralline Limestone, and creep of the underlying Blue Clay (Micallef et al., 2022), and (ii) biogenic mounds between 80 and 120 m below sea-level, which have been interpreted as authigenic carbonate edifices related to seepage at the coast or shallow seafloor (Bialik et al., 2022).

v. The estimated volume of freshened groundwater offshore the Maltese Islands at present is ~1 km3. This compares with ~0.013 km3 produced from various groundwater sources annually in the last 10 years (Hartfiel et al., 2020). If these water requirements were to be maintained constant and the OFG could be exploited, the latter would provide an alternative supply to onshore groundwater for ~75 years (if part of the OFG is desalinized).



5.2. Response of OFG system to climate-related changes and exploitation

i. Decrease in recharge is a key factor that will diminish the extent of the OFG emplaced by active meteoric recharge in the coming 100 years. Sea-level rise, in comparison, plays a negligible role. Older OFG emplaced during sea-level lowstands are not influenced by changes in recharge or sea-level for the timeframe considered, but only by salinization.

ii. Groundwater pumping at a rate of 40 m3/d can be sustainable at distance of >4 km from the coast. Considering that there are numerous wells located within 4 km of the coast [a few public pumping stations and many private wells; (Food and Agriculture Organisation (FAO) of the United Nations, 2006; Sapiano, 2015)], we infer that OFG may have already been inadvertently extracted from onshore wells in the past (e.g., Knight et al., 2018).

iii. If the pumping rate needs to be increased to cater for higher water demand in the near future, pumping at a distance of >4 km from the coast will also start impacting groundwater lens geometry and result in seawater intrusion, as suggested by Morgan et al. (2018). However, in case of extreme need, it might be possible to exploit significant volumes of OFG by locating wells close to the coast. The possibility of exploiting the brackish water in the OFG (which requires desalinization) represents a solution to be considered only in the case where the onshore groundwater body cannot be used or needs to be preserved.



5.3. Limitations

i. We have used static models where stratigraphy does not evolve with time. This is not problematic in the Maltese Islands because the bedrock geology has remained unchanged for the last 5 Ma. What changed was the deposition and removal of a thin layer of unconsolidated sediment above the bedrock during glacial cycles (Micallef et al., 2013).

ii. We did not account for surface water drainage and groundwater recharge fluctuations, because these are not well-constrained for the Maltese Islands in the past (e.g., Gambin et al., 2016).

iii. Faults have been shown to play an important role in controlling the groundwater flow regime of the Maltese Islands, primarily by enhancing or slowing down groundwater flow, depending on the flow direction (De Biase et al., 2021). Faults, and their influence on groundwater flow, have not been considered in either of our models.

iv. Karstic features are also not taken into consideration. These are known to occur onshore and offshore (Micallef et al., 2013; Calleja and Tonelli, 2019) and are expected to provide faster recharge and salinization of groundwater bodies.

v. We had to use 2D simulations to assess future scenarios because of the high spatial and temporal resolution required, which could not be achieved using a 3D approach.
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* Average value from Nicholson (2001) and Yeh et al. (2000).
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