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O�shore 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

o�shore the Maltese Islands, and employ 2D and 3D numerical models, to:

(i) reconstruct the evolution of the onshore-o�shore 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-o�shore 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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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 di�erent scenarios (point 1: 5,400m from shoreline; point 2: 4,050m from

shoreline; point 3: 2,700m from shoreline; point 4: 1,350m from shoreline; point 5: at shoreline) after a simulation time of 100 years).

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 700m) 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
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FIGURE 6

Variation of salt concentration with time calculated for pumping wells at the five points shown in Figure 5D.

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 100m). 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 ourmodel 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.

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
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FIGURE 7

Estimated groundwater extent from the 3D model at three di�erent 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 di�erent time intervals.

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.
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FIGURE 9

Estimated groundwater velocity along SW-NE cross-section (location in Figure 1) at three di�erent time intervals.
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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 120m 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 5Ma. 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
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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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