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1. INTRODUCTION
Groundwater resources at the island of Malta are extremely limited due to high population density
and low recharge as well as seawater intrusion and high NO3 concentrations (Stuart et al 2010).
Groundwater for public water supply is mostly obtained by means of excavated deep shaft wells that
penetrate down to the karstified limestone where a thin freshwater lens floats on saline water. To
reduce the localized effect of drawdown and associated up‐coning, these wells are connected by a
radial network of drainage galleries with variable height spillways to control groundwater drainage.
Since the 1960’s potable water supply has been supplemented by desalinated water, which currently
accounts for approximately 50% of municipal supply (Sapiano 2008). Despite this supplement,
increasing water demand for irrigation has maintained high pressures on groundwater and current
estimates suggest that groundwater use is close to or exceeds average annual recharge (Sapiano et
al. 2006; Sapiano 2008; Sapiano 2015; Stuart et al. 2010). Adding to this, the increase in groundwater
exploration has reflected in a degradation of groundwater quality and quantity. Quality degradation
is due to the thin freshwater lenses that overlain seawater, leading to a fragile system that can easily
suffer seawater intrusion with the increase in groundwater exploitation of the Malta Mean Sea Level
aquifer system (MSLA).
In order to minimize groundwater depletion issues, most of the treated wastewater in the island of
Malta is driven for agriculture irrigation, yet some part is rejected to the sea (circa 2 hm3/year), once
it is not necessary.
A proposed solution to contribute to achieving a good status of fresh groundwater applied during the
MARSOL project consists in inverting the quantitative and qualitative degradation of the MSLA
aquifer originated from the sweater intrusion, by means of infiltrating the surplus of treated
wastewater. The goal of the MAR scheme in this case study consists in increasing groundwater level
at MSLA at the Southeast section of the island, thus, creating a barrier to lateral and vertical
seawater intrusion. The infiltration of surplus of treated wastewater in deep boreholes is a solution
proposed to tackle this issue.
The present deliverable describes the development of a three‐dimensional numerical groundwater
flow and transport model for the MSLA aquifer south, of the Victoria Fault. The model is
subsequently applied in assessing the potential for proposed MAR schemes to improve groundwater
quality study area.
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2. CHARACTERIZATION OF DEMO SITE 8 SOUTH MALTA COASTAL AQUIFER, MALTA
The case study area is located in the island of Malta and consists of the area of the Malta Mean Sea
Level Aquifer (MSLA) to south of the Victoria Fault (Fig. 1). The MSLA has a total area of 217 km2 and
the case study modelled domain has a total area of 185.79 km2.

Fig. 1: Geographical location and main hydrogeological features of the Maltese islands (Source:
Monteiro et al. 2016)
2.1. Climate
The Maltese Islands (location in Fig. 1) have a semi‐arid Mediterranean climate characterized by hot,
dry summers and mild, wet winters. The mean annual rainfall is around 550 mm (for the period of
1900‐2000) though there is a high seasonal and inter‐annual variability (variation coefficient of 27%),
with extremely wet years and other years excessively dry (Sapiano et al. 2006). Highest rainfall
usually occurs between October and February, and the driest months usually coincides with the main
tourist season when water demand is greatest, thus increasing water scarcity in the region (Stuart et
al. 2010). More recent estimates of rainfall are presented in the River Basin Management Plan of the
Maltese Islands (MRA, 2005), which point to a mean annual rainfall of 543 mm on the Malta MSLA.
2.2. Geology and hydrogeology
A thorough description and characterization of the Maltese islands’ geology and hydrogeology is
provided by MARSOL Deliverable D10.1 (Characterisation of the sea‐level aquifer system in the Malta
South Region). Geological formations that outcrop on the islands are from the Tertiary and
Quaternary Ages deposited during the last 35 million years. The most relevant are the high
permeability layers of the Lower Coralline Limestones (LCL) from the Oligocene (23‐35 million years
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old) and Upper Coralline Limestones (UCL) from the Miocene, possibly extending from the Messinian
Age into the early Pliocene Age (1.6‐5 million years). These two formations are separated by clays
and marls beds, known as the Blue Clay (BC), and the Globigerina Limestone (GL) formations. The
vertical cross‐section representing the geometric relations between the different lithologic
formations of the Island of Malta is shown in Fig. 2.

Fig. 2: Conceptual east‐west cross‐section representing the lithological setting which supports the
main aquifers on the Island of Malta (Source: Stuart et al. 2010).

The two main water bearing formations in the Maltese islands are made up of the (1) UCL and (2) the
GL and LCL. The UCL formation (30‐100 m thick) is underlain by the low permeability BC layer (20‐
65 m thick). The presence of the BC aquiclude allows for the formation of perched aquifer systems
within the UCL layer, hydraulically disconnected from the deeper aquifer below (although some
groundwater leakage may occur to the underlying GL and LCL formations (Sapiano et al. 2006). As
can be seen in Fig. 1, the UCL perched aquifer occur mostly north of the Victoria Fault and along the
western side of the island to the south.
The GL formation (30‐210m thick) outcrops over most of the remaining area of the island and
overlies the LCL (210‐400m thick). Together they form the MSLA. The GL is only productive locally
when highly fractured, although it provides vertical percolation of recharge to the LCL. The LCL is in
contact with sea along the entire shore of the island and extends well below sea‐level, thus recharge
has led to the creation of a freshwater lens overlying the denser seawater. Hence, the base of the
MSLA (freshwater component) is non‐constant in time and defined by the mixing zone between fresh
and salt water. The extent and thickness of the mixing zone is controlled by the fluctuation of fresh
groundwater level (caused by groundwater abstraction or recharge or even atmospheric pressure
variation) and the tide effect (Fetter 2000).
The island of Malta is structurally divided into the northern and the central/southern sectors
hydraulically separated by the Victoria Fault. The north is divided into a succession of horst and
graben structures, which do not support significant freshwater resources. The present work focuses
on the southern sector of the MSLA, limited to the north by the Victoria Fault and by the sea along
the remaining extent.
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2.3. Recharge and groundwater uses
Recharge of the MSLA occurs mostly by direct infiltration through the GL formation with transit times
in the order of 40 years (Stuart et al. 2010). Adding to the natural recharge, urban losses from public
supply can contribute to natural recharge, which, according to Sapiano et al. (2006) is estimated for
the entire archipelago at 23.6 hm3/year in 1995 but has been decreasing to 12 hm3/year in 2002 and
7.9 hm3/year in 2004 due to improvements in the public supply system. Considering the MSLA and
the case study (i.e. the area of the MSLA to south of the Victoria Fault), the leakage recharges from
public supply losses consist of 9.91 hm3/year and 9.45 hm3/year respectively. Leakage recharge was
calculated for different periods of the model, according to available data.
Sapiano et al. (2006) estimates total recharge (i.e. Natural recharge plus recharge from leakages) as
34.30 hm3/year for the year 2002 for the MSLA area. Considering leakage recharge for the same
period as 9.91 hm3/year, natural recharge accounts for 24.39 hm3/year for the MSLA (Sapiano et al.
2006) and 20.82 hm3/year (equivalent to 112.40 mm) for the case study area, which consists of
20.70% of average rainfall (543 mm). Natural recharge was spatially distributed according to the
outcrops of the UCL formation (31.21 km2), and the remainder area (154.57 km2). Where UCL
formation outcrops, a recharge of 223.31 mm/year (infiltration rate of 41%) was considered, taking
into account the recharge from perched aquifers and for the remaining area a recharge of 90
mm/year (infiltration rate of 16.5%) was considered. Taking into account the area of both
formations, effective natural recharge accounts for 6.97 hm3/year for the section where the UCL
formation outcrops and 13.91 hm3/year for the remainder area. These values were assumed
constant for the whole modelled period.
Regarding abstractions, public supply estimates were based on data from Axiak & Sammut (2002)
and Sapiano et al. (2006), who presented groundwater production trends for public supply for the
whole island of Malta from 1955 until 2001. These data was extrapolated to the case study area,
resulting in the following values, and public supply abstraction is considered constant prior to the
year 2000/2001 (Table 1).

Table 1: Public supply extraction values for the case study area (based on data from Axiak & Sammut
(2002) and Sapiano et al. (2006)).

Year
1940‐1950
1950‐1977
1977‐1993/94
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000
2000/2001

Public supply abstraction
x106 m3/year
4.77
8.41
14.00
13.15
13.05
14.58
12.13
12.17
12.72
11.05
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As for irrigation, Mangion (2001) estimated a total abstraction of 12.4 hm3/year for the whole
archipelago. This value was extrapolated for the demo site considering the agriculture area
distribution in the archipelago, hence resulting in a total abstraction of 7.28 hm3/year at the case
study area. This value was kept constant in time for the simulated periods, due to lack of data for a
more detailed temporal variation.
Table 2 shows the groundwater balance of the case study area synthesis for several periods to be
included in the model. UCL stands for the area where the UCL formation outcrops and LCL stands for
the remainder areas.

Table 2: Groundwater budget for the case study area for different periods.
1944 ‐ 1977

1977 ‐ 1999

1999 ‐ 2004

2004 present

hm3/yr

hm3/yr

hm3/yr

hm3/yr

UCL

6.97

UCL

6.97

UCL

6.97

UCL

6.97

LCL

13.91 LCL

13.91 LCL

13.91 LCL

13.91

Total

20.88 Total

20.88 Total

20.88 Total

20.88

UCL

1.55

UCL

1.55

UCL

1.55

UCL

1.55

LCL

5.73

LCL

5.73

LCL

5.73

LCL

5.73

Total

7.28

Total

7.28

Total

7.28

Total

7.28

UCL

0.00

UCL

0.41

UCL

0.25

UCL

0.08

LCL

0.00

LCL

9.75

LCL

5.95

LCL

1.98

Total

0.00

Total

10.17 Total

6.20

Total

2.07

UCL

5.42

UCL

5.83

5.67

UCL

5.51

LCL

8.18

LCL

17.93 LCL

14.13 LCL

10.16

Total

13.60 Total

23.77 Total

19.80 Total

15.67

Modelled
area

8.41

Modelled
area

Modelled
12.17 area

Modelled
11.05 area

11.05

Total

8.41

Total

12.17 Total

11.05 Total

11.05

11.59

8.75

4.61

Direct recharge

Irrigation
abstraction

Recharge from
urban leakage

GW balance
(direct rec ‐
irrigation + leak
rec)

GW abstraction
public supply

GW final balance

5.18

UCL
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2.4. Groundwater level
BRGM (1991) collated data on groundwater level in the MSLA from 1944 as well as carrying out new
level and chemical surveys during 1990 (Fig. 3). In 1944 the effect of abstraction from the first
horizontal galleries and other public supply wells is already evident from the drawdown in the
north/centre of the system. Measured groundwater level ranges from a maximum of around 4.5 m to
a minimum slightly below 1 m near the coast. Unfortunately there is no water quality data from this
period to provide a near pre‐development image of salinity. The picture is somewhat more
preoccupying in 1990, with the water table measured below sea level in several locations, and an
overall decrease across the island. Maximum measured values for this period are slightly above 3.5 m
with a minimum of ‐4.3 m. Data from 2014, supplied by the MRA, suggests that groundwater levels
are recovering, with recovery in most of the system. However the spatial distribution of measure‐
ments is less comprehensive than during previous surveys.

Fig. 3: Groundwater level and quality data from 1944 (left), 1990 (top‐right) and 2014 (bottom‐right)
(data collected from BRGM (1991) and the MRA).

Time series of groundwater level (Fig. 4) shows the small seasonal variability, with fluctuations in the
order of 0.5 m to 1 m. These are clearly associated to rainfall events and draining during the
subsequent dry season. As saturated zone travel times are in the range 15‐40 years, the immediate
effect of rainfall on groundwater level is believed to be a localised phenomenon associated to
infiltration occurring through fractures or karst, and not representative of a regional recharge event
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(Stuart et al. 2010). There is an apparent rising trend from 1999 to 2015, potentially due to a
decrease in abstraction for public supply.

Fig. 4: Time series of groundwater level in selected piezometers and monthly rainfall.

The spatial distribution of the hydraulic head in the MSLA for the period of 1944 was considered as
the reference period for calibration. It was decided to choose this as the reference period for model
calibration due to the availability of a high amount of hydrogeological data, studies and also because
it was a period with lesser groundwater influences from abstractions.

9

MARSOL

Deliverable D10.4

3. NUMERICAL MODEL
A large scale 3D groundwater model of the southern sector of the Malta MSLA was developed and
density‐coupled flow and transport was simulated using the commercial code FEFLOW 7.0 (Diersch
2014), in order to analyze the effect of MAR in the seawater intrusion at Malta Island. Part of the
work depicted in this chapter has been developed and presented by Monteiro et al. (2016).
3.1. Spatial discretization and geometry
The model limits are defined by the Victoria fault to the north and the sea in the remainder area. In
order to reduce the volume of the model domain, elevation of the top of the model is defined
according to: (1) the interpolated maximum piezometric level, and (2) the interpolated elevation of
the top of the LCL layer when this is below the maximum piezometric level (assuming that the
overlying GL acts as a confining unit). The bottom of the model is defined at 500m below mean sea
level, to guarantee sufficient leeway for the development of a deep mixing zone under pre‐
development conditions.
Sixteen layers were defined with a vertical discretization of 8 m in the three top layers and 25 m in
the remainder of the model. A mixed quadrilateral (dominant) and triangular finite‐element mesh
was generated with 800240 elements and 758625 nodes. Meshes with quad‐elements provide
increased numerical stability and are usually computationally more efficient due to a reduced
number of elements. In order to guarantee numerical stability, element dimension must be less than
or equal to twice the value of longitudinal dispersivity. Realistic values of this parameter are usually
in the range of 1m to 10m, thus requiring highly refined meshes and consequently very large run‐
times. A compromise must often be found for large scale problems (such as the MSLA) between
practical computation times and realistic parameter values. For the MSLA, element dimensions of
approximately 50 m were considered to provide acceptable run‐times, although dispersion is clearly
exaggerated. However, further refinement leads to impractically long model run‐time.
All simulations were run using a Forward Euler/Backward Euler (FE/BE) time integration scheme for
automatically time‐step control to facilitate numerical stability as recommended in Diersch (2014)
and considering the model as a unconfined with the first slice behaving like a phreatic surface and
the bottom slice fixed. A representation of the 3D numerical mesh of the MSLA section to south of
the Victoria fault is shown in Fig. 5.
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Fig. 5: 3D numerical mesh developed for the case study MSLA under the MARSOL project.
3.2. Boundary conditions, recharge and abstraction
The contact between the island and the sea was represented with Dirichelet fixed head and mass
concentration BCs applied to all nodes along the outer limit of the model and the entire bottom of
the model domain except the Victoria Fault in the north limit and the Mahdaq fault along the south‐
western limit. Equivalent freshwater head values were imposed for flow BC, determined according to
equation (1):

(1)
is equivalent freshwater head [L],
and
in which,
‐3
freshwater density [ML ] respectively and is depth [L].

are salt‐water density [ML‐3] and

As for solute transport, constant mass concentration boundary nodes were assigned a relative sea‐
water concentration value (Cmax = 1), representing 100% fraction of seawater.
Groundwater galleries for public supply are represented by 1D discrete features, using the Hagen‐
Pouseuille law and a cross‐section area of 4m2 and hydraulic aperture of 1 m to represent a 2 m x
2 m channel with a 1 m high column of water. Public supply wells are represented as wells boundary
conditions.
Recharge from rainfall is imposed on the top layer, with spatial distribution as presented before, i.e.,
UCL outcrop areas with 223.31 mm/year and the remainder with 90 mm/year. Recharge values are
kept constant, ignoring seasonality and inter‐annual variability, due to the small variability in
groundwater levels and the long travel times of recharge. Abstraction for irrigation is subtracted
from recharge based on agricultural land cover.
The discrete features representing the galleries and boundary conditions for wells, hydraulic head
and mass concentration boundary of the model are shown in Fig. 6.
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Fig. 6: Location of well boundary conditions, hydraulic head and mass concentration boundary
conditions and the discrete features representing the galleries.
3.3. Initial conditions, calibration and validation
Initial conditions were obtained for a long‐term run (ca. 1000 years) of the model under pre‐develop‐
ment conditions, which converged to a dynamically stable state in terms of both groundwater heads
and salinity.
Beginning from pre‐development conditions, a short model run is carried out considering abstraction
regimes for 1944. Calibration was carried out by trial‐and‐error with small adjustments to a single
value of hydraulic conductivity (K) and disperssivity (D) for the entire model domain for the period of
1944. An order of magnitude difference between vertical (Kz) and horizontal (Kxy), as well as
between longitudinal (Dl) and transversal disperssivity (Dt), was assumed.
A compromise between physically realistic values of dispersivity and model run‐time was accepted
with Dl = 25 m. Due to a lack of adequate data for the calibration of transport and storage para‐
meters, minimum values in the literature were assumed for the preliminary model development.
Porosity and storativity were assumed as 0.1 and specific storage as 0.0001 m‐1.
After several trial and error simulations in order to find the best fit for hydraulic conductivity and
other parameters as previously described, the best fit for 1944, the reference period, was found for
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Kxx = Kyy = 35 m/d and Kzz = 3.5 m/d. The scatter plot representing the observed hydraulic head
versus the calculated hydraulic head for this period is shown in Fig. 7.

Fig. 7: Scatter plot between observed and calculated hydraulic head for the year 1944 with model run
for hydraulic conductivity equal to 35 m/d.

The correlation coefficient of 0.8354 is considered adequate for the simplified nature of the model
domain and the quality of the observation data. The root mean square error (RMSE) equals to
0.328 m and average error is 0.20 m, which are good results taking into account the observed
hydraulic heads range between 0.1 and 3.4 m and has a mean and median of 2.44 m and 2.75 m
respectively, with error being uniformly distributed over the modelled area.
Subsequently the model was simulated from 1944 to current conditions (2016) and results are
compared to observed hydraulic head for 1990 and 2014 periods for model validation. The resulting
simulated hydraulic head and mass concentration at the top slice of the model for the year 1944,
1990 and 2014 are represented in Fig. 8 along with the observation point locations and the scatter
plot between observed and calculated hydraulic head for each period.
During validation periods it can be seen that R2 decreases slightly to 0.75, though RMSE presents
values of 0.385 and 0.401 for years 1990 and 2014 respectively and average errors for 1999 and 2014
are 0.337 m and 0.321 m.
These results are considered adequate for model calibration and validation under the given
conditions of uncertainty related with the model.
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Fig. 8: Simulated hydraulic head and mass concentration (1.0 being total saltwater 0.0 being total
freshwater) and scatter plots between observed and calculated hydraulic head for the calibration
period (year 1944) and the validation periods (1999 and 2014).
3.4. MAR Scenarios
The MAR demo sites, proposed as part of the MARSOL project, aim to make use of the existence of
the confining GL to enhance storage of injected water. The MAR scheme is thus expected to improve
the quality of the aquifer system in the sector by introducing higher quality water and attempting to
limit the intrusion of sea‐water through the development of a hydraulic barrier.
The numerical model is applied to test this hypothesis, as well as the potential increase in freshwater
within the MSLA. Two scenarios are considered: (1) Business as usual, where no injection of water
occurs; and (2) injection in a hypothetical well‐field in the center of the corridor with uniform
injection rate of 2 x 106 m3/year for 10 years.
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4. Results
After the calibration step, a model run was performed from 1944 until 2016 with the input data
presented in Table 2, results of which are shown in previous Fig. 8.
The effect of the groundwater abstractions from public supply and agriculture on groundwater levels
and the resulting mass concentration is evident when comparing the situation in 1999 and 2016 with
the reference year of 1944. Of particular importance is the effect of the abstraction galleries, which
appear to induce a significant drawdown on the groundwater level of the system.
Considering the results obtained for 2016, new model simulations were prepared considering the
injection of the surplus of wastewater (2 hm3/year) for 10 years in the southeast area of the model,
in a hypothetic location provided by MARSOL partners Malta Resources Authority (MRA) in order to
assess the effect of this MAR activity in the aquifer.
The following Fig. 9, Fig. 10 and Fig. 11 show the results of the model after 10 years injecting the
surplus wastewater (i.e. 2026, considering injection would start in 2016).

Fig. 9 Left: calculated hydraulic head isolines for the year of 2026 (10 years of MAR) and particle
tracking showing the direction of flow of the injected water in the injection wells. Right: hydraulic
head isolines residual between MAR scenario and business as usual for the year 2026 (10 years of
MAR).

The model shows that after the first year results are already significant for the southeast part of the
model, contributing for a groundwater level increase and decrease in seawater ration. Although
there is a positive impact from the injection, this is not felt far from the injection point, as can be
seen from Fig. 9 on the right, showing it is evident that only the south‐eastern sector is affected by
the injected water. It is important to note that according to the model and the particle tracking
applied, all of the injected water flows directly to the sea. Therefore, the injection of residual
wastewater is not jeopardizing the public supply abstractions location upstream in the island.
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Comparing the results of the model for 2026 and 2016 shows that the system is in a slightly
decreasing trend in groundwater level, even with the MAR scenario, though observation points
located to the east, southeast or even south of the injection points do present significant increase in
groundwater level due to MAR.
Results for seawater intrusion on the top of the aquifer are shown in Fig. 10. The left side of the
figure shows the resulting seawater/freshwater ratio, which, when compared to the model results
for the year 2016 (Fig. 8) are in much worse conditions even with MAR. On the right side of Fig. 10 is
possible to see the residual of seawater ratio between a no MAR scenario and a scenario with MAR.
Positive values indicate locations where seawater ratio has decreased with the injection of water. As
it is expected, the scenario of MAR will create a higher barrier of freshwater in the south‐eastern
sector of the aquifer when compared with the Business as Usual scenario. In fact, this is the only part
of the aquifer where MAR influences the seawater ratio.

Fig. 10 Left: Seawater ratio on top slice of the top of the aquifer (Slice 1) for a 10 year of MAR
scenario (from 2016 until 2026) with injection of 2 hm3/year. Right: residual between business as
usual and MAR scenario after 10 year (2026).

Taking into consideration lower slices of the model, as shown in Fig. 11 for slices 2 and 3 of the
model, it can be seen that the injection of water has an effect as a vertical freshwater barrier, thus
preventing upcoming effects, but at a very local scale.
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Fig. 11: Seawater ratio at slices 2 and 3 (approximately 80 and 120 meters deep in the LCL formation)
of the model for MAR and Business as usual scenarios.
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5. Conclusions
The results obtained from the 3D numerical model developed for the Malta case‐study do show that
the injection of the surplus of wastewater (around 2 hm3/year) in the predicted location from the
MRA do have a significant impact in the groundwater level and seawater intrusion, though it is felt
only in the south‐western sector of the aquifer. By particle track analysis the model showed the
injected wastewater flows towards the sea, as opposed to the direction of the public supply wells.
Therefore, the injected water should not affect the quality of the water abstracted from the public
supply wells.
It is important to note that the sector of the aquifer where the main public abstractions and galleries
are located (the northwest of the predicted injection points) does show a decreasing trend in
groundwater level even with the injection of the wastewater surplus. Therefore, this is shown to be
an important measure to save the integrity of part of the aquifer, tough the results show that it is not
enough to guarantee a good qualitative and quantitative status of the entire aquifer domain in the
current abstraction conditions.
It must be kept in mind that the model is a simplified representation of the aquifer system, and
subject to high degree of uncertainty. Although these preliminary results suggest that the MAR
scheme will provide a solution to reducing SWI, without placing the public supply wells at risk,
detailed studies should be carried out to reduce uncertainty and allow for the optimization of
injection locations and rates.
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