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Summary in English 

Small Island Developing States (SIDS) are amongst the most vulnerable states in the world. They are 

subject to a number of stresses including economical, climatic and spatial restraints. This thesis 

investigates the effects that certain critical ‘stresses’ will have on the groundwater reserves of SIDS. 

Mauritius was chosen as the case study for this project because of three main reasons, which were that 

1) islands of the Indian Ocean are the least studied compared to the pacific and Caribbean islands, 2) 

there is no actual groundwater model for the aquifers of Mauritius and finally 3) information and 

background knowledge was more accessible to the author.   

Two critical aquifers of Mauritius were chosen according to their respective vulnerability (extraction 

rates of groundwater, geological features, and rainfall patterns), Aquifers II and V. The aquifers were 

calibrated using data that was published by the Mauritian local authorities and through an extensive 

literature review. Aquifer II and Aquifer V were modelled using the software ModelMUSE and a steady 

state model (with a time series of 100 years) was used to calibrate the models using limited data that 

was obtained through the literature review. Aquifer V was successfully modelled while Aquifer II gave 

inconsistent results. A transient model using four scenarios inspired by the IPCC scenario analysis was 

used to investigate the salt water intrusion as well as the piezometric levels in both aquifers. The 

scenarios (run for a period of 100 years, i.e. until 2100) were of varying degrees of severity and 

included the main drivers of change that were believed to affect the groundwater consumption of 

Mauritius. The attributes that were targeted in this thesis were: economy, demography, technology and 

climate. These were then converted into quantifies inputs that were used in the model to assess the 

migration of the saltwater/freshwater interface in the aquifers. 

Scenario 4 which involved low recharge rate of the aquifer, high sea level rise, low GDP growth and 

increasing population subjected the aquifer to a reduced water table, and consequential sea water 

intrusion of the order 1.5 km across the cross section analysed. Scenario 3, which consisted of 

investment in green technology, increase in recharge of the aquifers on the other hand gave the more 

optimistic results with the salt water - fresh water interface moving seawards. Scenario 4 rendered 

unusable around 50 % of the wells in the aquifer while Scenario 3 on the other had the effects of 

increasing the freshwater lens of the Aquifer V. Measures such as sustainable urban drainage systems, 

managed aquifer recharge and Seepcat (a method which involves placing a series of pipes around 

coastal aquifers to prevent the intrusion of salt water) were recommended to decrease the salt water 

intrusion risk and eventually increase the fresh water lens of the island on various spatial and time 

scales. It is suggested that the coarse groundwater model developed for Aquifer V of Mauritius be 

refined and applied to different aquifers of the island. Moreover it is also recommended for future work 

that discontinuities in the geology be integrated in the groundwater model. A more detailed and 

nuanced water balance is also recommended to get more accurate initial conditions for the model. This 

thesis, by providing a coarse model to tackle the impending challenges that await Mauritius, can 

support a more sustainable water management of the country.  

 

Key words: groundwater modelling, coastal aquifers, small islands, saltwater intrusion, Mauritius, 

climate change 



Sammanfattning 

Small Island Developing States (SIDS), små önationer under utveckling, är bland de mest sårbara 

staterna i världen. De är utsatta för ett antal stressfaktorer inklusive ekonomiska, klimatrelaterade och 

rumsliga restriktioner. Detta examensarbete undersöker effekterna av några kritiska stressfaktorer på 

grundvattenreserverna i dessa önationer. Mauritius valdes som fallstudie för detta projekt på grund av 

tre huvudsakliga orsaker. Dessa var att öar i Indiska Oceanen är de minst studerade jämfört med 

atlantiska och karibiska öar, att det inte finns någon riktig grundvattenmodell för akvifererna på 

Mauritius och slutligen att information och bakgrundskunskap var mer lättåtkomligt för författaren.  

Två kritiska akviferer på Mauritius valdes utifrån deras respektive sårbarheter (uttagshastighet av 

grundvatten, geologiska egenskaper och nederbördsmönster). Baserat på detta valdes Akvifer II och 

Akvifer V. Akvifererna kalibrerades med hjälp av data publicerat av mauritiska lokala myndigheter och 

genom en omfattande litteraturstudie. Akvifer II och Akvifer V modellerades i programmet 

ModelMUSE och en steady state-modell (med en tidsserie på 100 år) användes för att kalibrera 

modellerna med hjälp av begränsad data som erhölls under litteraturstudien. Inmatningsvärdena 

erhölls från vattenresursenheten på Mauritius, från vilka genomsnittliga värden över en tidsperiod om 

15 år togs fram och användes som begynnelsevillkor för steady state-modellen. Akvifer V kalibrerades 

med framgång medan Akvifer II gav inkonsekventa resultat. Detta hänfördes till de stora skillnaderna i 

topografin i Akvifer II, vilka bidrog till att fel uppstod under uträkningen. En tidsberoende modell med 

fyra scenarios inspirerade av FN:s klimatpanels scenarioanalys användes för att undersöka 

saltvatteninträngningen samt grundvattennivån i båda akvifererna. Scenarierna (körda över en period 

om 100 år, d.v.s. till 2100) var av varierande viktighetsgrad och inkluderade de främsta drivkrafterna 

som ansågs påverka Mauritius grundvattenförbrukning. De attribut som fokuserades på i denna 

avhandling var: ekonomi, demografi, teknik och klimat. Dessa omvandlades sedan till indata som 

användes i modellen för att bedöma migrationen av saltvatten/sötvattengränsen i akvifererna. Scenario 

4 som innebar liten grundvattenbildning i akviferen, hög havsnivåstigning, låg BNP-tillväxt och ökande 

befolkning utsatte akviferen för en reducerad vattennivå, och påföljande havsvatteninträngning av 

ordningen 1,5 km över den analyserade tvärsektionen. Scenario 3 gav å andra sidan mer optimistiska 

resultat då saltvatten/sötvattengränsen rörde sig mot havet.  

Scenario 4 medförde att ungefär 50 % av brunnarna i akviferen blev oanvändbara. Åtgärder såsom 

hållbara stadsdräneringssystem, kontrollerad grundvattenbildning och Seepcat (en metod som innebär 

att man placerar en serie rör runt kustområden för att förhindra saltvattenintrång) rekommenderas för 

att minska saltvatteninträngningen och så småningom öka öns färskvattenlins på olika rumsliga och 

tidsrelaterade skalor. Det föreslås att den grova grundvattenmodellen som utvecklats för Akvifer V i 

Mauritius förfinas och appliceras på olika akviferer på ön. Därtill rekommenderas att diskontinuiteter i 

geologin integreras i grundvattenmodellen i framtida arbete. Genom att applicera modellen kan viktig 

information användas för en hållbar vattenförvaltning på Mauritius i framtiden. 

 

Nyckelord: grundvattenmodellering, kustakviferer, små önationer, saltvatteninträngning, Mauritius, 

klimatförändringar  
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 Introduction   1

The United Nations Conference on Environment and Development held in Rio de Janeiro, Brazil, in 1992 

developed AGENDA 21 whereby the member states of the UN committed themselves to address, among 

other, the “problems of sustainable development of small island developing states (SIDS)” (UN, 1992). 

This saw the emergence of a group of 52 small islands with similar challenges pool together to form a 

more consequential voice on the international front. The significance of coastal entities, especially small 

islands, has been for long underestimated due to their size and sparsity. However as Essink (2001) 

suggested, more than half of the world’s population lives within 60 km of the shoreline and the number 

could rise to up to 75% by 2020. This suggests that coastal cities and more so small islands are at 

increasing risk to suffer from the consequences of climate change (more specifically sea level rise) due to 

their vulnerable geography, climate and weather, socioeconomic conditions and the pressure on their 

limited resources. Sea level rise has been acknowledged by the member states to “exacerbate inundation, 

storm surge, erosion and other coastal hazards” (Mimura et al. 2007). Sea level rise also encourages 

saline water intrusion into the precious underground water resources of SIDS. The urgency to tackle the 

very tangible consequences of climate change on SIDS is therefore evident when reviewing the national 

and international policies put forward by small islands.   

Climate change has various adverse impacts on SIDS which range from damage to coral reefs, alteration 

to the distribution of zones of upwelling, decrease in subsistence and commercial fisheries production, 

effects on vegetation, and saline intrusion (SIDS2014.org, 2017). As a result, the UN by the help of 

various reports and plans of actions, have suggested ways and methods to adapt to the changing climate 

and challenges that await the SIDS. The impact of climate change on groundwater resources in terms of 

reduced recharge and possible salinization due to sea level rise are consequences that are being felt in 

many of the SIDS, including Mauritius.  

Compared to islands in the Pacific Ocean and the Caribbean Sea, SIDS in the Indian and Eastern Atlantic 

Ocean are among the least studied (Mills & Hancock, 2005). The last extensive geohydrological study in 

Mauritius was performed by a French consultant Giorgi et al., spanning around 5 years during the late 

1990s. The purpose of the study funded by European Union and the Cooperation Française was to 

manage the fresh water resources of the island and preserve the quality of the groundwater on the island. 

Since Mauritius’ reliance on groundwater resources will be increasingly tested in the coming years, it is 

imperative that groundwater studies be done on a time scale that will help shape the country’s policies 

regarding the sustainable management of aquifers. Using Mauritius as a case study will not only prove to 

be helpful in assessing Mauritius’ water resources but other small islands which have the same typology 

and fill the research gap that today exists in groundwater studies. 

Mauritius is a small island of an area of 1865 km2 (Staub et al., 2014) and is highly dependent on 

groundwater resources – around 50 % of the potable water supply originates from groundwater 

resources (WRU, 2015). A steady population of growth of 0.1 % (Arianaick et al., 2016) and increasing 

water demands will continue to test the reliance on groundwater in the coming years. Authorities 

therefore are under immense pressure to ensure the delivery of clean and safe drinking water to 

Mauritians.  
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The main focus of this thesis was to develop a coastal aquifer model for important aquifers of Mauritius. 

The model was first be calibrated using available data acquired through literature surveys and plausible 

future scenarios was analysed so as to predict the behaviours of these aquifers and as a consequence, 

develop technical as well as non-technical strategies to tackle the challenges. By using a predictive model 

coupled with spatial tools, a mapping of the extent of salt water intrusion in the identified aquifers was 

investigated and recommendations were made to this effect.  

1.1 Background  

The Island of Mauritius is situated between longitudes 57⁰18’ and 57⁰46’ East and latitude 19⁰59’ and 

20⁰32’ South in the Indian Ocean, east of Madagascar. The geology of Mauritius consists of mainly 

exclusively of basalt rocks which range from very permeable to extremely impermeable rock structure. 

Mauritius as a SIDS is quite exceptional due to its geographical position and its topography, and with it 

comes many unique challenges including increasingly irregular and frequent rainfall patterns, limited 

land resources, threat of natural disasters such as cyclones, and adverse impacts of climate change (such 

as sea level rise). Mauritius has a central plateau and it therefore encourages the formation of micro-

climates where the drier regions occur along the west coast and the wetter regions on the central plateau.  

Mauritius is already classified by the World Bank as a water-stressed country and without reforms it 

could fall under the water-scarce category by 2020 based on the projected population growth and 

climate scenarios. At the end of the winter season the authority responsible for water supply (the Central 

Water Authority) starts to take measures to ration water to cater for potential water shortage during the 

dry season. This is done mainly in the forms of timely water cuts. There have been governmental 

subsidies for people to buy water tanks to place in their homes because of these measures. Short term 

goals have been prioritised instead of long term ones and this has often been the case when it comes to 

planning strategies regarding the water sector in Mauritius. 

Potable water is produced from groundwater (50%), reservoir water (30%) and river offtake (20 %). Out 

of the total water utilisation (883 Mm3), it is estimated by WRU that 42 % is taken up by agriculture, 32 

% by hydropower and 25%by domestic, industries and sectors such as tourism. Groundwater comes from 

the five main coastal aquifers of Mauritius which are being subject to a growing number of external 

shocks. The faulty and ageing surface water distribution network in Mauritius is responsible for more 

than 50% of the leakages that occur in the water systems. The groundwater management and 

distribution is therefore of paramount importance to acquire a sustainable source of water in the future. 

The presence of a groundwater model can be an important asset in assessing the impacts of climate 

change on groundwater reserves in Mauritius. 

1.2  Research questions  

The main research question put forward in this thesis is: How can Mauritius manage its aquifers 

sustainably and be less vulnerable to imminent shocks, more particularly climate change scenarios, in 

the long-term future? Subsequent research questions that will be addressed in this thesis are:  

• Which aquifers should be assessed in Mauritius and why?  

• How to calibrate the groundwater model using available data? 
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• How to develop future scenarios and determine the factors that will influence these future 

scenarios?  

• How to assess the effects of the future scenarios on the aquifers? 

• Which measures should be taken on temporal and spatial scales to attend to the effects of the 

scenarios? 

 

 

1.3 Aim and objectives  

The aim of this thesis is to develop a coastal aquifer model as a tool to come up with strategies to address 

the challenges that Mauritius is facing and will be facing in the future. The objectives of this thesis are 

therefore to:  

• Select and model two main coastal aquifers of Mauritius  

• Access and compile data acquired through various stakeholders 

• Calibrate the groundwater models   

• Develop four scenarios based on important factors identified 

• Assess the model predictions and the length and extent of salt water intrusion for each scenario 

• Map the areas vulnerable to salt water intrusion in Mauritius  

• Set up a list of technical and non-technical solutions to tackle the challenges which will be faced  

1.4 Thesis outline  

The thesis will start by describing the hydrogeological setting of Mauritius. Next, a description of the 

modelling process comprising of the calibration and simulation processes follows. The results of the 

calibration and simulation are then outlined and discussed. The thesis concludes by giving 

recommendations on temporal and spatial scales.   
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 Literature review  2

  

2.1 Small Island Developing States  

The SIDS previously consisted of a group of 52 developing countries of low-lying carbonate or volcanic 

islands located in Pacific, Caribbean, Indian Oceans (Allen et al., 2014), but now comprise of 58 small 

islands which are shown in Figure 1. The Global Conference on the Sustainable Development of SIDS 

which took place in 1994 in Barbados, otherwise known as the Barbados Programme of Action, was the 

first implementation strategy of AGENDA 21 (United Nations General Assembly, 1994). The programme 

focused on the various challenges that await the small islands in the future regarding: climate change, 

energy resources, waste management, biodiversity, tourism resources management.  

It has been suggested by various publications from the UN to implement freshwater resources strategies 

that take into consideration issues such as droughts and salt water intrusion. There is a strong consensus 

that the impacts of climate change will have substantial consequences on small islands 

(Intergovernmental Panel on Climate Change (IPCC) 2014). SIDS have since decades been faced with 

several external and internal stresses and their resilience and adaptive capacity are of interest to be 

studied. Historically the majority of small islands have been previously colonized and the natural 

reserves of the islands have suffered as a consequence. On top of that, the limited space, growing 

populations, and extreme and more frequent climatic conditions make SIDS very vulnerable. However, 

life on SIDS has sustained and the resilience of the communities, the people and the institutions have 

made it possible to be as such.  

 

 

Figure 2-1: The location of SIDS (SciDevnet, 2018) 

SIDS as their name suggest are all surrounded by seawater and have learnt to live with the benefits and 

risks that this entails. SIDS emit less than 1% of global greenhouse gases but the majority of these small 
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islands have felt the need that they need to re-allocate their resources away from development projects 

but instead towards mitigating the effects of climate change. The vulnerability of SIDS arises from the 

fact that they are under a number of stresses: economic, poverty, and geo-political positions. Small 

islands always tread on difficult waters as they are individually not very prominent on the international 

scene, therefore by pooling together with the same challenges and objectives this increases their stance. 

 

2.1.1 Current stresses on groundwater resources  

The current stresses that SIDS are subjected to are various and include energy costs, population 

movements, financial crises, rapid population growth, exploitation of natural resources to achieve higher 

economic growth, unemployment, and political instability. All of these factors contribute to the 

vulnerability of SIDS. Groundwater being in many cases for SIDS a major contributor to the daily water 

use, experience increasing extraction rates and contamination due to these external stresses that are 

increasing. Sea-level rise and increased sea water temperature cause accelerated beach erosion, 

degradation of coral reefs, and bleaching of these. In addition, a loss of cultural heritage from inundation 

and flooding reduces the amenity value for coastal users. The more optimistic projections of the global 

average sea level rise at the end of the 21st century are between 0.18–0.38 m, but an extreme scenario 

gives a rise up to 0.59 m (Clifton et al., 2010). Sea level rise causes sea water intrusion by the pressure 

difference and sea water permeates landwards. Storm surges which are expected to increase in 

frequencies and intensities will also encourage the salt water intrusion in coastal aquifers. Other threats 

that have been identified that put pressure on ground water resources specifically of SIDS are:  

• Seawater intrusion in coastal aquifers caused by groundwater withdrawals and overdraft to help 

meet the freshwater demand for more than one billion people living in coastal zones,  

• Increasing population and subsequently water demand, 

• Extreme rainfall variations, storm surges, and other effects of climate change and variability 

(Allen et al., 2004). 

Groundwater resources are also affected by contamination from point sources such as irrigated lands 

which leech fertilizers into the grounds water. Furthermore, tourism is a major contributor to GDP and 

employment in many small islands. Changing demographic patterns and tourism pressure drives more 

infrastructure development along the coasts, rather than at the traditional inland locations, on many 

small islands. For example, the sustainability of island tourism resorts in Malaysia is expected to be 

compromised by rising sea level, beach erosion and saline contamination of coastal wells, a major source 

of water supply for island resorts (Tan and Teh, 2001). In view of the problems stated, for the purpose of 

this thesis, it was decided to focus on Mauritius’ coastal aquifers and regard Mauritius as a case study as 

aforementioned. 

 

2.2 Mauritius as a case study  

Mauritius is an important member of the SIDS and as such, a case study of the coastal aquifers of 

Mauritius will be insightful for assessing the behaviour of fresh water lenses to external future shocks. 
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Mauritius being a volcanic island has a very specific and heterogenous hydrogeology and thus some 

aspects of the model can be applied to other islands. Moreover, Mauritius as an island is a closed system 

with small scale fluxes. Looking at an island and by imposing certain stresses to such a system can be 

insightful, useful when looking at more large scale impacts on a global scene. 

2.2.1 Fresh water resources  

The fresh water supply of Mauritius consists of 92 rivers, 11 man-made lakes, and two natural lakes. The 

rainfall patterns on the island are strongly influenced by topography. The Central Plateau receives on 

average 4000 mm while the East coast on average receives 1500 mm of precipitation in a year. Rainfall 

data over the years since 1950 has shown a decreasing trend in precipitation (8% from 1950) up to the 

present. The surface and groundwater are also closely related although aquifer and river basins do not 

coincide. Moreover Mauritius has a tropical climate with two seasons: summer from November to April 

and winter from May to October. 

In 2015, the Island of Mauritius received 4,433 million cubic metres (Mm3) of precipitation. Only 10 % 

(443 Mm3) of the precipitation went as ground water recharge, while evapotranspiration and surface 

runoff accounted for 30 % (1,330 Mm3) and 60 % (2,660 Mm3) respectively. The Housing and 

Population Census 2011 (Bureau of Statistics Mauritius, 2012) survey revealed that 99.7 % of the 

population had access to piped potable water within their premises, with 94.2 % having piped water 

inside their house as compared to 85.5 % in 2000 and 75 % in 1990, respectively. The remaining 0.3 % of 

the population, mainly improvised shelters (squatters) relied on the Central Water Authority (CWA) 

mobile tanker service and other sources for their daily supply of potable water.  

Most of the rivers spring from the central plateau and flow radially to the sea. Water is abstracted from 

about 350 river run offtakes which amount to an annual mobilisation of 514 Mm3 of surface water. For 

diverting groundwater, there are 429 boreholes in use currently, out of which 133 are used to supply 

potable water. Mauritius is divided into five main aquifers as can be seen in Figure 2-9. The maximum 

amount of water that a single borehole yields is 8000 m3/day. 

 

2.2.2  Water balance  

The hydrological cycle consists of four important phases:  

• Precipitation  

• Evapotranspiration  

• Run-off or infiltration  

• Groundwater extraction 

In 2015 Mauritius received 4,433 Mm3 of water from precipitation which was 13.5 % higher than the 

previous year. The total water utilisation was estimated at 973 Mm3 in 2015. Out of the total water 

utilisation volume, around 85 % comes from surface water and 15 % comes from groundwater. 35% of 

the water was utilised in the agricultural sector while 37 % was utilised for hydropower, and the rest 28% 

was used for the domestic, industrial and tourism sectors. Water utilisation increased by 8.7 % in 2015 

compared to the previous year, experiencing a decline only in the agricultural sector. This data is censed 
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yearly by the Ministry of Environment of Mauritius and published in the Environment Digest (Ministry 

of Finance and Economic Development, 2015).  

The water balance calculation of the island is carried out by the Water Resources Unit and there is a 

widely accepted rule of thumb in the country that 10 % of the water that precipitates goes to groundwater 

recharge while 60 % is accounted for in the run-off, and the remaining 30 % is lost through 

evapotranspiration (WRU, 2017). These figures have remained uncontested, although Proag (1995) 

claimed that the values of potential evapotranspiration are closer to 60 %. These factors that are applied 

to precipitation to determine run-off and evapotranspiration and therefore infiltration have remained 

constant over the years despite significant changes in land-use and climatic conditions. As shown in 

Figure 2-8 there is just a shift of the rainfall graph as published by WRU (2016). In this thesis, to remain 

conservative, the value of 60 % was adopted. 

 

 

Figure 2-2: Figure showing the water balance from 2006-2015 in Mauritius (WRU, 2016). 

  

  

 

Figure 2-3: Potable water production between 2011 and 2015 (WRU, 2016). 
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2.2.3 Rainfall and precipitation  

Precipitation occurs in the form of rainfall in Mauritius. Mauritius is often described as having a tropical 

humid climate. Rainfall measurements are taken by the meteorological services of Mauritius by rain 

gauges distributed across the island (Meteorological Services of Mauritius, 2016). The rainfall patterns 

differ significantly in summer and winter as can be seen by Figure 2-5. The highest rainfall recorded 

occurs in the central part of the island while the west and north are the drier regions. Rainfall gauges are 

distributed around the island and it is the job of the meteorological services of Mauritius to measure and 

communicate these values to the general public. 

 

 

Figure 2-4: Annual average rainfall trends from 1900-2015 (Meteorological Services of Mauritius, 2016). 

  

2.2.4 Evapotranspiration  

Evapotranspiration is the combined processes of evaporation at the ground surfaces, direct evaporation 

on plant surfaces and transpiration (Fitts, 2002). “Evaporation is the process where liquid water is 

converted to water vapor (vaporization) and removed from sources such as the soil surface, wet 

vegetation, pavement, water bodies, etc. Transpiration consists of the vaporization of liquid water within 

a plant and subsequent loss of water as vapor through leaf stomata.” (Zotarelli et al., n.d). Evaporation 

rates are dictated by a number of factors including temperature, humidity, and availability of water on 

the surface and in the shallow subsurface.  

The value of evapotranspiration was calculated by WRU (2017) using the Grande Riviere Sud Est Basin. 

The water balance was carried out using a nominal value of 10 % for groundwater recharge initially 

stated by Giorgi et al. (1999). The run-off was calculated and precipitation was also measured in the 

catchment. The evapotranspiration was then deduced as the difference between precipitation and the 

sum of run-off and groundwater recharge. The value that was then obtained was 30 %. This value was 

then applied to all the other catchments of the island (Mawlabacus, 2017).  

However in Proag (1995) the potential evapotranspiration rate was estimated to be in the order of 60 % 

based on Penman (1948) potential evapotranspiration which corresponds to evapotranspiration of a 
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vegetation cover benefitting from an unlimited resource. The value of 60 % was used in the modelling 

process of this thesis. 

2.2.5 Run-off and infiltration  

When rain falls, part of it infiltrates into the ground, part of it evaporates, while the rest flows over the 

land surface and is called overland flow. When the soil is oversaturated it becomes relatively 

impermeable and water flows laterally to join the stream flow (subsurface flow). If the topsoil is however 

relatively permeable, the infiltrating water then percolates and recharges the groundwater. But if the 

groundwater table is higher than the surface stream flow there is a hydraulic gradient causing flow 

towards the stream. There are therefore three distinct types of flows:  

i. Overland flow which reaches the stream channel first  

ii. Interflow which reaches the channel a few hours later  

iii. Groundwater flow lagging a few days behind. 

 According to Mawlabacus (2017), for groundwater recharge to occur, the threshold of 40 mm 

precipitation a day needs to be surpassed. Precipitation is therefore intercepted by the vegetation cover 

at first and some of it never reaches the ground, while some is lost by evapotranspiration.  

 

2.2.6 Hydrogeological setting  

To set up a groundwater model, it is important to get an understanding of the hydrogeological setting of 

the study area, in this case Mauritius. For this purpose the history and evolution of the different 

underlying strata of Mauritius have to be understood.  

2.2.7 Geological evolution of Mauritius  

Mauritius was formed by a series of volcanic eruptions dating back to the middle of the Miocene. Several 

studies done by scientists such as Simpson (1951), Walter and Nicolaysen (1953), de Chazal (1949), 

McDougall and Chamalaun (1968), Baxter (1972), Perroud (1982), Williame (1984), Proag (1995), and 

Giorgi et al. (1999) have explored the geological history and there exists a widely accepted idea that the 

island was created in four big phases:  

i. Emergence   

ii. Older volcanic series  

iii. Early/intermediate volcanic series  

iv. Younger/late volcanic series  

As Giorgi et al. (1999) stated, the island of Mauritius is thought (through potassium-argon dating) to 

have been created by two magmatic and structural cycles which gave rise to volcanic formations 

characterized by breccias and old lavas for the first cycle and intermediate and recent volcanic lava for 

the second cycle. These two sequences are associated with two volcanic structures being set up: collapse 

and subsidence of calderas. A caldera is a ‘multikilometer wide, almost circular depression formed 

during the active phase of a shield volcano by subsidence into the partially drained magma chamber of 

the central part of the ‘volcanic dome’ (Saddul, 1995). In the case of Mauritius there have been two 
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successive cauldron subsidences. The extents of the calderas are shown in Figure 2-6. As can be seen, the 

caldera forms the outline of the central plateau which is also the area of recharge for the groundwater 

aquifers. A caldera is also present in the northern plains.  

 

Figure 2-5: Caldera in Mauritius (Crouchley, 2013). 
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Figure 2-6: Digital elevation map (USGS, 2017) and geological information, adapted from WRU (2002). 
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During the first build-up of the island, the major structural axis N100 rift (see Figure 2-7) was active and 

acted as an eruptive fissure. This was confirmed by Saddul (1995) who pointed out that the most 

probable hypothesis for the formation of Mauritius is the junction of the N100 fracture line (an extension 

of the Mid-Ocean Ridge) with the N20 fracture of the Mascarene Ridge (see Figure 2-7). After the 

geochronology revision by Moore et al. (2011), the oldest rocks belonging to the building phase of 

Mauritius shield volcano are dated at 8.9 million years. In any case, due to its geographic setting and 

location, the deepest volcanic rocks of Mauritius are actually very difficult to reach, as a consequence of 

crustal sinking favoured by thermal heating and induced by the weight force of the progressively growing 

volcano on the seafloor. The second phase occurring between 6.2 to 5 million years ago produced a dome 

of around 40 km diameter and an elevation of 900 m (Proag, 1995). Figure 2-8 represents the locations 

of the main rock types on the island. The data was obtained from WRU (2005) and from Giorgi et al. 

(1999). 

 

Figure 2-7: The location of the two main fracture lines -the N20 line (running close to Q, R and S craters) and the N100 line 
running from Port Louis to Mahebourg direction in Mauritius (doubled lines) and the position of the volcanic complex (red 
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trinagle) (ELC, 2015)
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Figure 2-8: Geological map of Mauritius adapted from Giorgi et al. (1999). 

  

Emerging period of the island (10-6.7 million years)  

The emergence period was characterized by the N100 rift acting as an eruptive fissure emitting breccia 

flows, tuff and boulders. Following this, there was a period of relative calm during which the pressure of 

the underlying magma decreased and subsidence occurred in the centre. The basic breccia is constituted 

of “blocks of aphyric basalts and basalts with olivine within a clayed matrix vesicular” (Giorgi et al., 

1999). 

  

The older series (6.2-5 million years) 

The ancient lava formation gave rise to the ‘shield volcano” whose summit has culminated to about 900 

m which now make up the main relief of the island. There are three main groupings of old volcanic 

outcrops forming three mountain ranges in the south-west, east-southeast and north-western parts of 

the island. These ancient formations have high slopes and reliefs that line the periphery of the caldera. 

The main components of the old lava series are:  

• Aphyric basalt  

• Ankaramites  

• Oceanites  

The intermediate series (3.5-1.7 million years)  

The intermediate series were formed through localised eruptions at different craters (Grand Bassin, or 

Montagne Perruche) as shown in Figure 2-2 that projected tuff covering the existing reliefs of the ancient 

series. A layer of reddish clay that was developed during a calm eruptive period, and due to the 

hydrolysing climate, permitted the occurrence of a flow of thick olivine basalt. According to Giorgi et al. 

(1999), based on field observations, two entities can be recognized to have resulted from the wearing 

during the intermediate period, namely:  

i. Pyroclastic formations   

ii. Basalts  

Pyroclastic formations are made of pyroclastites forming a discontinuous cover in the southern part of 

the caldera. The thickness of these weathered clayish components can reach a depth of up to 80 m (south 

of Mare aux Vacoas) (Proag, 1995). Basalts are formed from an ‘irregular piling of basaltic flows whose 

cumulated thickness can exceed 100 m’ (Giorgi et al., 1999). These flows alternate with those altered by 

weathering, which is a sign of lavas not being continuous. 

The younger volcanic series  

Following the intermediate phase, believed to have ended around 2 million years ago, there was a period 

of inactivity extending over 1.3 million years. Eruptions during the period 700,000 to 25,000 years ago 

correspond to the last period of activity of the volcanoes in Mauritius. The eruptions are believed to have 

been caused the N20 rift. 
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Figure 2-9: The main craters of Mauritius ( Montagne Perruche- point 17 and Grand Bassin point 19) (Nowbuth and 
Umrikar, 2012) 

2.2.8 Hydrogeology  

As clearly shown in the geological map in Figure 2-6, the outcrops corresponding to the older series are 

located in the peripheral part of Mauritius, outside the rim of the inferred caldera structure, and the 

younger series almost regularized the previous topography as a cover. As a whole, the oldest volcanic 

rocks seem to make a bulk mass, more hard and thus prone to brittle deformation, certainly triggered by 

both tectonics along the several fracture zones of the adjacent sea floor, and above all by gravity, as 

suggested by the huge flank collapse hypothesized in Dyment et al. (2007).  

The ancient formations and old lava series have been found to have a low permeability. Groundwater 

circulation on the island seems to be limited to fractured zones and scoriaceous zones. The old lava series 

which also form part of the bedrock therefore do not have an important hydrogeological potential. The 
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ancient volcanic bedrock can be subdivided into two big units. The first unit comprises of the highest 

peaks of the relief in Mauritius. It can be considered dry except for perched water lenses that are not of 

much interest as water resources. 

Secondly, the younger volcanic series is generally permeable and very often water transmissive. 

Therefore it can be concluded that ancient volcanic rocks are not of much hydrogeological importance 

except in the event of cracks and fractures or if they represent some important scoriaceous facies. A list 

of the transmissivities of the different basalt series obtained from WRU (2002).   

     

 

 

 

 

Table 2-3: The transmissivity of the different rock types in Mauritius (WRU, 2002). 

Description 

Transmissivity 

(m2/s) 

Recent basaltic series 10-5 - 10-2 

Intermediate basaltic 

series 10-6 - 10-3 

Ancient basaltic series 10-7 - 10-6 

Fractured medium 10-4 - 10-2 

Carbonated medium 10-4 - 10-3 

Scoraceous medium 10-3 - 10-2 

Scoraceous lava tunnels <10 - 1 

 

2.2.9 Hydrogeological characteristics of the different units  

Detrital and ancient coral formations have been found at the top of basalt formations and their origins 

have been traced back to the Pliocene age. The detrital formations in the region of the central caldera and 

the caldera of the northern plains form discontinuities and according to Giorgi et al. (1999) they 

represent a great aquifer potential since they gave high dry season yields.  

The intermediate series and the piling up of the basaltic flows have proven to possess high 

hydrogeological potential as shown by Giorgi et al. (1999). This report is the most recent extensive report 

on the hydrogeological potential of the island. The intermediate basaltic flows constitute the first 

permeable layer which rests on the impermeable ancient bedrocks. The weathered intermediate series is 

a clayish level with low permeability and can cause the water in the underlying basaltic formation to be 

under pressure. This level of weathered clayish material from the intermediate series constitutes the 

hydrogeological limit.  

The recent series on the other hand are very porous and fractured. As a result, infiltration of rain water is 

very important and in some cases even total. The recent lava series constitute the upper layer of the 

multilayer aquifer. The recent flows also comprise of many lava tunnels that enhance permeability. The 
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alluvium and eluvium constitute very productive aquifers that can produce “several tens of cubic metres 

per hour” of water (Giorgi et al., 1999). They are generally not very developed due to their limits and 

immediate surroundings with rivers that may recharge these formations.  

2.2.10 The main groundwater reserves  

The recent and intermediate volcanic flows localised above the ancient basaltic flows are normally what 

are referred to as aquifers. The limits of the aquifers are often geological units (old basaltic formations) 

which form outcrops at some points forming thresholds and ridges that form boundaries of ‘no flow’ for 

the aquifers. The lava tunnels operate as natural drains and enhance the groundwater flow from the 

recharge zone to the reservoirs. The recharge zone also coincides with the central caldera as shown in 

Figure 2-5.  

The Central Plateau of the island receives the most amount of rainfall due to the dome structure of the 

island. The recent basaltic flows that are present on the central plateau as shown by Figure 2-5 also 

correspond to the central recharge zone. Generally the recent basaltic rocks form the superficial layer of 

the aquifers. Recent and intermediate basaltic flows that have accumulated in topographic breaches 

normally represent interesting reservoirs for exploitation.   

2.2.11 Description of principal aquifers  

There are five principal aquifers in Mauritius all of which are coastal aquifers and are exploited 

differently. The aquifers were delineated by Giorgi et al. (1999) through extensive surveying with the help 

of local authorities. As mentioned in the previous section, from the central recharge zone, water flows 

radially towards the sea. The different aquifers were demarcated using the sea as the outer boundary into 

which the aquifer drains. These aquifers are: 

i. Aquifer I:  Curepipe-Vacoas-Flic en Flac  

ii. Aquifer II: Phoenix-Beau-Bassin-Albion/Moka-Coromandel  

iii. Aquifer III: Nouvelle France-Belle Rose-Plaisance  

iv. Aquifer IV: Nouvelle Decouverte-Plaines des Roches/Midlands-Trou d’Eau Douce  

v. Aquifer V: Northern Plains  
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Figure 2-10: The five main aquifers of Mauritius (adapted from Giorgi et al., 1999). 

Other secondary aquifers exist and they are:  

vi. The aquifer of Chemin Grenier-Frederica 

vii. The aquifer of Grande Riviere Noire (Alluvium)  

viii. The aquifer characterised by fracture   

ix. The aquifer of carbonated formations  

The secondary aquifers have been lumped together as they exist only in the South Western part of the 

island as shown in Figure 2-9. 

Aquifer I (Curepipe-Vacoas-Flic en Flac) is a multi-layered aquifer constituted by the superposition and 

juxtaposition of basaltic flows, healthy and weathered separated by clayish facies. The superficial layer of 

the aquifer consists of recent or intermediate basaltic flows. Lava tunnels and scoriaceous formations 

under the water table constitute channels where water flows very rapidly.  Aquifer I comprises of:  

• The western part of the intracalderic groundwater reservoir  

• The median reservoir of Palma-Beaux-Songes 

• The coastal reservoir of Flic-en-Flac Tamarin  

Aquifer II (Phoenix-Beau-Bassin-Albion / MokaCoromandel) comprises of:  

• The western part of the intracalderic reservoir  

• The median reservoir of Phoenix-Moka-Beau Bassin limited by ancient basaltic flow outcrops in 

the form of mountain ranges  

• The coastal reservoir of Coromandel-Pointe aux Sables-Albion  

According to Giorgi et al. (1999), from borehole drilling it was found that there were two deep valleys 

made up of ancient basaltic flows and filled by intermediate and recent basalt flows. These two valleys 

guide groundwater circulations and particularly in levels of fossil alluvium located at the base some 

flows. The top of the aquifer is located within clayish semi-impermeable basalts which show some 

characteristics of semi-confined aquifers.   

 

Aquifer III (Nouvelle France-Belle Rose-Plaisance) as described by Giorgi et al. (1999) has different 

hydraulic behaviour in different sectors: to the north the flow is conditioned by breaches that border the 

rims of the caldera, while to the south, groundwater of the superficial aquifer strengthens the recharge of 

the reservoir. Near the area of Mare Tabac the variation of the static water level as observed until 1999 

varied from 5 to 10 m at Nouvelle France and 20-30 metres at Mare Tabac. These fluctuations are 

considered to be conditioned by the presence of old basalt and at places covered by intermediate basalts 

that have channelled basaltic flows and subsequently groundwater flows.  

 

Aquifer IV (Nouvelle Decouverte-Plaines des Roches / Midlands-Trou d’Éau Douce) comprises of three 

main reservoirs: the eastern part of the intracalderic reservoir,  the median reservoirs of Camp Thorel-

Pont Bon Dieu and Melrose-Belle Mare, and the coastal reservoirs of Plaines des Roches and Trou d’eau 

Douce. The median reservoir of Camp Thorel-Pont Bon Dieu is limited to the north by the fault N20 that 
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affects the border of the caldera and to the south by the ridge of ancient basalt. The seasonal variation of 

water in the aquifers is high, between 10-20 m as of 1999, as described by Giorgi et al. (1999). 

 

The northern aquifer or Aquifer V (northern plains) is located beyond the calderic rim. The principal 

refill is linked to discontinuities which constitute permeable zones allowing groundwater to flow to the 

north. The limits of the northern plains can be made up of vertical or horizontal dykes of intrusive rock 

which are the results from the collapse of the caldera. When these rocks are obstructed by the products of 

weathering they can become obstacles for free groundwater circulation. The aquifer consists of various 

zones of recharge. The valleys of Creve Coeur-Notre Dame and Les Mariannes-Congomah contribute to 

the feeding of the western part of the northern plains. There are also important fractures that allow the 

direct recharge of the northern aquifer to the central east part of the northern plains.  

Surface water contributes to the recharge of the aquifers and is dependent on various factors including 

direct rainfall and percolation due to infiltration along rivers. Groundwater is contained by the 

superposition and juxtaposition of recent and intermediate lavas separated by the calderic structure, 

ancient valleys and topographic cuts. The recent lavas have a small slope and absorb the quasi-totality of 

rainwater. There are two main breaches in the caldera of the northern plains which allow for sea water 

intrusion for several kilometres. This thesis will focus on the modelling of Aquifer II and Aquifer V. The 

results from the model will then be discussed and extrapolated for other coastal aquifers of the island 

and for other SIDS.  

  

2.3 Groundwater model  

A quantitative model that addresses water problems simulates spatial and temporal properties of a 

system or one of its parts in either a physical (real) or a mathematical (abstract) way (Kresic, 1997). Oude 

Essink (2001) however stated that there are generally three types of models adding analogue models to 

the list. Physical models in hydrogeology can be in the form of tanks filled with sand and water 

representing an unconfined aquifer. However building a multilayer aquifer exposed to various stresses, 

for example precipitation, surface stream flow, well pumping rate, and geological strata is practically 

cumbersome and time consuming to say the least. A groundwater model according to Kresic (1997) can 

also be simulated using an analogy between other physical quantities such as “flow of electrical current 

through electrical conductors” which is referred to as an analogue model. “A mathematical model 

simulates groundwater flow indirectly by means of a governing equation thought to represent the 

physical processes that occur in the system, together with equations that describe heads or flows along 

the boundaries of the model” (Anderson and Woessner, 1992).   
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Figure 2-11: System representation of a geohydrological model (Oude Essink, 2000). 

  

Models that use mathematical equations to describe some elements of groundwater flow, depending on 

the nature of the equations used, can be:  

• empirical,  

• probabilistic, or  

• deterministic. 

Empirical models are derived from experimental data that are fitted to some mathematical function. In 

these models physical laws are not taken into account and they are mainly applied in ungauged areas 

where the premise of any scientific theory is absent. As supported by Oude Essink (2000), empirical 

models are often based on regression analysis, for example using coefficients of Equation 1: 

Qx, t = α + βPt + ϵt                                                                                                  Equation 1 

 

Probabilistic models on the other hand are based on laws of probability. For groundwater models 

however, large data sets are needed, for which are cumbersome to deal with manually, and as noted by 

Kresic (1997) they cannot be used to “predict many of the most common questions from 

hydrogeological practices”. Deterministic models assume that all variables are regarded as free from 
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random variables and that the future reactions of the system, in this case the aquifer, is predetermined 

by physical laws governing groundwater flow. There are two large groups of deterministic models based 

on the model domain or problem area schematised: analytical and numeric. 

Analytical models solve one equation of groundwater flow at a time and the result can be applied to a 

point or a line of points in the aquifer. Numerical models describe the entire flow field of interest at the 

same time providing solutions for data points chosen by the user. The area of interest is divided into 

smaller areas of interest (cells) and a basic groundwater flow equation is solved based on the values of 

the water balance for each cell, resulting in the hydraulic heads for each individual cell. The partial 

differential equations are substituted by a set of algebraic equations which is solved numerically. 

Numerical models are normally based on computer codes. Numeric models are divided into several 

groups but the two main groups are finite differences and finite elements. 

Finite difference models have been more popular in the field of hydrogeology due to the relatively less 

mathematical involvement, and much research has been done by the United States Geological Services 

(USGS) on several finite difference models. MODFLOW is one of the most widely used and recognised 

groundwater flow code developed by McDonald and Harbaugh (1988). The groundwater system is 

modelled by a set of equations that represent the flow regime and physical characteristics of the system, 

shown in Figure 2-11. The structure of MODFLOW is such that it consists of pre-processing, processing 

and post-processing.  

There have been a number of graphical user interfaces including PMWin and ModelMUSE. For this 

thesis ModelMUSE was chosen due to the ease of using ArcGIS for pre-processing and delineating the 

aquifer boundaries, distribution of wells and rivers. ModelMUSE is a graphical user interface for 

MODFLOW 2005 (Harbaugh, 2005). It is a three dimensional finite difference model which simulates 

steady and non-steady flows in heterogenous aquifers. A semi-distributed model was chosen since the 

data that was acquired from various sources did not allow for a distribution of the values in a grid 

format. The values of precipitation and evapotranspiration as well as the isohyetal maps were obtained 

from the Meteorological Services of Mauritius (2016). The wells and main rivers of the island were 

distributed across the boundaries of the aquifers by importing shapefiles from ArcGIS.  
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Figure 2-12: Initial and boundary conditions of geohydrological model (Oude Essink, 2000). 
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  Methodology 3

The methodology for this thesis can be subdivided into two main parts for this thesis: the calibration of 

the model and the simulation of future scenarios. The calibration of the model was carried out by 

compiling data acquired through various sources and stakeholders while the scenarios were inspired 

from the IPCC scenarios and adapted to the local context of Mauritius. 

Two groundwater models were set up for this thesis, namely for Aquifer II and Aquifer V. These two 

aquifers were chosen out of the five due to their relative importance in their groundwater yield. Aquifer 

II encompasses the biggest urbanized region of the country and the parts of the island where allotments 

for housing and future development schemes such as smart cities are being designed. In this region of 

Cote D’or and Belle Terre a large scale housing project is being developed. In addition, the mall of 

Bagatelle found in the region of Moka-St-Pierre has encouraged a number of investments in the region 

including office blocks, apartments that have multiplied across the region. Due to the scope of this thesis 

embracing a projection over 100 years, it made sense to look at Aquifer II due to the increasing water 

demand and the load it will put on the groundwater systems. 

Aquifer V, i.e. the northern aquifer, has been subjected to major survey works as it has a major fracture 

line that permits salt water intrusion in this aquifer. The northern plains are primarily made up of very 

permeable young lava series. The scale of development in Aquifer V in terms of tourism (resorts and 

hotels) as being projected by the Ministry of Tourism is planned to achieve a target of 2 million tourists 

by 2020. The majority of hotel projects are being constructed in the north with emphasis on creating 

Integrated Resort Schemes (IRS) and luxurious villas. 

A current steady state model was developed for both aquifers using averaged data obtained from the 

WRU (2016) and the Meteorological Services (2016) over a period of 10 years. Although the limitations 

of this method are recognized, it was the only reliable source of information that could be acquired at the 

time. The model was then calibrated visually and by comparing the model results to the measured 

piezometric levels published by WRU (2002).  

The models were then run for a transient state to simulate projections over a year for 4 different 

scenarios. This approach was adopted from the IPCC (2015) scenarios that developed storylines to 

provide inputs for the transient model. The scenarios as found in the IPCC report provided an 

understanding of the relationships among factors that drive future emissions and for the case of this 

thesis, certain selected drivers were used such as:  

• Economic growth which will dictate land use changes and water demand,  

• Sea level rise,  

• Precipitation changes, and  

• Demographic changes (urbanization and population growth). 

These were used as drivers for investigating salt water intrusion and its consequences. 

3.1  Pre-processing using ArcGIS and determining geometry  

ArcMap 10.4.1 (ESRI, 2016) was used as a pre-processing tool to delineate the boundaries of the aquifers, 

to input the location of wells and rivers, to add geological information and pre-existing results of 
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previously done studies. GIS is a powerful tool to store, analyse and present spatial and non-spatial data. 

Geological and hydrological data in GIS format which were obtained from WRU (originally from Giorgi, 

1999) were combined with well characteristics and rivers obtained from the Mauritian Ministry of 

Environment (2015). The pre-processing which was done in ArcGIS determined the exact geometry as 

surveyed in Giorgi (1999) and WRU (2002) and therefore the delineation of the aquifers were more 

accurate than would have been obtained if a grid was drawn in ModelMUSE. The ease of importing 

shapefiles and exporting the outputs of the models (i.e, hydraulic heads) to ArcGIS made the latter a very 

convenient tool to use in this thesis.  

The input values for the model were obtained from a literature review and as well as meetings with 

various stakehoders including WRU and the Meteorological Services of Mauritius (see Appendix A). A 

steady state model was implemented since all the data available was averaged over a year. The stress 

period which was used was therefore for the period of one year. The first idea was to perform a steady 

state model run to calibrate the model and use the output of the model as input parameters to run it as a 

transient model for performing climate change projection over a period of 100 years.   

3.2 Calibration of the model  

The model was firstly calibrated using hydrology data that was partly obtained from the hydrology data 

book and published by the Mauritian local meteorological services (WRU, 2002). The calibration of the 

model was first performed visually using the generated values of the aquifer (from averaged values of 

initial conditions) and by comparing to the observed piezometric levels published by WRU (2002). The 

maps were visually compared such that the piezometric levels of some wells were obtained from the 

WRU data (as shown in Figure 3-1) and these were compared to the ones modelled.  
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Figure 3-1: Piezometric levels as measured by Giorgi et al. (1999) (WRU, 2002). 

 

 

 

3.2.1 Model geometry  

The model geometry was defined by the physical boundaries, i.e any geological and hydrological feature 

that influences groundwater flow, for instance impermeable contacts between two geological units 

(Kresic, 1997). As explained in Section 2.1.6, the impermeable old lava series outcrops in the form of 



    

3-28 
 

mountain ranges formed the no-flow boundaries characterised as the inactive cells in the model. The sea 

also comprised another boundary of the two coastal aquifers chosen to be modelled in this thesis. The 

sea having a known hydraulic head (0 m) was defined as a hydraulic boundary. Both aquifers are coastal 

ones and therefore have the same boundaries: impermeable geological structures and the sea physical 

and hydraulic boundaries.  

A custom grid from ModelMUSE was not chosen in this thesis since the shapefiles of the aquifers 

provided a more accurate delineation of the site. Instead a uniform grid was chosen with equal intervals. 

The cell sizes for both aquifers were 300 m x 300 m. As noted by Kresic (1997) a custom grid is more 

appropriate when data is not readily available to the user or when the user wishes to investigate part of 

the aquifer in greater detail and therefore opts to refine the grid at that point.  

The model layers have been arranged, as shown in Figure 3-1, into 3 different layers representing broadly the three lava 
series in which the geological features are arranged. Although Mauritius has a very heterogenous geology, for the 

purpose of the model and due to the lack of information on the underlying strata of Mauritius a more homogenous layer 
structure was adopted. The only available sources of information that were available for this study were Sentenac (1962), 

Proag (1995) and Giorgi et al. (1999), of which the latter is the latest report on the groundwater resources of the island. 
Therefore the conceptual cross section based on information available was performed using the average values of depth 

that has been published.    

  

 

Figure 3-2: ModelMUSE aquifer layer distribution (Winston, 2009). 

  

 

Table 3-1: Layer properties of Aquifers II and V. 

    Aquifer II   Aquifer V  

Layers 

(ModelMUSE)  Rock type - lava  

Thickness  

(m)  
Conductivity 

(m/s)  

Thickness 

(m) 

 Conductivity 

(m/s) 

Layer 1  Younger series  40  0.0007  50  0.001 

Layer 2  Older series 60 0.0007   50 0.001 

  

Although the Layers 1 and 2 differed in terms of their conductivity properties (Layer 1 being more 

conductive than Layer 2), as shown in Table 3-1, the large bracket of uncertainties and heterogeneities in 
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the two lava series types made it difficult to accurately determine values of conductivity. There was an 

overlap between values of younger and older lava series types and therefore for ease of comparison 

between the two aquifers it was deemed to be reasonable to have an averaged value of the conductivity 

for both layers for each aquifer (Aquifer V being more conductive than Aquifer II).  

3.2.2 ModelMUSE parameters  

The ModelMUSE model parameters can be divided into three groups:  

• Time  

• Space  

• Hydrogeologic characteristics  

Time parameters only matter for transient models and are not relevant for steady state models. When 

modelling for transient conditions, time unit, length and the number of time periods have to be taken 

into consideration and specified. A time period is divided into time steps which may vary in length. On 

the other hand, the space or the layer thicknesses and the topography are needed to calculate the 

transmissivity of the layers. The values of transmissivity were published by WRU (2016). The range of 

values for the different rock types vary by a factor of 1000. Since transmissivity is in ‘many cases the 

most critical and sensitive modelling parameter’ (Kresic, 1997), this factor had to be calibrated very 

carefully. The under layer definitions of ModelMUSE where:  

• Model Top  

• Upper Aquifer Bottom  

• Middle Aquifer Bottom  

• Lower Aquifer Bottom  

The elevation of the Model Top was obtained from the digital elevation model (downloaded from USGS 

2017) with a resolution of 25 m. The cell size in ModelMUSE was 300 m; much coarser than the spatial 

resolution of the digital elevation model, therefore there was no interpolation required between the 

values of the cells. The underlying strata were made to follow the same topography as the model top 

since it was assumed that since it was based on conceptual drawings made by Giorgi et al. (1999), the 

layers followed the same pattern as the model top except for calderic structures and fault lines. 

ModelMUSE offers the choice to model three layer types:  

• Non-simulated  

• Confined   

• Convertible  

The top layer was modelled as convertible (between confined and unconfined) while the two underlying 

layers were modelled as confined. The hydraulic conductivities (vertical and horizontal) were derived 

from literature; the values of transmissivities were obtained from Table 2.6 and since transmissivity is 

the product of layer thickness and conductivity, the latter was thus easily obtained. Since there is a big 

bracket of uncertainty for each basalt type’s transmissivity, moreover since the layer thicknesses were 

also approximated using conceptual diagrams provided by Giorgi (1999), the values of hydraulic 
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conductivity were a major challenge to determine. The horizontal hydraulic conductivity is Kx (in the x-

direction) and Ky in the y-direction. If the layers are isotropic which were assumed in this case, the 

anisotropy factor is taken to be 1. Therefore:  

𝐾𝐾𝑥𝑥 = 𝐾𝐾𝑦𝑦                                                                                                                                     Equation 2 

and the vertical anisotropy (Kz): 

𝐾𝐾𝑧𝑧 = 𝐾𝐾𝑥𝑥/10                                                                                                                 Equation 3 

 

When the parameters were assigned (time, space and hydrogeological), the next step was to define the 

boundary conditions using the appropriate packages provided by ModelMUSE.  

3.2.3 Boundary conditions  

Boundary conditions for a groundwater model can be divided into two broad categories, boundary with 

known flux and boundary with head dependent flux. Boundary with known flux can occur when 

modelling water tables in unconfined aquifers, with inflow/outflow through lateral contacts between 

different aquifers. Known flux conditions can be simulated by:  

i. Recharge package  

ii. Evapotranspiration package  

iii. Well package  

The head dependent flux boundary is one for which the flow is calculated based on head difference 

between the boundary cells and the adjacent aquifer cells. For this purpose, the following MODFLOW 

packages were devised:  

i. River package   

ii. Drain package  

iii. General head boundary package  

This thesis uses the river package to simulate the flow of the rivers and their contribution to the 

groundwater, while the general head boundary was used to simulate the sea interface with the aquifer.  

3.2.4 River package  

The river package simulates the flow between the aquifer and a surface water body such as a river or a 

lake. In the case of the aquifers modelled in this thesis, the river package was used to simulate river flow 

and water exchange between the aquifers and the rivers. The following equations (Eq. 4-6) from 

McDonald and Harbaugh (1988) was applied:  

𝑄𝑄𝑅𝑅𝐼𝐼𝑉𝑉 = 𝐶𝐶𝑅𝑅𝐼𝐼𝑉𝑉×(HRIV-h)                                                                                         Equation 4 

 

where   

QRIV = the flow between stream and aquifer (positive if it is into the aquifer), HRIV= the head of the 

stream, and h= the head at the node in the cell below the stream reach  

CRIV = the hydraulic conductance of the stream aquifer connection  
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𝑪𝑪𝑪𝑪𝑪𝑪𝑽𝑽 = 𝑲𝑲𝑲𝑲𝑲𝑲
𝑴𝑴

                                                                                                                               Equation 5 

where 

K = the hydraulic conductivity of sediment on the river bed  

L = the length of river channel  

W = the width of the river channel   

M = the thickness of riverbed material  

 

The conductance used for the river package for Aquifer II and V was assumed to be 0.005 by trial and 

error since data regarding river flow was largely unavailable. Conductance represents the one 

dimensional flow between the stream and the aquifer.  

 

𝐻𝐻𝑅𝑅𝐼𝐼𝑉𝑉 = 𝑀𝑀𝑜𝑜𝑑𝑑𝑒𝑒𝑙𝑙_𝑇𝑇𝑜𝑜𝑝𝑝 − 1  ℎ = 𝑀𝑀𝑜𝑜𝑑𝑑𝑒𝑒𝑙𝑙_𝑡𝑡𝑜𝑜𝑝𝑝 − 0.5                                                       Equation 6 

 

The depth of the river was approximated to be 0.5 m from the published information of WRU (2016).   

  

3.2.5 General head boundary package  

The general head boundary package was used to simulate the boundary head of the sea. The flow in and 

out of the sea is provided by the head difference in the cell of interest and the external source, as 

described by Equation 7:  

  

𝑄𝑄𝑏𝑏 = 𝐶𝐶𝑏𝑏 × (ℎ𝑏𝑏 − ℎ)                                                                                                    Equation 7 

where 

Qb = the flow through a GHB cell 

Cb = the GHB hydraulic conductance  

hb = the head on the external source   

h = the hydraulic head of the aquifer 

 

3.2.6 Well package  

The well package is used to simulate the withdrawal of water from the aquifer or when recharging the 

aquifer. A negative pumping rate signifies the withdrawal of water from the aquifer. The rate of pumping 

is applied during a given stress period where the rate does not rely on the cell area and the head in the 

cell.   

The withdrawal rates of the pumps were lumped together and imported as a single object in 

ModelMUSE. The groundwater abstraction rates for domestic uses was published by WRU (2016) and 

since the domestic use accounted for the majority of the groundwater being abstracted as shown in 

Figure 3-4, the average value for the withdrawal of groundwater in the different parts of the region of the 

island was used as a baseline. The value from chart 3-4 was then multiplied by a factor of 1.5 to obtain 

the total abstraction rate. The value of 1.5 was taken to be conservative in the design and to account for 

losses and informal abstraction.   
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Figure 3-3: Groundwater annual abstraction rate in Mauritius (WRU,2016) 

 

Table 3-2: Groundwater use in 2015 in Mauritius (WRU, 2016) 

Groundwater use Volume (Mm3 ) Number of boreholes 

Municipal (domestic, 

tourism) 115 113 

Industrial 11 131 

Agricultural 24 148 

Total 150 392 

 
 

Table 3-3: Converted input fluxes in ModelMUSE for Aquifers II and V 

Input Fluxes Mm3/yr  m/s m/s 

GW abstraction (North)  30 0.000951294 0.000633706 

Rainfall (mm)--North  1386 4.39498E-08 1.57413E-08 

Recharge  138.6 4.39498E-09 9.85349E-09 

ET (Mm3) (Total)  831.6 2.63699E-08 2.02569E-09 

 

3.2.7 Recharge package  

The recharge package was used to simulate spatially distributed recharge of precipitation to the 

groundwater. The recharge package was also used to simulate a specified flux distributed over the top of 

the model and was specified in units of length/time. Within MODFLOW, these rates were multiplied by 

the horizontal area of the cells to which they were applied to calculate the volumetric flux rates. 

Groundwater recharge occurs exclusively due to precipitation in Mauritius. The recharge was estimated 

by WRU (2016) to be a factor of 0.1 as seen in section 2.1.8. The values used for recharge are displayed in 
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Table 3-3 and the values of recharge were applied to Model Top onto the active cells. Inactive cells and 

cells with constant boundary head do not receive any recharge.   

3.2.8 Evapotranspiration package  

The evapotranspiration package simulates the effect of direct evaporation coupled with plant 

transpiration The following assumptions are made when using this package: 1) When the water table is 

equal to or more than a specified elevation (in this case Model_Top), the evapotranspiration rate is at its 

maximum, and 2) When the depth of the water table below the Model_Top exceeds the extinction depth, 

evapotranspiration stops. In between these values, evapotranspiration varies linearly with depth. The 

root zone depth was assumed to be 0.5 m in ModelMUSE. As stated in Section 2.1.8, the value of the 

evapotranspiration rate was subjected to much change and debate. To be conservative, it was finally 

assumed that the rate of evapotranspiration was 60 % of the rainfall rate.  
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 Simulation 4

 

4.1 Developing future scenario storylines  

The strategy adopted in this study was to calibrate the model to a steady state condition for the year 

2000 using average input values of the past 15 years. The model output was then used as initial 

conditions for future scenarios as a transient state model for Aquifers II and V. For the transient model 

projections the strategy of ‘storylines’ akin to those developed by the Intergovernmental Panel on 

Climate Change (IPCC, 2000) was adopted. The scenarios were defined by IPCC as: “alternative images 

of how the future might unfold and are an appropriate tool with which to analyse how driving forces 

may influence future emission outcomes and to assess the associated uncertainties. They assist in 

climate change analysis, including climate modelling and the assessment of impacts, adaptation, and 

mitigation.”  (IPCC, 2000).  

The IPCC developed long-term emissions scenarios in 1990 and 1992. These scenarios have been widely 

used in the analysis of possible climate change, its impacts, and options to mitigate climate change 

(IPCC, 2000). There are four broad families of scenarios as described in the IPCC report:   

 A1 storyline describes a future world of very rapid economic growth, new efficient technologies, 

population peaking in mid-century and declining after.  

 A2 storyline describes a heterogenous world where fertility patterns converge slowly resulting in 

a slowly increasing population. Economic development is regionally based and technology 

change more disjointed.  

 B1 storyline describes a population that remains as it is and peaks in the mid-century and 

decreasing after that (as the A1 storyline). There is a less material intensive economy and there is 

the introduction of clean and resource efficient technologies.   

 B2 storyline describes a world with continuously increasing population at a rate lower than that 

of A2. This story line focuses on intermediate levels of economic development, more rapid 

technological change and environmental protection. 

 

IPCC developed these four qualitative scenarios (A1, A2, B1 and B2). There are furthermore three 

additional ‘families’ under the A1 which define the energy technologies: 

i. A1F1 - Fossil fuel intensive 

ii. A1B - Balanced 

iii. A1T - Predominantly non-fossil fuel 

These denotations of the scenarios were used in the results of McSweeney et al. (2010)  which refer to the 

Mauritian context and were inferred from IPCC. It can be seen that there are underlying themes within 

the scenarios as picked up in the current study:  

i. Economic development  

ii. Technology  
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iii. Demography 

iv. Local and global scale of activities and services  

These parameters were further confirmed and some supplementary ones were investigated by Ercin & 

Hoekstra (2012). According to their research, major components that have an impact on future global 

water resources are: “population growth, economic growth, changes in production and trade patterns, 

increasing competition over water.” (Ercin & Hoekstra, 2012).  

The scenarios that were thus developed for the current study of Mauritius, for salt water intrusion 

projections for the year 2100, were based on probable storylines on how water demand, consumption 

and climate may change in the future. It must be noted that the scenarios are not predictions but rather 

reliable storylines based on the literature review and statistical modelling and analyses done by various 

institutions including the University of Florida (Staub et al., 2014), the School of Geography and 

Environment from the University of Oxford (McSweeney et al., 2010) and the Tyndall Centre for Climate 

Change Research (McSweeney et al., 2010) amongst others. A similar approach was adopted for this 

thesis by choosing four broad drivers for change and these were identified to be:  

i. Climate change 

ii. Economic development  

iii. Demography 

iv. Technology 

The drivers for change and their impacts on the different attributes were: 

i. Well abstraction rate (WEL) 

ii. Groundwater recharge rate (RCH) 

iii. Sea level rise (GHB) 

and are described in Section 4.1.1 paying particular attention to the effects that the drivers will have on 

the attributes. These attributes were denoted by the package name (ModelMUSE) as suggested in 

Section 3, as these will be subjected to change when running the model until the year 2100. This is 

expected to result in four varied storylines that describe four different scenarios loosely based on the 

IPCC scenario analysis A1, A2, B1 and B2. Factors are then to be applied to the four attributes (using the 

year 2000 as a baseline) so as to assess the effects on the saltwater and freshwater interface. 

4.1.1 Scenario parameters 

The drivers for change that defined the storylines for scenarios 1 to 4 are described below. The baseline 

input values used for projecting the years 2000-2100 were average values for: 

i. Abstraction rates 

ii. Evapotranspiration 

iii. River conductance  

iv. Transmissivity of aquifer layers 

v. Recharge rate 

These values as explained in Section 2.1.8 were obtained by averaging values and by performing a 

thorough literature review of the water balance and by reviewing its calculation by WRU (2015). The 
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final values were then imported into ModelMUSE where by trial and error and a finer value for the 

conductivity (transmissivity) and river conductance were adjusted to calibrate the model. As such, the 

scenarios depending on their specific storylines had varying impacts on these input values. The 

combined effects that these individual parameters had on the salt water- fresh water interface were then 

measured. It was believed that the more plausible situations for the future would be a combination of 

factors and these are explained individually in this section. 

 

4.1.2 Climate change 

Climate change is believed to have a long-term impact on water resources, especially on SIDS. Rainwater 

is usually the primary source of water supply on SIDS, water availability is a sensitive resource and is 

susceptible to changes due to changing rainfall patterns, extreme events becoming more intense and 

frequent. Changes in El-Nino intensity and frequency together with projected sea level rise and 

decreasing precipitation patterns can decrease the volume of water available to the inhabitants of SIDS, 

where rainwater is the primary source of supply (UNFCC, 2005).  

4.1.3 Precipitation patterns 

There have been numerous studies performed by the IPCC on the rainfall trends globally from global 

climate models (GCMs) which typically have a horizontal resolution of between 250 and 600 km. SIDS, 

as their names suggest, in many cases have a smaller size than the pixel size. Downscaling of GCMs have 

been performed to adjust to smaller countries and thus achieved a higher resolution. This can provide 

high resolution (up to 10 to 20 km or less) and multi-decadal simulations and enables describing climate 

feedback mechanisms acting at the regional scale (IPCC, 2017). After the meeting with the 

meteorological services of Mauritius (see Appendix A for minutes of meeting), it was noted that at that 

moment in time no downscaling of the GCMs was performed at a local level. A report from McSweeney et 

al. (2010) investigated projections of precipitation and temperature on the island using GCMs explaining 

the big pixel sizes as shown in Figure 4-2winston 

. The anomalies ranging from +50 % to -50 % suggest the very low certainty levels of the models. 

However this can be used as a basis to model the scenarios for the next 100 years. Figure 4-1 depicts 

spatial patterns of projected change in mean annual and seasonal temperature for 10-year periods in the 

future under the SRES A2 scenario (McSweeney et al., 2010). The values that were used were based on 

the mean values of precipitation between 1970 and 1999 and projected until 2100. 
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Figure 4-1: Precipitation anomaly in Mauritius for three different IPCC scenarios (A2, A1B and B1) (McSweeney et al., 
2010) 

 

Figure 4-2: Spatial distribution of precipitation around Mauritius 

In each grid box, as shown in Figure 4-2, the central value gives the ensemble median and the values in 

the upper and lower corners give the ensemble maximum and minimum. The spatial distribution of 

precipitation is shown as projections for intervals of 30 years until 2090. 

4.1.4 Recharge patterns  

Recharge of aquifers is one of the main components of the hydrological cycle and therefore has a direct 

effect on the projections of water use. Recharge depends, as suggested in Section 2.2.2, on various 

attributes. Land use change is believed according to a study by Pan et al. (2011) on the Guishui river 

basin to reduce recharge by around 2 mm/year. A lumped groundwater model was used to investigate 

the water balance. It was found, that the main variation came from an increase in urban area and a 

decrease of cropland. Land use change led to water lost in the form of evapotranspiration. The annual-

lumped groundwater recharge rate decreased in the order of cropland, grassland, urban land, and forest. 

Land use change resulted in a decrease of 4 × 106 m3 of yearly groundwater recharge in the study area, 

with a spatially averaged rate of 100.48 mm/yr and 98.41 mm/yr in 1980 and 2005, respectively. This 

variation has primarily come from an increase of urban area and rural settlements, as well as a decrease 

of cropland. Based on some scenarios sea level rise was modelled using GCMs by the IPCC and it is 

expected that there will be a consistent global sea level rise under all the scenarios as seen in the diagram 

in Figure 4-3. 

 

 

 

 

 

4.1.5 Sea level rise 
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Figure 4-3: Global sea level projections based on measurements from tide gauges and the datasets from Topex and 
Jason1 and Jason 2 (Church et al., 2011) 

Sea level rise in the region of Mauritius is measured at one point in the north western part of Mauritius 

on a regular basis and the measurement averages can be seen in Figure 4-4. A spatial distribution of the 

sea level trends reconstructed for the years 1993-2001 using TOPEX/Poseidon data yielded also a 

decrease in sea level in that period being conclusive with actual measured data. Projections of sea level in 

the region of the Indian Ocean are subjected to much uncertainty due to the El Nino phenomenon. As 

pointed out by McSweeney et al. (2010), sea level rise in the region of Mauritius has been projected by 

climate models to rise between: 

i. 0.13 m to 0.43 m under B1 scenario 

ii. 0.16 m to 0.53 m under A1B  

iii. 0.18 to 0.56 m under A2 

for the end of 2099. These values were used as a base-line to give a range of values to the factors used for 

the GHB component of the scenarios. 
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Figure 4-4: Average annual sea level measured at the Port of Mauritius (Meteorological Services of Mauritius, 2016) 

 

 

Figure 4-5: Average global sea level rise (Church et al., 2011) 

 

 

4.1.6 Economy and economic growth 

Economic growth undoubtedly has a very important impact on the water footprint of a country. Taking 

the American example, with increasing GDP water consumption measured in terms of water withdrawals 

increases with GDP up to a certain point due to an increase in consumption patterns. In fact in a study by 

Gleick (2014) from UNESCO IHE water consumption of industries was assumed to be directly 

proportional to the GDP of a country. However, as can be seen from Figure 4-6, the water consumption 

peaked at around 2007 and went down and this was mainly due to investment in new technology making 

water use more efficient. 
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Figure 4-6: The relationship between US GDP growth and water withdrawal rates (Gleick, 2014) 

 

Figure 4-7: GDP growth in Mauritius (World Bank, 2016) 

Mauritius had a GDP growth rate of around 3.9 % as seen from Figure 4-7, and is considered to be a 

water stressed country (World Bank, 2016). Being classified as a medium to high income developing 

country, it can be argued that the maximum potential for water withdrawal has not yet been reached. 

Moreover as described in Section 2.1.10, Mauritius has a relatively poor dewater distribution network. It 

can be assumed that the demand for water consumption will rise based on the steady GDP growth that 
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Mauritius has been experiencing over the past few decades and as a result its water consumption has not 

yet peaked. 

4.1.7 Demography  

Ercin & Hoekstra (2012) suggested that the “size of the population is the major driver of change of the 

water footprint of production and consumption”. As can be seen from the diagram in Figure 4-8, 

extracted from a study by Maupin et al. (2014) on water withdrawals in the US, as population grows 

extraction of water to cater for the growing population increases. 

 

 

Figure 4-8: Figure showing how water withdrawal rates vary with population trends in the US (Maupin et al., 2014). 

Mauritius has a steady but low increasing population rate of 0.4 % as of 2016. However this number is 

expected to decrease if one is to base oneself on the projections made by the United Nations World 

Population Division (UNWPP 2015). The population of the country is believed to decrease considerably 

by the year 2100 as shown in Figure 4-9.  
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Figure 4-9: The population projection data of Mauritius (UNWPP, 2015). 

4.1.8 Technology 

Technology change was addressed in terms of irrigation efficiency, domestic water use efficiency and 

growth in crop and animal yields. Moreover as it has been seen in many reports, an increase in 

investment in technology, research, and innovation result in investment in technologies that increase 

efficiency. Ercin & Hoekstra (2012) postulated that technological development directly affects the water 

productivity, production efficiency, and therefore effectively a reduction in the water footprint 

consumption and production. 

 

4.1.9 Conclusion 

Based on the above attributes, four scenarios were developed based on the A1, A2, B1 and B2 scenarios of 

the IPCC (2000. These scenarios having a storyline will make up a more robust approach as to the 

projections into the long term future. It is believed that a combination of the four individual attributes of 

the scenarios with varying degrees can give a sensible picture of what the future can look like for the 

SIDS and especially Mauritius. 

4.1.10 Scenarios 

Scenario 1 was loosely based on the A1 scenario from the IPCC as described above. Rapid economic 

growth will mean that consumption will increase and the water footprint of industries and of domestic 

use will lead to high abstraction rates. The local population has a steady but low increase until 2100. 

There are also new and more efficient technologies. The built-up area increases and as a result the 

recharge to aquifers is decreased. Precipitation is believed to decrease on average leading to further 

decrease in recharge. Sea level is expected to rise in the order of 0.3 m. 
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Scenario 2 on the other hand formulated a heterogeneous world with slower economic growth. Fertility 

pattern in the country converge slowly explaining a slowly decreasing population. Sea level is expected to 

rise in the order of 0.6 m by the end of 2099. Technological development is fragmented and slow. Net 

recharge of the aquifers is expected to decrease in this scenario. 

In Scenario 3, economic growth is similar to Scenario 1. In this scenario however investment goes 

mostly towards green energy and innovative technology. Sea level in this scenario is expected not to rise. 

Population is expected to increase at a fairly quick rate, the quickest among the four scenarios. Net 

recharge is expected to increase due to high precipitation rates.  

The last scenario, Scenario 4, describes a continuously increasing population with a low GDP growth. 

Net recharge of the aquifers is negative in this scenario. Sea level rises by 0.4 m. Technology investment 

is very low in this scenario and therefore irrigation and distribution techniques are very inefficient and 

struggle to cater for the increasing demands.  

By combining the stresses of these different drivers, the scenarios, aforementioned, were devised and 

their effects expressed in the model across a 100 year lifetime. These effects were investigated in terms of 

the progression of the saltwater-freshwater interface. Finally, based on these scenarios, factors were 

applied to each individual input value that was impacted by these effects. These input values were 

addressed as the packages defined in ModelMUSE. The factors were directly applied to the initial values 

used in the recharge, general head boundary and well packages.  

Table 4-1: Table showing the factors used to simulate the scenarios  

 

GHB 

(m) 

RCH 

(-) 

WEL 

(-) 

Steady state model 0 1 1 

Scenario 1 0.3 0.8 1.5 

Scenario 2 0.6 0.6 1.2 

Scenario 3 0 1.4 1.8 

Scenario 4 0.4 0.7 2.2 

 

 

Table 2-6 depicts the factors that were applied to the packages: 

• Recharge package 

• Well package 

• General head boundary package 

The general head boundary represents the rise in sea level, and therefore have the dimension m while the 

factors to be applied to the recharge package were applied to the recharge rate and is therefore 

dimensionless. The same applies to the factor applied to the well abstraction rate of the well package.
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 Results  5

This section presents the results of the modelling done in ModelMUSE. The results describe the 

behaviour of the two aquifers modelled, namely Aquifers II and V. The piezometric levels as well as the 

salt water-fresh water interface shifts are presented in this section. Both aquifers were modelled 

simultaneously and this was done to ensure that the data was in agreement to the literature review and 

that they were consistent throughout the modelling process. The calibration of the 2 aquifers was 

represented in terms of piezometric heads which were compared to the published water levels by WRU 

(2016).  

5.1 Calibration 
5.1.1 Aquifer II 

Aquifer II did not yield any piezometric heads as the input values yielded dry cells. These input values 

were double checked from the literature review and they were deemed to be comparable to the ones 

used in the model. Since the modelling of the two aquifers were done simultaneously, it was found out 

that Aquifer V was able to be calibrated using the values that were obtained from the literature review, 

whereas Aquifer II gave consistently null values. As a consequence, the scenarios were not applied 

since the steady state model itself was not working. Some reasons are given as to why Aquifer II was 

believed to behave differently to Aquifer V in the discussion section.  
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Figure 5-1: The main characteristics of Aquifer II showing the distribution of wells (red squares) and the main river 
section (blue line) as well as the sea boundary (light blue polygon). 

5.1.2 Aquifer V  

Aquifer V was modelled according to the parameters referred to in Section 3.1. Two aquifer layers of 50 

m each were used to model this Aquifer. The steady state model was run for a period of 100 years 

where it was assumed that the model had reached a steady state. The resulting heads in Figure 5-2 

demonstrate the piezometric levels that were modelled by ModelMUSE.  
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Figure 5-2: The simulated piezometric heads of Aquifer V (in m) (not to scale) with the main wells (red squares) and the 
main river sections (blue lines). 

 

When compared to the measured piezometric heads at different well locations (data obtained from 

WRU (2016), it was found that the values agreed in reasonable range. The calibration is further 

expanded upon in the discussion section of the thesis. The empty cells as shown in Figure 5-2 are the 

result of the absence of water in the first layer. It can also be seen that the empty cells, occur further 

away from the rivers and streams which account for the infiltration of water and therefore higher 

piezometric heads near waterways. A cross-section along the green highlighted line of Figure 5-3 

shows the water table and the salt water-fresh water interface at the end of the simulation. For 

consistency and practical purposes a single cross section was used to depict the effects of the 

scenarios1 to 4. This particular cross-section was chosen as it gave a varying topography containing the 

major components of the model (river, wells and the sea). A main observation that can be made 

regarding this cross section is that the water table is seen to decrease in the middle of the aquifer. This 

phenomenon is caused the topography of the land which allows for water to gravitate to the sea.  

 

 

Figure 5-3: A cross section of Aquifer V with the cross section of the wells (red squares) and main rivers (blue 
squares). 
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The main component that contributes to the water coming into the aquifer is the river leakage which is 

more than twice than what direct recharge contributes. It also drains the aquifer at a much faster rate 

than water being abstracted and evapotranspiration. 

5.2 Results of the simulations 
5.2.1 Scenario 1 

Scenario 1, as described in Section 2.2.2, lowered the water table by around 1.1 m. This phenomenon 

was due to the increased water pumping rate. Figures 5-5 and 5-6 represent the salt water – fresh 

water interface for the steady state (light green) and for the transient state model (dark green). The 

figures that are presented for the scenarios depict the cross sections along a typical line of the aquifer 

(highlighted in green). A more detailed picture of the salt water intrusion for the different scenarios is 

provided in Appendix B, giving an idea of the sea water elevation as a more holistic picture. 

`

 

Figure 5-4: The locations of interest in Aquifer (A and B) for Aquifer V showing the highlighted cross section in green. 

The figures 5-5 and 5-6 used to represent the salt water - fresh water interface are zoomed in pictures 

at either end of the highlighted line of interest. These points are circled in red and the respective 

interfaces are presented for each scenario. Scenario 1 caused an average lowering of the water table of 

A

B
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0.3 m while the first and second layers experienced opposing effect at A. While the interface of layer 1 

moved more seaward, layer 2 moved landwards and the same occurred for both layers at B. 

 

 

Figure 5-5: Scenario 1 position of the saltwater - freshwater interface at A with the blue square representing the cross 
section of the river at that point. 

 

Figure 5-6: Scenario 2 position of the saltwater – freshwater interface at B with the red squares representing the cross 
sections of wells at that point. 

 

 

5.2.2 Scenario 2  

Scenario 2 resulted in a decrease of the groundwater table in the order of 0.5 m which is more severe 

than for Scenario 1. Salt water intrusion occured at a smaller scale at A than at B. Salt water intruded 

in the order of 1 km after the end of the simulation as can be seen in Figures 5-7 and 5-8. 

 

 

 

Figure 5-7: Scenario 2 position of the saltwater – freshwater interface at A. 

 

Figure 5-8: Scenario 2 position of the saltwater – freshwater interface at B. 
 

5.2.3 Scenario 3  
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Scenario 3 as described in Section 2.2.2 is the more ‘optimistic’ scenario. It can be seen that the water 

table actually rised higher than what it was at the end of the steady state simulation. The saltwater - 

freshwater interface was pushed sea ward both at A and B. This movement is more consequential at B 

than at A, as can be seen in Figures 5-9 and 5-10. 

 

 

Figure 5-9: Scenario 3 position of the saltwater – freshwater interface at A. 
 

 

 

Figure 5-10: Scenario 3 position of the saltwater – freshwater interface at B. 

 

 

5.2.4 Scenario 4 

Finally Scenario 4 which is the worst case scenario gave a consequential lowering of the groundwater 

levels in the order of 2 m. The salt water intruded around 1.5 km at B and around 200 m at B. This is 

depicted below in Figures 5-11 and 5-12. 

 

Figure 5-11: Scenario 4 position of saltwater – freshwater interface at A. 
 

 

Figure 5-12: Scenario 4 position of the saltwater – freshwater interface at B. 

The effects of the scenario on the water table and the saltwater - freshwater interface are displayed in a 

quantitative format in Table 5-1 to ease the comparison amongst the four scenarios. The values 

represent the shift of the saltwater - freshwater interface at points A and B (aforementioned) and 

summarise the average water table drawdown for each scenario. It should be noted that a negative sign 

for the water table signifies a lowering of the groundwater levels while a positive sign refers to a rise in 

water table level. The negative signs for the salt water intrusion signify a seaward movement of the 

interface while the positive values signify a landward movement of the interface. 
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Table 5-1: The conclusion of the scenarios depicting the shift of the saltwater - freshwater interface and the water table 
drawdown after 100 years 

  

A B 

 

Water Table 

(m) Layer 1 (m) 

Layer 2 

(m) 

Layer 1 

(m) Layer 2 (m) 

Scenario 1 -0.3 -50 300 700 1200 

Scenario 2 -0.5 -100 50 900 1200 

Scenario 3 0.4 -300 -200 -300 -200 

Scenario 4 -2.2 0 300 1200 1400 
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 Discussion  6

This section discusses the findings of the modelling of Aquifers II and V by paying significant attention 

to the comparison between the two aquifers and among the four scenarios. 

6.1 Aquifer II: No results 

The fact that Aquifer II and V behaved differently for practically similar input values was a cause of 

major concern throughout the modelling process. The input values differed for both aquifers in terms 

of the transmissivities, recharge rates, well pumping rates, and evapotranspiration rates. However the 

orders of magnitude were similar. The fact that the shape of the aquifer differed and the components 

within the aquifer differed as well, it was deemed to be unusual that the cells would remain dry for a 

range of values of transmissivity and river conductance. These two values were modified within the set 

range obtained from the literature review.  

This unconformity could have been the effects of the very high changes in topography. The fact was 

that Aquifer II had only one main river and that river leakage was maybe underestimated. However, 

even when increasing the conductance value of the river, the state of the model remained similar. 

Another reason which was investigated was that the recharge rate might have been underestimated in 

the aquifer. The aquifer is bound by mountains in the east and by the sea on the west. The flow of 

water is westwards and from the data collected from various sources (as can be seen in Section 2.1.8), 

the recharge rate was estimated from the WRU (2016) water balance. 

6.2 Aquifer V 

Aquifer V was calibrated using the initial and boundary conditions as laid out in Section 3.3. The 

results for the various scenarios were presented and the effects of those scenarios on the sea-fresh 

water interface were recorded. These results are analysed in this section. 

6.2.1 Scenarios 1 and 2 

The results of Scenarios 1 and 2 were found to be quite similar since the scenarios themselves were 

considered to be ‘mild scenarios’. Salt water intrusion was higher on the eastern side of the aquifer. It 

was also noted that Layer 1 at A consistently experienced seaward movement. The difference in layers 

was due to the higher concentration of sea water in the second layer leading to a generally higher sea 

water excursion length landwards. The eastern part, i.e. at B, had a larger incursion of sea water 

compared to A in the west due to the absence of streams and rivers which provide a seaward flux of 

freshwater, hence effectively pushing the interface seaward with time. 

6.2.2 Scenario 3 

Scenario 3 was designed to be the more optimistic scenario and it can be seen in Figures 5-9 and 5-10 

that the interface not only stayed static but moved seaward. Possible ways to increase the fresh water 

lens in this manner based on this scenario is further expanded upon in the recommendations section 

of this report. 
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6.2.3 Scenario 4 

The results for the scenarios are summarised in Table 5-1. It can be seen that Scenario 4 is the most 

critical one in terms of its effects on salt water intrusion and lowering the groundwater table and this is 

to be expected due to the severity of the factors applied. Scenario 4 is largely plausible to occur in the 

future when taking into account the increasing demands that are now starting to be experienced. The 

climatic effects combined with low investment in water distribution efficiency can lead to such a 

scenario. 

Scenario 4 resulted in sea water intrusion in the order of 1.5 km in the northern aquifer. If this 

approach is taken, and salt water is to penetrate the first layer where most of the ground water is 

abstracted from, 130 out of the 266 boreholes in the north (around 50 %) will become unusable. This 

considerably reduces the groundwater supply. The northern part of the island supplies the capital as 

well as many hotels which are found on the coast. The surging number of hotels to cope with the 

targeted tourism arrivals will put further pressure on the water systems.  

Mauritius has also adopted a ‘water grant scheme’ which permits people with low income to get grants 

to buy a water tank. This decision has been criticised to be a short term solution since the distribution 

is faulty. Moreover the WMA is constructing a sewer reticulation system which will connect house to 

house and the discharge will be sent to a centralised treatment plant and to the sea. Water previously 

discharged in the ground will be channelled through a reticulation system throughout the island. This 

is believed to reduce recharge to aquifers.  

Aquifer V also contains a fracture line which was discovered by Giorgi et al. (1999) which can cause 

increased salt water intrusion. Aquifer V is surrounded by sea water and although it receives less 

precipitation, than other parts of as a higher infiltration due to the high transmissivity values of the 

aquifer. This makes Aquifer V the most vulnerable aquifer in Mauritius due to the high withdrawal 

rates, the increasing stresses that the aquifer can be foreseen to experience in the future and the high 

conductivity value of the aquifer. 

 

6.3 Challenges and limitations 

There were many challenges that were encountered during this study starting with obtaining the 

values for the model’s initial conditions. The water balance which was performed by WRU year in and 

year out applied factors to the recharge and evapotranspiration. This practice was contested due to the 

high heterogeneity of Mauritius’ climate and hydrogeology.  

Moreover the modelling process was tedious as it involved a considerable amount of trial and error 

due to the lack of data on the transmissivity of the aquifer layers. A large range of values was obtained 

from the literature review. The conductance values were obtained from an example performed by 

Montoya (2017) who modelled a coastal aquifer in Ecuador, which closely matched the ones modelled 

in this thesis in terms of their topography layer thicknesses, recharge rates, evapotranspiration, and 

water withdrawal rates. 

The scenario building was based on an extensive literature review and the factors were adjusted so that 

they could match a specific storyline. The scenarios were not meant to be predictions but merely give a 
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potential future occurrence combining the main drivers of change. Layer 1 at A is the only part of the 

aquifer that the saltwater - freshwater interface moved more seaward in the scenarios irrespective on 

the stresses. Layer 1 at A is subject to river discharge and therefore this causes a shift of the interface 

seaward. The river depth is located as between Model_Top-1 and Model_Top-2. The proximity of the 

river to the sea at A hence causes such a phenomenon which is unlikely in high withdrawal rate and 

low recharge rates as in Scenarios 1, 2 and 4. Moreover it was seen on the eastern side that saltwater 

infiltration was more consequential due to the lesser number of streams and rivers.  
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 Conclusions 7

This thesis developed a coarse groundwater model for Aquifer V (the northern aquifer) of Mauritius. A 

steady state model, modelling the current state of the aquifer, was calibrated using data obtained from 

a thorough literature review while a transient state model investigated four different scenarios 

comprising of four main themes (economy, climate, demography and technology) to define them. The 

steady state model was run for a 100 years (until 2100) and the transient state model was run for 

another 100 years.  

This thesis had as aim to investigate Aquifer II and Aquifer V of Mauritius as they were the main 

providers of groundwater for the island. Aquifer V was reasonably calibrated using data published by 

the WRU of Mauritius but when the same technique was applied to Aquifer II this yielded empty cells 

for the groundwater model. This phenomenon was attributed to the highly varying topography of 

Aquifer II which caused the MODFLOW solver of ModelMUSE to obtain empty cells. However, 

Aquifer V gave a good insight in how the groundwater dynamics may evolve based on the scenarios 

developed. Scenario 4 was deemed to be the most critical one and caused 1.5 km of salt water intrusion 

in the first layer of the aquifer. This would cause around half of the boreholes to be affected in the 

northern aquifer. Scenario 3 on the other hand depicted how the groundwater levels can be made to 

increase while the interface would be pushed back seawards. To this effect some recommendations 

were made to emulate the effects of Scenario 3. These recommendations are explained in the following 

section. 
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 Recommendations and future work  8

Some recommendations were made in this section to mimic more or less Scenario 3 while moving 

away from Scenario 4. These recommendations are based merely on the literature review and give a 

few ideas on how SIDS including Mauritius could tackle the challenges that they face regarding the 

fresh water resources of the islands. These recommendations can be applied to other SIDS which will 

face similar treats in the future and possess the same features as Mauritius does. 

8.1   Managed aquifer recharge  

Managed aquifer recharge or artificial recharge of aquifers is adding water to an aquifer ‘through 

human effort’ (Kavuri et al., 2011). This technique has been applied in many low rainfall intensity 

countries and the techniques to recharge aquifers are various and varied. They include injection wells, 

the ditch and furrow method, and induced recharge. It is proposed that this technology is adopted in 

Mauritius and coupled with the WMA project, whereby treated wastewater can be injected back into 

the northern aquifer. 

 

 

Figure 8-1: Managed aquifer recharge (Groundwater.com, 2018) 

 

8.2 Seepcat  

This method designed by Deltares (2016) consists of a ‘series of pipes of 15-25 m into the subsoil of the 

coastal aquifer’ which would essentially impede the movement of saline water into the fresh water 

resources. These have been tested out in the field by Deltares (2016) and it is believed that it can 

enlarge the freshwater lens of islands. These poles could be installed in phases around the eastern side 

of the northern aquifer where saltwater intrusion is believed to be more severe at and move around the 

coast to the western side. A depiction of how that would possibly look like for a small island is shown 

in Figure 8-2. 
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Figure 8-2: The novel Seepcat technology put forward by Deltares (2016). 

  

8.3 Sustainable urban drainage systems (SUDS) 

Rainfall is the only way that the aquifers of Mauritius and many islands across the world get 

recharged. By increasing infiltration by the use of SUDS the recharge rate of aquifers can be increased. 

With increased urbanization and an increase in impermeable structures, run-off considerably 

increases and aquifers are depleted even more. The SUDS shown in Figure 8-3 is one example of how 

urban areas can be retrofitted with increased benefits to the groundwater quantity and quality. 

Aquifers II and V are the ones that contain the most built-up areas and increasingly so since the 

targets set by the Ministry of Tourism will encourage the building of resorts and hence severely 

increasing the built up area of the north. By adapting SUDS the infiltration rates could not only be 

maintained but improved.  
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Figure 8-3: SUDS-Arborflow designed by GreenBlue Urban (2017). 

 

Future work 

There are still a number of gaps that can be identified in the water system and management of 

Mauritius. These gaps are being addressed by some of the relevant authorities which have 

implemented measures and research on better, more efficient methods to deal with the water crisis 

that Mauritius is currently experiencing.  

There are however areas that still need to be explored and these have been identified through the 

literature review to be:  

• More efficient irrigation systems  such as drip and centre pivot   

• Rehabilitations of canals to reduce losses 

• Water resources quality monitoring programme set up   

• Re-use of treated wastewater for irrigation purposes after dilution   

• Promulgation of standards to preserve the quality of water resources   

• Deficit irrigation practised - save on water applied and enhanced rain harvesting   

• Desalination plants 
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Appendix A: Minutes of meetings 

Date: 21/07/17 

Location: Climate Change Division of the Ministry of Environment, Port Louis, Mauritius 

Members Present: Mr Seewobuduth, Akshay Kowlesser 

Topics of Discussion: 

• Climate change  

• GCMs-downscale in Mauritius 

• Precipitation trends and projections in Mauritius 

• Sea level rise studies in Mauritius 

• IPCC scenarios for SIDS 

• Climate models used in Mauritius are black box models from Italian consultancy firm 

• SIMCRIM (NZ) 

• Climate Change Scenarios - Rainfall patterns 

• Increase of built up area in Mauritius 

  



    

 

Date: 21/07/17 

Location: Water Resources Unit, Rose Hill, Mauritius 

Members Present: - Mr. Jahajeeah, Mr. Mirville, Akshay Kowlesser 

Topics of Discussion: 

• Groundwater Chloride concentration logs 

• Sea water intrusion 

• How to calculate ET 

• Corehole /Sections 

• Modelling-Literature 

• GW pumping/ abstraction system parallel 

• Projections/ Major projects 

• IWRM-Aquifer V 

• Sourcing-Hydrology Data Book 

• Boreholes 

• Increase infiltration 

• Built up area-SUDS 

 

 

  



    

 

Date: 04/08/17 

Location: Meteorological Services of Mauritius, Vacoas, Mauritius 

Members Present: - Mr Raj Dhurmea, Mr.Mungra, Akshay Kowlesser 

Topics of Discussion: 

• Rainfall Data acquirement 

• Evapotranspiration data and their measurements 

• Stations an d their dispersions 

• Climate change scenarios 

• Downscaling climate models and their applicability 

• Long-term projections 

• Contact with Sharma WRU 

  



    

 

Date: 10/08/17 

Location: LUXConsult, Quatre Bornes, Mauritius 

Members Present: - Mr Farouk Mawlabacus, Akshay Kowlesser 

Topics of Discussion: 

• Values from WRU 

• Cross section of the geology of Mauritius 

• Proag v/s WRU for evapotranspiration values 

• Aquifers North and NW 

• Ministry Land & Housing contact 

• Digitized residential use 

• Ministry of Agriculture -Land use Map 

• For Data- Ministry of Public Utilities 

 

 



    

 

Appendix B: Results of the ModelMUSE runs 
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