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Abstract

:

A proper management of fresh groundwater lenses in small islands is required in order to avoid or at least limit uncontrolled saltwater intrusion and guarantee the availability of the resource even during drought occurrences. An accurate estimation of the freshwater volume stored in the subsoil is a key step in the water management decision process. This study focused on understanding the hydrogeological system behaviour and on assessing the sustainable use of the groundwater resource in Nauru Atoll Island (Pacific Ocean). A first phase, concerning the hydrogeological characterization of the island, highlighted the occurrence of few drought-resilient freshwater lenses along the seashore. The second part of the study focused on the characterization of a freshwater lens found in the northern coastal area and identified such area as the most suitable for the development of groundwater infrastructures for water withdrawal. The characterization activities allowed quantifying the freshwater lens thickness and volume in order to assess the capability to satisfy the population water demand. A geo-electrical tomography survey was carried out, and a 3D density-dependent numerical model was implemented in SEAWAT. The model results demonstrated that in small islands freshwater can unexpectedly accumulate underground right along the seashore and not in the centre of the island as is commonly believed. Furthermore, the model can constitute a useful tool to manage the groundwater resources and would allow the design of sustainable groundwater exploitation systems, avoiding saltwater intrusion worsening.
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1. Introduction


The management of freshwater reserves is nowadays becoming increasingly important. Freshwater stored in coastal aquifers is particularly vulnerable to degradation because of its proximity to seawater. Coastal aquifers often must face environmental problems related to seawater intrusion as the result of indiscriminate and unplanned groundwater exploitation for fulfilling the freshwater need of the growing global population [1,2,3,4,5].



Small islands, consisting of extremely small surface areas [6] and maximum elevations approaching only a few metres [7], have a particular physical structures and unique hydrological systems. This category includes the small coral islands of the Caribbean Sea and the coral atolls of the Pacific and Indian Oceans, where the surface water does not exist in an exploitable form, and fresh groundwater resources are limited. On these islands, conventional options for freshwater supplies are limited to groundwater development and rainwater harvesting [8]. The groundwater in small islands is located into the subsoil in the form of lenses, relatively thin layers of freshwater floating above the denser seawater. The mixing zone separating freshwater and seawater influences the depth at which freshwater is available [9]. Usually, in small islands’ subsoil, the mixing zone contains a gradual transition in salinity from freshwater to seawater as well [6,10,11], and its thickness is related to the tidal fluctuations [12,13]. Buddemeier and Oberdorfer [14] suggested that the mixing zone, defined by salinities between 2.5% and 95% of seawater concentration, can occupy a significant volume of atoll island aquifers compared to the freshwater component. Water infiltrates into the ground and becomes recharged to groundwater that moves from the inner parts of the island towards the coast and discharges along the coastline, where the outflow is usually not regular but varies according to changes in permeability and aquifer thickness [8,15,16]. Fresh groundwater lenses’ salinization due to seawater intrusion is a main issue and has a great impact on groundwater quality and can even prevent the utilization of the underground resource [6,7,8,17]. Werner et al. [18] found that the combined effects of complex geology, tides, episodic ocean events, strong climatic variability, and human pressures strongly influence the extension of fresh groundwater lenses. Thus, these underground water resources are particularly vulnerable to saline contamination but, on the other hand, are the unique water supply sources for many island populations. Furthermore, the freshwater supply security is threatened by the sea level rise due to the effects of climate change [19,20]. A correct knowledge of the hydrogeological system and the fresh groundwater lens availability is fundamental for the water resources management of many small islands [2,21,22]. Numerical modelling is a very useful tool and able to solve many hydrogeological issues: from the interpretation of the contamination sources to their path in the aquifer [23] to the study of the best remediations strategies [24,25]. In this case, numerical modelling is a tool used to quantify freshwater availability range, starting from simple empirical relationships to three-dimensional density-dependent models [18,26]. Using a variable-density numerical model, Underwood et al. [27] discussed the effect of various hydrogeological parameters, already identified by Falkland [8], on the size of the fresh groundwater lenses on small islands. Bailey et al. [28] also started from Falkland’s study [8] and carried out a sensitivity analysis of atoll fresh groundwater lens thickness, providing an insight into some of the fresh groundwater lens-controlling factors. Alberti et al. [15] implemented a 2D numerical density-dependent model to understand the phenomenon of freshwater accumulation in the sandy part of Nauru coastal belt. Similarly, Babu et al. [29] presented a quasi-3D sharp interface finite element model to investigate the saltwater intrusion dynamics in Tongatapu Island, Kingdom of Tonga, Polynesia. As an example of groundwater resource management in island aquifers using numerical models, Coulon et al. presented first a parameter estimation framework [30] and then a numerical model to optimize the pumping rates while avoiding saltwater intrusion in the Magdalen Islands, Quebec, Canada [31].



Vulnerability studies focused on many small islands in the Pacific: Houghton et al. [32] showed that the costs of general infrastructure for water supply (e.g., reverse osmosis (RO) desalination plant) and protection are often well beyond the financial possibilities of most small island states. The need to implement measures for reducing vulnerability and increasing resilience of systems to climate variability in small islands was highlighted by Nurse and Moore [33]. The objective for small islands is then to look at alternative sources of water in the long run [34,35,36].



Nauru is an isolated raised coral-limestone island located 41 km south of the Equator in the central Pacific Ocean, standing 4300 m above the ocean floor. The National Sustainable Development Strategy (NSDS) for Nauru was prepared in November 2005. In the document the government identified sustainable supply of power and water as fundamental for supporting the island economic growth. In the past, Nauru imported water from the neighbouring islands (Marshall Islands and Solomon Islands), but this is very expensive and is no longer an option. At present, Nauru’s main sources of water are rainfall and desalination (RO). These water supplies are enough in normal rainfall year but become insufficient in case of prolonged drought or when the desalination plants are not in operation. On the other hand, the RO is expensive in terms of energy consumption and needs expertise for its maintenance. Thus, the best option is to look for alternative water resources such as groundwater, which could turn out to be a potential source of water for Nauru and that has not yet been exploited accordingly to its possibilities. Several studies were focused on the groundwater potential for Nauru, such as Falkland’s study [37] that reports the activities needed to inspect this water resource in the island and make it available for the people.



In this context, Politecnico di Milano was in charge of a project concerning the assessment of the practicability of infrastructural actions for sustainable usage of groundwater resources in the island [38]. The project consisted of three steps: (1) development of the conceptual site model (CSM) through the geological and hydrogeological characterization of the island; (2) implementation of 2D and 3D density-dependent flow and transport groundwater numerical models focused on the island’s part more suitable for the groundwater development; and (3) study and preliminary design of infrastructural actions for groundwater sustainable exploitation. Alberti et al. [15] presented the first step of the project, describing both the island geological structure, its climate, the activities carried out to identify the hydrogeological setting, the seawater intrusion occurrence in Nauru aquifer, and, at last, implemented the 2D numerical model. The present paper mainly focused on the second project step concerning the 3D modelling and the survey carried out. The main challenges concerned: (a) better understanding the behaviour of the hydrogeological system and why groundwater accumulates along the coast rather than in the centre of the island and (b) quantifying the thickness and volume of the freshwater lens in the northern sector of the island to evaluate the possibility, aiming to satisfy, at least in part, the water demand of the population. The study shows, as a proper combination of hydrogeological investigations and density-dependent groundwater modelling, all the necessary steps to correctly manage groundwater resources on small islands prone to saltwater intrusion and long drought periods.




2. Materials and Methods


The Republic of Nauru (Figure 1) is an isolated, uplifted limestone island located 41 km south of the equator (0°32′ S, 166°56′ E). This island represents a raised atoll standing 4300 m above the ocean floor, with a maximum land-surface altitude of 70 m above the sea level (cross section in Figure S1 in Supplementary Materials). The total land area of Nauru is only 22 km2, surrounded by a fringing coral reef between 150 and 250 m wide. The land area consists of a narrow coastal plain (Bottomside) 100 to 300 m wide and with an elevation ranging from 0 to 10 m a.s.l., which encircles a limestone escarpment rising some 30 m to a central plateau (named Topside). The Bottomside consists of a sandy or rocky beach on the seaward edge and a beach ridge or foredune, behind which are either relatively flat ground or, in some places, low-lying small lagoons filled by brackish water. The high plateau consists of a matrix of coral-limestone pinnacles and limestone outcrops, between which lie extensive deposits of soil and high-grade tricalcic phosphate rock, which was extensively mined in the past century. On the southwest-central part of the island, there is a wide and fertile depression (about 120,000 m2), where a brackish water lake, known as Buada Lagoon, is located (Figure 1). This is the only surface water body (38,000 m2) existing on the entire island. Jacobson and Hill [39], in 1987, led the first hydrogeological survey in Nauru, basing all their measurements on a reference point called the reduced level (RL). Groundwater level measurements of all the following hydrogeological studies on the island [6,15] were referred to as RL [40].



Most of the wells and monitoring wells in Nauru are located along the coastline [15], where most people live, and the groundwater is mainly exploited. Methods used for water extraction are pumping or bailing. In detail, along the coastline, there are about 350 domestic wells, 126 of which are used as monitoring wells [15,41]; referring to the measurements carried out by Nauru government, most of these wells present electrical conductivity (EC) values definitely higher than 2200 μS/cm, which is the drinkable limit (1.5 g/L of TDS) defined by Nauru government [42]. Only in the northern part of the island, in Anetan and Ewa districts, the EC values in multipipe monitoring well S1 (5 pipes) and S18 (4 pipes) are lower than the drinkable limit in the shallow part (Figure 2a,b). The surveys show that in this zone, freshwater depth ranges between 6 m (June 2008) and 8 m (April 2010) below the ground level. In other areas, the common EC values are always higher, as shown in Figure 2c,d for monitoring wells S21 and S23.



For a better understanding of the geological and hydrogeological setting of the island, Alberti et al. [15] discussed in detail its hydrogeological structure and the activities carried out to identify the related properties and the seawater intrusion occurrence in Nauru aquifer.



2.1. Hydraulic Tests


During a first characterization phase, Politecnico’s researchers tried to perform some pumping tests, but the small size of the pumps available in Nauru did not allow the adequate stressing of the aquifer. Consequently, none of these provided satisfactory results, and during the last visit to Nauru, 12 pneumatic slug tests were performed focusing on the northern sector of the island. The tests were carried out in situ, pushing the Geoprobe systems ® rods in the aquifer to the desired depth and pumping air into the rods to lower the water level. Once reached, the system equilibrium air was released, and the sensor registered the groundwater recovery inside the rods. The duration of each test was about 20 min. The slug tests allowed obtaining hydraulic conductivity values in the proximity of the piezometers S1 and S18. For the slug tests, the method used for the interpretation was derived from Bouwer and Rice [43], whereas for the pumping test, the interpretative approach was derived from the adaptation for unconfined aquifer of Neumann [44]. In detail, the test carried out 10 m north of the piezometer S1 provided a hydraulic conductivity value of 11.98 m/d at 5 m depth, while the slug tests carried out next to the piezometers S1 and S18 showed the common feature of having a greater permeability with increasing depth. Close to S1, the hydraulic conductivity increases from 3.46 m/d to a depth of 7 m from the ground level and up to 29 m/d at a depth of 15 m from the ground level; next to S18 instead, the measured hydraulic conductivity is 0.38 m/d at 14 m depth and increases up to 7.08 m/d at a depth of 17 m. The tests allowed to achieve the hydraulic conductivity values for the Bottomside for the Anetan district. All the tests performed are summarized in Table 1.




2.2. Geo-Electrical Investigation


For the Nauru project [38], the researchers of Politecnico di Milano, in partnership with the National Research Council (Consiglio Nazionale delle Ricerche—CNR), carried out a geoelectrical survey in order to define in detail the thickness and quantity of the freshwater lens present in the northern area of Nauru, in the Capelle zone belonging to Anetan and Ewa districts (Figure 2). The results of the Nauru project’s first phase [15] show that this area presents a freshwater lens that maintains significant thickness over the years and has been resilient even in drought periods. The 2D numerical model [15] allowed to interpret the cause of the freshwater presence in the proximity of the seashore.



The geoelectrical prospections are part of the geophysical survey methods and, through an indirect way, allow detecting and characterizing the shape, dimensions, and physical properties of the underground structures. The electrical resistivity tomography (ERT), through vertical electrical sounding (VES), is the most used technique. A georesistivimeter “PASI E3 Digit” (produced by Pasi s.r.l.) was used for the geo-electrical investigation, while the software “Earthimager 2D” (Advanced Geosciensces Inc.) was used for the tomographic inversion. It is based on the observation of the potential difference created by the introduction of electrical current into the ground and on the evaluation of the electrical resistivity. As this parameter is very sensitive to the presence of water in pores and to salt concentration in water, its spatial variations give a hint of the freshwater thickness in the subsoil. However, the data interpretation is difficult when the study is carried out in thin aquifers affected by saltwater intrusion. Indeed, assuming these conditions, a sharp surface separating the freshwater unit from the salty one does not exist, and a transition zone is present, characterized by variable thickness and salt concentration (related also to tidal fluctuations [12]). In the Nauru case, a clear evaluation of the freshwater thickness of the transition zone and of the saltwater occurrence was carried out by means of the integration of geoelectrical data with EC (electrical conductivity) and head measurements in wells close to geo-electrical investigations. Tidal fluctuations turned out to affect the tomographic data because their acquisition occurred in a time frame comparable with the one of sea level variations. Thus, the collected hydrogeological data were used to link, at known depth, the EC values to the geophysical resistivity data.



On April 2013, during the geophysical survey, 20 VES and 8 ERT were carried out in the northern part of the island (Figure 3). The survey was mainly focused on the Bottomside, where 16 VES were carried out at 8–10 m depth from the ground level, and 4 on the Topside at a depth ranging from 17 to 27 m from the ground level. All the VES were performed by means of the Schlumberger quadrupole using an AB/2 spacing of about 50 m. Differently, all the ERT were carried out on the Bottomside along 4 cross-sections having a length ranging from 100 to 150 m.




2.3. 3D Numerical Model Implementation


The evaluation of the available freshwater volume in the Nauru aquifer is the starting point for the sustainable use of the groundwater resource. The next step of the study is the implementation of the 3D numerical model. This is the tool to evaluate the effect on the characterized fresh groundwater lens related to the infrastructural actions for groundwater sustainable exploitation that is planned at point 3 of the Nauru project. Infrastructures for groundwater supply indeed have to be designed with great consideration of the system’s impact on the natural groundwater resource. Pumping water infrastructure often involves large-scale ground water withdrawals, which is not feasible in small islands such as Nauru, where the saltwater intrusion phenomenon could be worsened by groundwater extraction for the well-known up-coning effect. Infiltration galleries, horizontal wells, or skimming wells could be appropriate methods of groundwater abstraction from small coral islands aquifers: they avoid the problem of saline intrusion by spreading the impact of pumping (head loss) over a larger area of the freshwater lens than wells normally do [45,46]. Nauru, as many small islands, is vulnerable to water shortage, and the use of horizontal drains is thought to be a suitable tool for a sustainable groundwater management.



The 2D model discussed in detail by Alberti et al. [15] was used as the basis for the 3D numerical model. A great number of layers was needed to simulate the saltwater intrusion phenomenon. Since the freshwater occurs mostly in the northern zone, only the northern half of the island was modelled (Figure 4). The model was created using the MODFLOW-2000 and SEAWAT-2000 finite difference codes [47,48], by means of the graphical user interface Groundwater Vistas. SEAWAT-2000 is a previous release of the SEAWAT computer program for simulation of three-dimensional, variable-density, transient ground-water flow in porous media. SEAWAT-2000 was designed by combining a modified version of MODFLOW-2000 and MT3DMS into a single computer program. SEAWAT-2000 contains all the processes distributed with MODFLOW-2000 and also includes the variable-density flow process and the integrated MT3DMS transport process.



The model consisting of 117 rows and 144 columns has a uniform spacing of cells (30 × 30 m) that cover a model domain of about 15 km2 (Figure 4). No-flow boundary conditions were applied to the cells outside the area of interest (yellow cells in Figure 4), reducing to 9 km2 the model domain covered by active cells. Over the vertical direction, the domain was subdivided by 22 layers (north-south section in Figure 5a), for which thickness increases from the surface to the bottom, ranging from 0.5 m to 5 m. The choice to reproduce the shallow layers through a strong refinement is justified since the concentration data in monitoring wells showed greater changes in the upper part of the aquifer [15]. The bottom of the model is set at the −70 m depth related to the reference level (RL) in order to have a stable configuration of the saltwater wedge.



Similar to the 2D numerical model [15], constant head and concentration (Dirichlet) boundary conditions representing the sea were assigned in the cells surrounding the island considering the sea bottom slope from the coastal line to the reef. In order to reproduce the sea bottom slope, the first 7 layers were used assigning them the Dirichlet condition at an increasing depth (Figure 5b). Then, at the border of the model domain from the first layer to the deepest one, the same boundary conditions was assigned using the following values (Figure S2 in Supplementary Materials): a constant head of 1.59 m above RL (corresponding to average sea level [4]) and a concentration of 35.7 kg/m3 of total dissolved solids (TDS) [49].



The hydrogeological and physical parameters values (i.e., hydraulic conductivity, porosity, dispersivity, etc.) initially implemented in the 3D numerical model were the same values implemented in the 2D numerical model [15] and reported here (Table 2).



Before starting the calibration process, some of these values were changed considering the hydrogeological investigations result and the specific hydrological data for each year considered in the 3D simulation.



Concerning the hydraulic conductivity, the hydrogeological characterization and the 2D numerical model [15] highlighted (in many areas of the Bottomside) the presence of sand sediments covering the karstified limestone for a depth ranging from 1 to 15 m below the ground level depending on the direction of the oceanic currents. These sediments were probably originated because of the erosion operated by the atmospheric agents and the waves during the last phase of the island formation, when the sea level decreased, and the cliff was created. Based on 67 available stratigraphic logs, the subsoil setting was implemented into the numerical model through two different zones of hydraulic conductivity and dispersivity. To the first zone, representing the sandy sediment of the Bottomside (layers 1–12), were assigned low values of dispersivity and hydraulic conductivity (Figure S2) as in the 2D simulation [15] but decreasing in the latter (from 40 to 20 m/d) based on hydraulic tests average results (Table 1); to the second zone, representing the Topside and the deep limestone of the Bottomside, higher values of the two parameters (800 m/d and 50 m) were assigned, maintaining the same values used in the 2D simulation.



The parameters calibration of the density-dependent flow model was carried out through the simulation of 3 different transient conditions (Figure 6).



Clearly, for each simulation, the recharge value was updated considering the specific period of simulation. The calibration process followed a trial-and-error approach using 29 concentration and heads data collected at different depths in 12 monitoring wells shown in Figure 7. Among these monitoring wells, 5 are multipipe (S1, S2, S18, S21, and S23) and allow to detect the concentration at different aquifer depths.



The first phase (model n.1) provided a calibration of the hydraulic conductivity and dispersivity parameters for a quasi-steady state simulation: a long transient simulation (100 years) with the aim to recreate the heads and initial total dissolved solids (TDS) concentration distribution observed in the model area during the November 2009 survey (provided by CNR).



For model n.1, a recharge value slightly different from Ghassemi et al. [49] was used: 590 mm/year instead of 540 mm/year was calculated for the Topside (Thornthwaite method) considering the total precipitation (2000 mm) and temperatures measured by Nauru Government from December 2008 to November 2009. In the coastal zone, where the large part of the population lives, the value was increased by 11% (reaching 657 mm/year). This because Nauru’s villages are not equipped with sewer systems, and the habitants dispose the used freshwater into sinkholes, which directly leak in groundwater. This additional term of recharge is constituted both by the desalted water and the rainwater stored in the harvesting systems the houses are usually equipped with. The study carried out by Bouchet and Sinclair [41] highlighted that the population with access to a pumping well used averagely about 114 l/d/pc of water (Table 3). However, in Anetan and Ewa districts (the ones included in the model domain), only the 36% of the population has the access to a well. For the remaining habitants, an average water consumption of about 88 l/d/pc was estimated, supplied by domestic rainwater harvesting and the desalting plant.



Part of this water, disposed in leaking sinkholes, represents an additional recharge for the coastal aquifer system. From the data reported by SOPAC [41], 20 l/d/pc of water was considered for food purposes. Consequently, the remaining and 68 l/d/pc was evaluated to potentially infiltrate in the subsoil, respectively, for people with access to the well and without access. The additional recharge rate (91 m3/d) was assessed considering the number of inhabitants (i.e., 1180) of Ewa and Anetan and the percentage of people with/without well access. With the urbanised area in the model domain comprising about 300,000 m2, a maximum additional recharge of about 111 mm/year was assessed. During the calibration process, this value was considered as the upper limit because few houses discharge waste waters directly into the sea, and the rainwater collected through the harvesting systems is partially subtracted to the natural meteoric recharge. Finally, the calibrated value was 67 mm/year and was applied to the entire urbanized part of the Bottomside.



Once the numerical model n.1 satisfactorily reproduced the measured hydraulic heads and concentration distributions, a 22-month unsteady-state simulation (model n.2) was run to reproduce the TDS concentration variation and compare results with the TDS distribution measured through 6 characterization surveys carried out from December 2009 to September 2011 (Figure S3). The model was implemented using 22 stress periods with 10 time steps each and a multiplier of 1.2. The sea boundary condition was changed, assigning to each SP the head value corresponding the average sea level in each specific month, while the TDS concentration remained the same. The recharge was updated using rainfall and temperature daily collected by the Nauru Rehabilitation Company. Along the Bottomside, the same average additional recharge was maintained to consider house water infiltration. In this second phase, the calibration process mainly focused on storage parameters (Sy and Ss) to which the saline intrusion was shown to be more sensitive. Further, an update of the previously determined hydraulic conductivity was needed, and because of this, the transient model n.1 was run again.



Finally, the calibrated model resulting from the second step of the calibration (Figure S4) process was applied for a 2-day unsteady-state simulation (model n.3) with the aim to prove the model capacity in reproducing the tidal signal recorded during the 4–5 October 2011 survey [15]. In this case, there were no rainy events during groundwater and sea level collection; consequently, the adopted recharge was null except for the Bottomside, where only the additional recharge was maintained. Differently, as the sea level fluctuated during the simulation, the head of the boundary condition representing the sea was changed using a time variant constant head (Figure S5). Hence, hourly stress periods were adopted (total 48 SP) with 5 time steps each and a multiplier of 1.2. The boundary concentration was maintained 35.7 kg/m3. In this modelling phase, the calibration process mainly focused on specific yield values; nevertheless, some small changes of the previously determined parameters were needed, and this meant to modify transient model n.2 to match again the salinity distribution in the aquifer.



At the end of the calibration process achieved through the 3 models, the hydrogeological parameters adopted are reported in Table 4.





3. Results


The assessment of the freshwater thickness was completed through two steps. Initially, thanks the characterization activities (hydrogeological and geophysical surveys) focused on the northern side of Nauru, the freshwater volume present under the Capelle area was estimated.



Then, by means of the calibrated model, the freshwater thickness in a more extended area surrounding the Capelle area (i.e., Ewa and Anetan districts) and in general in the northern side of the island was evaluated.



3.1. Freshwater Thikness in Capelle Area


The analysis of the collected data (VES, ERT, and hydrogeological data) allowed to evaluate the thickness and extension of the freshwater lens present in the Capelle area. Ten VESs and eight ERTs (Figure 8) were performed in this zone and compared with the collected hydrogeological data (EC and wells stratigraphic logs). The result of this analysis showed a constant freshwater thickness from west to east, whereas it lessened northward because of the presence of the saltwater edge. For instance, ERT 7 (Figure 9) indicates fresh-brackish transition) showed the thickness decrease of freshwater moving from the cliff toward the sea: from south to north, the thickness reduced from an average value of 6 m to 0 m. The west-east ERT (N° 5, 6, and 8) showed a more constant thickness of freshwater (Figures S6 and S7), for which the average values range from 1–2 m in the western part to 5 m on the eastern side close to the cliff, where it seems to deepen. The maximum thickness (12 m) was detected near well S1 (ERT N° 1, 2, 7 and VES 3, 4).



From the ERT, it also resulted that the wells used by the population in this area do not substantially affect the freshwater distribution in the subsoil: the electrical data do not show up-coning phenomena related to wells activity. Unfortunately, the four VES performed on the Topside did not result as useful for this analysis because the thickness of the unsaturated aquifer (about 30 m) and the limestone resistivity value (30,000 Ω∙m) were too high for the instruments used for the survey.



Finally, the combined analysis of VES, ERT, and hydrogeological data collected in monitoring wells allowed to determine the volume of freshwater in subsoil. The scarp was chosen as southern limit (given that the VESs on the Topside are not usable), and the coastline was defined as the northern limit. Based on the EC values detected in the monitoring wells, for the geoelectric investigations, a resistivity value of 75 Ω∙m was considered as the fresh-brackish water transition.



Figure 9 shows the freshwater bottom in the Capelle area. The depth where this surface lays is significantly reduced moving westward (VES 17-18-19), while it reaches the maximum depth close to VES 3 and 4. Moving eastwards, the freshwater thickness increases (Figure S7), but the available data did not allow to identify if and where the freshwater lens pinchouts.



For the evaluation of freshwater volume in the area, the hydraulic head measured in multipipe monitoring well S1 and S18 (the only one where the tube elevation was known) was used. Through the difference between the piezometric surface and the bottom of freshwater, a lens volume equal to 300,000 m3 was evaluated: it led to a value of 45,000 m3 of freshwater considering an effective porosity of 15%.




3.2. Numerical Model Results


Figure 10 and Figure 11 and Table 5 report concentration results for model n.1 (Figure S8): the simulated concentration values are similar to the measured ones during the survey of November 2009, with an absolute concentration mean of residuals equal to 1.87 kg/m3, corresponding to a 5% error (i.e., standardized RMSE).



The observed vs. simulated graph (Figure 11) shows a good alignment of the points on the 45° line with a slight tendency to underestimate the concentrations and a R2 coefficient of 0.90 for the trend line (Figure 11). The 3D saltwater distribution simulated by the calibrated model is shown in Figure S9, where along the coast, a freshwater lens (deep blue colour) is almost present everywhere. This lens in the Capelle area (Figure S9b) reaches an average thickness of 6 m, confirming the results of EC and geophysical investigations. Importing the model results in the Leapfrog software, a fresh groundwater volume stored in November 2009 under the Capelle area was approximately evaluated equal to 120,500 m3.



While the model n.1 results represent an instantaneous picture (November 2009) of the saltwater concentrations, the model n.2 allowed to understand how the concentrations change over the time under different recharge patters. The results confirmed the hints presented in the previous work [15]: they demonstrated that the freshwater can also be stored on Topside during wet periods, but it suddenly disappears (Figure S10). This is because it mixes with deeper salt waters and at the same time rapidly flows towards the ocean by means of the high hydraulic conductivity of the limestone. Consequently, a few months after the rainy period, the groundwater on the Topside becomes salty with concentrations greater than 6 g/L from a depth greater than 2 m from the water table (Figure S11 in Supplementary Materials, S23pipe2). Differently, the freshwater remains stored in a strip located almost all along the entire coastline (Figure S11, S1pipe3). Along the coast of the Anibare district (eastern coast), the lens is narrower and sometime almost disappears because of the reduced width and thickness of the sand deposits (Figure S10). Only between the Anetan and Anabar districts is the lens completely absent due to the presence of a limestone outcrop that did not allow the deposition of sand.



The ability of the model in simulating the Nauru’s groundwater system and the saltwater intrusion behaviour is also demonstrated by the results of model n.3. In Figure S12, at the Topside and Bottomside monitoring wells, the comparison between measured and simulated groundwater levels during a two-day transient simulation is shown. The tide influence is evident, with a faster and higher groundwater heads variation on Bottomside and a slower and more contained one on Topside. The model, on both sides, is able to correctly simulate the groundwater levels variation (i.e., efficiency of the tide) and the tidal lag [15].





4. Discussion


In Nauru, there are three main water supply sources: (1) groundwater, which supplies the not-potable water needs for the population having access to a well (about the 36% of the total population); (2) rainwater harvesting in tanks placed on house roofs, which furnish the population with water used for potable and not-potable purposes; and (3) desalination, which provides high-quality drinking water. Past experiences in Nauru demonstrated that the current supply of drinking water is not able to meet the population needs when extended droughts periods overlap with RO plant failures or power shortage. Due to the island’s economic fragility, economic crises are frequent, and during these events, the government cannot adequately maintain the RO plant or buy the necessary fuel for its operation. In the past, such issues caused frequent water scarcity (e.g., in the period 2000–2010), considerably increasing the reliance on groundwater for the water supply. From this comes the need to properly assess the fresh groundwater resource on the island in order to increase Nauru’s resilience to climate change effects.



The results of previous investigation [15] highlighted in the Nauru aquifer the existence of freshwater lenses stored close to the coastline that can be exploited sustainably. The present study demonstrates that it is possible to quantify the freshwater stored underground by properly combining hydrogeological investigations and density-dependent numerical modelling. A general hydrogeological characterization of the island [15] and a more detailed investigation in a smaller area, by means of geophysical and EC survey, allowed to properly calibrate the numerical model in quasi-steady-state conditions (model n.1) and in unsteady-state conditions (model n.2 and n.3). This led to obtain a general evaluation of groundwater resources for the northern part of Nauru and a good assessment of the freshwater stored in the Capelle area.



The fresh groundwater present in the subsoil of Capelle was assessed by means of the model n.2 to range between 190,000 and 88,300 m3, respectively, in April 2010 (SP5) and April 2011 (SP17), corresponding to the end of a rainy period and of a dry period (Figure S13). At the end of the simulation (SP22), after few rainy months (1086 mm in 6 months), the volume was the same (83,400 m3). The assessment is in compliance with the geophysical investigations results that provided 45,000 m3 in April 2013 after a relative dry period (885 mm in the previous 6 months). The difference is linked to three aspects: (a) before April 2013, the rain was 20% less; (b) the model is unable to simulate the reduced thickness west of Capelle probably due to some pumping well where the pumping rate is unknown; and (c) as shown above, the model is inclined to underestimate the salt concentrations.



Nevertheless, these results demonstrate that the model is an appropriate tool to obtain a good first assessment of the fresh groundwater resource in Nauru, but once the suitable areas are individuated, a detailed hydrogeological investigation is always necessary to improve the model simulation capacity and to correctly design the water abstraction system.



In addition to the estimation achieved for Capelle, an assessment for the remaining of the Bottomside and for the Topside represented in the model can be evaluated. The total fresh groundwater stored along the Bottomside from April 2010 to September 2011 changed between 1,208,100 and 510,390 m3, with a decrease of about 58% during a drought period of 1.5 years. This result is similar to the Capelle area, where the decrease was 56%. Differently, in the same period, on the Topside, the decrease was about 99%, with a variation from 5,040,500 to 570 m3, confirming the complete disappearance of freshwater in 18 months.



The amount of fresh groundwater present under the Capelle area could be sustainably exploited to redistribute the water resource to satisfy the population demand in the surrounding Anetan and Ewa districts and/or reduce the RO plants operation. From the SOPAC report [41], the water usage estimated in Nauru for the population having access to a private well (about the 36% of the total population) ranges from 88 l/d/pc to 141 l/d/pc (Table 3). Actually, groundwater supplies not-potable water needs, whereas the RO plant and domestic rainwater harvesting provide the needed amount of drinking water (estimated volume equal to 20 l/d/pc in Table 3). The inhabitants of the Ewa and Anetan districts are approximately 1180 (i.e., 12% of the population of the entire island). Keeping a conservative point of view, it is possible to assume an amount of 45,000 m3 for the fresh groundwater lens present in Capelle area and to hypothesize it to entirely satisfy the Ewa and Anetan water demand. Assuming a groundwater consumption pro-capita equal to 68 or 121 l/d, the calculations estimated, respectively, the depletion time of the groundwater resource in approximately 1.5 or 1 years in case of complete absence of rainfall for that period. Differently, considering a low-recharge period and a volume of 83,000 m3, the maximum depletion time would, respectively, increase up to 1.6 and 2.8 years.



The reported example is a simple calculation with the aim to show that even if a strong groundwater abstraction is unsustainable in a long-term perspective, the groundwater lenses stored along the Bottomside can play an important role in the case of emergency. However, in greater generality, groundwater should be considered among the available water resources in Nauru in order to implement a new water management system able to increase the island’s resilience to climate change effects.



However, the water derived from the freshwater lenses has lower quality than the desalted water or the rainwater because of the leakage from domestic sewage pits into the subsoil and of the salt concentration increase, therefore potentially leading to the worsening of health and environmental issues. For this reason, alternative strategies for a possible sustainable use of fresh groundwater must be accompanied by sewage infrastructure design, monitoring activities [50], and wellhead protection area definition.



Furthermore, fresh groundwater usage in a coastal area is a difficult issue, and an accurate infrastructure design is needed to avoid the worsening of groundwater due to the saltwater intrusion phenomenon. Because of their small extension and low elevation above the sea level, the oceanic atolls are particularly vulnerable to saltwater intrusion, which can be worsened in the future by the expected sea level rise due to the climate change. Groundwater exploitation in small limestone atoll islands occurs generally through hand-dug wells, which are about 1 m deeper than the groundwater level. This kind of wells is used just for domestic purposes and usually has very modest pumping rates [6]. On the other side, the groundwater extraction using vertical pumping wells in small islands could lead to saltwater up-coning, causing the deterioration of groundwater quality. Therefore, alternative infrastructures such as scavenger wells or infiltration galleries need to be developed in such fragile environments, and density-dependent modelling represents a useful tool for their design.




5. Conclusions and Future Perspectives


In small islands, groundwater can represent an important resource of freshwater. However, fresh groundwater should not be exploited without a proper management, especially in those systems where aquifer vulnerability is high, such as small islands’ aquifers, consisting of shallow and thin groundwater lenses. In these contexts, uncontrolled saltwater intrusion phenomena and the depletion of the groundwater lenses due to a potential overexploitation of the resource necessitate a proper water management supported by monitoring activities, a detailed study of the aquifer system behaviour, and an accurate estimation of groundwater availability. In the present study, these objectives were fulfilled through hydrogeological/geophysical investigations and numerical modelling.



Nauru is a very small island located in the Pacific Ocean, and the single use of groundwater as freshwater supply is not adequate to satisfy the population demand. The Nauru Water Plan suggested an integration of groundwater with other water sources: currently, rainwater and desalted water in Nauru are used to satisfy the drinkable water demand, whereas the groundwater is mainly used for non-potable purposes because it is often contaminated. Improving the use of this last resource is essential for Nauru island to guarantee future water security even during drought occurrences or in case of desalination plant failure.



Previous studies investigated the groundwater system in the island, also considering possible future issues such as climatic variations, potential sea level risings, and the increase of extreme climate conditions. Nevertheless, a thorough understanding of the hydrogeological system behaviour and the definition of groundwater availability in Nauru was still required. This study confirms the conceptual model proposed by Alberti L. et al. [15]: fresh groundwater lenses are hosted into the sandy sediments of the coastal zone close to the seashore, which is a result in contrast with the previous studies that had identified freshwater lenses in the limestone, forming the internal part of the island. This conceptual site model has been verified through three unsteady-state, 3D, density-dependent numerical models, which allowed to understand the system behaviour: low hydraulic conductivity of sand makes the flow of groundwater slow down toward the sea, thus allowing freshwater storage where salt water is expected to penetrate more easily. Furthermore, the collected data and model results confirmed the resilience of those lenses in drought conditions.



In particular this study pointed out the presence, in the Bottomside of the northern part of the island, of a fresh groundwater lens that could potentially represent a sustainable solution in meeting the Nauru population’s water demand. The hydrogeological investigations allowed the assessment of the freshwater volume stored in this part of the island, and this led to suggest some possible use of this resource. The unsteady-state, 3D, density-dependent model represents a useful tool available to assess the possible sustainable fresh groundwater exploitation to prevent saltwater up-coning occurrences. The implemented model has the capability to provide key information regarding the design and optimization of new suitable groundwater abstraction systems, also assessing their impacts on fresh groundwater availability and quality under different climate conditions. This ability allows to perform an optimal design of the infrastructures by considering several parameters (i.e., number, position, depth, and pumping rates) and supporting public decision makers to set up actions and plans to fulfil the goal of a sustainable groundwater management.



Future research developments should mainly concern two aspects: (a) the extension of the survey and modelling activities to the southern part of Nauru to reach a full assessment of freshwater resources in the island and (b) the extension of a similar survey approach to other smaller islands to find confirmation that even in different hydrogeological conditions, freshwater can accumulate not only in the centre of the islands but in areas where the hydrogeological properties promote a slow groundwater flow and a reduced saltwater mixing process.
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	CSM
	Conceptual site model



	CNR
	National research council



	EC
	Electrical conductivity



	ERT
	Electrical resistivity tomography



	RL
	Reduced level



	RO
	Reverse osmosis



	SP
	Stress periods



	TDS
	Total dissolved solids



	VES
	Vertical electrical sounding
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Figure 1. Nauru position at 0°32′ S and 166°56′ E and aerial photo of the island in 2009 with its districts. 
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Figure 2. EC values over the depth of the following monitoring wells: (a) well S1, (b) well S18, (c) well S21, and (d) well S23. 
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Figure 3. VES (blue points in map) and ERT (black lines) carried out in the Capelle area located in the northern part of Nauru island at the border between Anetan and Ewa districts. 
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Figure 4. Modelling domain of the density-dependent 3D numerical model. 
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Figure 5. (a) Vertical discretization of the model domain (black cells are no-flow boundary conditions) and (b) zoom on the Bottomside area, where blue cells are Dirichlet boundary conditions having the same head and concentration values; the first seven thin layers were used to represent the sea bottom deepening and the shallow lagoon. 
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Figure 6. Diagram scheme of the numerical modelling calibration phases. 
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Figure 7. Available target points location for the model calibration. 
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Figure 8. Depth distribution of the freshwater lens in Capelle area based on the geophysical survey results. 
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Figure 9. ERT n.7 section interpretation with VES monitoring wells positions; the 75 Ω∙m value (light blue) indicates fresh-brackish transition. 
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Figure 10. Comparison between observed (red profiles) and simulated (blue profiles) concentration in the targets of the model n.1. 






Figure 10. Comparison between observed (red profiles) and simulated (blue profiles) concentration in the targets of the model n.1.



[image: Water 14 03201 g010]







[image: Water 14 03201 g011 550] 





Figure 11. Observed vs. simulated concentrations for model n.1. 
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Table 1. Hydraulic conductivity value measured through slug tests.
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	Slug Test On
	Depth (m)
	Hydraulic Conductivity (m/d)





	S18
	10.2–13
	0.4



	S18
	13.1–15
	7.1



	Near to S18
	4.8–5.1
	12.0



	S1
	6.7–7.7
	3.5



	S1
	7.9–9.7
	32.0



	S1
	9.8–11.2
	12.6



	S1
	11.3–13.6
	12.3



	S1
	13.8–15
	30.0



	S21
	33.08–35.11
	26.0



	S21
	35.11–36.98
	42.5



	S21
	36.98–39.17
	37.7



	S21
	39.17–46.08
	14.0



	Average value
	
	19.2



	Median value
	
	13.3



	Std. deviation
	
	13.8
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Table 2. Hydrogeological parameters initially assigned to the 2D models [15].
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Hydrogeological Parameter

	
Value






	
Hydraulic conductivity (m/d)—horizontal and vertical

	
800 for limestone (zone 1)

40 for sand (zone 1)

	
80 for limestone (zone 1)

4 for sand (zone 1)




	
Porosity

	
0.3




	
Specific storage (1/m)

	
0.0003




	
Specific yield

	
0.3




	
Longitudinal dispersivity (m)

	
50 for limestone

2 for sand




	
Transverse dispersivity (m)

	
5 for limestone

0.2 for sand




	
Vertical dispersivity (m)

	
0.2 for limestone

0.008 for sand




	
Recharge (mm/y)

	
540




	
Molecular diffusion (m2/d)

	
8.64 × 10−6




	
Sea water TDS concentration

	
35.7 kg/m3
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Table 3. Water usage estimates 2010 for people in Nauru.
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	Parameter
	Minimum (l/d/pc)
	Maximum (l/d/pc)
	Average (l/d/pc)





	Groundwater
	68
	121
	94



	Drinkable water (desalination or rainwater)
	20
	20
	20



	Total water needs
	88
	141
	114
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Table 4. Hydrogeological parameters after the calibration processes.
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	Hydrogeological Parameter
	Topside
	Bottomside





	Hydraulic conductivity (m/d)
	800
	10–15



	Effective porosity (-)
	0.02
	0.15



	Specific yield (-)
	0.02
	0.15



	Specific storage (1/m)
	1 × 10−5
	3 × 10−4



	Longitudinal dispersivity (m)
	80
	2



	Transverse dispersivity (m)
	5
	0.2



	Vertical dispersivity (m)
	0.2
	0.008



	Recharge (mm/year)
	590
	657



	Molecular diffusion (m2/d)
	8.64 × 10−6
	8.64 × 10−6
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Table 5. Model n.1: statistical parameters between observed and simulated concentration data.






Table 5. Model n.1: statistical parameters between observed and simulated concentration data.





	Statistic
	Value





	Residual mean (kg/m3)
	1.34



	Absolute residual mean (kg/m3)
	1.87



	Residual standard deviation (kg/m3)
	1.94



	RMSE
	1.15
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