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Abstract: On atoll islands, the fresh water lens (FWL) constitutes, for the island population, a very
important fresh water resource for various usages. Its shape and thickness highly depend on the
underground characteristics of several rock formations which constitute the underground of the
island: upper Holocene sediments and lower Pleistocene limestone rocks separated by the Holocene
Pleistocene Unconformity. In this study, several very simple investigation methods were applied on
the Pacific atoll of Rangiroa in order to characterize the aquifer hydrodynamics and their impact on
the FWL. A water budget of the aquifer was proposed, including the deep infiltration to the FWL.
Pumping tests and tidal analysis demonstrated the confined character of the aquifer and its main
hydrodynamic properties (storage and hydraulic conductivity). The role of the reef-flat plate on the
hydrogeology of the atoll was highlighted. Its impermeable nature contributes to reduce the deep
infiltration to the aquifer. It also contributes to the confined flow regime of the aquifer, inducing
high and fast water level fluctuations due to tide forces, and consequently contributes to increase the
thickness of the saline mixing zone. Both phenomena contribute to reduce the thickness of the FWL,
which is only 2 m-thick in that atoll.

Keywords: seawater intrusion; freshwater lens; carbonate aquifer; natural recharge; hydraulic
conductivity; pumping; island hydrogeology; chloride content

1. Introduction

In highly insulated areas such as tropical islands, groundwater resources are very
important for several usages. On atolls (ring-shaped island, including a coral rim that
encircles a lagoon partially or completely), thanks to precipitation across soil, a freshwater
lens (FWL) forms, with denser freshwater floating above (saline water coming from the
sea). This FWL constitutes the main source of freshwater for island/atoll inhabitants [1].

The FWL is usually thin and located above a mixing zone between fresh and seawater.
The shape and thickness of the FWL and the movement of the mixing zone result from
density-dependent flow and transport processes [2] which are influenced by oceanic tides
amongst other important factors [3]. The thickness of the FWL also fluctuates according
to the succession of rainfall and drought periods [4]. Serious droughts could result in
excessive water intake from the freshwater lens causing up-coning [5].

Atolls are generally characterized by the presence of two aquifer formations: the
poorly consolidated Holocene sediments at the top and the Pleistocene limestone reef
formations at the bottom separated by the Thurber discontinuity or HPU (Holocene Pleis-
tocene Unconformity). The latter is generally located between 15 and 25 m depth below sea
level [6].
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Pleistocene reef formations have undergone karstification due to eustatic variations.
Coral growth resumed with the rise of sea level during the Holocene with the maximum
development dated around 8000 years ago [7]. The structure and geometry of these rock
aquifers are very important for the dynamics of the FWL and the associated mixing zone.
This is also the case for the reef-flat plate, a semi-permeable reef rock that forms within the
Holocene aquifer. Reef-flat plates can partially confine the Holocene aquifer, influencing
groundwater occurrence and flow [8].

In this paper, we intended to characterize the underground properties of an atoll
aquifer in order to propose a hydrogeological conceptual model and define the main
processes which guide the size and shape of the FWL.

2. Case Study Description

With an area of 1446 km2 and a lagoon containing nearly 30 km3 of water, Ran-
giroa Atoll is the second largest atoll in the world after Kwajalein in the Marshall Islands
(Figure 1). It is characterized by the presence of two passes located on either side of the
Avatoru motu, by an average depth of about 20 m, and a maximum depth of 38 m [9].
Rangiroa Atoll is composed of more than 400 motu that represent a land area of about
170 km2. The widest motus (300–650 m) are located in the northern and northwestern parts
of the atoll.
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Figure 1. Location of Rangiroa atoll island; (a) Pacific ocean map; (b) Tuamoto archipelago (c) Ran-
giroa island; (d) location of RGI_xxx wells on Avatoru and Vignes motus.

On this atoll, the establishment of coral reefs would have begun at the beginning of the
Tertiary era, around 60 Ma. Between 1 and 2 Ma, the atoll would also have undergone a 3 to
4 m rise in connection with the lithospheric flexure generated by the emplacement of Tahiti
and Moorea. The recent evolution of Rangiroa atoll has not been studied specifically, but
academic work [10] has made it possible to propose an evolution model for the Takapoto
atoll (Figure 2), 275 km away, which can be presented as a reference. This model focuses in
particular on the consequences of sea level rise between 3000 and 2000 years before present
(BP). The dismantling of corals and their cementation between 2000 and 1200 BP when the
level has dropped is at the origin of a layer called “conglomerates” on which the motu
could develop. In Polynesia, this reef-flat plate is called “daddy’s layer”.
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In Rangiroa, this layer of lower porosity and hydraulic conductivity than the rest of
the aquifer is crossed by many wells. It is generally reached at depths ranging from 1 to
2.5 m above the ground and its thickness varies from a few tens of centimeters to more
than 1.5 m. Several testimonies indicating that wells must be dug above this level to access
the fresh water table have been collected.

As previously indicated, it is on the upper horizon of this conglomeratic layer that
motus have been formed by the accumulation of sand, gravel, pebbles, and blocks torn
from the outer coral fringe by the strongest swells [9]. On the ocean side, the morphology
of the atoll is characterized by the presence of a dune that can reach several meters high,
made up of more or less coarse coral sand.

3. Materials and Methods
3.1. Soil Water Budget

Rangiroa atoll is equipped with one meteorological station, located at the airport, in
operation since 1 September 1951, but the potential evapotranspiration (PET, Monteith’s
method) has only been calculated between 17 October 1971 and 4 February 1988. Over
the period 1972–1987, the average annual rainfall P was 1778 mm/an and the potential
evapotranspiration PET was 1807 mm/an.
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The method for evaluating the soil water budget consists of computing the various
components of the water cycle (effective rainfall Peff and actual evapotranspiration AET) in
solving the classical water budget equation. This method simply treats the soil as a reservoir
in which water is immediately available for evapotranspiration and only generates effective
rainfall when the reservoir is filled (water content S > Smax). It can be summarized by the
following algorithm, simplified from ref. [11]:

• At time step k, if precipitation P < potential evapotranspiration PET, the difference
(PET − P) is taken from the water stock S of the soil, until it is empty if necessary:

- Sk = max (0; Sk-1 + Pk − PETk)
- AETk = min (PETk; Sk-1 + Pk)
- Peffk = 0

• If P > PET, the difference P − PET first fills the water stock S of the soil. When S
reaches Smax, the surplus generates effective rainfall Peff :

- Sk = min (Smax; Sk-1 + Pk − PETk)
- AETk = PETk
- Peffk = max (0; Sk + Pk − PETk − Smax)

Computations were performed using the ESPERE code [12]. This simple model allows
computing both Peff and AET.

3.2. Freshwater Lense Modeling for Natural Recharge Estimate

Henry’s analytical solution [13] makes it possible to calculate the altitude (h) of
the piezometric surface of the aquifer of an atoll at a distance x from the shoreline as
a function of the natural recharge (R) and hydraulic conductivity (K) of the aquifer. The
result depends on the width L of the atoll (distance between lagoon and ocean) and
β = (ρseawater − ρfreshwater)/ρfreshwater.

h(x)2 =
βRx

K(1 + β)
(L − x) (1)

A simple modification of this relationship makes it possible to establish a relationship
between hydraulic conductivity K and recharge R (hereinafter referred to as modified
Henry’s solution):

R =
h(x)2(1 + β)K

βx(L − x)
(2)

This relationship, therefore, makes it possible to estimate the natural recharge based on
the piezometric level and the hydraulic conductivity of the aquifer at a given observation point.

3.3. Tides Modelling for Diffusivity Estimate

The interstitial seawater contained into the atoll aquifer responds to any hydrodynamic
forcing or imbalance such as swell or tides with a displacement that can reach m/s [14].

Over short periods of time, the tidal signal can be modeled according to the following
unimodal sinusoidal function:

h(t) = h0sin
2πt
t0

(3)

where h0 (L) corresponds to the amplitude of the tide and t0 (T) to its period (time between
two maxima or two minima). Tidal range corresponds to the difference in water level
between high and low water (peak-to-peak amplitude, or 2 h0).

Multi-modal tidal signals can also be considered to take into account the superposition
of forcings that impact the tide. In this case, the model with i modes is written:

h(t) = H +
n

∑
i=1

hisin
(

2πt
ti

+ φi

)
(4)
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where H (L) is the mean sea level elevation, hi (L) is the amplitude, ti (T) is the period, and
Φi (-) is the phase shift of the tidal mode i.

In a confined aquifer of transmissivity T and storage coefficient S in relation to the
ocean, the amplitude of the fluctuation of the tide, h(x) at a distance x from the ocean, is
given by the following formula [15]:

h(x) = h0 exp

(
−x

√
πS
t0T

)
(5)

These three equations form the basis for the following analyses.

4. Results
4.1. Data Time Series

Water levels and electrical conductivity were measured in five wells. An example (well
RGI_021) is illustrated at Figure 3. The comparison with the sea water level fluctuations
due to tides showed a very strong and rapid influence of the boundary conditions (sea
water level) on the aquifer. Water mineralization also fluctuates quickly in response to
seawater intrusion. These measurements allow computing the tiding efficiency which is
used for computing the diffusivity of the aquifer (see the following section). During the
observation period, rainy events were rare. Two of them appeared: the 19.5 mm rain event
between 30 October and 5 November 2018, which did not induce any change of level, and,
contrarily, the 34.1 mm event of December 2018, which induced a water table rise followed
by a mineralization decrease after a dilution effect.
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4.2. Pumping Tests Interpretation

Five short-duration pumping tests were carried out (Table 1). It appears that the
results obtained by this study are similar to the values determined in the past and that the
values vary in a ratio of 1 to 8 between the lowest and highest value.
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Table 1. Characteristics of the pumping tests and obtained transmissivity.

Pumping Well Well Radius (m) Duration (min) Pumping Rate (m3/h) Transmissivity (m2/s)

RGI_001 0.90 60 1.4 3.2 × 10−4

RGI_020 0.65 39 6/13/16/21 1.7 × 10−3

RGI_027 0.70 120 0.4 2.1 × 10−3

RGI_128 0.60 3/6/10 35/14/18 1.7 × 10−3

RGI_204 0.65 45 1.2 7.7 × 10−4

These results are also in line with the results of the correlative analyses which revealed
significant discrepancies between the tidal signals and the piezometric level at the well
RGI_001 (lowest transmissivity) and almost synchronous reactions at the well RGI_027
(highest transmissivity). The high transmissivity measured in the past at the Club Med
site could also explain the synchronous reactions observed on the RGI_123 well located
in the same area. The transmissivity results are used in the following sections in order to
calculate the natural recharge using Henry’s modified solution.

4.3. Soil Water Budget

Actual evapotranspiration and effective rainfall were computed applying soil water
budget equations at a daily time step with the ESPERE code [12]. An unknown parameter
of these equations is the maximum soil water content Smax, which is a global reservoir
parameter. In order to identify the correct parameter, it is necessary to determine, in the
context of undersaturated soils (S = 0), the rainfall threshold for which the piezometric
level reacts.

The analysis was carried out on the recordings made at well RGI_001 and particularly
on the period from September 19 to 4 October 2018 where two significant rainfall events
could be identified (Figure 4a). The analysis of the time data series indicated that an event
of 30 mm is able to create a rise of the water table, meaning that such a rainfall event
magnitude produces effective rainfall (and recharge). At the opposite side, a rainfall event
of 15 mm does not induce any water level fluctuation. We conclude that such an event does
not produce any effective rainfall. Therefore, we can conclude that 15 < Smax < 30 mm. We
assumed a value Smax = 20 mm for the calculation of the soil water budget. Monthly results
of the effective rainfall are represented in Figure 4b. Given the high porosity and hydraulic
conductivity of soils on the atoll, and the very low slope, we assumed that most of effective
rainfall infiltrates.

4.4. Natural Recharge Calculation

Henry’s modified equation was applied to the three wells on which hydraulic con-
ductivity could be estimated by pumping test and a water level chronicle was available
between mid-September 2018 and February 2019. As the observation conditions were
particularly atypical with no effective rainfall during the wet season, these results should
be taken with caution. The wells concerned are RGI_001, RGI_020, and RGI_027, the
characteristics of which are described in Table 2. Hydraulic conductivities were calculated
from the tranmissivity obtained by the pumping test (Table 1) and an assumption of the
thickness of the upper aquifer b = 10 m.

The application of Henry’s modified solution to the three wells is presented in Figure 5
in the form of three abacuses. It can be seen that for these three wells, the natural
recharge increased from 0 to 500 mm/year for hydraulic conductivities between 10−5

and 3 × 10−3 m/s. The hydraulic conductivities obtained by pumping tests (Table 2)
made it possible to identify, for each well, a point (K, R) on this diagram. This exercise
thus makes it possible to estimate for each well a natural recharge rate around the well:
35 mm/year around the well RGI_027, 90 mm/year around RGI_020, and 280 mm/year
around RGI_001. These values, on average 135 mm/year, are low compared with the
effective precipitation estimated above (820 mm/year). Assuming an excess of actual
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evapotranspiration due to coconut trees equal to 165 mm/year, this value indicates that
about 820 − 135 − 165 = 520 mm/year of water is lost and somehow flows to the ocean.
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Table 2. Characteristics of the wells to which the modified Henry’s relationship has been applied.
* Average over the observation period (September 2018–February 2019). ** Hydraulic conductivity
calculated from the transmissivity obtained by the pumping test and assumption of a higher aquifer
with a thickness b = 10 m.

Parameter Symbol (Unit) RGI_001 RGI_020 RGI_027

Length of the section L (m) 840 360 860
Distance to nearest sea coast x (m) 310 165 400

Average water level * h (m.a.s.l) 0.59 0.2 0.15
Transmissivity ** T (m2/s) 3.20 × 10−4 1.70 × 10−3 2.10 × 10−3

Hydraulic conductivity K (m/s) 3.20 × 10−5 1.70 × 10−4 2.10 × 10−4
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Figure 5. Relationship between natural recharge R and hydraulic conductivity K according to the
modified Henry’s solution applied to three wells.

Based on the values obtained above, the conventional Henry’s solution was applied
to two sections of Rangiroa Atoll in coupling with the Ghyben–Herzberg solution for the
estimation of the depth of the freshwater/salt water interface, in particular those surveyed
by piezometric surveys in July 2017 and April 2018 (Figure 6) using the values of K and R
obtained above.
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freshwater/salt water interface using the Ghyben–Hezberg solution on the Wine sector.

It is observed that the theoretical sharp freshwater/salt water interface should theo-
retically be located between 6 and 8 m below the surface of the atoll. The observation of a
strong increase in salinity at much shallower depths on the profiles produced indicates the
existence of a transition zone of significant thickness probably related to mixtures created
by tides that are not taken into account in this approach.

4.5. Tidal Unimodal Analysis Results

The piezometric monitoring indicates a strong influence of the tide on the fluctuations
of the water table. The piezometric variations are sinusoidal and of the same period as the
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tide. The amplitudes are different on points located at the same distance from the lagoon,
which reflects a heterogeneity of the diffusivities of the environment. Tide monitoring in
the lagoon has shown a semi-diurnal tidal regime (two high tides and two low tides per
day) with a period of 12 h 30 m and amplitudes of 12 and 20 cm. The piezometers showed
oscillations with periods similar to the tide but with variable phase shifts.

In a first step, a unimodal tide model was fitted over a 4-day interval with a period
of 12.31 h (see Figure 7). It appears that over this short period of time the tide is clearly
influenced by the semi-diurnal main harmonic of the moon M2. The piezometric levels
follow this dynamic with varying delay and amplitude as shown in the time series is
also shown.
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Figure 7. (Upper) Unimodal tidal model fitted over the interval 25–29 September 2018 with a period
of 12.31 h (wells are classified according to distance from the coast and the average level is arbitrary)
(Lower) Table with diffusivities obtained by unimodal analysis, transmissivities obtained by pumping
tests and deduced storages.

Amplitude and phase differences between the piezometric records illustrate the miti-
gating effect of the tidal signal propagation in the aquifer and the influence of the hydraulic
properties of the aquifer. The amplitude of the signal decreases and the delay increases
with distance.

The diffusivities obtained for all the adjustments were synthesized and are shown in
the Table of Figure 7. Being particularly high (average of 7.5 m2/s), they suggest a captive
hydrodynamic behavior for the aquifer.
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For the wells that have been pumped and for which transmissivity has been deter-
mined, it was possible to calculate the storage value. The values obtained range from
7 × 10−5 to 3.5 × 10−4 and are representative of a captive or semi-captive aquifer. Under
these conditions, it is possible that the aquifer is confined under the conglomerate (or
daddy) layer described at the beginning of this report and intercepted by many wells.

5. Discussion
5.1. Hydrogeological Conceptual Model

The elements collected through the different approaches made it possible to develop
the following hydrogeological scheme, which is based on the model proposed by ref. [2]
(Figure 8). It should be noted that our investigations on Rangiroa focused on the “wind-
ward” part of the atoll, whose Holocene formations are considered coarser (and therefore
more permeable) than the “leeward” part.
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Figure 8. Hydrogeological conceptual model of Rangiroa atoll (modified after ref. [2]).

The atoll receives about 1800 mm/year of rainfall, most of it during the period between
November and February. The actual evapotranspiration calculated for an assumption of
Smax = 20 mm (low value related to the rather coarse soil type with reduced clay fraction)
is 1000 ± 80 mm/year. This evapotranspiration corresponds to an assessment made for
reference vegetation, but the high density of coconut trees on the atoll probably induces an
excess of evapotranspiration estimated at 165 mm/year.

Outside of exceptional rainfall events such as the 2016 one, runoff is likely to be
negligible due to the low slope and high hydraulic conductivity of the soil. On the basis of
an abstraction rate of 100 l/d/person, a population of 2700 inhabitants and an inhabited
area of 5 km2 (4 km2 for the Avatoru motu and 1 km2 for the Tiputa motu), water abstraction
for domestic purpose represent 20 mm/year.

Analysis and modeling of the FWL estimated the natural recharge at 135 mm/year.
This suggests that a large amount of water (in the order of 520 mm/year) flows at shallow
depth (hypodermic flow) laterally over the reef-flat plate to the ocean and lagoon.



Water 2022, 14, 2695 11 of 13

The porous and permeable nature of Holocene sediments and the underlying Pleis-
tocene limestones induces the presence of a fresh water lens “floating” on seawater, fed by
the infiltration of precipitation. The hydraulic conductivity of the lower aquifer could not
be tested in the absence of deep drilling; the literature considers that it is generally one to
two orders of magnitude higher than the upper aquifer.

On the Avatoru motu, significant increases in salinity observed at very shallow depth
indicate that this lens is undeveloped (1 to 2 m at most). Its thickness is much lower than
expected given the piezometry observed. It should be noted that the latter only appears to
be present in sectors where the motu is quite wide (L > 800 m). On the motu of the wine,
the thickness of the fresh water lens seems to be greater, but its lower limit could not be
recognized in the absence of deep wells. In general, the thickness of the lens is greater in the
center of the motu but its presence has also been occasionally recognized near the lagoon.

Nitrate levels above 10 mg/L observed in about 1/5 of the wells during field investi-
gations testify to the direct impact of wastewater discharge into the natural environment
and prove that the protection provided by the conglomerate layer is not optimal.

In terms of hydrodynamic properties, the upper aquifer, located in Holocene sedi-
ments, was characterized by a transmissivity between 3.19 × 10−4 and 2.08 × 10−3 m2/s
(values determined by pumping tests) and an average value of 1.23 × 10−3 m2/s. Storage
values ranged from 7 × 10−5 to 3.5 × 10−4 for an average of 2.15 × 10−4. Effective porosity
was in the range of 20% to 30% (values obtained by NMR).

In the absence of sufficiently deep drilling, the properties of the underlying Pleistocene
aquifer could not be determined, but its roof (HPU boundary), which is very irregular
due to the karstification phenomena it has undergone, could be revealed by electrical
tomography at a depth of about 10 to 20 m.

On the ocean side, the scalloped fractures of the Holocene plain are the preferred routes
for seawater penetration, while on the lagoon side, the salt invasion occurs in sediments
that are probably finer and more homogeneous.

Finally, it should be noted that the investigations carried out by BRGM took place in a
particularly unusual climatic context. The year 2018 was characterized by a cumulative total
of 1095.6 mm, 38% lower than the average calculated over the period 1972–1987 (1778 mm).
The recording period of piezometric levels (from 14 September 2018 to 25 February 2019)
was also characterized by a very low cumulation (281.5 mm, or 16% of the average rainfall)
while it occurred in the middle of the austral summer, considered to be the rainiest season.

Despite these very unfavorable conditions, there has been no general downward trend
in piezometric levels, which suggests that hydraulic loads are essentially controlled by the
tidal phenomenon at the atoll. However, it may be considered that the lens configuration
shown is as unfavorable as possible and that its thickness may be greater in a more humid
climatic context.

5.2. Hydrogeological Role of the Reef-Flat Plate

The thickness of the fresh water lens of an atoll is generally positively correlated with
the width of the atoll. Similarly, the lens is generally thicker in the “leeward” part of an
atoll than in the “windward” part. Figure 9 represents the lens thickness at different Pacific
atolls. It appears that observations made at Rangiroa (where the lens thickness probably
does not exceed two meters and the width of the motu is less than 1000 m) place this atoll
among the areas where the lens is least developed, the part of the atoll that was studied
being the windward.

The literature considers that the relative thickness of the transition zone compared
with the freshwater lens increases as hydraulic conductivity and pumping rate increase,
and as the island’s recharge and width decrease. Some mixing phenomena such as those
induced by tides can even virtually eliminate the freshwater lens [2]. In the case of Rangiroa,
it is probably the low natural recharge coupled with the high efficiency of the tides that
are at the origin of this thick mixing zone and thin FG. Ayers and Vacher [6] found that
in Deke Island, Pingelap Atoll (Federated States of Micronesia), the reef-flat plate acts as a
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barrier to recharge, given its low K. The accompanying water ponding above the plate and its
subsequent discharge to the sea results in reduced recharge to the FWL. Ayers [17] reported a
similar conclusion for Nukuoro Atoll (Federated States of Micronesia), where the presence of
the reef-flat plate reduced recharge to the lens compared with the lagoon side.
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In Rangiroa atoll island, the presence of a conglomerate layer (locally called “daddy’s
layer”) of indurated rock, several decimeters thick at a depth of a few meters and located
between 1 and 2 m deep, probably plays a very important role in underground hydraulics
by conferring a captive aquifer status on Holocene formations, thus explaining the strong
hydraulic diffusivity of the environment, attested to by the high efficiency of tides.

The consistency of its thickness and continuity is not well known, but it may favor
hypodermic flows to the lagoon and ocean, thus reducing the deep natural recharge to
the water table. It could also protect the freshwater lens from possible surface pollution
and limit water extraction by plants with deep roots. It could also promote lateral flows to
fractures of the plateau.

6. Conclusions

The various methods applied to the hydrogeology of this atoll allow characterizing the
water budget of the hydrosystem, better understanding recharge processes, and proposing
a conceptual hydrogeological model. The hydrodynamic properties (hydraulic conductivity
and storage) were estimated using pumping tests and tides analysis.

The role of the reef-flat plate on the hydrogeology of the atoll is highlighted. Its
impermeable nature contributes to reduce the deep infiltration to the aquifer. It also
contributes to the confined flow regime of the aquifer, inducing high and fast water level
fluctuations due to tide forces, and consequently contributes to increase the thickness of
the saline mixing zone. Both phenomena contribute to reduce the thickness of the FWL
which is only 2 m-thick in that atoll compared with literature results.

The study illustrates how simple investigation methods (water level measurements,
water budget, and small duration pumping tests) allow characterizing the FWL of an island
atoll. It shows how the impermeable character of the reef-flat plate contributes to reduce
the deep infiltration to the aquifer and the thickness of the FWL.
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