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Uncertainties in the contamination and salinization mechanisms of the freshwater lens

(FWL) in the semi-arid coral-limestone aquifer of Delft Island, Sri Lanka threatens

its water security. The processes governing the quality and distribution of the FWL

were therefore investigated through recharge assessment and hydrochemical analysis.

Potential groundwater recharge zones based on land classification and geology were

first identified. A rootzone water balance model was then built, which revealed the

spatiotemporal variability of potential groundwater recharge occurring rapidly during

the wet season (October to January) and most abundantly on pasture land underlain

by yellow and brown sand. Recharge also varied largely between dry and wet years.

Where the water table was shallow, intense rainfall in wet years was seen to result

in surface flooding. Geochemical modeling using PHREEQC combined with diagrams

(Piper and Stiff) and scatter plots, including stable water isotopes, revealed the meteoric

origin of groundwater with salinization mainly caused by seawater mixing and slight

evaporation. Findings also suggest that salinization is driven by the island’s low-lying

nature (maximum elevation of 6m above sea level), the low hydraulic heads (maximum

of 3.7m above sea level), the shallow depth of the marine water, the presence of

lagoons in the center which are inferred to be in hydraulic continuity with the ocean, and

to some extent by unregulated abstraction of groundwater through shallow hand-dug

wells. We hypothesize about infiltration and percolation of saline water through the root

zone during storm inundations near the coast, supported by the combined occurrence

of high values of partial CO2 pressure, alkalinity and salinity in groundwater samples.

Cation exchange showed indications of salinization of wells mostly in low lying areas

(minimum Na/Cl value of 0.66), and freshening in areas near the coast with high potential

groundwater recharge (maximum Na/Cl value of 1.04). Elevated nitrate concentrations

(maximum of 2.55 mmol/L NO−

3 ) in groundwater samples were observed. This suggests

that anthropogenic contamination is further threatening the already scarce resource as

well as coastal ecosystems that may be groundwater dependent.

Keywords: salinization mechanism, freshwater lens, coral-limestone aquifer, hydrochemical analysis, recharge

assessment, nitrate contamination
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INTRODUCTION

Water scarcity remains one of the most pressing issues across
the world and is considered a major global risk in the coming
decade (Tzanakakis et al., 2020). Particularly, in the case of
small coral-reef islands such as Delft Island in Sri Lanka, where
the scarcity of good drinking water, especially during the dry
season, adversely affects the local population as well as its socio-
economic development (Goonatilake et al., 2013). Small islands
like Delft Island (50 km2) rely mainly on groundwater for various
purposes. Groundwater in these islands typically occurs as thin
layers of convex-shaped freshwater lenses (FWL) floating above
the seawater in a phreatic aquifer (Falkland and Custodio, 1991;
White and Falkland, 2009). One of the prevalent threats in these
groundwater systems is saltwater intrusion attributed to natural
and anthropogenic causes. Saltwater intrusion is expected to
intensify in the future due to the anticipated sea-level rise, more
frequent storms, and increasing anthropogenic pressures (White
and Falkland, 2009; Polemio and Walraevens, 2019). Delft Island
is no exception. Despite a relatively high amount of precipitation
during the wet season, locals reported that some wells turn
brackish. This could indicate the presence of shallow saline water
or the existence of other salinization mechanisms that need to
be studied. A recently published work (Craig et al., 2021) indeed
revealed a maximum freshwater lens thickness of 2–3m, much
thinner than reported elsewhere [e.g. the small Pacific atoll island
of Bonriki has an estimated natural lens thickness of 15m (White
et al., 2007)].

Uncertainties in the contamination and salinization
mechanisms of the FWL in the semi-arid coral-limestone
aquifer of Delft Island inhibit the development of an effective
and sustainable groundwater management plan and threaten
the future water security on the island. Previous studies reveal
that the integration of geophysical surveys, isotopic analysis
and hydrogeochemical characterization can provide essential
information on the characteristics of the FWL and the governing
processes influencing the quality of groundwater (White et al.,
2002; Praveena and Aris, 2009; White and Falkland, 2009).
Hence, the main objective of this research is to evaluate and
explain the distribution of fresh and saline waters on Delft
Island, Sri Lanka in relation to the spatiotemporal distribution of
groundwater recharge rates and the governing hydrogeochemical
processes. This research examines the effect of anthropogenic
activities and natural events on the fresh groundwater lens
formation and its degradation, both in terms of quantity
and quality.

METHODOLOGY

Processing of existing data on rainfall, evaporation, and land
classification, and geology of the island were combined with field
observations and laboratory analysis to obtain an overview of
the occurrence and distribution of the fresh and saline waters
on Delft Island. The hydrochemical and water sampling field
campaign was done from 22 November to 25 December 2019,
during the northeast monsoon period.

Study Area
Situated in the dry zone of Sri Lanka, Delft Island receives an
average annual rainfall of about 750 mm/year that is uniformly
distributed over the island (Goonatilake et al., 2013). Peak rainfall
(>100mm per month) is caused by the northeast monsoon
during the wet season (between October and January), with
scattered rainfall caused by the southwest monsoon during April
and May. More than 80% of the total amount of precipitation
in a year (rainfall depth) falls during the northeast monsoon.
Delft is a low lying, oval-shaped island with an area of about
50 km2, a maximum length of 8 km and a maximum width
of 6 km. Its highest elevation is about 6 meters above mean
sea level (masl). Most areas on the island have an elevation
between 1 and 2 masl. Two elevated areas exist on the west
coast and east coast of the island. The highest peak is situated
in the northeast area. Two major lakes or kulam in the
native Tamil language, which are brackish, are situated in the
central area, namely the Periya Lake (South) and the Veddukali
Lake (North), along with various fresh and brackish ponds
and waterholes scattered throughout the island (Craig et al.,
2021).

In general, the island consists of an argillaceous limestone
base (limestone with clay deposits) which is over 600m thick
belonging to the Eocene, Upper Miocene and Pliocene eras
(Cooray, 1984). A more recent study classified the argillaceous
limestone as Vanathavillu Limestone which is characterized
as hard, partly crystalline, compact, indistinctly bedded,
fossiliferous, creamy colored rock (GSMB, 2002). At present,
coral reef rubble interspersed with different marine deposits
such as siltstone and calcareous mudstone covered most of the
island’s surface as shown in Figure 1, along with unconsolidated
yellow and brown sand from the exposed and degraded
coralline seabed in some areas (Goonatilake et al., 2013).
The vegetation cover of the island is mainly composed of
tropical trees and plants dominated by Asian Palmyra Palms,
Phoenix thorny shrubs and grasses that thrive on the island’s
coralline soil.

The ∼5,000 residents of Delft manually extract freshwater
from hand dug wells for domestic and agricultural purposes
(Goonatilake et al., 2013). The estimated volume extracted
ranges between 250 and 500 m3/day (OHCHR, 2010). This
is extracted mostly during the wet season from about 50
shallow wells (up to 3.7m deep) that are scattered throughout
the island. The two well fields on Delft are comprised of
about 12 wells each (Craig et al., 2021). The first well field
is located in the Saarapiddy area in the southwest part of
the island with coral limestone as the main geological unit
of the aquifer. The second well field, locally referred to
as Manarthari or Manathi Wells (translates to English as
“sand flow wells” from the Tamil language) is situated in
a shallow sandy aquifer located in the northeast area. The
conceptual model of the possible freshwater lens occurrence
in a karstic limestone aquifer and in a sandy aquifer (not
to scale) which has similar traits with the identified shallow
aquifer in the neighboring Jaffna region is provided in
Supplementary Figure A (Cooray, 1984).
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FIGURE 1 | Geological map of Delft Island (Source: Modified from GSMB, 2002).

Groundwater Level and Recharge
Assessment
To verify the areas with a possible freshwater lens, and to evaluate
lens thickness and distribution together with possible influences
from pumping practices, water levels in wells were measured
using sounding devices, before being converted to a hydraulic
head using the island’s topographic elevation and the mean sea
level as the datum.

Recharge assessment was then done to determine the
locations where the freshwater lens would be expected
to be most developed. First, zones with assumed similar
recharge potential were delineated through GIS integration
of geology map (Figure 1) and land use/land cover map
(Supplementary Figure B). The potential groundwater recharge
rate for each zone was then calculated using a soil water balance
model (Nonner and and Stigter, 2019) with the 30-year rainfall
(CHIRPS; Funk et al., 2014) and potential evapotranspiration
data (MERRA-2; Gelaro et al., 2017) from 1990 to 2019 as input.
This model calculates the amount of potential recharge derived
from rainfall (output) by using as input data the daily rainfall
(mm), daily potential evapotranspiration (mm), crop coefficient,
depth of root zone and extinction depth (cm), available moisture
at field capacity (%), runoff threshold (mm), and groundwater
level (m) for the simulation of capillary rise. Input parameters

for the model such as crop coefficient, depth of root zone, soil
properties (field capacity and permanent wilting point, available

moisture), and runoff coefficient were obtained from the

available literature and provided as Supplementary Tables A–D.
For this research, the average crop coefficient and depth of

root zone for each land use/land cover unit were determined
and kept constant for the entire study period to reduce the

complexity of the system. In reality, crop coefficient and the

depth of root zone vary during the growing period of plants
(Food and Agriculture Organization, 1998, 2007), which is
particularly relevant for crops. Furthermore, the field capacity
(FC) and permanent wilting point (PWP) of different soil types
were obtained from Food and Agriculture Organization (2007),
and the available moisture content at field capacity was computed
as the difference between FC and PWP. For limestone formations
it was assumed that the water holding capacity is low, resulting to
the quick infiltration of rainwater mainly through the secondary
porosity (Ran et al., 2014).

Runoff thresholds for different geological units were
computed from literature values of runoff coefficients. The
estimated runoff coefficient in a limestone environment was
based on the results from the hydrogeochemical characterization
of Jaffna’s aquifer systems in Sri Lanka (Mikunthan et al., 2013)
which suggest that ∼33% of rainfall becomes runoff during
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the rainy season. For beach sand and yellow and brown sand,
the average value of runoff coefficients from past studies
were considered, in which beach sand was considered to have
courser texture resulting in higher infiltration capacity and
relatively lower runoff than yellow and brown sand with medium
soil texture.

The rate of capillary flow at the root zone is influenced by
several factors such as the soil pore size, available soil moisture,
depth of water table, and the extinction depth. For shallow
groundwater (<3m) and fine-textured soil, capillary rise can
significantly contribute to the loss of water in the aquifer (Bos
et al., 2009). Capillary rise was not simulated in this study,
because of lack of available data on monthly fluctuations of
groundwater level and because the extinction depth is estimated
to be relatively small on large part of the island. Therefore, the
computed recharge rates correspond to the maximum potential
groundwater recharge rate.

The slope and the number of stream segments per unit
area, termed as drainage frequency, can also affect the potential
groundwater recharge in terms of infiltration and runoff. Steep
slope and high drainage frequency can lead to high runoff and
thus low infiltration (Bonilla Valverde et al., 2016; Nogueira et al.,
2019). However, these were not integrated into this groundwater
recharge assessment, since the island is relatively flat (highest
elevation of 6m) and no streams nor rivers were observed during
the fieldwork. Lastly, it was assumed that the soil conditions
for both limestone (fractured system) and sandy layer (loose
sediments at the root zone) satisfied the ‘piston flow’ conditions,
to allow the use of the soil water balance model.

Water Sampling and Hydrochemical
Analysis
Field data collection and sampling of both surface water
(ponds and lakes) and groundwater (public and private wells)
were conducted. The physicochemical properties of water such
as temperature, electrical conductivity (EC), dissolved oxygen
(DO), pH, and alkalinity (HCO−

3 ) were measured in the field,
along with the estimation of nitrate (NO−

3 ) using the Quantofix
semi-quantitative test strips, mainly because some water quality
parameters can change rapidly. The instruments used to measure
the different physicochemical properties include the Greisinger
portable digital conductivity meters (model GMH 3430) for both
EC and temperature, the WTW Oxi 3310 meter for DO and
the WTW pH 323 and pH 340i meters for pH. Alkalinity was
measured using the HACH titration test kit, with hydrochloric
acid as the titrant and bromocresol green/methyl red as the
indicator. Groundwater sampling was done by extracting water
from the bottom of wells using a polyethylene bailer, while
surface water samples were taken from ponds and lakes using a
plastic bucket. The water samples were then filtered with 0.45µm
glass microfiber syringe filters. For anion analysis, 25ml un-
acidified polyethylene sampling bottles were used while for cation
analysis, 25ml pre-acidified polyethylene sampling bottles were
used for storage. Pre-acidification is essential to keep the analytes
of interest in the solution, which was accomplished by putting
two to three drops of concentrated nitric acid (10%) into the

sampling bottles before the fieldwork to obtain a pH value below
2. Samples were kept in cold storage to limit the degradation
of water quality (e.g. oxidation, bacterial growth, precipitation)
before the laboratory analysis. Furthermore, samples for the
analysis of stable water isotopes oxygen-18 (δ18O) and deuterium
(δ2H) were collected and stored in double capped 1.5ml glass
bottles to avoid evaporation during storage and transport. The
concentrations of cations and anions (mmol/L) and isotope
values were analyzed in the laboratory of IHE Delft following
standard procedures. Additionally, the dissolved organic carbon
(DOC) of water samples was measured using the combined ASI-
V and TOC-V Shimadzu Auto samplers. A detailed description
of the laboratory analyses can be found in Craig et al. (2021).

PHREEQC Interactive 3.4.0 (Parkhurst and Appelo, 1999)
was used to calculate the ion balance errors, molality, calcite
saturation index and partial pressure of CO2 of the water
samples. The water type of the different samples was then
defined according to the system suggested by Stuyfzand (1989).
Surface and groundwater water samples were further classified
into facies based on the different physicochemical parameters,
using the hierarchical clustering technique (HCA). Several
parameters were tested but only these nine parameters showed
a significant correlation among samples within the same facies
and concurrently high variation between different facies: EC,
Na, K, Ca, Mg, Cl, SO4, NO3, and pollution index (PI). PI
reflects the presence of contaminants from agricultural runoff,
manure and organic matter, as well as wastewater infiltration.
Additional explanations on HCA can be found in Swanson
et al. (2001), Güler and Thyne (2004), Andrade and Stigter
(2011), andGhesquière et al. (2015). The resulting hydrochemical
facies were visualized in plots and diagrams to facilitate the
discussion of results. A redox index (RI) for each water type was
also determined, based on the presence of constituents that are
sensitive to reduction-oxidation such as O2, NO

−

3 , Mn2+, Fe2+,

SO2−
4 , H2S, and CH4 (Stumm, 1984).
The water facies were also categorized depending on their

usability. For potable freshwater, the upper threshold value was
set to 2,000 µS/cm which is the recommended value according
to local standards (Herath, 2014). A threshold value of 10,000
µS/cm was set as the reference EC in this research to distinguish
between usable brackish water (below the threshold) and saline
water (equal to or above the threshold). This threshold was based
on firstly, observations during the fieldwork where groundwater,
from wells with EC value of up to 9,500 µS/cm, was extracted
for domestic purposes such as bathing and washing clothes
and dishes. Secondly, the maximum tolerable value of EC in
irrigated water for salt-tolerant crops and for some livestock
such as cattle and horses that are adapted to high water salinity
(MRCCC, 2013).

RESULTS

Table 1, Figure 2 present the demarcated zones with
homogenous recharge potential and their different
characteristics. The spatial distribution of the average annual
potential groundwater recharge rate is shown in Figure 3.
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TABLE 1 | Description of the identified zones based on characteristic recharge

potential.

Symbol Description Area

1A Coastal vegetation on sandy

shore

11.4%

3B Managed home garden on

yellow and brown sand

19.8%

4B Dry pasture land on yellow and

brown sand

1.0%

6B Thorn scrub jungle on yellow and

brown sand

2.8%

7B Wet pasture land on yellow and

brown sand

0.03%

8B Abandoned home garden on

yellow and brown sand

1.0%

3C Managed home garden on

limestone

4.0%

4C Dry pasture land on limestone 37.4%

5C Palmyrah woodland on limestone 4.2%

6C Thorn scrub jungle on limestone 15.0%

7C Wet pasture land on limestone 2.1%

8C Abandoned home garden on

limestone

1.3%

The lowest computed value is 30 mm/year while the highest
computed value is 530 mm/year. The zone with the lowest
computed recharge value (lightest in color) is 5C, Palmyra
woodland on limestone, while the zone with the highest
computed recharge value (darkest in color) is 1A, coastal
vegetation on the sandy shore. For zone 3B, the temporal
variation of recharge rate (mm/year) for 30 years is shown
in Figure 4. The maximum recharge rate of 690 mm/year
occurred in 2010. The plot reveals the high variability in rainfall,
which is also reflected in calculated potential recharge. Actual
evapotranspiration (ETact) was more stable with an average of
540 mm/year. Runoff was prominent in years of high rainfall
(e.g., 1993, 2005, 2008). For zones 3B and 4C, the annual
recharge potential as a percentage of rainfall was plotted against
the number of rainy days (Figure 5A) and annual average
daily rainfall intensity (mm/d) (Figure 5B). The figures show
the correlation between rainfall and potential recharge, with a
positive link between the number of rain days and potential
recharge (as a percentage of rainfall). Potential recharge rates
were reduced either because of low rainfall intensity (e.g., 2018
and 2015, see red arrows in graphs) or very high intensity (e.g.
1993). The optimal combination for recharge is a high number
of rain days with intermediate intensity, in particular for zone
4C, with lower infiltration capacity.

In terms of hydraulic head, maximum values were found
to be 3.68 masl, located in the eastern part of the island with
relatively high elevation (4m) while theminimumhydraulic head
was computed as −0.98 masl located along the eastern coast
(Figure 6). Hydraulic heads of about 3 masl were also observed
in western and northeastern parts of the island that correspond
to relatively high elevations in these areas (4 masl). The accuracy

of the digital elevation model used (+/– 1m) must be taken into
consideration when interpreting the hydraulic head values.

Concentration of cations and anions obtained from laboratory
measurements were reported in mmol/L. The main parameters
and characteristics of the five major water facies (WF) identified
are presented in Table 2. It can be observed from the table
that only the WF-1 is considered freshwater with CaHCO3 as
the dominant water type. The other WF ranged from usable
brackish to brackish salt with NaCl as the dominant water
type. Furthermore, all of the WF is supersaturated with calcite
based on saturation index, with only two samples having
equilibrium saturation. The representative dendrogram and the
Stiff diagram of the mean composition of each facies are
illustrated in Figure 7 along with some parameters. The majority
of the samples were of NaCl-subtype (81% or 34 out of 42
samples) varying from usable brackish (41% or 14 out of 34
samples) to brackish salt (59% or 20 out of 34 samples) based
on chloride concentration. Usable brackish water is the water
being used in domestic activities but has a Cl− concentration
between 300 to 1,000 mg/L, which is above the freshwater limit
of 300 mg/L. Three samples are CaHCO3-subtype including
the sample considered as the freshest water, one (1) CaCl-
subtype, two (2) CaMix-subtype, and two (2) MgCl-subtype
with varying concentration of Cl− from fresh-brackish (about
56 mg/L) to usable brackish (about 800 mg/L). All the samples
were found to be supersaturated with calcite and dolomite as
the SI values were above 0 ± 0.2 (Appelo and Postma, 2005).
Furthermore, 29% of samples have a positive (freshening) Base
Exchange index (BEX) while 33% have negative (salinization)
BEX, and the remaining 38% showed no base exchange. The
redox index of all facies falls within the redox cluster of 0–
2 indicating oxic to suboxic conditions (Appelo and Postma,
2005). The Piper plot provided as Supplementary Figure C

showed that all the water facies, except for WF-1, plot within
the NaCl zone which indicates that Cl− and alkalis (Na+ +

K+) dominated over HCO−

3 and alkaline earth metals (Ca2+ +

Mg2+). WF-1 waters, on the contrary, are mostly in between
the CaHCO3 and NaCl zones implying the mixing of fresh
and saline water. Moreover, the plot of Ca2+/HCO−

3 and
Na+/Cl− in Figure 8 can be used to identify samples with
cation exchange triggered by freshening or salinization. Samples
D13W6S6, D15W2S3, and D16W3S2 have Na+ to Cl− ratio
that is clearly above the conservative seawater mixing ratio
of 0.86 and Ca2+ to HCO−

3 ratio that is clearly below the
conservative calcite dissolution ratio of 0.5. Whereas samples
D15P6S7, D16W8S7, D16P1S5, and D13W4S4 have Na+ to Cl−

ratio that is visibly below 0.86 and Ca2+ to HCO−

3 ratio that
is visibly above 0.5. The relatively high PI of surface water
samples resulted from the high measured pH value (pH > 8.5)
while elevated SO2+

4 and NO−

3 concentrations led to the PI
increase of groundwater samples. The spatial distribution of
NO−

3 concentration in SW and GW samples is presented in
Supplementary Figure D, labeled with the NO−

3 concentration
based on field strip test for comparison. Increased levels of nitrate
concentration above the permissible limit for safe drinking
water of 50 mg/L of NO−

3 were observed both in the field and
laboratory measurements.
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FIGURE 2 | Identified zones on Delft Island based on characteristic recharge potential.

Figure 9 shows the distribution of the electrical conductivity
(EC) of surface water (A) and groundwater (B) on the island
with the circle size corresponding to an EC value. The EC
values of surface water range from 240 µS/cm, measured in
ponding water in the south of the conservation area, up to 32,100
µS/cm measured at the east side of Veddukali Lake. In turn,
the EC of groundwater in the island ranges from 445 µS/cm
(D5W7S4) up to 20,200µS/cm (D13W5S5). The Saarapiddy area
in the southwest of the island contains the freshest groundwater.
The spatial distribution of the identified water facies, labeled
according to Stuyfzand’s water type classification, is illustrated
in the Supplementary Figure E with a distinction between the
surface and groundwater samples. The two major well fields have
WF-1 and WF-2 samples except for one WF-3 sample and one
WF-4 sample in the Manathi well field. WF-3 is more prominent
in the western part of the island whilst WF-1 andWF-2 dominate
the eastern and southern part of the island. WF-4 and WF-5 are
mostly found in the northern part of the island where most of the
locals are situated.

The plot of Cl− vs. log pCO2 (partial pressure of CO2) in
Figure 10 shows the log pCO2 values in groundwater ranging
from the upper limit of −1.5 for groundwater in contact with
soils of high biological productivity to the lower limit of −3.5
for atmospheric conditions (Appelo and Postma, 2005). The

plot further reveals that high and intermediate partial CO2

pressures are found in both saline and fresh groundwater. The
plot of Cl− concentration (mmol/L) against δ18O composition
(‰) in Figure 11 shows that pristine fresh groundwater has a
more depleted δ18O composition, but that quite a few samples
are affected by evaporation, other samples affected by the
conservative mixing with seawater and yet others affected by
both processes.

DISCUSSION

Freshwater Lens Development and
Characteristics
Areas with relatively high potential groundwater recharge can be
suitable sites for freshwater lens formation and development as
increased groundwater recharge positively affects the freshwater
lens thickness as derived from the Badon Ghijben-Herzberg
principle (Ghyben, 1889; Herzberg, 1901; Pauw, 2015). The
zone with the highest average annual potential recharge (50%
of rainfall) is 7B, wet pasture land on yellow and brown sand,
but the zone with the highest maximum annual recharge (62%
of rainfall) is 1A, coastal vegetation on the sandy shore. This
very high value is typically related to permeable sands with very
high infiltration capacity and very low water holding capacity,
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FIGURE 3 | Average potential annual groundwater recharge rate on Delft Island (mm/year) based on 30-year data (1990 to 2019).

FIGURE 4 | Temporal variation of average annual rainfall, runoff, actual ET, and potential groundwater recharge (mm/year) in zone 3B.
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FIGURE 5 | Annual potential recharge vs. number of rainy days (A) and rainfall intensity (B) in zones 3B and 4C.

resulting in extreme values of potential recharge during wet years
with high rainfall intensity (Assouline, 2013). In zone 3B, the
maximum recharge rate of about 690 mm/year occurred in 2010
with relatively low runoff. This was caused by a more uniformly
distributed rainfall. A higher number of rain days and higher
rainfall intensity do not necessarily correspond directly to a
higher groundwater recharge rate (Wang et al., 2015; Asoka et al.,
2018) as the distribution of rainfall throughout the year affects the
amount of water lost through runoff (e.g. intense rainfall within a
short period will result in a higher runoff than rainfall occurring
within a longer period). This was further observed in zones 3B
and 4C (Figures 5A,B), for the years 1993, 2015, and 2018 where
more rain days and higher annual rainfall intensity (mm/day)
resulted in higher runoff and lower recharge rate as compared
to other years (e.g. 2010). This shows that moderate rainfall

intensity with a high number of rain days provides the highest
potential recharge, whereas high rainfall intensity but a low
number of rain days results in high runoff and thus low recharge.
Moreover, the lowest recharge occurs from the combination of
low rainfall intensity and a low number of rain days.

The land use/soil unit with the lowest average annual
recharge and the lowest minimum annual recharge, based on
% rainfall, is 5C (Palmyra woodland on limestone) due to the
assumed low runoff threshold value for limestone, combined
with a relatively deeper root zone and high evapotranspiration
rate of Palmyra trees. The low recharge potential of the
coral reef limestone soil seems to contradict with previous
studies on high effective infiltration rates for karstic aquifers
(e.g. LaMoreaux et al., 1984; Bakalowicz, 2005; Alem et al.,
2021). It is likely that the topography does not allow the
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FIGURE 6 | Groundwater head contour map of Delft Island based on measured water levels in the field.

TABLE 2 | Main characteristics of the five classified water facies on Delft Island.

WF Cluster WF-1 WF-2 WF-3 WF-4 WF-5

No of samples 9 15 7 5 6

Salinity (mg/l) 0.51–20.46 26.43–60.26 77.22–106.42 119.34–166.68 298.85–426.94

Type Fresh Usable brackish to

brackish

brackish salt brackish salt brackish salt

Cl (mmol/l) 0.28–11.32 14.63–33.36 42.74–58.91 66.06–92.26 165.42–236.32

Alkalinity (mmol/l) Low to moderately high Moderately low to

moderately high

Moderately low to

high

moderately low to

moderately high

moderately low to

high

Saturation Index

Calcite

Supersaturated Supersaturated Supersaturated Supersaturated Supersaturated, two

in equilibrium

Na/Cl 0.94 0.86 0.85 0.87 0.8

Ca/HCO3 0.49 0.7 0.97 1.06 1.8

Dominant water type CaHCO3, NaCl, CaMix NaCl NaCl NaCl NaCl

Other Characteristics

and remarks

Mostly positive BEX.

One sample is CaCl

type and one is MgCl

One sample with MgCl

type

Wells are used for

household chores

Some wells are used

for bathing

Mostly negative

BEX. Saline water

development of clear karst features that promote infiltration,
such as dolines or sinkholes (Goldscheider, 2015). Moreover,
limestone and dolomite have higher horizontal than vertical
hydraulic conductivity (Domenico and Schwartz, 1990) which
can lead to high runoff even when karstified, in particular in
the absence of surface karst features and shallow groundwater
tables, as is the case on Delft Island. In addition, subsurface
runoff triggered by a lower permeability of deeper coral

layers, such as observed on coral atolls (Vacher and Quinn,
2004; Cui et al., 2021), is possibly also important. It should
be observed that for the areas with limestone outcrops
(observed during the field campaign) the results of the soil
water balance method are overall of lower reliability, as
here recharge frequently occurs through bypass flow. This
is further revealed by the low CO2 pressure of certain
freshwater samples, a result of direct infiltration of rainwater
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FIGURE 7 | Dendogram of classified facies with representative Stiff diagrams (in meq/l). The sample size is denoted as n, electrical conductivity as EC, pollution index

as PI, redox index as RI, and saturation index as SI.

FIGURE 8 | Plot of molar Ca2+/HCO−

3 against Na+/Cl− ratios with conservative calcite dissolution and seawater mixing lines (dash lines).

into the karstic limestone aquifer with little interaction with the
soil zone.

The computed potential groundwater recharge rates were
relatively high. A previous study estimated that the recharge rates
of groundwater in the Jaffna District’s limestone aquifer ranged
from 23% to 25% of the annual rainfall using the soil moisture
balance method, and ranged from 19% to 27% of the annual
rainfall using the water table fluctuationmethod (Mikunthan and
De Silva, 2009). Due to this, asensitivity analysis was conducted
which revealed that the potential groundwater recharge rate is

highly sensitive to the decrease in the runoff threshold value,
which is highly dependent on the infiltration capacity of the
soil, topography and vegetation (dry pasture land occurring in
large part of the outcropping limestone area may also reduce the
surface water retention and infiltration capacity). Hence, a better
assessment of runoff and further studies on the characterization
of the flow zones in Delft Island’s limestone aquifer could result to
a more accurate estimate of the potential groundwater recharge.

The computation of the potential groundwater recharge
rates also does not account for ET from capillary rise, which
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FIGURE 9 | Electrical conductivity (µS/cm) distribution of surface (A) and groundwater (B) on Delft Island.
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FIGURE 10 | Plot of Cl− (mmol/L) against partial pressure of CO2 (pCO2) for groundwater samples on Delft Island.

FIGURE 11 | Plot of Cl− against δ18O with conservative seawater mixing lines.
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could lead to an overestimation of the actual recharge values.
Notwithstanding, the relatively low clay content in the soils of
the study area will result in a relatively shallow extinction depth
and limited capillary action.

In general, potential groundwater recharge is higher than
the actual groundwater recharge as the potential recharge only
considers the percolation of water through the unsaturated zone
while the actual recharge considers the water reaching the water
table which directly contributes to the groundwater reservoir
(Lerner et al., 1990; Rushton, 1997). Hence, potential recharge
may still be subjected to losses such as uptake of root zone,
interflow, and surface discharges before being able to reach the
aquifer (Healy, 2010). Long-termmonitoring of the groundwater
table fluctuation, and the actual rainfall, runoff and ET rates on
the island, along with a more detailed study of the hydraulic
properties of the soil and aquifer, are necessary for a more
accurate assessment of actual groundwater recharge, ideally using
alternative estimation methods (Walker et al., 2019).

It was observed from the spatial distribution of hydraulic
heads (Figure 6) that the recharge zones or areas with relatively
higher hydraulic heads are at the edge of the island. This
coincides with the findings from the recharge assessment where
the highest maximum annual recharge occurs at the coastal
vegetation on the sandy shore sediments. This setting can
negatively impact the freshwater lens thickness as this can result
in a faster discharge into the ocean than into the discharge
zones within the island. This is one of the reasons why the
observed lens thickness does not correspond to that obtained by
analytical calculations for circular islands, and the corresponding
numerical modeling results (Craig et al., 2021). Delft island
is irregularly shaped, with low-lying central part of the island
built up of coral reef limestone, and the higher areas (up to 4–
5m above mean sea level) right at the coast. Outflows of fresh
groundwater to the sea at the perimeter of the aquifer will reduce
the potential for use of the recharged freshwater (White and
Falkland, 2009). Moreover, one well located at the eastern part
of the island has a negative head (−0.98m). This well was also
characterized by saline water (high EC). This could be the result
of overpumping of water which was observed during the field
work. A household near this well was operating a water pump
continuously throughout the day at the time of water sampling.
However, the accuracy of the digital elevation model used could
also be the reason for the calculated negative head.

Salinization Mechanism
In coastal aquifers such as the freshwater lens of Delft Island, a
high EC value is usually an indicator of the presence of saline
water as the ions dissolved in these aquifers after salinization
are predominantly Na+ and Cl− (Nogueira, 2017). It must be
noted that the freshwater-saline water interface in groundwater
is not a sharp boundary but exists as a mixing zone consisting
of brackish water due to diffusion processes and mechanical
dispersion (Custodio and Bruggeman, 1987; Voss and Souza,
1987; Nowroozi et al., 1999). The observed high EC values of
the shallow wells (Figure 9), with low EC values of surrounding
wells, that are closer to the ocean, can be an indication
of saltwater upconing caused by unregulated extraction or

overexploitation of groundwater in some areas where pumping of
groundwater by households was observed, or the digging of some
wells deeper than the freshwater lens and reaching the fresh and
brackish water interface. Salinization of groundwater in small
pacific islands due to over-pumping is not unusual and has been
the focus of several studies (White et al., 2002; Aris et al., 2007;
Praveena and Aris, 2009; White and Falkland, 2009).

Salinization of surface water in the north-central part of
the island can be the result of flooding of seawater such as
backwater flow from the sea and into the ponds through the
canals near D16P1S5 (lake) and D14P7S5 (pond) during high
tide (according to local interviews). Saltwater intrusion can also
be caused by storm surges and overwash, resulting in flooding
of areas inland, thereby increasing both the salinity of surface
and groundwater (Werner et al., 2013). An example would
be the tsunami event in 2004 during which the seawater was
reported to have inundated the low-lying areas, and entered the
aquifers through the open wells in greater part of Sri Lanka,
including the Jaffna Peninsula. The intruded seawater, due to
forced and free convection, vertically mixed in the aquifers
rendering the wells unusable and thus prompting the locals to
conduct a widespread pumping of wells in Sri Lanka which then
resulted to saline water upconing (Llangasekare et al., 2006).
Interviews with locals revealed that some areas on Delft Island
also experienced inundations due to overwash, which seems
to be reflected by the co-occurrence of high values of salinity,
alkalinity and partial CO2 pressure in some of the groundwater
samples (Figure 10). Such co-occurrence hints on the interaction
of saline water with the soil, the most likely source of CO2 from
organic matter oxidation (Hilberg et al., 2013), and open-system
calcite dissolution. Freshwater lenses of low-lying islands such as
Delft Island are particularly vulnerable to salinization caused by
storm surge overwash, which in some cases puts greater pressure
on the development of the fresh-saline mixing zone than tidal
oscillations (Terry and Falkland, 2010; Wilson et al., 2011).

An increase in the relative concentration of ions can also be
caused by evapoconcentration (Nogueira et al., 2019). Analysis
of the stable water isotopes in Delft island (Figure 11) revealed
that many of the groundwater samples plot within the range
of conservative seawater mixing line which suggests that the
increase in Cl− concentration was caused mainly by mixing of
groundwater with seawater (Craig et al., 2021) with low partial
CO2 pressure (Figure 10). Groundwater samples plotting above
the seawater mixing line have enriched isotope concentrations,
which is caused primarily by evaporation (Yuan et al., 2011;
Horton et al., 2015). The enrichment of stable water isotopes
corresponding to groundwater evaporation can be linked to
either the way groundwater was recharged or how exposed
groundwater is through the wells, or the combination of both
(Bhandary et al., 2012). According to Kamai andAssouline (2018)
evaporation can also be related to a shallow water table depth,
which could play a minor role at the start of the dry season,
when groundwater levels are high. In contrast, transpiration
will not result in isotopic fractionation. It must be noted that
the complete interpretation of Figure 11 relies on the plot of
δ2H and δ18O which can be found in a parallel study (Craig
et al., 2021). Here the relatively depleted composition of the
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groundwater samples as compared to the average composition of
modern precipitation was confirmed and suggested to be a result
of preferential recharge occurring during the wet season when
rainfall isotope composition is relatively depleted, as also found
by Han et al. (2014).

The identified water facies (Figure 7) can be categorized into
three groups when considering the use of water observed during
the fieldwork (only for well samples as there was no observed
extraction of surface water in Delft Island). WF-1 andWF-2 were
used by locals mainly for domestic purposes such as drinking,
washing, and other household chores, hence these were classified
as usable water. Well samples under WF-3 andWF-4 were found
to be brackish to brackish-saline, hence considered as brackish
water. However, some of the wells with brackish water were still
utilized by locals for bathing during short periods in the wet
season. WF-5 was considered as saline water due to significant
Cl− content (>5,800 mg/L), and these wells are mostly public
bathing wells with no observed users (abandoned wells). The
pattern of saline water (WT-5) in the Stiff diagram (Figure 7)
revealing a NaCl-type also characterizes the brackish water types
(WT-3 and WT-4) and WT-2 showing evidence of saltwater
mixing. This is in agreement with the isotope hydrochemistry
findings where it was observed that the increase in salinity is
caused mainly by seawater intrusion (from fresh WF-1 to saline
WF-5), while the enrichment of heavier isotopes is related to
evaporation (WF-1) and mixing with seawater (WF-2 to WF-5).
The high concentrations of Na and Cl even in WF-1 (freshwater
samples) and WF-2 (usable brackish water samples) are mainly
due to the source from coastal rainwaters (WF-1) and mixing
with more brackish water (WF-2).

Cation Exchange Revealing Salinization
and Freshening
Aside from the enrichment of cations and anions through
evaporation, seawater mixing, and mineral dissolution, changes
in the final composition of water originally in equilibrium with
its surrounding can cause ion exchange. During displacement
of freshwater (salinization) or saltwater (freshening) in aquifers,
solute cations initially adsorbed in clay and organic matter
(or in oxy-hydroxides) can be separated due to exchange of
cations, and this phenomenon is known as ion chromatography
(Beekman, 1991; Appelo and Postma, 2005). Seawater intrusion
generally leads to an increase in the concentration of Ca2+

and decrease of Na+ in water (exchange of Ca2+ by Na+ on
the exchange complex) causing a shift toward Ca-Cl2 water
type, while freshening is vice versa (exchange of Na+ by Ca2+

on the exchange complex) causing a shift toward NaHCO3

water type (Appelo and Postma, 2005). Groundwater samples
(GW) plotted above the mixing line in Na+ vs. Cl− (Figure 8)
have a positive Base Exchange Index (BEX) which suggests
that these were driven by the freshening of the aquifer with
an exchange of Ca2+ from the water to the adsorbed Na+

in the clay minerals and organic matter (Stuyfzand, 1989).
The clay minerals seem to originate from the dissolution
of argillaceous limestone, or limestone with an appreciable
amount of clay but not exceeding 50% of the total composition

(Neuendorf et al., 2005), which comprised the base of Delft
Island (Cooray, 1984). Organic materials, mainly horse and
cow manure, were frequently observed scattered throughout the
island during the field visit. In contrast, the GW samples plotted
below the mixing line in Na+ vs. Cl− (Figure 8) have negative
BEX which is usually an indication of seawater intrusion with
an exchange of Na+ in the water to the adsorbed Ca2+ in the
clay or organic particles (Stuyfzand, 1989). The observed positive
and negative BEX of different groundwater samples showed no
spatial pattern (Supplementary Figure F). This could indicate
a complex combination of vertical and horizontal seawater
intrusion, as well as preferential flow in the coral reef limestone.
The freshening of encircled samples in Figure 8 seems evident
from the plot of Ca2+/HCO−

3 vs. Na+/Cl−. These GW samples
were taken from wells located in areas with relatively high
computed potential recharge (i.e. two WF-1 samples at the
westernmost part, two WF-1 samples at the northernmost part,
one WF-2 sample and one WF-4 sample at the easternmost
part of the island). The measured salinity in these wells can
be an indication of previous intrusions of saltwater caused by
the extraction of water during the dry season or possibly a
remnant of the past tsunami, while the wet season precipitation
causes freshening. In addition, samples with Na+ to Cl− ratio
above 0.86 and Ca2+ to HCO−

3 ratio below 0.5 are possible
signs of freshening with induced cation exchange, while samples
with Na+ to Cl− ratio below 0.86 and Ca2+ to HCO−

3 ratio
above 0.5 are possible indications of saltwater intrusion with
induced cation exchange. Freshening of well samples D13W6S6,
D16W3S2, and D15W2S3 with cation exchange seems apparent.
These wells are located in areas with yellow and brown sand,
based on the geology map. However, the main aquifer unit is
believed to be argillaceous limestone which contains clay particles
with adsorbed Na+ from the previous salinization. These wells
are private wells which, according to local accounts, occasionally
turn brackish especially during the dry season. Natural thinning
of the freshwater lens occurs due to the continuous discharge
of freshwater into the sea as hydraulic losses at the edges of the
island. Without groundwater recharge, such as during the dry
season, this will result in a thin freshwater lens and increased
mixing zone caused by tidal forcing and dispersion (White and
Falkland, 2009; Stöckl and Houben, 2012). Precipitation during
the wet season in the relatively high potential recharge zone could
then have triggered the freshening of the aquifer. Meanwhile,
two GW samples D16W8S7 and D13W4S4 and two SW samples
D16P1S5 and D15P6S7 suggest seawater intrusion with possible
cation exchange. Aside from the potential intrusion of seawater
through upconing, intrusion of brackish water from the relatively
brackish lakes and ponds and into the GW through seepage and
percolation can result in salinization of the aforementioned wells,
which consequently triggers cation exchange.

Nitrate Contamination
On Delft Island, elevated nitrate concentrations in surface and
groundwater samples were observed (maximum of 155.6 mg/l),
which indicate anthropogenic inputs, possibly from wastewater
from domestic septic waste (Xiao et al., 2017) or manure fertilizer
used in managed home gardens, known to lead to extensive
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pollution of nitrogen in groundwater (e.g. Rivett et al., 2008;
Ibanhez et al., 2021). The most probable source of NH+

4 on
Delft Island is domestic wastewater due to the lack of wastewater
management, which is substantiated by high dissolved organic
carbon (DOC) in surface and groundwater samples. Elevated
levels of NO−

3 above the permissible limit of 50 mg/l for drinking
water (WHO, 2011) were especially observed in the wells of
the Manathi well field area characterized by the occurrence of a
freshwater lens in the shallow sandy aquifer.

The enzymatic oxidation of NH+

4 , from wastewater, manure
or mineral fertilizers results in the production of NO−

3
by nitrifying microorganisms in the process of nitrification
which can then lead to water contamination through leaching
(Galloway et al., 2008; Zendehbad et al., 2019). The elevated
NO−

3 concentration of WF-3, WF-4, and WF-5, along with
higher Ca2+ concentration (excess Ca2+ as compared to simple
calcite dissolution) could suggest the role of cation exchange
induced by seawater intrusion in the aquifer. Seawater intrusion
is known to trigger the adsorption of Na+ onto the sediment
complex with simultaneous release of Ca2+ and NH+

4 , resulting
in mobilization of NH+

4 . This could be followed by nitrification
if oxic conditions of the aquifer prevail, leading to elevated NO−

3
concentrations, or otherwise remain as ammonium. The release
of NH+

4 from sediment sorption sites due to seawater intrusion
has been reported in various studies (Gardner et al., 1991; Zhou
et al., 2016; Widney et al., 2019).

If not remedied, excess nutrient loads in water can lead to the
deterioration of coastal ecosystems when polluted groundwater
discharges into the sea. This could promote excessive algae
growth, known as eutrophication, and lead to subsequent
depletion of available oxygen in the water by decomposing
organisms (hypoxia), ultimately causing the death of aquatic
organisms (Paerl, 1997; Lapointe et al., 2005; Teichberg et al.,
2010; Su et al., 2012). Additionally, drinking water with high
levels of NO−

3 (above 50 mg/l) can result in health-related
problems, especially for infants (blue baby disease) (Al-Absi,
2013).

CONCLUSIONS

The thin freshwater lens on Delft Island is highly susceptible to
seawater intrusion due to the low-lying nature of the island and
the corresponding low hydraulic heads. Other factors playing an
important role in increasing the island’s susceptibility, despite its
high rainfall, are a long dry season, a high aquifer permeability,
the location of high recharge areas at the fringes of the islands,
overwash from storm surges (in particular those associated with
tropical cyclones), mixing with the underlying seawater due to
tidal actions, and possible overexploitation of the groundwater by
shallow well extractions. Hence, the development of sustainable
water resources management plan is essential in preventing the
total deterioration of available freshwater in the island.

The hydrochemical study also suggests that the water quality
is mostly affected by the low-lying nature of the island, the small
hydraulic heads, the shallow depth of the marine water and the
presence of the lagoons in the center which are inferred to be in

hydraulic continuity with the ocean. Of additional importance
are evaporation of surface water and local overexploitation
of groundwater. High alkalinity and CO2 pressure together
with high salinity in several samples is hypothesized to be
evidence of storm surges infiltrating into the soil zone. Carbonate
mineral dissolution affects the freshwater chemistry, and cation
exchange shows indications of salinization on some parts of
the island and freshening on other parts, further revealing
the competition between high rainfall/recharge and the factors
triggering seawater intrusion. On the one hand, groundwater
salinization through local upconing of seawater was observed in
public wells situatedmostly in areas with low elevation, indicative
of groundwater overexploitation. On the other hand, freshening
was observed in some wells situated in areas near the coast due
to high potential groundwater recharge in these zones. Elevated
nitrate and dissolved organic carbon concentrations in water
samples reveal the presence of contaminant sources including
animal manures, domestic wastewater, and agricultural runoff.
If not remedied, excess nutrient loads in water can lead to the
deterioration of coastal ecosystems through eutrophication and
hypoxia. Drinking water with excess nitrate (above 50 mg/l) can
also cause a number of health-related problems. The presence
of nitrate in some groundwater samples under highly aerobic
conditions, along with low pCO2 values (near atmospheric
values) reveal the possible rapid interaction of groundwater with
surface water.

Technical measures can be considered to prevent or control
saltwater intrusion. These may include storm surge barriers,
horizontal or skimming wells with relatively low discharges
to prevent the upconing of saltwater, and hydraulic barriers
(freshwater injection wells and seawater pumping wells).
Freshwater can be injected (preferably further away from
the coast) during the wet season when water is abundant
and seawater that is pumped out can be processed in the
reverse osmosis plant situated on the island. The effect of
some of these measures in the freshwater lens thickness
has been modeled and discussed in previous studies, but
technical and financial supports, as well as coordination among
various government and non-government units, are necessary to
implement these measures.
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