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The influence of water–rock interactions on household well
water in an area of high prevalence chronic kidney disease
of unknown aetiology (CKDu)
Liza K. McDonough 1,2✉, Karina T. Meredith1, Chandima Nikagolla3 and Richard B. Banati1,4

Poor drinking water quality in household wells is hypothesised as being a potential contributor to the high prevalence of chronic
kidney disease of uncertain aetiology (CKDu) among the farming communities of the Medawachchiya area, Anuradhapura, Sri
Lanka. One of the natural processes that can affect water quality is the dissolution of minerals contained within an aquifer by
water–rock interactions (WRIs). Here we present a comprehensive assessment of WRIs and their influence on the water chemistry in
household wells and spring waters in the Medawachchiya area by combining measurements of environmental isotopes, such as
strontium, lithium and stable carbon isotopes and inorganic chemistry parameters, and modelling geochemical mass balance
reactions between rainfall and groundwater samples. Our results reveal the presence of strontium, dissolved from both silicate and
carbonate minerals, with high isotopic (87Sr/86Sr) ratios of up to 0.7316. Geochemical mass balance modelling and prior 87Sr/86Sr
studies on the Wanni Complex bedrock suggest these strontium values may be the result of biotite dissolution. We also identify
lithium and uranium contributed from the dissolution of silicates, albeit at concentrations too low to constitute a known health risk.
In contrast, the levels of magnesium and calcium in our samples are high and demonstrate that, despite the felsic bedrock, well
water chemistry in the Medawachchiya area is dominated by carbonate dissolution.
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INTRODUCTION
Chronic kidney disease of uncertain aetiology (CKDu) in Sri Lanka
was first reported in 1996. The disease currently has a multilevel
clinical case definition, whereby disease conditions known to be
associated with kidney failure, such as diabetic nephropathy,
infectious disease, genetic conditions and others, are excluded1.
One hypothesis is that drinking water contaminants may be a
causal or contributing factor to the disease2–5. These include
natural drinking water contaminants3,6–8, pathogens and microbial
toxins9–11 and contaminants from pesticides7,12–17.
Studies into natural groundwater contaminants in CKDu-

affected regions of Sri Lanka have identified higher concentrations
of fluoride (F), calcium (Ca) and magnesium (Mg) in Anuradhapura
groundwater and lower levels of heavy metals such as cadmium
(Cd), arsenic (As) and lead (Pb) compared to the World Health
Organisation (WHO) drinking water guideline value and the
Sri Lankan potable water standard18,19. Groundwater chemistry
in Sri Lanka is largely determined by water–rock interactions
(WRIs), ion exchange and precipitation processes20. Natural solutes
enter groundwater through dissolution processes, which are
enhanced by the input of carbon dioxide, sulfur dioxide and
nitrogen oxides into infiltrating rainwater. The concentrations and
composition of major ions in groundwater are dependent upon
the type of minerals the water interacts with, their resistance to
weathering, water residence times and the chemistry of the initial
water21. Exchange processes also alter the concentrations of major
ions22. Within aquifers, Ca and Mg take the place of adsorbed Na
on aquifer solids through cation exchange processes since the
interaction between sorption sites and divalent ions is typically
much higher than monovalent ions. This results in an increase in

dissolved Na concentrations and a decrease in dissolved Ca and
Mg concentrations23.
The study of certain environmental isotopes can further

enhance the understanding of these WRI processes and provide
valuable information on the water source, the types of minerals
groundwater has interacted with, the duration of interaction and
information on processes, including evaporation, sorption and
biological respiration24–28. Strontium isotopic ratios (87Sr/86Sr) in
groundwater reflect the 87Sr/86Sr ratios of the source rock, since
dissolution and other natural processes do not cause fractiona-
tion29,30. The 87Sr/86Sr of carbonates reflects that of Sr contained in
the water that they were precipitated from. Over the past 500
million years, the 87Sr/86Sr of seawater has varied approximately
from 0.7068 to 0.709231, thus the dissolution of carbonates results
in groundwater Sr ratios close to these values32. In igneous rocks,
the 87Sr/86Sr ratio is heavily dependent upon the concentration of
rubidium (Rb) incorporated into the rock, due to the decay of 87Rb
to 87Sr over time33. Old silicate minerals can, therefore, contain
high 87Sr/86Sr ratios, with dissolved 87Sr/86Sr values reaching well
above seawater ratios34 and up to 0.7625 previously identified in
fresh waters35.
Stable lithium isotopes (δ7Li) provide additional information on

silicate weathering, as silicate minerals have been identified as the
predominant source of Li in waters, even in carbonate-dominated
environments36,37. The δ7Li values in continental crust ranges from
approximately −5‰ to +5‰38; however, preferential dissolution
of 7Li and preferential adsorption and incorporation of 6Li into
secondary minerals results in a higher and much broader range of
values in river water (+5‰ to +43‰)37,39–41 and groundwaters
(+7‰ to +37‰)28,42,43. Values as high as +1225‰ have also
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been reported in groundwater from a peat bog influenced by
agrochemicals44.
The aim of this research is to contribute to a more detailed

description of the WRI in spring waters and domestic well waters in
CKDu-affected regions in order to obtain a better understanding of
how specific hydrological and hydrogeochemical factors affecting
groundwater might contribute to poor drinking water quality
and distinguish them from other non-hydrogeological causes of
drinking water contamination. A comprehensive isotopic analysis
of the spring water and domestic well waters in CKDu-prevalent
regions of Sri Lanka has not yet been undertaken. Here, using
87Sr/86Sr, δ7Li and dissolved inorganic carbon (δ13CDIC) combined
with major ion analyses, we show how WRIs affect water quality of
30 domestic well and spring waters used for drinking water
purposes in a CKDu-impacted region, Medawachchiya, Sri Lanka.

RESULTS
Geochemistry
Water chemistry data are presented in Supplementary Tables 1
and 2. Well waters were less fresh and contained higher electrical
conductivity (EC, between 519 and 2095 μS cm−1, n= 28) than
spring waters (between 154 and 467 μS cm−1, n= 2). Average
dissolved oxygen (DO) and alkalinity measurements were 3.45 mg
L−1 ± 2.60 (1σ) and 376.3 mg L−1 ± 134.39 (1σ), respectively, for the
well waters, and 2.4 mg L−1 ± 0.93 (1σ) and 122.8 mg L−1 ± 76.93
(1σ), respectively, for the spring waters. The lowest EC measure-
ment was observed in sample 30 spring water, and the highest
EC measured in sample 27 (2096 mg L−1) well water. pH
measurements ranged from acidic (4.92) in sample 30 to mildly
alkaline (8.06) in sample 27.
Cluster analysis was used to group the samples for anion and

cation data. The analysis shows three distinct clusters of samples
(Fig. 1a). Cluster 1 is comprised of 21 samples representing the
highest Sr/Cl ratio, Sr/Na ratio and K concentrations, and the
lowest Li concentrations (see Supplementary Table 3). Cluster 2
contains 6 samples representing the highest Sr, Cl, Na, Ca and Mg
concentrations and lowest Li/Na ratios (Supplementary Table 3).
The high concentrations of major ions in samples from Cluster 2
relative to the other cluster groups suggests that these samples
may have undergone a higher relative amount of WRI than the
other samples. Cluster 3 is comprised of 3 samples representing
the lowest Cl, Sr, Na, Ca, Mg, Si and K concentrations and the
highest Li concentrations and Li/Na ratios (Supplementary Table
3). This group contains the two spring water samples (samples 13
and 30, Fig. 1a), and likely represent samples that have undergone
the least amount of WRI due to the low concentrations of major
ions relative to the other groups. These groupings are also
confirmed using a principal component analysis (Fig. 1b).
All water types are mixed (Fig. 1c), with Cluster group 3 samples

notably comprised of waters low in Cl. The dominant anion is
HCO3

− and the dominant cation is Na. Other ions that contribute
significantly to EC in the samples are Cl, SO4, Ca and Mg. There is a
clear trend of increasing Ca with increasing EC, with three outliers
present (samples 27, 16 and 18) that display reduced Ca relative to
EC compared to the other samples (see Supplementary Fig. 1a).
These three samples contain high 87Sr/86Sr ratios, high EC, high Na
and high U compared to the other samples.
Fluoride concentrations in the Medawachchiya region are

high (min= 0.07 mg L−1, max= 3.7 mg L−1, average= 1.2 mg L−1,
n= 30) compared to the WHO guideline value for drinking water
and the Sri Lankan potable water standard45, with high values in
the region also reported in other studies20,46. We observe a trend
of increased F concentrations with decreased Ca/Na (rs=−0.60,
p= 5.18 × 10–4, n= 30) and Mg/Na ratios (rs=−0.54, p= 1.97 ×
10–3, n= 30, see Fig. 1b), suggesting a silicate F source. Reduced

Ca/Na and Mg/Na ratios associated with a silicate end-member
has been identified in other studies47,48.
The relationship between major ions and Cl are shown in Fig. 2.

Most samples contain elevated Na, Mg, SO4 and HCO3 relative to
Cl, suggesting a source of these ions in the aquifer. Elevated SO4

relative to Cl suggests the dissolution of gypsum or metamorphic
minerals. One sample (sample 01) shows particularly high K
relative to the other samples (Fig. 2c) and may indicate input from
an anthropogenic source, such as agrochemical application. Group
1 and Group 2 samples are characterised by low K relative to Cl,
which may indicate biotic uptake of K. Group 1 displays high Mg
(Fig. 2b), HCO3 (Fig. 2f) and several samples with high Ca relative
to Cl (Fig. 2d) indicating likely carbonate and/or feldspar
dissolution. Two Group 2 samples in the lower right side of
Fig. 2d (samples 27 and 16) have the lowest Ca/Cl ratios (0.15 and
0.17, respectively) suggesting carbonate precipitation.
Groundwater Si concentrations usually range from 1 to

30mg L−1 49. We identify high Si concentrations in this study, with
Si concentrations ranging from 17.0 to 58.4mg L−1, with an average
of 45.1mg L−1 ± 10.90 (1σ) suggesting that a high level of WRI has
taken place in some samples. In the well waters, Sr concentrations
ranged from 0.21 to 1.52mg L−1 (n= 28), while Sr concentrations in
the spring waters were comparatively low and ranged from 0.05 to
0.23mg L−1 (n= 2). The Rb concentrations in all samples were low,
between <0.001 and 0.016mg L−1 for well waters (n= 28) and
0.002mg L−1 for the two spring water samples. The Li concentra-
tions ranged from 0.002 to 0.016mg/L in the well waters and from
0.004 to 0.008mg/L in the two spring waters.
Average 87Sr/86Sr ratios were highest in Group 2 (0.717) and

lowest in Group 1 (0.713), with δ7Li (‰) values highest in Group 2
(+18.9‰ ± 6.1) and lowest in Group 3 (+7.3‰ ± 8.6, see Supple-
mentary Table 4). Notably, the lowest and highest δ7Li values
correspond with the samples containing the lowest and highest EC
values, respectively. The δ13CDIC values ranged from −14.7‰ to
−19.9‰ (Supplementary Table 4). The lowest value is found in
Group 3 in the freshest spring water sample (sample 30) at −23.5‰,
which may indicate DIC originating from an organic source, for
example through biodegradation of soil organic matter25.

Geochemical mass balance modelling
The NETPATH computer program was used to interpret net
geochemical mass balance reactions between initial and final
waters along a user-defined chemical evolution flow path in the
aquifer. Geochemical mass balance modelling was used to
quantify the amount of carbonate dissolution occurring after
rainfall is recharged and forms the observed groundwater sample.
Samples 02, 07 and 23 were considered to be the most influenced
by carbonate dissolution. It was calculated that between 0.61 and
1.71mmol kg−1 of calcite was needed to produce the resultant
water chemistry, if considering rainwater was the starting water
and according to the models in Supplementary Table 5. The
model that best predicted the measured δ13CDIC value was sample
23. This model showed that the dissolution of 0.94 mmol kg−1 of
calcite, influx of 2.2 mmol kg−1 of CO2, dissolution of 1.3 mmol
kg−1 of MgSiO3, addition of 7.4 mmol kg−1 of NaCl from within the
aquifer and dissolution of 0.5 mmol kg−1 of hornblende into the
rainwater recharge and the removal of 1.9 mmol kg−1 of Ca/Na by
exchange and removal of 2.3 mmol kg−1 of SiO2 from the water
best describes the hydrochemical evolution of the waters most
influenced by carbonate processes.
Mass balance modelling was also used to model samples 16, 18

and 27, which were considered most influenced by silicate
weathering processes. Similar starting water, assumptions, con-
straints and phases were used as describe above. From these
models, it was found that higher amounts of calcite (1–2.5mmol
kg−1) were needed to produce the resultant water chemistries. If
calcite was not added to the models, the calculated δ13CDIC values
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were between 3 and 8‰ more depleted than the measured values.
The model that best predicted the measured δ13CDIC value for these
three samples was sample 18. This model showed that the
dissolution of 1.3mmol kg−1 of calcite, dissolution of 0.14mmol
kg−1 of biotite, influx of 6.0mmol kg−1 of CO2, addition of 2.4mmol
kg−1 of Ca/Na through exchange, dissolution of 5.8mmol kg−1 of
MgSiO3 and addition of 2.9mmol kg−1 of NaCl to the rainwater and
the removal of 5.5mmol kg−1 of SiO2 best describes the hydro-
chemical evolution of silicate influenced waters. Models suggest that
all waters in this region are influenced by calcite dissolution.

DISCUSSION
Strontium typically retains the same ratio of 87Sr/86Sr during
dissolution into groundwater as its source mineral. The 87Sr/86Sr
ratios in minerals are dependent upon the mineral type, age and

rubidium content of the rock, as well as the proportion of crustal
and mantle sources for igneous rocks and amount of alteration of
carbonates and evaporites50. In groundwater, the 87Sr/86Sr ratios
represent the relative proportions and 87Sr/86Sr ratios of the
dissolved input. For example, where Sr input is 50% from
carbonate dissolution where the carbonate 87Sr/86Sr ratio is
0.705 and 50% from silicate dissolution where the 87Sr/86Sr ratio
is 0.729, the groundwater 87Sr/86Sr ratio observed will be
approximately 0.717 (see Fig. 3). The δ7Li, however, fractionates
more readily in groundwater through dissolution and adsorption
processes, with 7Li preferentially dissolved51 and 6Li preferentially
adsorbed to clay mineral surfaces52. This results in increasingly
positive δ7Li values with water-sediment processing (Fig. 3).
Strontium isotopes can therefore be used to understand silicate
weathering processes, and when used with the δ7Li values, the
secondary processes can be defined. For example in sample 30

Fig. 1 Water chemistry analysis. a Cluster dendrogram of samples using Sr/Cl, Sr/Na and Li/Na ratios, major ion concentrations (Cl, Na, Ca,
Mg and K), Si, Li and Sr concentrations; b PCA biplot using major ions (Cl, Na, Ca, Mg and K), Sr, Li and Si concentrations in mmol L−1; and c pie
charts showing the water types for samples in each cluster group.
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(the freshest spring water sample), the 87Sr/86Sr ratio of 0.713 is
observed, along with a very low δ7Li value for fresh water
(−1.8‰). This value could be indicative of 50% Sr from carbonate
dissolution and 50% from silicate weathering as well as the
dissolution of weathering products containing high amounts of
6Li, such as clay minerals from nearby soils.
Figure 4a shows that the increasing Sr concentrations

associated with both increasing and decreasing 87Sr/86Sr ratios
are likely the result of silicate and carbonate weathering,
respectively. Currell and Cartwright53 identified carbonate and
silicate weathering in groundwater samples by comparing
87Sr/86Sr ratios and δ13CDIC values. Increasing enrichment in
δ13CDIC without an increase in 87Sr/86Sr suggested carbonate
input, while increasing 87Sr/86Sr ratios not associated with
enrichment in δ13CDIC (‰) indicated silicate inputs. This agrees
with our findings which demonstrate that samples trending
towards silicate input in Fig. 4a display increased 87Sr/86Sr ratios
without an increase in δ13CDIC in Fig. 4b. Figure 4b also shows that
samples trending towards carbonate input in Fig. 4a display an
increase in δ13CDIC without an increase in 87Sr/86Sr ratios. While
carbonates are not expected to comprise a large portion of the
geology in the region, they weather more readily with the input of
the naturally weakly acidic rainwater, and thus can be a large
source of Sr. Dissanayake and Weerasooriya54 report weakly acidic
rainwater pH values of <5.5 in the study region, which is
supported by the pH value of 4.9 observed in sample 30 from

Fig. 2 Bivariate plots. Cl vs a Na, b Mg, c K, d Ca, e SO4 and f HCO3. The black line on each plot indicates the ratio of Cl to each ion present in
rainwater from Vavuniya, north of the study site54. Points above the line indicate enrichment in the major ion compared to chloride,
suggesting that the source of the ion is from mineral weathering rather than rainwater. Points below the line suggest depletion of the ion
compared to Cl, indicating removal through an exchange process or mineral precipitation process.

Fig. 3 Conceptual figure of an aquifer showing processes
impacting on δ7Li and 87Sr/86Sr ratios in groundwater. The 7Li
is preferentially dissolved into groundwater from Li bearing
minerals such as granite, with 6Li preferentially adsorbed
to mineral and clay surfaces, resulting in increasingly high δ7Li
values in groundwater with processing. The 87Sr/86Sr ratios do not
fractionate with dissolution, therefore ratios in groundwater are
the result of the proportion of Sr from the dissolution of silicates
and carbonates.
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this study. Sample 30 is the freshest samples that has undergone
the least amount of WRI as evidenced by its low alkalinity and EC
values (41.2 mg L−1 and 154 µS cm−1) relative to the other
samples, suggesting that it has not been buffered to a higher pH
by carbonate dissolution. Blum et al.24 demonstrated that, in quartz-
feldspathic gneiss and granites containing 1% carbonate, 82% of
the HCO3 flux was derived from weathering of the carbonates.
Similarly, our mass balance modelling results reveal that the
samples most influenced by carbonate and silicate weathering,
respectively, have all undergone carbonate dissolution processes,
with calcite inputs between 0.61 and 2.54mmol kg−1. This suggests
that the differences observed between the two groups are due to
the additional weathering of silicates, rather than a lack of
carbonate inputs in samples affected by silicate weathering. This
could be a result of longer water residence times for samples 27, 16
and 18, allowing for the dissolution of silicates that are more
resistant to weathering; however, a groundwater residence time
indicator such as tritium would be required to confirm this
hypothesis.
The 87Sr/86Sr ratios of 0.705 have been reported in whole-rock

carbonatite samples from the Wanni Complex, with relatively low
ratios (0.710) also identified in the felsic fraction of migmatite
gneiss in the region55. In contrast, 87Sr/86Sr ratios from biotite in
carbonatite rock from the Wanni Complex contain much higher
87Sr/86Sr ratios (approximately 0.729), which our mass transport
modelling suggests is likely to be contributing to the high
87Sr/86Sr ratios in samples 21, 6, 24, 18 and 16 as shown in Fig. 4a.
These samples also contain higher U concentrations (Fig. 4c)
indicating potential hydrolysis of silicate minerals due to carbonic
acid to produce soluble uranyl carbonate complexes or assimila-
tion of uranium in the bedrock56. Increasing 87Sr/86Sr ratios as a
result of silicate weathering have also been demonstrated in both

river catchments33 and groundwaters53. Figure 4d shows a
corresponding increase in Li concentration with increasing
87Sr/86Sr ratios (rs= 0.76, p= 3.85 × 10−6) indicating Li input from
weathering of silicates.
Dissolution of Li in the absence of adsorption mechanisms

would be expected to result in a linear correlation between δ7Li
and Li concentration. We do not observe a significant correlation
between δ7Li and Li concentration (rs=−0.27, p= 0.22) in the
current study, which suggests that there are multiple processes
affecting the δ7Li values in groundwater in the Medawachchiya
region. Notably, the sample with the highest silicate input and
highest 87Sr/86Sr ratio observed in Fig. 4a (sample 16) has the
highest δ7Li value and highest EC value but not the highest Li
concentration (Fig. 4d), suggesting that Li adsorption may have
taken place.
The 87Sr/86Sr ratios found in our study indicate that silicate

weathering appears to be the main source of U and Li input in
household well waters in the Medawachchiya region. As the water
chemistry of most samples in this study appears to be controlled
by carbonate dissolution, U and Li concentrations are low
(<0.001mg L−1 for 83% of samples and <0.01 mg L−1 for 77% of
samples, respectively).
In contrast, we observe concentrations of F that are higher

than guideline values, with 57% of samples over the suggested
optimal level of 1.0mg L−1 of F in Sri Lankan drinking water
(SLS614:2013)45. High F levels are known to result in skeletal
fluorosis in the dry zone of Sri Lanka57 and are hypothesised to
contribute to CKDu58. The significant negative correlation between
F and Ca/Na and Mg/Na ratios suggests a silicate source.
Experimental data from Chae et al.59 provide evidence that the
concentrations of F in groundwater are also highly dependent on
Ca concentrations, with increasing Ca inputs resulting in decreasing

Fig. 4 Biplots. a Biplot of 87Sr/86Sr ratio (n= 28) on y-axis with the inverse of Sr concentration (1/Sr (mmol L−1) on the x-axis. Upward and
downward trends on the y-axis with increased Sr concentration indicate silicate and carbonate inputs, respectively. b 87Sr/86Sr ratios vs
δ13CDIC. Plot highlights that samples displaying increased 87Sr/86Sr with minimal enrichment in δ13CDIC are associated with silicate weathering.
Increasing enrichment in δ13CDIC with minimal increases in 87Sr/86Sr are associated with carbonate input. c Biplot with samples trending
towards silicate inputs are associated with increased U concentrations. d Biplot of δ7Li on y-axis (n= 21) with the inverse of Li concentration
(1/Li (mmol L−1)) on x-axis. Scale bar represents 87Sr/86Sr ratios with dark blue points indicating lower 87Sr/86Sr (carbonate inputs) and higher
Li concentrations and lighter blue points indicating higher 87Sr/86Sr (silicate inputs) and lower Li concentrations. NB: no 87Sr/86Sr value
available for the grey data point (sample 29) shown to the lower left.
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dissolved F concentrations due to the precipitation of fluorite. We
identify high water hardness in the groundwater from the study
area, which we propose are not only due to carbonate inputs but
also from high silicate weathering, both natural hydrogeochemical
processes. We identify only one sample that exceeded the most
stringent drinking water limit available of 1.5mg L−1 Sr. The 1.5mg
L−1 limit is based on the United States Environmental Protection
Agency’s preliminary regulatory determinations for contaminants
on the third drinking water contaminant candidate list (www.
govinfo.gov/app/details/FR-2014-10-20/2014-24582) and is based
on safe limits for consumption in sensitive populations such as
those with renal failure and other health issues. Our results suggest
that U, Li and Sr are unlikely contributors to CKDu due to their low
concentrations.
The 87Sr/86Sr, δ7Li and δ13CDIC isotopes enhance the under-

standing of WRI, which cannot be understood by using major
ions alone. This study uses 87Sr/86Sr, δ7Li and δ13CDIC values to
demonstrate WRI in drinking water wells in a CKDu-affected
region of Sri Lanka. Our study demonstrates that 87Sr/86Sr ratios
and δ13CDIC provide clear indication of the input of silicates and
carbonates, with carbonate dissolution predominantly controlling
the water chemistry in the region. The δ7Li isotopes, in contrast,
are more complex and relatively unstudied in groundwater. We
conclude that δ7Li data in household well waters in Medawach-
chiya are impacted by several different processes, which results in
a lack of clear correlation between δ7Li and Li concentration. The
Li and U input from silicate minerals, however, is observed
through the positive correlation between 87Sr/86Sr ratios and Li

concentration, and the increase in U concentration in samples
with high 87Sr/86Sr ratios. These results highlight the importance
of isotopic analyses in determining WRI and sources of solutes in
drinking water. While our results suggest that U, Li and Sr are
unlikely contributors to CKDu due to their low concentrations, this
could be confirmed with time-series analyses to determine the
seasonal variability of these parameters.

MATERIALS AND METHODS
Environmental setting
Three main climatic zones are observed in Sri Lanka, defined based on the
mean rainfall quantities received per year. These include the “Dry Zone”
(<1750mm year−1), “Intermediate Zone” (1750–2500mm year−1) and “Wet
Zone” (>2500mm year−1) (Fig. 5). Medawachchiya is in the Dry Zone and
receives an average rainfall of 1240mm year−1, largely in October,
November and December where long-term (1960–1985 CE) average
monthly rainfall rates are between 206 and 247mm60. Temperatures are
relatively stable throughout the year, with an average minimum monthly
temperature of 20.3 °C in January and a maximum average monthly
temperature of 34.0 °C in April in Vavuniya60, which is located approxi-
mately 22 km north of the Medawachchiya sampling region.
The geology in Sri Lanka is mainly comprised of three major high-grade

metamorphic rock units: the Highland Complex, the Wanni Complex, and
the Vijayan Complex61 (Fig. 5). There are also two smaller units present: the
Kadugannawa Complex in the central region of Sri Lanka and a Mesozoic
region to the north-west of the island. Medawachchiya is located within the
Wanni Complex, which is comprised predominantly of charnockitic
(hypersthene) gneiss and charnockitic biotite gneiss, with regions of granitic
gneiss, microcline, quartzite and quartz schist. The Wanni Complex contains

Fig. 5 Map of the study site. Geology of Sri Lanka showing the Precambrian lithotectonic units: Highland Complex, Wanni Complex, Vijayan
Complex, and the Kadugannawa Complex (KC), and the Mesozoic unit to the north-west. Map adapted from Cooray66. Inset shows the sample
locations (black diamonds) within the Medawachchiya district (black outline). The geology in the region is predominantly comprised of gneiss
including charnockitic gneiss and biotite gneiss, with granitic gneiss, microcline, quartzite and quartz schist67. Samples 1–12 and 14–29
represent well water samples, while samples 13 and 30 represent spring water samples. Dry (<1750mm year−1), intermediate (1750–2500mm
year−1) and wet (>2500 mm year−1) zones are defined by the blue and orange lines.
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quartz feldspathic gneiss, which consists of garnet, biotite, potassium (K)-
feldspar, plagioclase and quartz. The charnockite contains orthopyroxene,
garnet, hornblende, biotite, K-feldspar, plagioclase and quartz62.

Sampling
A total of 30 domestic well water and spring water samples were collected
in Medawachchiya, Sri Lanka (Fig. 5). Within this CKDu-endemic region, we
aimed to sample a range of well waters that we suspected to have
undergone different WRIs. These included groundwaters along a shear
zone (samples 1, 2, 3, 16), groundwaters along the axis of an antiform
(samples 7, 11, 15, 17, 23) and spring water samples (samples 13 and 30).
Depth to the water table ranged from 0.0m to 9.0 m below ground
surface, with samples obtained from 1m below the standing water level
using a peristaltic pump. Samples were filtered using a high flow Waterra
0.45 µm filter connected to the pump outlet, with sample bottles filled
after rinsing three times with the water to be sampled. Tape was then
placed around the bottle lids to prevent leakage and gas exchange.
Cations and trace element samples were collected in 60 and 250ml high-
density polyethylene (HDPE) bottles, respectively, with 0.4 and 0.9 ml of
ultrapure HNO3 added, respectively, and refrigerated. Anions and stable
water isotopes were collected in 60 and 30ml HDPE bottles, respectively.
The δ13CDIC,

87Sr/86Sr and δ7Li samples were collected in 12ml glass vials,
60ml HDPE and 250ml HDPE pretreated bottles, respectively.

Analysis
Field parameters including water temperature, pH, DO and EC were
monitored using a flow cell connected to a YSI meter to ensure that
parameters were stable prior to sampling, with values recorded in the field
at the time of sampling. Anions were analysed at ANSTO using ion
chromatography and cations were analysed at ANSTO using inductively
coupled plasma-atomic emission spectroscopy and inductively coupled
plasma mass spectrometry.
The δ7Li samples were analysed in a Class 100 cleanroom at the

University of Wollongong Isotope Geochronology Laboratory using a
Thermo Fisher Neptune Plus multi-collector inductively coupled plasma
mass spectrometer. Samples were prepared by drying down an aliquot of
sample containing ~60 ng of Li and adding 0.5 mL 1M HCl. A two-step
cation exchange chromatography procedure was used to collect pure Li. In
all, 30 mL Savillex micro columns were used with Biorad AG50W-X8 resin as
a cation exchange medium. Columns were cleaned with 30mL of 6 M HCl,
rinsed with ultrapure water and conditioned with 1 M HCl before sample
loading. After the sample was passed through the exchange columns once,
the sample was dried on a hotplate, 1 M HCl was added and the sample
was reloaded into the column a second time. The sample was then dried
again on a hotplate and digested in 0.3 M HNO3 prior to isotopic analysis.
A 30 parts per billion solution of isotopic standard IRMM-16 was used to
correct the 7Li/6Li values for mass bias, with the results of the instrument
blank used to correct each isotope for standard and sample analyses.
Results were then converted to δ7Li, with isotopic ratios normalised using
L-SVEC (Eq. 1) from Carignan et al.63:

δ7Li ¼
7Li=6Li
� �

sample

7Li=6Li
� �

L�SVEC

� 1

8><
>:

9>=
>;
:1000: (1)

Error values for δ7Li values did not exceed 0.20‰ (min= 0.07‰, average=
0.10‰, σ= 0.03‰).
The 87Sr/86Sr isotopes were analysed at the Australian National

University Research School of Earth Sciences using ion-specific resin
chromatography followed by thermal ionisation mass spectrometry.
International strontium carbonate isotopic standard NBS987 was run 6
times during analysis of the samples, with an average 87Sr/86Sr ratio of
0.710262 measured and a standard deviation (σ) of 0.000005. The standard
errors of the samples did not exceed 0.000011. The δ13CDIC were analysed
at ANSTO using a continuous-flow Delta V Advantage isotope ratio mass
spectrometer as per the methods published in Assayag et al.64. Results
were reported as ‰ deviations from the NBS19 international carbonate
standard.

Geochemical mass balance modelling
To evaluate the validity of the proposed hydrochemical processes, net
transfer models65 were applied to well water samples.

Hydrogeochemical models were constructed using C, Mg, Cl, Ca, Na,
redox and Si as constraints. The modelled phases were organic matter
(CH2O), CO2(g), hornblende, Mg/Na Ex, MgSiO3, SiO2, NaCl (from
atmospheric sources), biotite, Ca/Na exchange and calcite. The pH and
major ion (Ca, Mg, Na, K, Cl and SO4) concentrations from a rainwater
sample from Vavuniya, also located within the Dry Zone approximately
23 km north of the study area, was used as the initial water54. The system
is assumed to be receiving piston flow recharge and the groundwater
system is in chemical equilibrium. Furthermore, carbon mass balance
using Rayleigh distillation equations for all incoming carbon sources and
all isotopically fractionating outgoing carbon phases were calculated65.
Models were assessed for accuracy by comparing the observed and
computed δ13CDIC results produced by each model and most fell within
±2‰ for the difference between modelled and measured δ13CDIC values.
Models that failed to predict the δ13CDIC value were not used in the
interpretation.
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