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Abstract: Poor groundwater quality in household wells is hypothesized as being a potential con-
tributor to chronic kidney disease of unknown etiology (CKDu) in Sri Lanka. However, the influ-
encing factors of groundwater quality in Sri Lanka are rarely investigated at a national scale. Here,
the spatial characteristics of groundwater geochemistry in Sri Lanka were described. The relation-
ships of groundwater quality parameters with environmental factors, including lithology, land use,
and climatic conditions, were further examined to identify the natural and anthropogenic control-
ling factors of groundwater quality in Sri Lanka. The results showed that groundwater geochemis-
try in Sri Lanka exhibited significant spatial heterogeneity. The high concentrations of NOs- were
found in the districts that have a higher percentage of agricultural lands, especially in the regions
in the coastal zone. Higher hardness and fluoride in groundwater were mainly observed in the dry
zone. The concentrations of trace elements such as Cd, Pb, Cu, and Cr of all the samples were lower
than the World Health Organization guideline values, while some the samples had higher As and
Al concentrations above the guideline values. Principal component analysis identified four compo-
nents that explained 73.2% of the total data variance, and the first component with high loadings of
NOs-, hardness, As, and Cr suggested the effects of agricultural activities, while other components
were primarily attributed to natural sources and processes. Further analyses found that water hard-
ness, fluoride and As concentration had positive correlations with precipitation and negative corre-
lations with air temperature. The concentration of NO3- and water hardness were positively corre-
lated with agricultural lands, while As concentration was positively correlated with unconsolidated
sediments. The environmental factors can account for 58% of the spatial variation in the overall
groundwater geochemistry indicated by the results of redundancy analysis. The groundwater qual-
ity data in this study cannot identify whether groundwater quality is related to the occurrence of
CKDu. However, these findings identify the coupled controls of lithology, land use, and climate on
groundwater quality in Sri Lanka. Future research should be effectively designed to clarify the syn-
ergistic effect of different chemical constituents on CKDu.
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1. Introduction

Chronic kidney disease (CKD) is a very common public health problem that can be
observed in many parts of the world and a higher prevalence is reported from many
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countries including the USA, Australia, and Japan [1,2]. A CKD of unknown etiology
(CKDu) has been reported in some countries in recent years in which the etiology is not
recognizable [3]. Such a disease with unknown etiology has been reported in certain parts
of the world, especially in Africa, Central America, and Asia [4,5]. CKDu is also found in
the rural dry zone regions of Sri Lanka, particularly in the North Central Province adjacent
regions for more than two decades [6,7]. Due to its remarkable geographical distribution
in some specific regions where groundwater is the main drinking water source, it is gen-
erally suspected that long-term exposure to various nephrotoxic elements through drink-
ing groundwater is an important risk factor [7-9]. In the rural dry zone regions of Sri
Lanka, groundwater is the primary source of water for both drinking and cooking, and
CKDu is considered to be related to poor groundwater quality [10-12].

Groundwater is an indispensable limited resource, playing an important role in the
social and economic development throughout the world. High temperature and limited
precipitation in the rural dry zone regions of Sri Lanka pose challenges in the supply of
adequate water to meet daily needs [10]. Groundwater provides domestic water and also
contributes irrigation water supply for rural communities in Sri Lanka, since no or less
treatment is often required [10,13]. However, the deterioration of groundwater quality
and the depletion of water resources due to population growth and excessive use of pes-
ticides and agrochemicals, pose threats to public health [13]. Previous studies found that
the prevalence of CKDu is related to the recharge sources of groundwater, and is signifi-
cantly higher with the groundwater stagnated as well as groundwater recharged from
regional flow paths [8,14]. Therefore, it is suggested that the source, recharge mechanism,
and flow pattern of groundwater, as well as geological conditions that would cause natu-
ral contamination of groundwater, may be the main causative factors for CKDu [14,15].

Anthropogenic activities such as agricultural and sanitation practices, and environ-
mental factors such as lithology, land use, and climatic conditions impact on the ground-
water quality in Sri Lanka [16-18]. Proposed factors related to etiology of CKDu in
groundwater include but not be limited to fluoride [8,19-24], hardness [8,15,22], major
ions [12,20], heavy metals and metalloids [18,25,26], and agrochemical residues [18,27].
Despite groundwater quality related to the occurrence of CKDu in Sri Lanka has been
studied extensively, few studies have been carried out to analyze the natural and anthro-
pogenic factors that control the groundwater geochemistry in Sri Lanka. Therefore, the
objective of this paper is to investigate the spatial characteristics of groundwater geochem-
istry, and its relationships with environmental factors, and also to provide a comprehen-
sive review regarding the relationships between groundwater quality and the occurrence
of CKDu in the dry zone of Sri Lanka.

2. Materials and Methods
2.1. Study Area

Sri Lanka (6°-10° N, 79°-82° E) is an island located in the Indian Ocean, just 800 km
north of the equator, close to southeastern coast of the Indian subcontinent, and includes
25 administrative districts with a total area of 65,610 km?2. The length of the island is 440
km from north to south with a maximum width of 226 km. Although the area of the island
is relatively small, it has a widely changing topography, geology, and climate within a
short distance imparting some unique environmental features (Figure 1) [28]. The topo-
graphical configuration of the island is a highland region located in the center, surrounded
by a vast lowland plain. Over 90% of the island is underlain by Precambrian rocks. Ac-
cording to a global lithological map [29], metamorphic rocks cover about 68.2% of the
island, followed by acid plutonic rocks (14.4%) and unconsolidated sediments (12%). As
per the year 2017, the percentages of forest, cropland, and impervious surface of the island
were 60.4%, 30.9%, and 0.6%, respectively. The island is situated in the tropical, Indian
ocean monsoonal climate region that contains three climate zones based on the amount of
precipitation, named as the wet, dry and intermediate zones [13,16]. The western slopes
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of the central highlands have the highest intensity of precipitation that exceeds 4000 mm
per annum according to the records of the average for years 1970-2000 [30]. The lowest
precipitation is recorded in the Mannar Island with values about 900 mm per annum.
CKDu is found particularly in the dry zone, metamorphic terrain that occupies two-thirds
of the country with the annual rainfall of about 1250 mm, while air temperature varies
from 28 to 30 °C, with humidity of around 70% [16].
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Figure 1. Maps showing (a) land use, (b) lithology, (c) elevation, (d) annual precipitation, (e) annual
mean temperature, and (f) CKD prevalence rates across the most affected districts in Sri Lanka [10].

2.2. Data Source

Groundwater quality data including the concentrations of NOs-, hardness, fluoride,
heavy metals and metalloids (As, Cd, Fe, Mn, Cu, Cr, Pb, and Al) of groundwater samples
collected from the wells in Sri Lanka were obtained from Groundwater Quality Atlas of
Sri Lanka [31]. A total of 1304 samples were collected and analyzed from 2010 to 2014 for
their study. The maximum and average concentrations of the water quality parameters of
all the samples in each district were reported by Kawakami et al. (2014) [31], and used and
reanalyzed in this study (Table S1).

Lithology, land use, and climatic conditions were quantitatively described for each
district to examine the effects of environmental factors on groundwater quality (Table 52).
The elevation data was obtained from EarthEnv-DEMO0, that is a digital elevation model
derived from CGIAR-CSI SRTM v4.1 and ASTER GDEM v2 data products [32]. To
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quantify the lithological distribution, a global lithological map was used and analyzed for
Sri Lanka [29]. Land use dataset with a 10 m resolution was also used to obtain infor-
mation for this study [33]. Land use types include cropland, forest, grassland, shrubland,
wetland, water body, impervious surface, and bare land, among which cropland and im-
pervious surface were mainly focused. Meteorological data including air temperature and
precipitation data used in this study were obtained from WorldClim version 2.1 at a spa-
tial resolution of 30 arc-seconds and are the averages for years 1970-2000 [30].

2.3. Statistical Methods

Correlation Analysis (CA) and Principal Component Analysis (PCA) were used to
examine the relationships between the groundwater quality parameters for exploring
their possible sources. The suitability of data for PCA was checked by Kaiser-Meyer-Ol-
kin (KMO) and Bartlett’s sphericity tests. The average concentrations of groundwater
quality parameters were used in the CA and PCA. Redundancy analysis (RDA) was se-
lected to assess the explanation of variations of groundwater quality parameters by envi-
ronmental factors. In the ordination diagram resulted from RDA, the arrows pointing in
the same direction represent positive correlations, or vice versa. The data shown in Figure
2 were used in the RDA. The CA and PCA were performed through the statistical software
package SPSS 22.0, and the RDA was carried out using CANOCO 5.0 software (Micro-
computer Power Company, Ithaca, NY, USA).
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Figure 2. Maps showing the spatial patterns of average concentrations of groundwater quality pa-
rameters in each district (maximum concentration (max) was showed for fluoride, As, and Cd). The
ranges of data values were categorized into five classes based on the natural break method.
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3. Results and Discussion
3.1. Spatial Characteristics of Groundwater Geochemistry
3.1.1. Nitrate, Hardness, and Fluoride

Groundwater quality parameters varied considerably in different regions (Figure 2).
The average concentration of NOs~ in the district ranged from 1 mg/L to 42 mg/L. The
highest concentration (366 mg/L) and highest average concentration (42 + 90 mg/L) of
NOs- were observed in the Puttalam district, where 49.7% of the land area is used for ag-
riculture. The World Health Organization (WHO) guideline for NOs- in drinking water is
50 mg/L [34]. The maximum NOs- concentration in 13 out of 25 districts exceeded 50 mg/L
limit. Higher concentrations of NOs- were also found in other districts where a high per-
centage of land is used for agricultural purposes, for instance, the Jaffna (62.9%), Mannar
(35.3%), and Vavuniya (28%) districts. Agricultural regions in the coastal zone are mainly
underlain by recent unconsolidated sediments in which farmers excessively use a large
amount of nitrate fertilizers for their cultivations, leading to nitrate pollution of ground-
water [35]. Manure may be a cause for the high NOs- concentration found in the Vavuniya
district [36].

The average hardness ranged from 20 to 354 mg/L. The highest hardness (1734 mg/L)
was found in the Hambantota district, while the highest average hardness (354 + 190
mg/L) was noted in the Jaffna district, where the percentage of carbonate sedimentary
rocks (37.1%) is the highest. The Puttalam and Vavuniya districts also showed a higher
hardness. Since water hardness poses no apparent health concerns, there are no guidelines
or regulations for optimum hardness in drinking water [34]. Considering the impact of
hardness on water palatability, a non-health-based standard of 250 mg/L (as CaCOs) was
defined by the Sri Lankan Standard for drinking water [37]. The geographic distribution
of CKDu cases in the endemic region showed a strong association with the consumption
of hard water [27].

The average concentration of fluoride ranged from <0.02 mg/L to 1.4 mg/L in Sri
Lanka. The highest average concentration of fluoride (1.4 + 1.3 mg/L) was recorded in the
Moneragala district. High concentrations of fluoride (max: 7 mg/L; ave: 1.1 + 0.9 mg/L)
were also found in the Anuradhapura district. Spatially, fluoride showed a high concen-
tration in the dry zone and a low concentration in the wet zone and also in the northern
coastal zone. The spatial distribution of fluoride is closely resembled with that of the hard-
ness. Although the maximum guideline value for fluoride in drinking groundwater as
suggested by the WHO is 1.5 mg/L [34], and the limit suggested by the Sri Lankan Stand-
ard is 1.0 mg/L [37], both values cannot be applicable to the dry zone regions of Sri Lanka
due to a higher water consumption for drinking under prevailing hot and dry ambient
conditions [19]. The average concentrations of fluoride recorded in all the districts were
lower than 1.5 mg/L, and only 9.9% of the samples had a concentration higher than 1.5
mg/L [36]. The fluoride concentration in Sri Lanka is much lower than that in many other
regions in the world, however dental and skeletal fluorosis cases are common in these
areas [10,16,19].

3.1.2. Heavy Metals and Metalloids

In some studies of potential nephrotoxic effects of environmental exposure to heavy
metals and metalloids, mainly As, Cd, and Pb have been identified as causative factors for
CKDu [18,25,27,38,39], although some studies reject this hypothesis [7,8,15,20,40]. These
metals in groundwater may be derived from rock weathering or by human activities, such
as the use of agricultural chemicals [18]. Arsenic in groundwater has been proposed as a
causal factor for CKDu in Sri Lanka [18,27]. The WHO guideline value and Sri Lankan
standard limit for As are 10 pug/L [34,37]. The highest concentration (66 pg/L) and highest
average concentration (7 + 11.7 ug/L) of As were recorded in the Mannar district. High As
concentrations were also found in the Batticaloa, Mullaitivu, and Puttalam districts that
had the maximum As concentration higher than 10 pg/L. Some recent detail studies also
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noted higher As concentrations in groundwater, particularly in groundwater extracted
from sedimentary aquifer systems [35,41].

Cd is known to be a toxic metal and has been listed as one of the causes of CKDu due
to the well-known nephrotoxicity [12,25]. The highest Cd concentration in this study was
0.5 pg/L and recorded in the Moneragala district. All of the well water samples had a Cd
concentration much lower than the WHO guideline value of 3 ug/L [34]. The highest Pb
concentration (288 pg/L) was noted in the southern district of Galle, however, it may be
an outlier. If this data was eliminated, the highest Pb concentration of 4.6 pg/L was rec-
orded in the Anuradhapura district, but it is lower than the WHO guideline value of 10
ug/L [34].

Fe is one of the most abundant metals in the Earth’s crust and is an essential human
micronutrient [34]. Mn usually coexists with Fe and is also one of the most abundant met-
als in the Earth’s crust. Cu is an essential nutrient and also a contaminant of drinking
water. The highest concentrations and highest average concentrations of Fe (max: 828
ug/L; ave: 283 ug/L), Mn (max: 9772 pg/L; ave: 440 ug/L), and Cu (max: 443 ug/L; ave: 21
ug/L) were recorded in the Nuwara Eliya, Polonnaruwa, and Mullaitivu districts, respec-
tively. The WHO guideline value for Cu in drinking water is 2 mg/L, but no WHO guide-
line values for Fe and Mn in drinking water are proposed [34]. The highest Cr concentra-
tion (14 pg/L) was found in the Ampara district, yet the level is lower than the WHO
guideline value for Cr in drinking water of 50 ug/L [34]. The highest concentration (1457
ug/L) and highest average concentration (58 ug/L) of Al were found in the Moneragala
and Nuwara Eliya districts, respectively. The maximum guideline value for Al in drinking
water suggested by the WHO is 200 ug/L [34], and 2.3% of the samples exceeded the
guideline value [36].

3.2. Natural and Anthropogenic Controls on Groundwater Geochemistry

The correlation matrix demonstrated that there were significant positive correlations
among NOs-, As, and Cr (p < 0.05) (Figure 3), indicating the higher contamination of As
and Cr of groundwater in agricultural areas. Water hardness was positively correlated
with fluoride (R =0.57, p <0.01), which suggests that they may be affected by similar geo-
genic factors and processes, such as the weathering of fluoride-bearing minerals under
the hot climatic condition and excessive evaporation in the dry zone [19,42]. Cd and Cu
showed a significant positive correlation (R = 0.54, p < 0.01), implying that they may be
derived from the same source.
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Figure 3. Correlation coefficients for Pearson correlation analysis among groundwater quality pa-
rameters. * Correlation is significant at p < 0.05; ** Correlation is significant at p < 0.01.

PCA was employed to identify the associations between groundwater quality param-
eters and their potential sources [43]. Four principal components (PCs) with eigenvalues
exceeding 1 were identified, and the PCA results are shown in Table 1. The first PC was
dominated by NOs-, water hardness, As, and Cr, with high loadings of 0.86, 0.67, 0.7, and
0.71, respectively, explaining 26.5% of the total data variance. The second PC explained
24.6% of the total data variance and was mainly contributed by Fe, Pb, and Al, with higher
loadings of 0.81, 0.77 and 0.78, respectively. The third PC was mainly contributed by Cd
and Cu, with high loadings of 0.88 and 0.76, respectively, explaining 12.6% of the total
data variance. The fourth PC was mainly contributed by fluoride and Mn, with high load-
ings of 0.75 and 0.72, respectively, and explained 9.5% of the total data variance. The four
PCs totally accounted for 73.2% of the total data variance. Agrochemicals especially phos-
phate fertilizer used in agriculture have been identified as the main source of As in areas
affected with CKDu in Sri Lanka [18]. The groundwater in the dry zone has high fluoride
concentrations due to the water—rock interaction with the aquifer [15,19]. In addition, the
occurrence of CKDu is strongly associated with the consumption of hard water in the rural
dry zone [22,27]. Therefore, the first PC may be related to the agricultural activities in the
rural dry zone, suggesting the contributions of anthropogenic sources to NOs-, As, and
Cr. In contrast, other PCs may be dominated by natural geogenic sources and processes,
especially bedrock weathering.
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Table 1. Component matrix and explained variance (principal component analysis (PCA)) for
groundwater quality parameters.

Variable PC1 PC2 PC3 PC4
NOs- 0.86 0.03 -0.12 -0.36
Hardness 0.67 -0.47 0.16 0.46
Fluoride 0.08 -0.37 0.04 0.75
As 0.70 -0.01 0.42 -0.05
Cd 0.17 -0.16 0.88 0.05
Fe 0.07 0.81 -0.15 0.24
Mn -0.34 0.05 -0.01 0.71
Cu 0.20 0.12 0.76 0.01
Cr 0.71 0.24 0.28 0.02
Pb 0.17 0.77 -0.06 -0.27
Al -0.12 0.78 0.25 -0.22
Eigenvalue 2.92 2.70 1.39 1.05
Variance (%) 26.5 24.6 12.6 9.5
Cumulative (%) 26.5 51.1 63.7 73.2

The groundwater quality in Sri Lanka is mainly influenced by environmental factors
such as lithology, land use, and climatic condition, and anthropogenic activities including
agricultural practices, disposal of domestic sewage, and industrial effluents [16-18]. To
explore the potential influencing factors of groundwater quality in Sri Lanka, the relation-
ships between the environmental factors and the groundwater quality parameters were
examined. As shown in Figure 4, water hardness showed a negative correlation with the
precipitation (for average hardness: R2=0.78, p <0.01; for maximum hardness: R?=0.53, p
<0.01), following a power law relationship. Similar relationships were also found between
fluoride and precipitation, and between As and precipitation. This suggests that in the dry
zone with low precipitation, the concentrations of fluoride and As in groundwater were
higher than those in the wet zone where excessive precipitation is characterized. Since
lower precipitation is generally accompanied by high ambient temperature in Sri Lanka,

the higher concentrations of hardness, fluoride, and As were also found in areas with high
air temperature.
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Figure 4. The relationships between hardness, fluoride, and As concentrations, and precipitation (a—
¢) and air temperature (d-f).
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The positive correlations between NOs- and hardness and cropland suggest the ef-
fects of agricultural activities on groundwater quality and that most high nitrate regions
are underlain by sedimentary limestone sequences (Figure 5). In Sri Lanka, all wells with
a high As concentration were located on a specific soil type of “sandy regosols on recent
beach and dune sands” [36]. The positive correlation between As concentration and un-
consolidated sediments and the spatial characteristics of As concentration indicate that As
had a geological source. Amarathunga, et al. (2019) [44] noted that As is released from
coatings of sand grains due to reductive dissolution under near natural pH condition in
the Mannar region where a majority of wells exceeded the WHO recommended level of
As.
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Figure 5. The relationships between NOs- concentration (a) and hardness (b) and cropland, and
between As concentration and unconsolidated sediments (c).

RDA was used to assess the explanation of variations of the groundwater quality
parameters by the environmental factors. The RDA results provided overall descriptions
of the influences of environmental factors on groundwater geochemistry [45]. The results
showed that the environmental factors can account for 58% of the spatial variation in the
overall groundwater geochemistry (pseudo-F =2.5; p = 0.002). The first two axes explained
most of the spatial variation of groundwater geochemistry, with the first axis explaining
26% of the variation and the second axis explaining 16% of the variation. Ordination dia-
grams resulted from RDA showed the relationships between the groundwater quality pa-
rameters and the potential influencing factors (Figure 6). The results indicated that hard-
ness was positively correlated with agricultural lands while fluoride concentration was
positively correlated with ambient temperature. By contrast, precipitation and forest were
negatively correlated with most of the groundwater quality parameters. These results in-
dicate the synergetic controls of lithology, land use, and climate on the groundwater qual-
ity in Sri Lanka.
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Figure 6. Ordination diagrams showing the relationships between the groundwater quality param-
eters (represented by blue lines) and the potential influencing factors (represented by red lines) ac-
cording to the redundancy analysis (RDA). The analyzed potential influencing factors include
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elevation (Ele), cropland (Cro), forest (For), impervious surface (IS), metamorphic rocks (MR), acid
plutonic rocks (APR), unconsolidated sediments (US), carbonate sedimentary rocks (CSR), precipi-
tation (Pre), and air temperature (AT).

3.3. Relationships between Groundwater Quality and Occurrence of CKDu

In the past three decades, possible etiology of CKDu has been extensively explored
through multi-disciplinary studies. The CKDu distribution related to geography and so-
cio-economy showed that the possible etiology is related to geogenic environment and
occupational factors [6,9,39,46,47]. The long-term exposure to various nephrotoxic ele-
ments through drinking groundwater is widely suspected due to the geographical distri-
bution of CKDu [7,8,15,16,20,21,28,40]. CKDu in Sri Lanka was first reported from the
north central province of the rural dry zone, and the main victims of CKDu are young
male farmers with substandard socio-economic background [6,10,39]. In the worst af-
fected areas of CKDu, more than 98% of the population had completely relied on ground-
water as their primary source for drinking or cooking at least five consecutive years be-
tween 1999 and 2018 [10]. This indicates that groundwater quality may interfere with hu-
man health in CKDu endemic region.

3.3.1. Relationship Between Fluoride and CKDu

Fluoride has been proposed as a causal factor for CKDu through drinking water. It
is suggested that the source of F is bedrock weathering [19,21,22]. Climatic and hydrolog-
ical conditions were found to be related to the anomalous concentrations of fluoride in the
groundwater in Sri Lanka [19]. Fluoride may be an essential element for humans, for in-
stance, fluoride is a beneficial element in the prevention of dental caries [34]. However,
elevated fluoride intakes can have more detrimental effects such as dental and skeletal
tissues [34]. Previous studies have revealed the dose-effect relationships between drink-
ing water fluoride levels and damage to kidney functions [11,24]. High fluoride concen-
trations in drinking water elevated the levels of renal and liver function enzymes in serum
and caused severe histological changes of the liver and kidneys [48]. Due to its high rank
in the Hofmeister Series for denaturing proteins of the kidney membrane, fluoride may
contribute to CKDu [20]. In this study, high fluoride concentrations were found in the dry
zone where CKDu has its higher prevalence (Figure 1). Interestingly, no CKDu was ob-
served in the areas in the southeast where the fluoride concentration in groundwater was
greater than 1.0 mg/L [31]. This suggests that the high concentration of fluoride in ground-
water is not only the factor affecting the occurrence of CKDu. The interaction of fluoride
with aluminum to form nephrotoxic aluminum fluoride complexes has been proposed as
a cause of CKDu [26]. In addition, when fluoride interacts with major cations (Ca?, Mg?,
and Na*) and metals such as cadmium, it is suspected that it will aggravate kidney failure
[12,21,22,28,49]. Therefore, the synergistic effect between fluoride and major ions, and
metals on kidney functions should be paid more attention.

3.3.2. Water Hardness and Major Ions

Hardness in water is caused by a variety of dissolved polyvalent metallic ions, pre-
dominantly the cations of Ca and Mg. As classification of hardness, the ranges of 0-60
mg/L, 61-120 mg/L, 121-180 mg/L, and >181 mg/L are classified as soft, moderately hard,
hard, and very hard, respectively [34]. Previous studies revealed the highly statistically
positive correlation between the occurrence of CKDu and the hard water consumption in
Sri Lanka, and found that 96% of CKDu patients consumed hard or very hard water from
wells in shallow regolith aquifers for at least 5 years [12,27]. However, many studies found
that hard to very hard groundwater is not exclusive to all CKDu endemic areas [14,16].
For instance, only 14% of the samples from Mahiyanganaya, a high CKDu endemic dry
zone area of Sri Lanka, had hard to very hard groundwater [16]. Moreover, the ground-
waters from some areas of Sri Lanka that are not seriously affected by CKDu had very
hard waters, such as the districts of Puttalam (329 + 174 mg/L) and Jaffna (354 + 190 mg/L).
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Nevertheless, hardness might interfere with other chemical constituents in water to form
various complexes harmful to human health [8,15].

3.3.3. Nephrotoxic Heavy Metals and Metalloids

Heavy metals and metalloids such as As and Cd have been considered as important
risk factors for CKDu [18,25,38]. The application of pesticides and fertilizers in rice paddy
cultivation in Sri Lanka is a possible source of high Cd [25]. In this study, the Cd concen-
trations of all the well water samples were significantly below the WHO guideline value.
Similar results were also reported by many other studies [16,40,46]. Moreover, previous
studies noted that the levels of Cd and As of drinking water and rice samples collected
from the affected areas of CKDu were within the levels recommended by WHO and Sri
Lankan standard and did not indicate contamination in any form [40]. A number of stud-
ies also found that in the CKDu endemic areas of Sri Lanka, the As concentration in
groundwater is significantly low [8,15,16,46]. Therefore, it is suggested that As and Cd in
groundwater are unlikely to be risk factors for CKDu in Sri Lanka. In addition, Jaya-
sumana et al. (2014) [27] have demonstrated the link between hardness and As. They pro-
posed that As mainly derived from chemical fertilizers and pesticides can eventually dam-
age kidney tissue when combined with Ca and/or Mg in groundwater. In addition, there
is considerable evidence that agricultural workers in the CKDu endemic areas are exposed
to As, but the exact source and entry mode of As are still controversial [27].

4. Conclusions

This study investigated the spatial characteristics of groundwater geochemistry in
Sri Lanka. Groundwater quality data of 1304 water samples collected from 2010 to 2014
were statistically analyzed. Land use and lithology were quantitatively described to ex-
amine their relationships with the groundwater quality parameters. The data of ambient
temperature and precipitation were used to explore the effects of climatic conditions on
groundwater quality. The results showed that the high concentrations of NOs- were found
in the districts with a high percentage of cropland, especially in the districts in the coastal
zone. The Puttalam district had the highest concentration and highest average concentra-
tion of NOs~. The samples from the dry zone had a higher hardness, and in the Jaffna
district, where the percentage (37.1%) of carbonate sedimentary rocks is the highest, the
average hardness (354 + 190 mg/L) of samples was the highest. Similar to the spatial dis-
tribution of hardness, fluoride also showed a high concentration in the dry zone, and 9.9%
of the samples had a concentration higher than the WHO guideline value of 1.5 mg/L.
Heavy metals and metalloids such as As, Cd and Pb have been suggested as causal factors
for CKDu in Sri Lanka. The maximum As concentrations of the samples in the Mannar,
Batticaloa, Mullaitivu, and Puttalam districts were higher than the WHO guideline and
Sri Lankan standard value (10 pg/L). The Cd and Pb concentrations of all the samples
were lower than the WHO guideline values of 3 ug/L and 10 pg/L, respectively. In addi-
tion, all of the samples had Cu and Cr concentrations below the WHO guideline values,
and 2.3% of the samples had a concentration of Al above the WHO guideline value (200
pg/L).

Significant positive correlations (p < 0.05) among NOs-, As, and Cr were observed,
suggesting the effects of agricultural activities on As and Cr concentrations. The signifi-
cant positive correlation between water hardness and fluoride indicated that they might
be affected by rock weathering in the dry zone. According to the results of PCA, four PCs
were identified and explained 73.2% of the total data variance. Considering the concen-
trations and spatial characteristics of groundwater quality parameters, PC1 with high
loadings of NOs-, hardness, As, and Cr was considered to be affected by agricultural ac-
tivities, and other PCs was primarily attributed to natural sources and processes. Hard-
ness, fluoride, and As concentration were positively correlated with precipitation and
negatively correlated with air temperature, showing a clear difference in groundwater
quality between different climatic regions, and suggesting that groundwater
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geochemistry in Sri Lanka is closely related to climatic conditions. In addition, NOs- con-
centration and water hardness had positive correlations with cropland, and As concentra-
tion had a positive correlation with unconsolidated sediments, implying the effects of land
use and lithology on groundwater geochemistry. The RDA results showed that 58% of the
spatial variation in the overall groundwater geochemistry can be accounted by the envi-
ronmental factors.

To our knowledge, there are few previous studies that quantitatively describe land
use and lithology, and identify the natural and anthropogenic controlling factors of
groundwater quality in Sri Lanka, especially at a national scale. This study provided key
insights of the effects of environmental factors on groundwater quality in Sri Lanka, which
considerably helps to investigating the relationships between groundwater quality and
the occurrence of CKDu. In the future, high spatial-temporal resolution sampling is
needed to unravel controlling factors of groundwater quality, and multidisciplinary stud-
ies are required to identify risk factors of CKDu in Sri Lanka.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/19/2724/s1, Table S1: Statistics of the groundwater quality parameters for each district in Sri
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