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a b s t r a c t 

Groundwater is the main source of drinking water for the rural population in the chronic 

kidney disease of unknown etiology (CKDu) zone of the North Central Province (NCP) in Sri 

Lanka. In this study, a total of 334 groundwater samples (311 dug wells, 21 tube wells and 

2 springs) during the wet season from two aquifers in the NCP were collected, and inves- 

tigated their chemical characteristics and evaluate their water quality, including ground- 

water chemistry, main ion sources, the corrosion and scaling potential of groundwater. The 

results showed that the two hydrochemical types of groundwater in the NCP were mainly 

of the Ca-HCO3 , Na ·Ca-HCO3 types, with the main HCO3 
−, Na+ and Ca2 + ions in both types 

of groundwater originating from silicate and evaporite salt dissolution and influenced by 

alternating cation adsorption, while the presence of NO3 
− was mainly anthropogenic. Eval- 

uation of water stability using namely Langelier saturation index (LSI), Ryznar stability index 

(RSI), Puckorius scaling index (PSI) and Larson-Skold index (LS), indicated that most ground- 

water presents corrosion potential and has corrosion behavior tendency of metals to some 

degrees. The water quality of Polonnaruwa was better than that of Anuradhapura in the 

NCP, and when the groundwater was worse than the “good” grade, which must be properly 

treated before it is used as drinking water. 

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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ntroduction 

he groundwater is often of good quality and can be used 

afely and economically without the need for a complex pro- 
essing program, thus the self-supplied water (groundwater) 
s considered as the most cost-effective way to provide a 
afe water supply in the rural area ( UNESCO, 2022 ). In 2018,
round 18% of the urban population and 34% of the rural 
opulation rely on self-supplied water (groundwater) in Sri 
anka ( Foster et al., 2021 ), and the rest of the water sup-
ly mainly depends on surface water such as rivers, streams 
nd tanks ( National water supply and drainage board, 2019 ).
revious studies have already identified mainly six types of 
roundwater aquifers in Sri Lanka, including shallow and 

eep karstic aquifers in the Miocene beds, coastal sandy 
quifers, alluvial aquifers in lower reaches of river basins,
eep confined aquifers in the metamorphic terrain, shallow 

egolith aquifers of the metamorphic terrain, and lateritic 
Cabook) aquifers in the south-western region ( Gupta et al.,
018 ). Groundwater in the chronic kidney disease of un- 
nown etiology (CKDu) prevalence zone of the North Cen- 
ral Province (NCP) is mainly derived from shallow weathered 

quifers and deep hard rock aquifers in metamorphic terrain 

 Sood et al., 2015 ), and more than 80% of the rural popula-
ion relies on groundwater as their main source of drinking 
ater and irrigation water ( Balasubramanya et al., 2020 ). Of 

hese, dug well water and tube well water are the most com- 
only used in the CKDu affected areas ( Cooray et al., 2019a ; 

unawardena and Pabasara, 2016 ). According to the research 

eport of the World Health Organization (WHO), drinking wa- 
er is one of the key factors affecting CKDu ( WHO, 2012 ). There- 
ore, it is of great practical significance to clarify the charac- 
eristics of groundwater quality and its influencing factors in 

KDu area and determine the water stability index, which can 

rovide scientific basis for local water supply security. More- 
ver, in recent years, the excessive exploitation of groundwa- 
er has aggravated the change of local groundwater quantity 
nd quality. The in-depth study of the groundwater hydro- 
hemical will help to promote the research on the cause of 
KDu. 

In the rural areas of the NCP, the water supply is mainly 
he responsibility of the Community Based Organization (CBO) 
 National water supply and drainage board, 2019 ). As the 
rimary source of drinking water for the NCP, groundwa- 
er quality regularly monitored and assessed is necessary 
o develop management plans to protect it from contami- 
ation. Generally, the chemical composition of groundwater 

s mainly controlled by the rock type of aquifer, residence 
ime, flow path and recharge source ( Catalán et al., 2016 ; 
echleitner et al., 2017 ; Lü et al., 2020 ). Medmunds et al. stud- 
ed the geochemical evolution of groundwater along Lake Tex- 
ot using stable isotope and radiocarbon methods and found 

hat groundwater recharge in the area was mainly derived 

rom local precipitation and that the main ions in the wa- 
er were mainly derived from weathering of basaltic miner- 
ls (feldspar and magnesian iron minerals), while fluoride was 
erived from apatite in basalt or rhyolite ( Edmunds et al.,
002 ). Antonellini et al. found that alluvial aquifers closer 

o the ocean caused seawater intrusion due to excessive 1
roundwater extraction, which changed the quality of ground- 
ater ( Antonellini et al., 2008 ). Sarikhani et al. found that 

iver recharge, dissolution of evaporite minerals (such as gyp- 
um) in the formation and agricultural returned water in- 
reased the salinity of groundwater in Bushehr, southwest 
ran, while the dissolution of halite caused the linear in- 
rease of sodium and chloride ( Sarikhani et al., 2015 ). Previ- 
us study has shown that the main hydrochemical types of 
ug well water in the North Central Province are Ca-HCO3 

nd Mg-HCO3 ( Rubasinghe et al., 2015 ; Wickramarathna et al.,
017 ), and affected by rock weathering and evaporative crys- 
allization ( Jayawardana et al., 2012 ; McDonough et al., 2021 ; 
ubasinghe et al., 2015 ). However, most of these investigation 

tudies revolved around the Anuradhapura area during the 
ry season and had fewer samples, not including the Polon- 
aruwa, and could not be extended to other CKDu zone in 

he NCP; Secondly, information on the hydrochemistry of tube 
ell water studies is also lacking, and no systematically and 

n-depth analysis of its source composition, formation pro- 
ess and hydrochemical characteristics has been carried out 
 Cooray et al., 2019b ; Shi et al., 2022 ; Udeshani et al., 2022 ). In
ddition, the application of stability indices in water distri- 
ution systems has been reported in many researches, anal- 
sed the quality of groundwater ( Al-Tamir, 2021 ; Bum et al.,
015 ; Wang and Zhu, 2021 ). The use of groundwater with poor
uality and inadequate purification methods aggravates the 
orrosion or scaling effect of pipelines during groundwater 
ransportation, and pose potential threat to the safety sup- 
ly of drinking water. The water stability indices ( Eslami et al.,
020 ; Khorsandi et al., 2016 ; Taghipour et al., 2012 ) such as Lan-
rier Saturation Index (LSI), Rezner Stability Index (RSI), Puke- 
es Scaling Index (PSI) and the Larsen-Scord Index (LS), allow 

rediction of the corrosion and scaling capacity of ground- 
ater, which can provide guidance for water supply. There- 

ore, a comprehensive analysis of the mechanisms influenc- 
ng groundwater hydrochemical in different wells in the NCP 
s needed, the water stability and water quality status are de- 
ermined ensure the safe drinking water supply in the CKDu 

ffected zone. 
Through investigating the spatial distribution of basic 

hysicochemical parameters and major ions, the purpose of 
his study was to comprehensively explore characteristics of 
roundwater hydrochemistry in the CKDu zone, and clarify 
he main factors influencing both types of groundwater hy- 
rochemistry, determine their water quality stability in order 
o further provide a solid basis for safe drinking water supply 

aster plan in the NCP. 

. Materials and methods 

.1. Study area and sampling 

s shown in Fig. 1 , the CKDu prevalence zone in the NCP was
elected as the study area, including 29 District Secretariats di- 
isions in Anuradhapura and Polonnaruwa. The samples were 
ollected from the dug wells, tube wells and natural springs. 

The NCP is in the dry zone of Sri Lanka, and the total 
and area is 10714.0 km2 with a total population of nearly 
.26 million and many rivers. Its west is mainly plain and 
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Table 1 . 
its east is hilly and plain. Where the mean annual tempera-
ture varies between 25 °C and 33 °C, the Southwest and North-
east monsoons bring the rainfall to this area from May to Au-
gust and from October to next February, respectively. The av-
erage monthly precipitation is more than 200 mm, but less
than 20 mm in the dry season, a typical tropical monsoon cli-
mate ( Burt and Weerasinghe, 2014 ). The groundwater in the
NCP existed both in the weathered rock zone and the weath-
ered layer and deep bedrock fault zone ( Gunawardena and
Pabasara, 2016 ). The former has a shallow depth of burial with
a maximum depth of 10-20 m. As a result, the majority of dug
wells are located primarily in this aquifer. In the hard meta-
morphic zone, deeper fracture zones occur at 30-40 m and
some can reach 70-100 m, and groundwater within the frac-
ture zones is thus mainly extracted through the use of tube
wells ( Gupta et al., 2018 ; Karunaratne and Pathmarajah, 2002 ).

Two hundred fifty-four (254) water samples were collected
from Anuradhapura, including dug well (236), tube well (16),
and springs (2), eighty (80) water samples were collected from
Polonnaruwa from dug well (75) and tube well (5) (Appendix
A Table S1). In the meantime, the precipitation data of seven
meteorological stations in the NCP and adjacent provinces
were collected. The map of meteorological stations distribu-
tion and precipitation data are shown in Appendix A Figs. S1
and S2. Major field campaigns were conducted from 2nd De-
cember 2019 to 30th December 2019, and it was covered ev-
ery District Secretariats division. The sample sites were se-
lected based on resident population, areas, availability, and
Fig. 1 – Study areas of the NCP in Sri Lanka (a) map of Sri Lanka;
shown as black points; (c) map of Polonnaruwa district, with sam
accessibility to well groundwater. All of the samples were col-
lected in pre-washed Polypropylene bottles and were stored at
4 °C in the incubator. After sampling, the samples analyzed in
the Research Central for Eco-environment Sciences, Chinese
Academy of Sciences (Beijing, China). 

1.2. Main ions 

The pH, electrical conductivity (EC), Temperature ( °C) and to-
tal dissolved solids (TDS) were determined in the field by a
water quality analyzer (WTW, MultiLine Multi 3530, Welheim,
Germany). The samples were stored in a thermostat at 4 °C in
the field and sent to the University of Peradeniya in 24 hr, and
then back to China for further analysis after field sampling
campaigns. Other detailed information of the ions analysis
method is listed in Appendix A. 

1.3. Water stability indices 

The water stability indices such as Langrier Saturation Index
(LSI), Rezner Stability Index (RSI) and Pukeles Scaling Index
(PSI) can be used to predict the corrosion and scaling behavior
of water ( Taghipour et al., 2012 ; Eslami et al., 2020 ). The calcu-
lation of Larsen-Skold index (LS) can predict the corrosion de-
gree of water phase on the walls of the pipelines of low carbon
steel metal pipes ( Khorsandi et al., 2016 ). Details are shown in
 (b) map of Anuradhapura district, with sampling sites 
pling sites shown as dark blue points. 
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Table 1 – Water stability indices for corrosion and scaling potential. 

Index Equation Value Water condition 

LSI LSI = pH − pH S LSI > 0 Super-saturated, Scaling 
potential 

pH s = 9 . 3 + A + B − (C + D ) LSI = 0 Saturated 
A = (Log 10 [TDS ] − 1) / 10 LSI < 0 Under-saturated, Corrosion 

potential B = −13 . 12 × Log 10 (Temperature in ◦C + 273) + 34 . 55 
C = Log 10 [Ca 2+ as CaCO 3 ] − 0 . 4 
D = Log 10 [Alkalinity as CaCO 3 ] 

RSI RSI = 2pH S − pH RSI < 6 Scaling potential 
6 ≤RSI ≤7 Equilibrium; 
RSI > 7 Corrosion potential 

PSI PSI = pH eq − pH s PSI < 6 Scaling potential 
pH eq = 1 . 465 × Log 10 alkalinity + 4 . 54 6 ≤PSI ≤7 Equilibrium 

PSI > 7 Significant corrosion potential 
LS LS = (Cl − + 2 × SO 

2 −
4 ) /HCO 

−
3 LS < 0.2 No metal tendency 

0.2 ≤LS < 0.4 Light metal tendency 
0.4 ≤LS < 0.5 Low metal tendency 
0.5 ≤LS < 1.0 Mid metal tendency 
LS ≥1.0 High metal tendency 

Note : pH: actual measured pH of water; pH s : pH at the equilibrium state of CaCO3 ; TDS (mg/L): Total dissolved solids; °C: Measuring temperature; 
Ca2+ (mg/L): Calcium hardness; Alkalinity (mg/L): alkalinity (calculated as CaCO3 ); pH eq : pH value at equilibrium; Cl− (mg/L): Chloride; SO4 

2−

(mg/L): Sulfate; HCO3 
− (mg/L): alkalinity of hydrogen carbonate (calculated as CaCO3 ). 
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LSI was proposed in 1936 to describe the equilibrium rela- 
ionship between water containing CO2 and calcium carbon- 
te solid. When LSI > 0, CaCO3 is saturated, calcium carbonate 
n water tends to deposit, and when LSI < 0, water have cor- 
osion potential; RSI is an empirical index proposed through 

xperiments, which can relatively quantitatively predict the 
endency of calcium carbonate precipitation and dissolution 

n water. When RSI < 6, the water is easy to scale, 6 ≤RSI ≤7, the
ater is relatively stable, RSI > 7, the water tends to have corro- 

ion, and as the value increase, the stronger the corrosion ca- 
acity. Based on the RSI index, the researchers also proposed 

he PSI, which is similar to RSI. When PSI < 6, CaCO3 is super- 
aturated, with the increase of PSI value, the water quality 
radually presents corrosivity. LS index is used to evaluate the 
rosion of water quality on pipelines. LS < 0.2, no metal ten- 
ency, 0.2 ≤LS < 0.4, Light metal tendency, 0.4 ≤LS < 0.5, metal 
endency, 0.5 ≤LS < 1.0, middle metal tendency, LS ≥1.0, high 

etal tendency. 

.4. Water quality assessment methods 

he core of the water quality assessment method is to refer 
o health standards as the evaluation criteria, to a certain ex- 
ent to reflect the characteristics of water quality indicators 
onstitute a set of effective comprehensive evaluation meth- 
ds, and thus can objectively evaluate or judge the overall sit- 
ation of water quality. In 2018, Cooray et al. (2019b) firstly 
sed the composite index method (WQI) for a simple evalu- 
tion of groundwater in the Anuradhapura area of the NCP,
xploring the possibility of a method that could be applied to 
he evaluation of groundwater quality in the NCP. As its small 
ample size and single method, it was not sufficient to extend 

t to other CKDu zone in the NCP. Therefore, this study uses 
hree methods such as the Mean Composite Pollution Index,
he modified Nemero Pollution Index and the Water Quality 
ndex (WQI). Based on the results of sampling and analysis,
1 indicators such as pH, TDS, total alkalinity, hardness, Ca2 + ,
g2 + , Na+ , F−, Cl−, SO4 

2−, NO3 
−, Al3 + , Fe3 + , As, Cd, Cr, Cu, Mn,

i, Pb and Zn were selected regarding the Sri Lankan Drink- 
ng Water Standard (SLS 614-2013) and WHO Drinking Water 
uide (4th ), considering that DOM in drinking water can lead 

o the production of disinfection by-products, TOC was intro- 
uced into the calculation of indicators, for a total of 22 indi- 
ators, to evaluate the NCP groundwater. 

.4.1. Average value synthesis pollution exponential 
ynthesis pollution exponential method is based on a single 
actor pollution index method based on the premise of the 
tatistical analysis method ( Du et al., 2022 ). It is a single wa-
er quality index of the measured value and the evaluation of 
he standard value of the ratio, used to judge the water qual- 
ty indicators to meet the requirements of the corresponding 
tandards, the expression (except for pH) is as follows: 

i =
Ci 

C0 
(1) 

Where: Pi is the single factor pollution index; Ci is the ac- 
ual concentration measurement of the i th indicator; C0 is the 
valuation standard value of the i th indicator (Appendix A Ta- 
le S3), all in mg/L. 

The average value synthesis pollution exponential is based 

n the synthesis pollution exponential and the formula is as 
ollows: 

 = 1 
n 

n ∑ 

i =1 

Pi (2) 

Where: P is the average value synthesis pollution exponen- 
ial, which is the arithmetic mean of the single factor pollution 

ndex of n indicators; and the pollution level is classified ac- 
ording to the P value is detailed in Appendix A Table S2. 
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1.4.2. Nemerow Pollution Index 
The Nemerow Pollution Index is an environmental quality in-
dex that highlights the maximum values, taking into account
the average and maximum values of the single factor pollu-
tion index, emphasising the influence of the maximum pol-
lution factor on water quality pollution ( Liu et al., 2017 ). The
introduction of the coefficient of variation can offset to some
extent the error in the evaluation results caused by the maxi-
mum value, which in turn can reasonably reflect the compre-
hensive characteristics of the water quality, the formula is as
follows: 

wi =
(

CV i ∑ n 
i =1 CV i 

)
(3)

Pi,max = max 
(

wi Ci 

C0 

)
(4)

P = 1 
n 

n ∑ 

i =1 

Pi (5)

I =
√ 

P2 + (
Pi, max 

)2 

2 
(6)

Where: wi is the weight of each parameter, CV is the coef-
ficient of variation, Pi,max is the maximum value of single fac-
tor pollution index among n indicators, P is the average value
synthesis pollution exponential, I was the Nemerow Pollution
Index value, and the pollution level division is shown in Ap-
pendix A Table S2. 

1.4.3. Water Quality Index (WQI) 
The Water Quality Index (WQI) is based on the relative impor-
tance of each parameter, giving the weight of each parame-
ter, to account for the synergy of individual water quality pa-
rameters, reflecting the comprehensive characteristics of wa-
ter quality ( Brown et al., 1972 ). The relative weights of each
index are shown in Appendix A Table S3, the formulae are as
follows: 

i =
wi ∑ n 
i =1 wi 

(7)

Qi =
Ci 

C0 
× 100 (8)

WQI =
n ∑ 

i 

Wi × Qi (9)

Where: wi for the weight of each parameter, Wi for the rel-
ative weight of each factor index, Qi for the single index, WQI
for the water quality index value, according to the WQI value
assessment of water quality classification, see Appendix A Ta-
ble S2 for details. 

1.5. Statistical analysis 

Statistical analysis was performed using a SPSS (21.0, IBM,
USA) and an Origin (2018, Originlab, USA) software. ArcGIS
(10.1, ESRI, USA) was used to create maps of major ion dis-
tribution, water stability indices maps and water quality as-
sessment maps. 
2. Results and discussion 

2.1. Groundwater chemistry 

As is shown in Table 2 , the pH of the dug well and the tube
well are 7.81 ± 0.7 and 7.15 ± 0.76 respectively, and the TDS is
873.25 ± 531.54 and 729.48 ± 494.89 mg/L respectively. Among
which, HCO3 

− was the main anion in the dug wells, account-
ing for 74.27% of the total anion concentration, and Na+ and
Ca2 + are the main cations, accounting for 79.13% of the to-
tal cation concentration. The ion concentration order was
HCO3 

−> Na+ > Ca2 + > Cl−> Mg2 + > SO4 
2−> K+ > Br−> NO3 

−>

F−, and the order of trace ion concentration was Mn > Zn > Al >
Fe > Cu > Ni > As > Pb > Cr > Ti > Cd (Appendix A Table S4). In
tube wells, the anion was dominated by HCO3 

−, accounting
for 76.80% of the total anion concentration, the cation was
dominated by Na+ and Ca2 + , accounting for 83.05% of the
total cation concentration, the ion concentration order was
HCO3 

−> Na+ > Ca2 + > Cl−> Mg2 + > SO4 
2−> Br−> K+ > NO3 

−>

F−, and the trace ion concentration was Zn > Mn > Fe > Al >
Cu > Ni > Ti > As > Pb > Cr > Cd. From the average values of
the main ion concentrations, the cation with the highest con-
centration in both groundwaters was Na+ and the anion with
the highest concentration was HCO3 

−, the order of ion con-
centrations is the same indicating that the two groundwaters
have some similarities (except for Br−). The classification ac-
cording to TDS indicates (Appendix A Table S5) that both dug
well water and tube well water have a high degree of miner-
alization, which revealing 66.89% and 71.43% were freshwa-
ter type (TDS < 1000 mg/L) according to the TDS classification
( Bouaissa et al., 2021 ). 99% of groundwater samples are moder-
ately hard based on hardness classification ( Gupta et al., 2018 )
(Appendix A Fig S3), these were similar to the results of previ-
ous studies ( Abeywickarama et al., 2016 ; Cooray et al., 2019b ,
2019a ; Pinto et al., 2020 ). The coefficient of variation (CV) re-
flects the degree of dispersion of each measured value, except
for pH, the coefficients of variation for the major water chemi-
cal ions in both groundwaters are greater than 0.5, which were
above moderate variation, indicating that there are more fac-
tors affecting the concentration of the major ions in ground-
water 

According to the Sri Lanka Drinking Water Standard
(SLS614-2013), the TDS, total alkalinity, Mg2 + and total hard-
ness in both groundwaters were exceeded to some degrees.
Spatial mapping of major ions in groundwater using interpo-
lation (IDW) as shown in Appendix A Fig. S4, the concentra-
tions of all major ions in groundwater in the Anuradhapura
were significantly higher than in the Polonnaruwa (except for
Ca2 + ions). The spatial distribution of K+ , Na+ , Mg2 + and TDS
were consistent, and F−, NO3 

− and SO4 
2− were similar in their

spatial distribution. Specifically, areas with TDS over 1000
mg/L are concentrated in Anuradhapura and less than 500
mg/L are concentrated in the southern part of Polonnaruwa,
indicating that groundwater mineralization is higher in Anu-
radhapura than in Polonnaruwa. The hardness of groundwa-
ter in the NCP is high, with “very hard groundwater” in western
and eastern Anuradhapura and “hard groundwater” or “Mod-
erate hard groundwater” in the rest of the NCP. In contrast,
the areas of both total alkalinity and Mg2 + were concentrated
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Table 2 – Concentrations of major water chemistry parameters and DOM in the study area (mg/L, except pH, Tempera- 
ture/ °C). 

Parameters Dug well Tube well Spring 

Range Mean ±SD CV% Range Mean ±SD CV% Range Mean ±SD CV% 

pH 5.86-9.38 7.81 ±0.70 0.10 6.61-7.73 7.15 ±0.76 0.11 7.0-7.84 7.42 ±0.0.59 0.08 
Temperature 22.2-32.5 27.22 ±0.99 0.04 24.5-29.8 27.49 ±1.51 0.05 26.5-26.9 26.7 ±0.28 0.01 
TDS 116.00-4390.00 873.25 ±531.54 0.64 279-2270 729.48 ±494.89 0.68 98.50-105.00 101.75 ±4.60 0.05 
HCO3 

− 24.00-844.00 276.38 ±153.71 0.56 59.00-583.00 311.09 ±148.10 0.48 40.00-69.00 54.23 ±20.27 0.61 
K+ 0.31-619.86 8.49 ±44.62 5.23 0.88-7.09 2.88 ±1.75 0.61 1.44-1.61 1.52 ±0.12 0.08 
Ca2 + 0.54-162.03 61.21 ±32.89 0.54 4.24-155.25 64.89 ±43.02 0.66 5.43-5.60 5.52 ±0.12 0.02 
Mg2 + 0.02-179.58 30.05 ±23.72 0.79 8.72-46.41 41.01 ±22.03 0.54 1.30-3.68 2.49 ±1.69 0.68 
Hardness 1.44-974.48 276.56 ±140.41 0.51 99.04-626.50 312.82 ±133.20 0.43 28.72-186.62 107.67 ±111.65 1.04 
Na+ 0.03-1126.21 84.88 ±106.25 1.25 12.11-431.74 153.33 ±165.72 0.94 10.02-50.83 30.43 ±28.86 0.95 
F− 0.02-4.85 0.82 ±0.77 0.93 0.14-1.77 0.71 ±0.47 0.70 0-0.10 0.05 ±0.07 1.41 
Cl− 0.03-215.07 58.37 ±43.47 0.74 0.37-157.22 57.57 ±43.03 0.75 11.32 ±23.03 17.18 ±8.28 0.48 
Br- 0.04-112.59 7.01 ±10.32 1.47 2.11-21.28 8.33 ±4.38 0.53 6.61-7.60 7.11 ±0.70 0.10 
NO3 

− 0.02-54.44 4.65 ±7.98 1.70 0.26-8.07 2.04 ±2.06 1.01 0-2.27 1.14 ±1.61 1.41 
SO4 

2− 0.17-307.58 24.22 ±30.49 1.26 0.94-118.83 25.31 ±27.72 1.10 2.27-10.02 6.4 ±5.13 0.80 
TOC 0-31.60 5.64 ±3.57 0.63 1.7-10.70 5.31 ±2.40 0.45 2.60-3.30 2.95 ±0.49 0.17 

Fig. 2 – Land use spatial distributions map of NCP. 
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n Anuradhapura. In addition to the above ions, the higher 
oncentrations of F−, Cl− and SO4 

2− are also concentrated 

n Anuradhapura, while the NO3 
− maximum are more scat- 

ered. Previous studies have shown that the fluoride concen- 
ration in the groundwater in the dry zone of the NCP exceeds 
he standard (SLS614-2013, F−< 1 mg/L) ( Dharmaratne, 2015 ; 
oung et al., 2011 ). Combined with the land use types in Fig. 2 ,
reas with high ion concentrations in groundwater are mainly 
ound in built-up land and cropland land, while in forest land,
here there are more nature reserves, ion concentrations in 

roundwater are relatively low, indicating that anthropogenic 
actors have a greater influence on the major ions in ground- 
ater. In addition, the main land-use type in the NCP is crop- 

and land, with cropland land accounting for 49.5% of the to- 
al land area in the NCP. Studies have shown that groundwa- 
er is one of the main sources of irrigation water for agricul- 
ure ( Athukorala et al., 2017 ; Villholth and Rajasooriyar, 2010 ),
herefore, agricultural activities may have a great impact on 

he groundwater in the NCP. It is worthy noting that the dis- 
ribution of Ca2 + concentration is opposite to the concentra- 
ion of other cations, with higher concentrations occurring at 
olonnaruwa and lower Ca2 + concentrations in the Anurad- 
apura area, the reasons for which need further analysis. 

As shown in Appendix A Table S6, the main ions of the dug
ells, and tube wells were selected for correlation analysis.
he TDS of dug well groundwater was significantly correlated 

ith K+ , Ca2 + , Na+ , SO4 
2−, Cl− and HCO3 

− ( p < 0.01), suggest- 
ng that they are the main ions resulting from the increase of 
alinity in shallow weathering aquifer groundwater. K+ , Na+ ,
a2 + , Cl− and HCO3 

− have a strong positive correlation, which 

ndicates that these chemical components may have the same 
ource. TDS of tube well water was only significantly corre- 
ated with Ca2 + ( p < 0.05), which reflects that its mineraliza- 
ion was mainly caused by Ca2 + . 

.2. Factors influencing of hydrochemical characteristics 

he hydrochemical data were plotted in a Piper diagram 

 Piper, 1944 ), which provided an excellent method to classify 
he groundwater types from the different aquifers ( Fig. 3 ). 

As shown in Fig. 3 , both types of groundwater were pre- 
ominantly Ca ·Mg-HCO3 and Ca ·Na-HCO3 types, and Spring 
ater is Na ·K-HCO3 type. The main sources of dissolved min- 

rals in groundwater can be shown using the Gibbs diagram 

 Gibbs, 1970 ), and it is a widely used method to describe the
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Fig. 3 – Piper diagram of groundwater samples in NCP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

source of chemical components in water, which includes three
sources: rock weathering, evaporation-crystallization, and at-
mospheric precipitation. As shown in Fig. 4 a and b , the dug
well and tube well groundwater samples are located between
the rock weathering and evaporation-crystallization. Atmo-
spheric precipitation did not affect the chemical composition
of groundwater, which means that rock weathering and evap-
orative crystallization are the main sources of chemical com-
ponents of these two types of groundwater sources, this is in
line with previous studies ( Abeywickarama et al., 2016 ). Spring
Na+ /(Na+ + Ca2 + ) ratios greater than 0.5 and relatively low TDS
suggest that spring groundwater chemistry is more complex
than that of dug wells and tube wells, and is influenced by rock
weathering, atmospheric precipitation and human activity. 

HCO3 
−, Na+ and Ca2 + are the main anions and cations in

groundwater in the NCP and are mainly influenced by rock
weathering and evaporation-crystallization. However, as the
ion molar ratios of mineral dissolution products are different
in different types of rocks, their sources can be resolved using
the relevant ion ratio relationship ( Luan et al., 2017 ; Wei et al.,
2020 ). As shown in Fig. 4 c and d , the endmember diagram
method shows that the two kinds of groundwater and spring
were mainly affected by the dissolution of silicate weather-
ing and evaporated rock salt ( Li et al., 2020 ; Mukherjee and
Fryar, 2008 ). (Na+ + K+ )/Cl− can be used to indicate the disso-
lution of rock salts and silicates in groundwater ( An et al.,
2012 ). The (Na+ + K+ /Cl−) ratio in natural waters is approxi-
mately 1. Most of the dug wells in the study area, as well as
all of the tube well water sample points, are distributed above
the 1:1 line ( Fig. 4 e ), and the concentration of Na+ + K+ is es-
sentially greater than the Cl− concentration, indicating that
groundwater dissolves other silicate minerals containing Na+ 

and K+ as it flows through the aquifer. (Na+ + K+ )-Cl− can be
used to indicate whether there is an increase or decrease in
Na+ except for dissolution of the rock salt, and (Ca2 + + Mg2 + )-
(SO4 

2 + + HCO3 
−) indicates whether there is an increase or de-
crease in Ca2 + and Mg2 + relative to the dissolution of the
carbonate rock, when the ratio [(Na+ + K+ )-Cl−]/[(Ca2 + + Mg2 + )-
(SO4 

2−+ HCO3 
−)] is close to -1, indicated the presence of al-

ternating cation adsorption. As shown in Fig. 4 f , the dug well,
tube well and spring samples were mostly around the 1:1 line
in the fourth quadrant of the coordinates, suggesting that al-
ternate cation adsorption exists to some degrees in both types
of groundwater, mainly in the form of Ca2 + release and Na+

adsorption ( An et al., 2012 ). The effect of the ion exchange pro-
cess on the mineralization of water can be illustrated using
the Chlor-alkali index (CAI Ӏ and CAI II, Eqs. (12) and (13) ), and
negative CAI values indicate that Na+ and K+ in the rock ex-
change ions with Ca2 + and Mg2 + in the water ( Zhang et al.,
2021 ). It can be seen that most of the tube well water, dug
well water and spring water samples have negative CAI values,
and a small number of dug well and tube well water samples
have positive CAI ( Fig. 4 g ), indicating that ion exchange be-
tween Na+ and K+ in the rocks and Ca2 + and Mg2 + in the wa-
ter dominates, while the smaller the CAI value, the greater the
degree of alternate ion sorption. Therefore, the overall inten-
sity of alternate cation sorption in the study area shows that
dug well groundwater > tube well groundwater > spring wa-
ter, and the associated possible reaction equations are shown
in Eq. (14) : 

CA II = ( Cl− − ( Na+ + K+ ) ) 
Cl−

(12)

CAI II =
(
Cl − − ( Na + + K+ ) 

)
(
HCO 

−
3 + SO 

2 −
4 + NO 

−
3 

) (13)

2Na+ Rock + Ca2+ Water → 2Na+ Water + Ca2+ ( Rock ) (14)

Typically, NO3 
− ions are not produced by rock weathering

processes and potential sources of NO3 
− and Cl− in groundwa-

ter include major atmospheric rainfall, natural sources (dis-
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Fig. 4 – Relationship between the rate of the main ions of water samples. (a, b: Gibbs diagram; c, d: Endmember diagram; e: 
Ion ratio analysis of Na+ + K+ /Cl−; f: Ion ratio analysis of (Na+ + K+ )-Cl−/(Ca2 + + Mg2 + ) - (SO4 

2−+ HCO3 -); g: Chloro-Alkali 
Indices; h: Variation of NO3 

−/Cl− molar ratio with Cl− molar concentration). 
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solution of minerals), agrochemicals (potash or potassium
chloride), animal manure, septic tank effluent and road salt
( Bastani and Harter, 2019 ). As shown in Table 1 , the concentra-
tion of NO3 

− in dug well water and the tube well water were
between 0.02-54.44 mg/L and 0.26-8.07 mg/L, respectively, and
the coefficient of variation were 1.7 and 1.09 respectively, be-
longing to strong variation and indicated that many factors
are causing the existence of NO3 

− in groundwater. Fig. 4 h
shows that NO3 

− ions in groundwater are mainly of anthro-
pogenic origin (i.e. agricultural activities and municipal in-
puts) ( Liu et al., 2006 ). This is mainly due to the predominance
of rice cultivation in agricultural activities in rural areas of the
NCP, and the lack of effective treatment of domestic sewage.
As a result, the direct discharge of domestic sewage and the
fertilizers and pesticides contribute to the presence of NO3 

− in
groundwater. The spatial distribution of NO3 

− in Appendix A
Fig. S4 is consistent with the distribution of Built-up land and
cropland land, which supports the result that groundwater is
influenced by human activities. 

The results of the ion ratio analysis indicate that ground-
water is mainly influenced by the dissolution of silicate rock
salts and evaporite salts ( Fig. 4 c and d ). Na+ and K+ ex-
ceeded Cl− in 79.10% of the dug well and 80.95% of the tube
well groundwater samples ( Fig. 4 e ), suggesting the weather-
ing of silicate rocks such as sodic and potassium feldspar re-
sults in elevated Na+ and K+ ion concentrations. In addition,
the surface of rock and soil particles is negatively charged,
and they can adsorb cations. Under certain conditions, some
cations can be adsorbed by rock particles, and some of them
can be released and re-transferring them to groundwater
( Mondal, 1973 ; Shainberg et al., 1988 ). The adsorption capac-
ity of different cations on rock surfaces is different, and the
higher ion valency and smaller radius increase competitive
adsorption ability. According to the adsorption ability, the or-
der is as follows ( Goren et al., 2011 ): 

H+ > Fe3 + > Al3 + > Ca2 + > Mg2 + > K+ > Na+ 

Therefore, the opposite distribution of Ca2 + and other
cation concentrations was mainly due to the presence of al-
ternating cation sorption (Appendix A Fig. S4). In contrast, the
results in Fig. 4 f and g provide further evidence that ion ex-
change processes may be a factor influencing the chemical
composition of groundwater. This is also supported by the K+

coefficient of variation of 5.23 and the significant negative cor-
relation between Ca2 + and K+ ( p < 0.01) for the dug well wa-
ter in Table 1 and Appendix A Table S6. In a word, the main
hydrochemical ions in groundwater are influenced by the dis-
solution of silicate and evaporite salts, alternating cation ad-
sorption and anthropogenic factors. 

2.3. Principal component analysis (PCA) of hydrochemical 
formation 

For the principal component analysis, four principal compo-
nent factors with eigenvalues greater than 1 were selected
for analysis. The maximum variance method was used to ro-
tate the component matrix to obtain the rotation factor load
matrix ( Table 3 ). The cumulative variance contribution rate of
the four principal components of the excavated groundwater
was 67.85%, and the cumulative variance contribution rate of
the tube well groundwater was 78.04%. According to the fac-
tor load value, the factors were divided into three categories:
“weak (0.3-0.5)”, “medium (0.5-0.75)” and “strong ( > 0.75)”. As
the load matrix of rotation factor shows, in dug well, PC1 re-
places TDS, Na+ and Mg2 + in the original data, with the dis-
solution of silicate minerals and salt rocks causing elevated
Mg2 + and Na+ concentrations in groundwater. In tube well,
PC1 replaces Na+ and SO4 

2− in the original data, indicated that
in addition to the dissolution of silicate minerals, the disso-
lution of sulfur-containing minerals also causes the increase
of SO4 

2−. The principal component factors PC2, PC3 and PC4
of the dug well groundwater mainly replaced the Ca2 + , F− and
NO3 

− in the original data, while the tube well groundwater PC2
replaces the Ca2 + and NO3 

− in the original data, while PC3 and
PC4 represent F− and HCO3 

− respectively, which means that
except for the dissolution of silicate minerals, both groundwa-
ters are polluted by nitrate. PC3 was considered to be the effect
of the dissolution of fluorine-containing minerals in ground-
water, indicating that both groundwater had the effect of flu-
oride. To sum up, rock weathering and evaporative crystal-
lization have resulted in the enrichment of ions in groundwa-
ter, while some salts with weak adsorption capacity (such as
sodium salt) have been separated out, resulting in the relative
increase of Na+ concentration in groundwater and occupying
the main cation position. HCO3 

− is the main anion in the NCP
groundwater, and finally, Ca ·Mg-HCO3 and Ca ·Na-HCO3 types
of groundwater were formed. 

2.4. Water stability indices map 

Numerous literature have been reported the application of
water stability indices in scaling and corrosion potential of
the drinking water pipelines ( Li et al., 2016 ; Tong et al., 2019 ;
Tan et al., 2020 ). Therefore, the stability index of water quality
of calculation ( Fig. 5 , Appendix A Figs. S5 and S6) could help
better determine the chemical integrity of groundwater. The
Langelier Saturation Index (LSI) results show that most of the
groundwater is under saturated, indicating that there is a cor-
rosion potential. The water samples with LSI > 0 account for
47.04% and 23.81% in the dug well and tube well respectively,
while the water samples with LSI < 0 account for 52.96% and
76.19% respectively. As clearly shown in Fig. 5 a , the ground-
water with scaling potential mainly existed in Polonnaruwa,
and the groundwater with corrosion potential mainly existed
in Anuradhapura. However, this index cannot determine the
node where the corrosion tendency of water quality appears.
Therefore, researchers have proposed the Ryznar Stability In-
dex (RSI) based on experiments. The results show that most
groundwater in the NCP has corrosion tendency. The ground-
water with RSI value < 6 (scaling potential) only exists in the
dug well, accounting for 2.30%. The groundwater samples with
6 ≤RSI ≤7 (Equilibrium) accounted for 22.04% and 9.52% of the
groundwater in the dug well and tube well, respectively. The
groundwater samples with RSI > 7 accounted for 75.66% and
90.48% respectively in the dug well and tube well. However,
RSI, as an empirical index, ignored the buffering capacity of
water. Therefore, after further optimization based on RSI, the
Puckorius Scaling Index (PSI) was proposed. This index uses
equilibrium pH instead of the measured pH to account for
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Table 3 – Rotated factor loading matrix. 

Parameters PC1 PC2 PC3 PC4 

Well Dug well Tube well Dug well Tube well Dug well Tube well Dug well Tube well 
TDS 0.749 0.382 0.359 0.721 
HCO3 

− 0.518 0.381 0.512 0.959 
K+ 0.316 -0.443 0.495 0.707 0.389 
Ca2 + 0.863 0.893 
Mg2 + 0.818 0.452 0.682 0.3 
Na+ 0.861 0.804 
F− 0.947 -0.794 
Cl− 0.593 0.692 0.402 
NO3 

− 0.854 0.883 
SO4 

2− 0.584 0.914 
Variance contribution (%) 30.498 24.452 14.284 23.611 12.125 17.78 10.947 12.194 
Cumulative variance contribution (%) 30.498 24.452 44.782 48.063 56.907 65.843 67.855 78.037 

Fig. 5 – Spatial temporal distribution of the indices (a: LSI; b: RSI; c: PSI, d: LS). 
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he buffering effects, quantifying the relationship between the 
aturation state of water and scaling, which can be closer to 
he actual situation. The results of PSI was in concordance 
ith RSI, indicating that most groundwater has corrosion po- 

ential. Among them, the groundwater with scaling poten- 
ial (PSI < 6) accounts for 8.88% and 4.76% respectively in the 
ug well and tube well, the groundwater in equilibrium state 

6 ≤PSI ≤7) accounts for 22.04% and 9.52% respectively, while 
he groundwater with corrosion potential (PSI > 7) accounts for 
4.34% and 85.72% respectively. Compared with LSI, PSI index 
hows that groundwater with corrosion tendency mainly in 

nuradhapura, and in the south of Polonnaruwa with equilib- 
ium, which deviating from LSI in-terpretations. 

LS index results show that the metal corrosion tendency 
f Anuradhapura groundwater was higher than that of Polon- 
aruwa. Among them, no metal corrosion tendency (LS < 0.2) 

s 22.4% and 33.33% in the dug well and tube well, respec- 
ively, which are mainly distributed in Polonnaruwa, including 
hamankaduwa, Welikanda, Dimbulagala and Higurakagoda.
he groundwater with light metal tendency (0.2 ≤LS < 0.4) was 
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Fig. 6 – Water quality map (Modified Nemerow Pollution Index). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36.80% and 33.33% respectively, mainly in Anuradhapura, in-
cluding Nochchiyagama, Thalawa, Galnewa, Palagala, Keki-
rawa, Palugaswawa and Padaviya, as well as Medirgirya in
Polonnaruwa. The groundwater with low metal tendency
(0.4 ≤LS < 0.5) was 9.20% and 4.76% respectively, which were
mainly distributed in the north of Anuradhapura, including
Mahawilachchiya, Medawachchiya, Kebithigollewa, Horow-
pathana and Nuwaragam Palatha Central. The groundwater
with mid metal tendency (0.5 ≤LS < 1.0) was 24.00% and 14.29%
respectively, which were mainly located in Rambewa, Mi-
hinthale, Thirappane and Ipalogama in Anuradhapura, and
Elahera in Polonnaruwa. The groundwater with high metal
tendency (LS ≥1) was 6.00% and 14.29% respectively, which
only existed in Mihinthale. It should be noted that the distri-
bution of groundwater with no metal and light metal tendency
was consistent with that of forest land in land use types, and
mid metal and high metal tendency was consistent with that
of built-up land in land use types, its further indicated that the
chemical components in groundwater are affected by human
factors. 

Therefore, most of the groundwater in the NCP with corro-
sion potential. However, in the personnel gathering area, the
metal corrosion capacity of groundwater was relatively high,
which should be considered in the process of water supply. 

2.5. Water quality assessment map 

As listed in Table 2 , the main hydrochemistry ions in both
types of groundwater in the NCP are exceeded the maximum
values of Sri Lanka drinking water standards to some degree.
The use of three methods such as the average value synthesis
pollution exponential, the modified Nemerow Pollution Index
and the water quality index (WQI) can provide a more com-
prehensive understanding of groundwater quality in the NCP
and explain the interactions between different water quality
parameters. As is shown in Fig. 6 and Appendix A Fig. S7, the
water quality of Polonnaruwa was better than that of Anu-
radhapura under different water quality assessment meth-
ods. Districts of poor water quality were mainly distributed in
Rajanganaya, Rambewa and Horowpathana in the Anuradha-
pura, and in Lankapura of Polonnaruwa. Based on the results
of the average value synthesis pollution exponential, ground-
water in the NCP can be classified into five types (“Excellent”,
“Good”, “Poor”, “Very poor” and “Unsuitable”), of which 10.84%
are of “Excellent” quality, while the others have different de-
grees of pollution, “Good”, “Poor”, “Very poor” and “Unsuit-
able” groundwater quality accounted for 43.67%, 37.95%, 6.33%
and 1.20%, respectively. The results of the modified Nemerow
pollution index show that there were four types of ground-
water quality (“Excellent”, “Good”, “Poor” and “Very poor”) in
the NCP, accounting for 53.61%, 37.65%, 7.53% and 1.20%, re-
spectively. The WQI results of the water quality index method
show that none of the WQI values exceeds the limit of 300, so
there are three main types (“Excellent”, “Good” and “Poor”).
Among them, “Excellent” groundwater quality occupies the
main position (37.12%), others are “Good” and “Poor” ground-
water quality (Appendix A Fig. S8). A comparison of the results
of these three methods shows that in the average value syn-
thesis pollution exponential, the larger the exceedance of the
concentration of a single indicator, the greater its impact and
the more pessimistic the evaluation results tend to be. And
the WQI results, although the weight values of different pol-
lutants are different, when the key indicators (toxicological
indicators) exist as evaluation factors cause the WQI values
to be lowered, making the evaluation results too optimistic
and contrary to the actual situation, and the WQI will have
a certain degree of unreasonableness in practical application.
Therefore, in the evaluation of water quality, both the maxi-
mum pollution value and the influence of key indicators need
to be taken into account. Modified the Nemerow pollution in-
dex method weakens the influence of the maximum value
and incorporating the coefficient of variation makes its evalu-
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tion results more objective and accurate compared to the av- 
rage value synthesis pollution exponential and WQI. At the 
ame time, in the process of water quality evaluation, different 
valuation methods have their advantages and disadvantages,
hould not overly magnify the advantages and disadvantages 
f a certain method, should be combined with the actual local 
onditions, choose the appropriate groundwater quality eval- 
ation methods, that the water quality evaluation results are 
ore accurate, and thus can be a comprehensive and realistic 

eflection of the study area groundwater quality conditions. 
Therefore, when the water quality is lower than the “good”

rade, the groundwater needs to be treated before drinking,
hich conforms to the requirements of the “water purifica- 

ion plan” in the WHO report ( WHO, 2012 ). In summary, when 

roundwater quality is below the “good” grade, it must be 
reated appropriately before it can be used as drinking water. 

. Conclusion 

his study provides a comprehensive analysis of the spatial 
istribution of the main ions in groundwater in the NCP during 
he wet season, as well as studying the groundwater chemical 
haracteristics and influencing factors based on PCA and cor- 
elation analysis. Major conclusion are made as the following: 

a) Over 95% of groundwater is high hardness water, anions in 

both dug well water and tube well water is dominated by 
HCO3 

−, accounting for over 70% of the total anion concen- 
tration, cations are dominated by Na+ and Ca2 + , account- 
ing for over 75% of the total cation concentration, with the 
main ion concentrations showing HCO3 

− > Na+ > Ca2 + > 

Cl− > Mg2 + .
b) Rock weathering and evaporative crystallization affect the 

hydrochemical ions of the two kinds of groundwater, and 

both groundwater hydrochemical types are predominantly 
Ca ·Mg-HCO3 and Ca ·Na-HCO3 types. The main HCO3 

−,
Na+ , Ca2 + and Mg2 + ions in both groundwaters originate 
from the silicate and evaporative rock salt dissolution and 

are affected by alternate cation adsorption, with the inten- 
sity of adsorption generally showing dug well groundwater 
> tube well groundwater > spring.

c) The water quality stability indices (LSI, RSI, PSI and LS) 
shows that most of the groundwater in the NCP has corro- 
sion potential, and the metal corrosion capacity of ground- 
water was high in the personnel gathering area.

d) Based on the different water quality assessments, water 
quality of Polonnaruwa is generally better than that of 
the Anuradhapura, with poorer areas being found in Ra- 
janganaya, Rambewa and Horowpathana in the Anurad- 
hapura, and Lankapura in Polonnaruwa, which must be 
treated appropriately before it can be used as drinking wa- 
ter.
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