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N o G e W

Abstract: Drinking water is largely from groundwater in Sri Lanka, so quality management is of
great concern. In order to achieve the 6th goal of United Nations (UN) Sustainable Development
Goals (SDG), more efforts are being undertaken to secure drinking water quality. In this paper, the
current status, challenges and opportunities of groundwater quality management and improvement
in Sri Lanka were reviewed and discussed, based on previous studies. There are Ca-HCOj type,
Ca-Mg-HCOj; type and Na-SO4—Cl type groundwater dominated in the wet zone, intermediate and
the dry zone, respectively. Elevated levels of hardness, fluoride, DOC, and alkalinity, and salinity
are reported in the groundwater in the dry zone controlled by geology and arid climate. Although
groundwater in some regions contain significant levels of nitrates, arsenic, cadmium and lead, the
majority remain at acceptable levels for drinking purposes. As for treatment technologies, existing
membrane-based drinking water treatment technologies such as RO (Reverse Osmosis) stations can
produce safe and clean drinking water to the community, but this has still a limited coverage. To
achieve a safe drinking water supply for all, especially in rural communities of Sri Lanka under
the 6th goal of the UN SDG, more efforts in building up the infrastructure and man power are
needed to monitor and assess groundwater quality regularly so as to develop management strategies.
Research and development can be directed towards more cost-effective water treatment technologies.
Protection of groundwater from being polluted, and educational and awareness programs for the
stakeholders are also essential tasks in the future.

Keywords: aquifers; drinking water quality; geogenic; groundwater; nanofiltration; reverse osmosis

1. Introduction

Groundwater has been playing a vital role in the domestic, industrial, and agricultural
water supply around the globe due to its availability and reliability. With the increase
of the population and urbanization, water demand is usually increased for domestic,
agricultural, and industrial needs. Groundwater usage of Sri Lanka has been widely
spreading throughout the country especially in the dry zones, e.g., a significant fraction
of the population still use the dug wells (36.4%) and tube wells (3.2%) as their main
water source [1]. Drinking purpose is the major usage apart from agricultural usage of
groundwater. It was observed that groundwater coverage (39.6%) has not been expanded
in the last decade, but pipe-borne water supply has been increased from 36.8% to 51.5%
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of the population while reaching 91.6% total safe water coverage within the last decade
(2009-2019) (Figure 1) [2]. Usually, pipe-borne water is produced from surface water with
less dissolved mineral content by conventional water treatment methods. Groundwater
quality management, especially in the dry zone is a critical factor for future sustainability [3].
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Figure 1. Progress of drinking water supply in Sri Lanka from 2009 to 2019 [2].

Ancient Sri Lanka has fulfilled their water requirements by the man-made tank systems
which were built more than one thousand years ago throughout the dry zone to harvest
and store the rainwater in large scale [4], but the major drinking water source has slowly
changed to the groundwater due to the influence of Western colonization in Sri Lanka in the
past few centuries that lasted until 1948 [5]. Usually, the volume of the stored water in the
regolith aquifer system and the level of the water table in the central dry zone are depending
on the water level of man-made surface water reservoirs. Seasonally, apparent changes in
water level in the shallow dug wells can be observed with the water levels in tank cascade
systems [4,6,7]. With the increasing population, a rapid increase of extensive agricultural
practices and the growing number of industrial facilities has become significant. It creates a
huge demand for water resources which leads to a higher extent of groundwater extraction
as well as increased pollution of water resources. Over extraction of groundwater has also
become a major problem in lowering the groundwater table which may result in different
groundwater problems such as seawater intrusion and depletion of the water storages
especially in coastal aquifers. Groundwater quality and quantity generally depend on
environmental, geological, climatic, and anthropogenic factors, and quite a higher variation
of those factors can be observed throughout Sri Lanka [8]. Furthermore, Sri Lanka has
been suffering from major health crises over decades due to the drinking water quality,
especially direct use of groundwater, e.g., chronic kidney disease of unknown etiology
(CKDu) has drawn more attention due to its higher prevalence throughout the country in
the past few decades [9-11].

The 6th goal (Clean water and sanitization) of United Nations (UN) Sustainable Devel-
opment Goals (SDG) was established to ensure availability and sustainable management of
water and sanitation for all around the globe [12,13]. To achieve the 6th goal of UN SDG,
Sri Lanka has made great efforts and progress by reaching 90.6% of the population (Target
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6.1) which have access to safe drinking water [14], 41.2% of them are pipe-borne water
supplied by NWSDB, and 48.4% covered by CBOs which are not subjected to regular water
quality monitoring. Groundwater supply has been reached for 39.6% of the population.
The need for an integrated policy framework for water management in Sri Lanka (Target
6.5) in the Voluntary National Review (VNR) of Sri Lanka (2018) [14] has been highlighted
by many stakeholders, and different policies have been established such as the National
Drinking Water Policy 2008, the National Policy of Sanitation, the Rural Water Supply and
Sanitation Policy, and the Rainwater Harvesting Policy to cover specific subsectors in the
water and sanitation sector. The key organization, the Ministry of Water Supply has been
working on the drinking water and sanitization issues in cooperation with other responsible
organizations such as the National Water Supply and Drainage Board (NWSDB) and the
Department of Community Water Supply. In addition, Sri Lanka has become a vulnerable
country for the depletion of natural freshwater resources due to climate change, and the
National Adaptation Plan (NAP) for Climate Change Impacts in Sri Lanka 2016-2025 [15]
as well as the Nationally Determined Contributions (NDCs), Sri Lanka, 2016 [16] which
have emphasized the vulnerability of the water sector and covered several measures to
address the water scarcity issue in Sri Lanka by climate adaption activities.

Therefore, the purposes of this review focus on summarization and analysis of the
groundwater quality and existing issues, and water treatment technologies throughout
the country, in order to provide support for implementing and developing the suitable
drinking water treatment technologies in rural regions of Sri Lanka in the future.

2. Geology and Aquifers of Groundwater in Sri Lanka

Sri Lanka is an island country which is located in the Indian ocean. Geologically, Sri
Lanka consists of five distinct geological zones such as Miocene to quaternary (Cenozoic
Cover), Wanni complex, Highland complex, Vijayan complex, and Kadugannawa com-
plex which have different lithological characteristics and origins [17,18] (Figure 2a). The
majority (>90%) of regions in Sri Lanka have been covered with Precambrian metameric
rocks. Weathering metamorphic bedrock and fracturing has created major aquifers or
underground water storages throughout this land [8].
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Figure 2. (a) Major geological zones in Sri Lanka [19,20]; (b) Different types of aquifer systems [8].
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Based on the amount of annual precipitation received, four distinct climatic zones
have been defined within the island such as wet zone, dry zone, semi-arid zone, and
intermediate zone. As a tropical island, Sri Lanka has two major climatic periods such as
dry season and wet season. The influence of the climatic variation on the groundwater
throughout the year is significantly higher in the dry zone of Sri Lanka because the dry
zone is having a longer dry season with significantly higher ambient temperature and a
short wet season (October, November and December) with heavy rainfall.

Different types of underline water storages or aquifer systems with diverse geological
and geochemical characteristics exist in the lithosphere of Sri Lanka. Generally, six major
types of aquifer systems are available in Sri Lanka based on different geo-hydrological
characteristics [8]. They are shallow karstic aquifers, coastal sand aquifers, deep confined
aquifers, lateritic (Cabook) aquifers, alluvial aquifers, and shallow regolith aquifers in the
hard rock region (Figure 2b). Groundwater quality is primarily determined by the geology
of the aquifer system depending on the length of the flow path, residence time with the
aquifer base materials, and geochemistry. Basically, aquifers in the sedimentary terrain are
mainly recharged by the higher elevated meteoric water flowing along regional terrain,
while southern lowlands crystalline terrain have groundwater with highlands originated
with fast replenished, and in the Eastern North Central lowlands, groundwater is lowland
originated and fast replenished [21]. Table 1 shows the different characteristics of each
aquifer type with the risk for groundwater contaminations.

Table 1. Characteristics of different aquifer types in Sri Lanka and their vulnerability for contamination.

Base Rock or

Risk of Water

Type Regions Geology Geochemistry Recharged by Pollution References
Calcite- an.d Northeast Pollution by intensive
. . Weathered carbonate- rich . o
Shallow karstic Jaffna peninsula, . o monsoon and agricultural activities
. Miocene rocks (rich in . . . [8,21,22]
aquifers Manner . o4 oy inter-monsoonal and waste disposal in
limestone Ca**, Mg, o
CO52",50,2") precipitation urban areas
Dry zone (north Fractured Metamorphic Recharge by Geogenic
Shallow regolith Precambrian . . . .
R R central, Northwestern . acid rocks with ancient tank contaminants are
aquifers in hard metamorphic . . [23]
. and Southern . less buffering cascade systems); common (trace
rock regions . rocks (crystalline 1 .
Provinces) base) capability warzone metals, fluoride)
Laterite Southwest and Dlil:i :ﬁeh;ghieornriler;fsall
Lateritic (Cabook)  Southwestern region formation or . northwest glon, e
. Laterite contaminants in [8]
aquifer of wet zone Cabook monsoonal
P . O groundwater have
ormation Pprecipitation b
een reported
. S Extensive agricultural
Around the river Buried river beds Nutrients trapped racticos can
Alluvial/alluvium basins (Kelani, (high yield) . app River surface P ,
. . . in alluvial influence the [8,24]
aquifers Deduru, Mahaweli, and underline X water e
R sediments contamination of
Walawe, Kirindi, Oya) hard rocks
stored water
Northwestern, High salinization by
northeastern coastal . saltwater intrusion;
I, Coastal spits and Sand dunes . .
Coastal sandy belts (Kalpitiya, . . nutrient pollution
. coastal sand with seawater Monsoonal rain . [8,25,26]
aquifers Mannar Island, by agrochemicals

Kalkudah, Batticaloa,
Pottuvil, Nilaweli)

raised beaches

intrusion effect

leached in
agricultural lands

3. Spatiotemporal Variation of Groundwater Quality in Sri Lanka
3.1. Groundwater Classifications

It was the first time that a groundwater geochemical classification for the entire

of Sri Lanka was conducted in 1985 [27]. Four types of groundwater were observed
throughout Sri Lanka with different dominant chemical species, which were calcium (Ca)
type, magnesium (Mg) type, sodium-potassium (Na-K) type, and non-dominant cation
(NDC) type with further sub-categories such as chloride (Cl), sulfate (SO4%7), bi-carbonate
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(HCO3;7) and non-dominant anion (NDA) types. Characteristics of the aquifer materials
(geology), climate variations, seawater intrusion in the coastal regions, and ion exchange
process were highlighted as possible governing factors for these quality changes in water
types [27].

Aquifers in the dry zone of Sri Lanka are usually metameric hard rock aquifers
(regolith) in inland regions, northern coastal limestone karst aquifers, alluvial aquifers, and
coastal sandy aquifers. Especially in the northern region (Jaffna), Ca—Cl type groundwater
is dominated due to the calcium-rich geology (Miocene limestone deposit) and the effect
of saltwater intrusion [27]. The western coastal region in the Northern Province has been
reported as dominating Na-SO4—Cl type in the limestone terrain and Ca-Mg-HCOj type in
the metamorphic terrain [28]. Seawater intrusion followed by the ion-exchange process is
the common factor that governs the dominancy of the constituent in groundwater especially
close to the coast within the limestone terrain. In the rest of the Northern Province which
belongs to metamorphic terrain, the Ca-Mg type of groundwater is the common species.
Weathering and dissolution of magnesium and calcium-bearing minerals such as pyroxene,
amphiboles, and localized accumulation of chlorides would be the possible causes for
this type of geochemistry of the groundwater [29]. Similarly, another study reported that
groundwater in North Central Province in Sri Lanka is mostly composed of Ca-Mg-HCO3
type which is governed by silicate mineral weathering [10]. Higher concentrations of the
dissolved constituents in the groundwater have been reported due to higher evaporation
and lower precipitation in the dry zone. In the Malala Oya river basin, which belongs to
the southern dry zone of Sri Lanka, the Ca-Mg—Cl type is reported as the major category in
the deep groundwater due to the rock-water interaction [30]. However, in the shallow well
in this region, the Na—Cl and Ca-Na-HCOj5 types of groundwater are dominant. Silicate
weathering has been observed as the major source of the dissolved constituents such as Na*,
Ca?*, Mg?*, and HCO; ™ in this region. However, the Walawe river basin which belongs to
(both dry and wet zones) the Southern Province, has been reported to have pre-dominant
Ca-HCO; type groundwater [3]. Deep groundwater in the wet (82%) and dry (67%) zone
areas of the basin were dominated by Ca-HCOj3 type with subordinate contributions from
the Ca—Na-HCOj; type, Ca—Mg-Cl type, and Na—Cl rich water. As a result of the most
dominant HCO3- ions, alkaline nature is common in this groundwater of the dry zone
(Table 2). The study has highlighted the silicate and calcite mineral weathering and ion
exchange process as the major processes that control the groundwater geochemistry in
the region.

Usually, the wet zone of Sri Lanka is almost covered by hard rock metamorphic geol-
ogy. A long wet season with heavy rainfall is the main governing factor for the composition
of the groundwater followed by geological and anthropogenic factors. Lower dissolved
constituent content, lower hardness, and low pH level are the major conditions in the
groundwater in this zone compared to the dry zone [29]. Groundwater in this region is
commonly available at the saprolite zone and the lateritic caps. Chemical weathering of
rocks and the fertilizer leachates are the common sources of the dissolved constituents.
HCO; type with Na/K-rich groundwater types are common in this region [29]. Similarly,
Dissanayake and Weerasooriya, 1985 [27], reported that the Central Highland region be-
longing to the wet zone was the Ca-HCOj3 type of groundwater due to the presence of
CaCO;3 containing minerals, and further confirmed the dominant type of groundwater in
the wet zone (Ca—HCO3) by the recent geochemical classification results [3]. The intermedi-
ate zone which is the transitional region in between wet and dry zones, showed a mixed
nature of groundwater geochemistry and types [29].
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Table 2. Alkaline nature and the pH levels of groundwater in different climatic regions of Sri Lanka.

Climatic Geology and  Mean Drinking
Region . pH Range Alkalinity pH Controlling Factors Water Reference
Zone Aquifer Type pH e 1
Suitability
Presence of higher
Jaffna, Miocene Sliehtl carbonates and 100% below
Dry Chunnakam limestone karst 7.20-8.26 shty bicarbonates (dissolution MALs [31]
. . alkaline . .
aquifer aquifers of carbonate minerals in (WHO)
the base rocks)
Presence of higher
Miocene carbonates and
Dry Jaffna limestone karst 7.0 bicarbonates (dissolution [32,33]
aquifers of carbonate minerals in
the base rocks)
Presence of higher
Miocene carbonates and
Dry Jaffna limestone karst >7 bicarbonates (dissolution [34]
aquifers of carbonate minerals in
the base rocks)
Presence of higher
Miocene Slightl carbonates and
Dry Jaffna limestone karst 6.55-8.72 sty bicarbonates (dissolution [35]
R alkaline R .
aquifers of carbonate minerals in
the base rocks)
Interaction with
carbonate-rich minerals
Metamorphic in the bedrock and heavy
Anuradhapura terrain with Slightl rainfall in a short wet
Dry (North Central . 5.7-8.8 ghtly . [10]
Provi regolith alkaline season increases the pH
rovince) . . .
aquifers in a considerable amount
due to the dissolution of
more earth minerals
Mannar Island Coastal sand Interaction with
(Eastern aquifer with Neutral t carbonate-rich minerals
Semi-arid coastal belt in underline 7.7 6.9-9.0 cutral to in the bedrock and higher [36]
. alkaline .
Northern limestone evaporation rates due to
Province) bedrock semi-arid climate
Interaction with
Mannar Limeston: Neutral to carbonate-rich minerals 100% below
Semi-arid (inlanil rea ion) Kars :;S zi er 6.52-7.93 slightly in the bedrock and higher MALs [28]
& q alkaline evaporation rates due to (WHO)
semi-arid climate
Interaction with
. . carbonate-rich minerals 100% below
Semi-arid (inl;\filn;al;on) PadlSi‘;leil 7.53-7.93 illltgatllli}e] in the bedrock and higher MALs [28]
& q evaporation rates due to (WHO)
semi-arid climate
Wes’Fern Fractured Interaction with less
Province, . .
metamorphic soluble metamorphic
Central Island . . . .
acid rocks, Slightly acid rocks which is lower
Wet zone and western 7.1 4-7.8 7 5 . . . [37-39]
art of base rock, and acidic in acid buffering
P laterite Cabook capability. and dilution
Southern . .
Provi aquifers by heavy annual rainfall
rovince
The eastern Fractured hard Less soluble
half of the metamorphic metamorphic bedrock 100% below
Semi-arid Southern bedrock— 7.9 Alkaline (marble) and higher MALSs [40]
Province regolith evaporation rates due to (WHO)
(Hambantota) aquifer semi-arid climate
Less soluble
Malala Oya . . metamorphic bedrock 100% below
Semi-arid river basin Allui\;u:‘l 6.5-8.1 Sllll(gkllitrlly (marble) but higher MALSs [30]
(Hambantota) aquute alkatme evaporation rates due to (WHO)

semi-arid climate
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3.2. Major Physicochemical Parameters of Groundwater Quality
3.2.1. Total Hardness

Hardness is normally expressed as the total concentration of calcium and magnesium
ions in water units of mg L1 as equivalent CaCOj3 [41]. Based on CaCOj; hardness,
four categories of water can be identified as following: soft water at below 60 mg L1,
moderately hard water at 60-120 mg L~!, hard water at 120-180 mg L', and very hard
water at more than 180 mg L~!. Scaling on the cooking equipment resulting in lower heat
transfer [42], and scaling inside the pipelines, giving a bitter taste to the drinking water are
the major issues with higher hardness in groundwater. Standards of drinking water in Sri
Lanka (SLS 614-2013) [43] recommend 250 mg L~ as the maximum permissible limit for
hardness. It can also be suggested that there is a relationship between CKDu prevalence
and hardness mineral content in the drinking water because a recent study revealed that
alkali (Na*, K*) and alkaline earth cations (Mg?*, Ca®*, Sr?*, Ba®*) were relatively higher
in drinking water sources used by CKDu patients, compared to the well waters used by
healthy individuals in the central dry zone [44].

It was reported that Sri Lankan well water is very hard because 26.9%, 15.0%, 15.8%,
and 42.2% of well water were soft, moderately hard, hard, and very hard, respectively [37].
The majority of the areas in the wet zone were reported soft and moderately hard water,
while hard and very hard water were reported from the majority of the areas in the dry
zone [3]. The highest hardness in groundwater was recorded in Hambantota, Southern
Province, while the second and third highest hardness in groundwater occurred in Anu-
radhapura (North Central Province) and Jaffna (Northern Province) (Figure 3a); 90% of
the Malala Oya river basin in the southern semi-arid region (Hambantota) exceeded the
MALs of hardness for drinking purpose while ranging from 48 to 1980 mg L~! [30,40].
The semi-arid climatic nature with a higher evaporation rate during the long dry sea-
son in the Hambantota area leads to concentrate the multivalent hardness metal cations
derived from carbonate dissolution and silicate weathering followed by ion exchange
processes [3]. Groundwater in the Anuradhapura district in the dry zone was in hard
(16.5%) and very hard (72.8%) range, and exceeded the SLS permissible limit of hard-
ness (250 mg LY for drinking purposes in both seasons [10,45]. A seasonal variation of
hardness has been identified between the wet season and the dry season, with average
hardness levels (CaCO3; mg L) at 240.8 mg L.~ and 284.3 mg L1, respectively, controlled
by dilution effect during the wet period and the evaporation in the long dry period.

A Average Hardness A Average Fluoride (F)
(CaCOs) mg L mg L'
o N [ J20-60 ‘ N [_]<os
i [61-120 s 05-1.0
[ 121-180 C]io-1s
I 181 -240 B 520

>2.0

I 241 - 300
b 301 -360

0 30 60 120 km (a) 0 30 60 120 km (b)

Figure 3. (a) Average hardness at CaCOj3 [37] and (b) fluoride distribution [46] in groundwater in
each district in Sri Lanka.
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Underline sedimentary limestone geology is the major source of hardness minerals,
especially in the northeastern coastal belt including the Jaffna peninsula [8,28]. Many
studies reported that groundwater hardness in the Jaffna peninsula ranged from 45.33
to 611.33 mg L~ !, and the highest value was recorded at 611.33 mg L~! from Velanai-
north [35,47]; 20-23% of the investigated domestic wells in the Jaffna region have exceeded
250 mg L~ of hardness limitation of the SLS drinking water quality standards. Geochem-
istry of karst aquifer systems directly controls the water hardness minerals due to disso-
lution of the sedimentary limestone (Iimestone CaCO3 and dolomite CaMg(COs3)7) [8,28].
The thin soil layer (<2 m) upon the limestone bedrock allows slightly acidic rainwater to
infiltrate easily [8] while dissolving the base minerals which enhance the hardness.

3.2.2. Fluoride (F7)

Fluoride is an essential element in the drinking water to maintain good dental health,
however, excess fluoride leads to dental or skeletal fluorosis disease, and lack of fluoride
causes dental decay [48]. WHO recommends fluoride 0.5-1.5 mg L1 as the healthy range
for drinking purposes and SLS 614-2013 standard has established 1 mg L~! as the MAL.

In the dry zone of Sri Lanka, fluoride is a dominant geogenic constituent. Drinking
hard water with high fluoride content has become one of the major hypotheses for causing
high incidences of CKDu in Sri Lanka [49,50]. A recent study has suggested that the
consumption of water containing higher Mg?* and F~ may have a direct influence on CKDu,
because the elevated Mg?* and F~ levels in hard water lead to formation of complexes
that trigger protein denaturation, while causing renal damage [44]. Many studies have
reported that the fluoride level of groundwater in the dry zone of Sri Lanka was quite higher
(<8.0 mg L) compared to those in the wet zone (<0.8 mg L~1) [51,52]. Herath et al. [37]
reported that the fluoride concentration of well water in Sri Lanka ranged from 0 to
7.0 mg L1, and the highest concentration of fluoride at 7.0 mg L~! was recorded in the
Anuradhapura district, followed by 6.8 mg L~! in the Monaragala district (Figure 3b).
Especially, North Central Province and the semi-arid region of Southern Province have
been highlighted in many studies [3,10]. Recent study showed that only 25.7% has been
observed as acceptable for drinking purpose based on SLS drinking water guidelines for
fluoride [45]. Several studies conducted in Malala Oya and Udawalawa river basins in
the southern dry zone reported groundwater fluoride in higher levels ranged from 0.1 to
9.2 mg L~ [30,53], with groundwater in 53.3% of the locations in Malala Oya basin, and in
nearly 52% of deep wells and 40% of shallow wells in the dry region of Walawe river, the
basin exceeded 1 mg L~! of SLS 614-2013.

Fluoride content in groundwater in the central dry zone is mainly derived by weather-
ing of basement rocks consisting of fluoride-bearing minerals such as amphiboles, biotite,
and apatite, which are ubiquitous in the high-grade metamorphic terrains [10,17,46,48,54].
Higher evaporation rate governed by the semi-arid climate in the southern dry zone is also
a major reason for higher fluoride content [3]. Thus, dental fluorosis due to the consump-
tion of high fluoride groundwater is quite common among the rural community in this
region [55].

3.2.3. Nitrate (NO3 ™)

Nitrate and phosphate concentration in the groundwater in Sri Lanka are mostly
controlled by anthropogenic factors rather than natural factors, and the primary sources of
nitrate and phosphate in groundwater are fertilizers, septic systems, and manure storage or
spreading operations (Table 3) [56]. From 1985 to 2017, the extent of agricultural practices
and production of crops has been increased due to the rapid population increase [57], as
well as the increasing amount of land used for farming crops. Correspondingly, usage of
synthetic fertilizers containing a higher content of nitrates and impurities such as heavy
metals has skyrocketed with the increase of a government fertilizer subsidy [58]. The scale
of leaching excess fertilizer from the agricultural land to shallow aquifers has been rapidly
growing during 1985-2017 while deteriorating the quality of fresh groundwater sources
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by nutrients and heavy metal impurities. Thus, extensive farming regions such as Jaffna,
Puttalam, Mannar, and Batticaloa, have reported significantly higher contaminant levels in
the present than a few decades ago [37,59] (Table 4). Shallow wells in these regions on the
sedimentary terrain are mostly artesian wells which are dominantly recharged by higher
elevated meteoric water flowing along regional and longer flow paths through fractured
basement rocks while having 50 years of residence time [60]. Thus, contamination by
surface runoff with agricultural contaminants could be possible.

Table 3. Anthropogenic activities affecting the groundwater quality in different regions of Sri Lanka.

Major Health Effects Related
Anthropogenic Source of . Contamination . Affected due to
Subcategory . Contaminants . Major Causes . A Refer-
Factors Contami- Mechanism Regions Drinking
ences
nant Groundwater
Intensive Nutrients
agricultural (nitrate and Lack of
practices phosphate) Contaminant B acl’)o?x‘;v?}feeness Kargt limestone Ki'dney
leach from soil productivity of the aqulfer systems failures
Overuse of to shallow crops, the dosage in the Jaffna (e.g., CKDu) )
inorganic o peninsula Blue baby [61-64]
fertilizers groundwater by of fertilizers Sandy aquifers syndrome
rainwater Availability of 1 le | yh d f
infiltration low-cost, poor-quality ocated along the Typhoid fever
Heavy " coastal belt Diarrhea
metal fertilizers
Agricultural pollution
Impacts
Degradative
residues from Lack of awareness
Heavy the agrochemical about the
Overuse of metal and used in effectiveness and Nolgli;\grel?;ral Kidne
pesticides organic con- agricultural dosage of pesticides Uva Province failure}; [65-70]
and taminants lands can Availability of poor, Northern (.., CKDu) :
insecticides such as infiltrate the unacceptable quality Province &
glyphosate groundwater agrochemicals in
table in the Sri Lanka
wet season
Nutrlents . Unavailability of a Urban areas in
(nitrate and Contaminants Foper waste Kand
Improper Open waste phosphate) leached from prop Batti 1y’
d : H management system atticaloa 71-76
waste umping eavy open waste Higher production of Western [ 1
disposal sites metals dumping sites & waste due to Province
Microbial around Sri Lanka . . .
pathogens increasing population (Colombo)
Contaminants Lack of awareness
leached from Not following proper
Urbanization soakage pits due guidelines for
to inadequate building sanitary Rural regions
Nutrients distance between soakage pits (18 m such as Ngrthern
. (nitrate and drinking water minimum distance .
Unsuitable . - Province (Jaffna) .
sanitary Sanitary phosphate sources (shallow from drinking water and Central Typhoid fever 135,77,78]
N soakage pits Ammonia dug wells) and source, accepted by - Diarrhea A
practices Province
Microbial the toilet pits, Health Ministry) Hiehland
pathogens and vertical Lack of proper &n
regions

distance between
the bottom of the
soakage pit and
the groundwater

disposal methods for
sanitary practices

The high population

density in rural areas

The nitrate concentration in Sri Lankan well water ranged from 0 to 366 mg L~! and
the maximum nitrate value at 366 mg L~! was from Puttalam district in the Northwestern
coastal region [37] (Figure 4a). Leaching excess inorganic fertilizer of intensive agricultural
lands with highly permeable sandy soil layers could be the major cause for the elevated
level of nitrates in coastal regions such as Jaffna, Mannar, Batticaloa, and Hambantota [80].
Similarly, farm wells or agro-wells in Jaffna peninsula have shown an elevated nitrate level
compared to domestic and public dug wells in the wet season which could be due to the
thin soil layer above the underline sedimentary base. Seasonal variations of nitrates in
shallow groundwater have been reported, and significant increase of nitrate level in wells
located in the agricultural regions in Jaffna have been observed in the rainy season more
than in the dry zone [31].
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Table 4. Temporal variation of nitrate in groundwater of different agricultural regions in Sri Lanka,
from 1985 to present.

2001, 2017—Recent (mg L—1)

P 1 .
District 1985 [59] (mg L—1) Min Max Average Literature
0.7 51 [61]
Jaffna >20
110 19
Puttalam 1-10 366 42
Hambantota 0-10 128 2 [37]
Anuradhapura 0-20 131 6
Mannar 20-40, >40 135 15
48 171 [71]
Batticaloa 0-20
1.5 96.6 [79]
Average Nitrate (NO3) Average Arsenic (As*)
A content mg L! A content ng L’
0 N [ J1o-30 -
I B 3.1-60 : -
' Bl s.1-90
Bl -150

Il i5.1-270
. 2 -420

LA
0 0 & 120 km (a) 0 30 60 120 km (b)

Figure 4. (a) Average Nitrate content, and (b) Average Arsenic content of the groundwater in each
district in Sri Lanka; data extracted from [37].

Nitrate content of the groundwater in the urban and agricultural regions in Batticaloa
ranged from 1.49 mg L~! t0 96.60 mg L~ [79] while 15% of groundwater in the locations
have exceeded the MAL of WHO and SLS 6142013 (50 mg L~!) for drinking purposes.
Another groundwater quality assessment has been conducted to understand the mechanism
of nitrate infiltration and contamination of shallow groundwater in the Batticaloa region
using a modeling approach [81]. However, Ehanathan et al. [61] reported that maximum
groundwater nitrate level which they have observed is 51 ppm, and the majority of locations
had an acceptable level of nitrate in groundwater except one agro-well.

Improper sanitary practices are another causative factor for nitrate contamination
which is observed in rural and semi-urban regions in Sri Lanka. The majority of the
septic systems in these regions have not been located at an acceptable distance from the
groundwater well. The average distance of toilet or soaking pits to groundwater well is
around 6 m in the rural-urban community area. A clear relationship between the distance
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of toilet pit (<20 feet) and dug well with high contamination of nitrate was identified [35].
Higher permeability and lower thickness of the soil layer enhance the leaching of nutrients
into the shallow groundwater.

Sugirtharan and Rajendran, 2015 [71], reported that the groundwater was contami-
nated by nutrients leached from the open dumping sites located in Thirupperumthurai,
Batticaoloa district (Eastern Province). In that area, concentrations of phosphate and nitrate
ranged from 0.24 to 1.63 mg L ~! and 48 to 171 mg L1, respectively. Even though phosphate
level is acceptable, the nitrate level is totally above the MAL (<50 mg L) for drinking
water. Hence proper sanitary practices and reported maximum groundwater nitrate level
which they have observed was 51 ppm, and the majority of locations had an acceptable
level of nitrate in groundwater except one agro-well.

Hence proper sanitary practices and waste management should be implemented to
protect groundwater resources and improve the drinking water quality, as well as the
health in sensitive areas such as coastal regions, watersheds, and wetlands aquifers with
this soil cover.

3.2.4. Trace/Heavy Metals

Trace/heavy metals are ubiquitous and chemically stable elements that can be ob-
served in both biotic and abiotic natural environments. Their presence in the groundwater
has drawn major attention over decades due to their toxicity tendency of bioaccumulation
which may lead to carcinogenic health problems [82,83]. Major sources of heavy metals
in Sri Lankan groundwater are the geology of the area by weathering rocks and minerals,
municipal solid waste, and agrochemicals. However, the trace metal concentration of the
groundwater in Sri Lanka is considerably low, sometimes negligible. However, some metals
naturally in the rocks, minerals, and soils are available in a considerable amount in the
groundwater. Mn, Cu, Ba, Sr, Co, Ni, Al, and Zn are the common metals in Sri Lankan
groundwater, and As and Cd are the most controversial elements investigated in several
studies to find out any relationship with CKDu issue in Sri Lanka [84,85]. However, a
recent study that was conducted in the CKDu areas of Monaragala district in Uva Province
showed that level of nephrotoxic trace elements such as, Cd, and Pb were well below the
WHO permissible levels, thus negating their prime influence on the CKDu prevalence [44].

(a) Arsenic (As)

Arsenic is one of the major elements discussed over years related to the CKDu issue
in Sri Lanka. Arsenic pollution of natural water sources by the anthropogenic influences
such as industrial waste disposal and unsafe agricultural practices around the globe have
been discussed in many studies [86-88]. Even though it has not been confirmed yet, agro-
chemicals have been considered as the source for the arsenic to the groundwater. Arsenic
containing minerals is the major primary source which was confirmed for the groundwater
contamination in certain areas in Sri Lanka [89]. The permissible limit for arsenic in drink-
ing water of WHO and SLS 614-2013 standards is 10 ug L=! [90,91]. Arsenic can be released
from the base rocks in the aquifer in different ways with different geochemical conditions
of the groundwater. Dissolution under reducing conditions from less soluble As(V) to
more soluble As(III) is the common way to release arsenic from the rock minerals [92]. The
presence of organic matter accelerates the process due to microbial activities [93]. Exposure
of arsenic trapped in sulfide minerals to the oxygen leads to releasing more soluble arsenic
into the groundwater. Dropping the water level or water table will trigger this process by
exposing the minerals to the atmosphere [92,94]. Another way is where the pH is high,
arsenic may be released from surface binding sites that lose their positive charge.

Even though arsenic in groundwater has not yet become a serious issue in Sri Lanka,
comparatively higher arsenic levels were recorded in sedimentary terrains than aquifers in
the metamorphic terrain [48]. Several studies reported that average arsenic content in the
groundwater in Sri Lanka has not exceeded the MAL of SLS 614-2013, but its maximum
level was reported from Mannar district (66 pg L~!) followed by Puttalam, Batticaloa,
and Mullaitivu located in Northern and belonging to the dry zone of Sri Lanka [36,37,95]
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(Figure 4b). Groundwater in these regions stored in unconfined aquifers in the holocene
sand dunes that are underlain by Miocene limestone, and more than 30% of the shal-
low dug wells in the Mannar Island exceeded the WHO permissible limit [36]. Ama-
rathunga et al. [95] reported that high groundwater arsenic levels in the sandy aquifer
system in the Mannar region located in the northwestern coastal belt in Sri Lanka, and total
arsenic concentrations ranging from 6.5 pg L™! up to 43.8 pg L~! and all the wells with
elevated As concentrations (>25 pg L~1) showed near-neutral pH condition. The fined-
grained sediments near the water table in this region have been identified as the arsenic
source which has high arsenic content. With the precipitation, CO, dissolved slightly acidic
rainwater which infiltrates the soil layer and enters the water table while lowering the pH
level of the groundwater as well. Slightly acidic groundwater dissolves the carbonates
in the bedrock material while maintaining pH at a near-neutral level. That condition is
a driving force to the microbes present in water to oxidize the organic sediments while
creating an anaerobic condition near the water table [93]. This condition is favorable for
the dissolution of iron-rich coatings around sediment sand grains releasing arsenic into
the solution, creating high arsenic content in groundwater. Similar findings of another
study showed a high concentration of arsenic in the groundwater originated and mobilized
through the reductive dissolution of Fe-Mn oxides and oxy-hydroxides coated on sandy
aquifer materials [36].

The relationship between soil type and groundwater was reported in these regions of
Mannar, Puttalam, Batticaloa, and Mullaitivu. All the locations with elevated arsenic levels
in the groundwater have soil type of sandy regosols on the recent beach and dune sands,
confirming the geological origin of arsenic in groundwater. Moreover, no relationship
between groundwater nitrate and arsenic was found, confirming that arsenic has not
been found with the nitrate-based inorganic fertilizers [37]. Similarly, another study has
concluded that arsenic was not enriched in agricultural soil, non-agricultural soil, and
groundwater in the wet, intermediate, and dry zones of Sri Lanka [52,96].

(b) Cadmium (Cd) and Lead (Pb)

Cadmium (Cd) and lead (Pb) are the most discussed elements present in the natural
waters and soil in Sri Lanka due to the prevalence of CKDu issue throughout the agricultural
community in the dry zone area. They are nephrotoxic, initially causing kidney tubular
damage, and also cause bone damage, either via a direct effect on bone tissue or indirectly
as a result of renal dysfunction [97]. WHO and SLS drinking water standards recommended
3ugL'and 10 ug L™ 1 as MAL:s for cadmium (Cd) and lead (Pb), respectively [90]. Usually,
the geogenic origin of these trace metals has been observed throughout the island, and
anthropogenic activities such as overuse of inorganic fertilizers and other agrochemicals
have also become controversial hypotheses for groundwater contamination in Sri Lanka.

However, unacceptable level of these two elements in the groundwater of Sri Lanka
has not been reported up to now. Several studies conducted in CKDu prevailing regions
reported that cadmium and lead in the groundwater in the dry zone were below the WHO
and SLS standards for drinking [85,98,99]. Cd and Pb with a range of 0.01-0.15 pug L~! and
1.76-8.85 ug L1, respectively, were reported in Ulagalla cascade, Anuradhapura district in
North Central Province (NCP), less than the maximum permissible levels of SLS and WHO
drinking water quality standards [100]. Besides, higher heavy metal levels such as Cd at
0.03-0.06 mg L~! and Pb at 0.01-0.03 mg L' were reported in the surface water bodies
in the same region, and were suspected to have originated from excess usage of inorganic
fertilizers [101]. However, the mean cadmium level in surface water in the dry zone of Sri
Lanka was at 0.3 ug L~ ! below the MAL of WHO standards [97]. Most of the locations
in underline karst limestone aquifer systems which existed in the Jaffna region (Northern
Province) reported that dissolved Cd and Pb in groundwater were either at or below their
analytical detection limit (0.1 ug L~1) [102].

Usually, trace metals such as Cd and Pb present in the natural soils as a result of rock
weathering but in quite lower levels. Some studies reported elevated levels of heavy metals
in soils in some parts of intensive agricultural regions of upcountry and low country in wet
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zone regions [103]. Inorganic fertilizers used in different locations were found to have an un-
acceptable level of cadmium contents, such as fertilizer samples collected from Madirigiriya
in NCP, and Girandurukotte in Uva Province were reported at 46.1 mg kg—!,39.8 mg kg !
Cd content exceeding the acceptable limit of 10 mg kg~ ! by SLS standards [104]. Thus,
extensive agricultural regions can be recognized as highly vulnerable regions for heavy
metal contamination of groundwater as well as surface runoff.

3.3. Organic and Microbial Contamination of Groundwater
3.3.1. Organic Pollutants

Organic pollutants such as pesticide residue, glyphosate, and antibiotics residue have
been reported in significant amounts in natural waters in Sri Lanka [65,105]. Though
WHO and SLS standards for drinking water have not defined limits for dissolved organic
carbon (DOC), Chinese standards for drinking water quality (GB5749-2006) recommend
CODpy, at 5 mg L1 as the maximum limit. The majority of the shallow groundwater
sources in dry and semi-arid zones of Sri Lanka have shown higher levels of inorganic
mineral content in the dry season due to the higher rates of evapotranspiration and lower
precipitation. However, the natural organic matter dissolved in the groundwater has
increased in the wet season due to the enhanced microbial activities on the organic matter
in the moist environment and dissolution of aquifer materials as a result of slightly acidic
rainwater [10,106]. In the NCP, the average DOC content in the groundwater was reported
in dry and wet periods at 5.9 mg L' and 5.3 mg L}, respectively [10]. In namely High
Risk, Low Risk, and No Risk of CKDu zones in the NCP, the DOC concentration varied
between 1.35 and 2.08 mg L—1 showing a monotonous behavior. Another recent study
confirmed that more than 51.5% of the groundwater samples from NCP exceeded the
Chinese water quality guideline for TOC [45]. However, the mean DOC content in the
Control Zone (Kandy) varied within a narrow interval between 1.37 and 1.62 mg L~ [106].
Source of DOC in the groundwater in the dry zone was reported to have an autochthonous
origin, and DOC in the groundwater in the NCP was mainly composed of the organic
fractions, in order, as fulvic acids > humic acids > aromatic protein II > soluble microbial by-
products, and the molecular weights (MW) of these fractions ranged from 100-3000 Da [10].
The three groups were Fraction-I (MW < 900 Da), Fraction-1I (900-1800 Da), and Fraction-
IIT (1800—4000 Da) while Fraction-II was highlighted as the most common faction in the
groundwater of high CKDu prevalence zone [106]. Another study has shown that higher
molecular weight, stronger exogenous feature, and greater degree of humification and
unsaturation than from non-CKDu groundwater were the characteristics of DOM in the
CKDu groundwater [107]. However, higher levels of DOC in groundwater could lead to
higher cost of operations and lower efficiency of existing drinking water stations equipped
with reverse osmosis (RO) membrane technology in the CKDu areas due to the rapid
fouling effect [10]. It was reported that DOC plays a huge role in membrane fouling in
RO units while acting as a co-constituent for organic, inorganic, biological, and interactive
membrane fouling [108,109].

A study conducted in the NCP reported that glyphosate (270-690 ug kg~!) and
aminomethylphosphonic acid (AMPA) (2-8 ug kg ~!) were detected in all soil samples [100,105].
Their significantly higher levels were observed in surface water, but trace level of glyphosate
at 1-4 pg L-1 was detected in all groundwater samples, and AMPA at 2-11 pg L' was
detected in only a few groundwater samples. Information about groundwater pollution
due to veterinary antibiotics is lacking in Sri Lanka, but some studies were conducted to
investigate surface water pollution by antibiotic-related chemicals from pharmaceutical
wastes in Sri Lanka [110-112]. However, recent study showed that in central dry zone of
Sri Lanka, at least one organic compound (agrochemical residue) from Diazinon, p,p’-DDE,
Propanil, Endosulfan 1II, o,p/ -DDT, Pretilachlor, Propachlor, Lindane, and Clomazon was
detected from 68% of shallow wells at higher levels exceeding the EPA and WHO drinking
water guidelines [113].
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3.3.2. Microbial Contamination

There are few studies related to the microbial pollution analysis of the groundwater
in Sri Lanka. Several rural and highly populated regions reported drinking water health
issues related to biological contaminants such as E Coli, total coliform, Salmonellas spp.
and Shigella spp. In Sri Lanka, the highest incidences of typhoid fever were recorded from
the Jaffna peninsula from 2005 to 2013. A study reported that more than 90% of the public
water sources were microbially unsatisfactory in the Jaffna peninsula, and the entire Jaffna
peninsula was contaminated with total coliform (85% locations exceeded the 200 CFU
limit), E. coli (23% locations exceeded the 200 CFU limit), and 38% sampling locations
were positive for Salmonella spp. [35]. The distance between toilet pits and drinking water
sources is again inferred as the possible reason. Coastal regions of the dry zone are also
vulnerable to groundwater contamination by microbial pathogens. Fecal contamination
was reported in the Kalpitiya peninsula in Puttalam district of the northwestern coast due
to the typically used human excreta disposal method of pit latrines [114]. The level of
the water table and the higher permeability of the soil in the coastal areas are the major
reasons for microbial contamination of groundwater in this region because of not following
the recommended distances from the water source to the latrine pit. In a water quality
assessment conducted covering semi-urban and rural areas of five major districts (Kandy,
Nuwaraeliya, Anuradhapura, Kurunegala, and Rathnepura), 100% of the locations were
contaminated with total coliforms and fecal coliforms [115], indicating the potential of
health risks of consuming well water without any disinfection process.

A recent study comprehensively investigated the microbial community in the ground-
water of the CKDu regions in Sri Lanka (Anuradhapura and Monaragala), which showed
CKDu prevalence significantly influenced the distribution of antibiotic resistome and mi-
crobial community composition [116]. In the groundwater in all the regions, the dominant
antibiotic resistance gene (ARG) was mexF and considered as an intrinsic ARG. The acine-
tobacter was a potential human pathogen common in the groundwater of CKDu-affected
regions, while CKDu prevalence specially enriched the Aeromonas.

4. Performance of Existing Drinking Water Treatment Technologies in Sri Lanka

Groundwater-based drinking water supply in hard metamorphic and sedimentary
terrain (dry zone) usually relies on membrane-based water treatment methods such as RO
technology [117]. Currently, more than 2000 RO stations have been already established in
these regions to mitigate the drinking water quality issues [118]. RO technology has an
excellent capability to remove hardness minerals in the groundwater; 98-100% removal of
total hardness by the RO technology has been reported from decentralized drinking water
stations in the NCP [119]. A recent study has been reported that the average hardness
rejection was around 95.8% in the CBO-established RO stations in NCP [118]. Compared
to the monovalent cation rejections (~92%), RO technology shows excellent rejection for
divalent hardness cation rejection (99%). However, RO product water showed quite
lower Ca (<2.8 mg LY and Mg (<14 mg L~1) levels which are essential for the human
body [118,119]. It has been suggested that reduced cardiovascular mortality and other
health benefits would be associated with minimum levels of approximately 20 to 30 mg L~
calcium and 10 mg L~! magnesium in drinking water [120,121]. Thus, existing RO stations
seem to show that they have a lack of remineralization processes to enhance the essential
mineral content in the product water. A proper mineral addition step to the RO-permeated
water such as a simple mixing process with sediment and pathogen-free raw groundwater
or filtration through calcite contactors should be applied for the existing RO stations [118].
Nanofiltration has also been implemented in the CKDu-affected regions in the dry zone,
but insufficient level of hardness minerals in the product water has been observed [117].
Electrodialysis reverse (EDR) technology is one of the future hopes for the Sri Lankan water
sector to enhance drinking water quality [122]. It can retain essential minerals in the product
water by controlling the operating parameters such as filtration time [123]. However,
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membranes of EDR systems are also under development to overcome the fouling issues
with DOC or humic substances (humic acid and fulvic acid) in rural groundwaters [124].

Elevated level of fluoride was another major concern when drinking water is produced
using groundwater especially in the dry zone of Sri Lanka [48,117]. Generally, conventional
coagulation-flocculation water treatment technologies used for the purification of soft
surface water is not effective for removing fluoride from the groundwater to produce safe
drinking water. Advanced membrane technologies such as RO, NF, and EDR should be
used for the removal of dissolved constituents. Excellent removal of fluoride (74%) has
been observed in existing RO stations [119]. As a result of that, a significantly lower level of
fluoride (~0.07 mg L) in the RO product water has been observed from many RO stations
in different studies [117,118]. Similarly, one nanofiltration station recently established also
showed lower levels of fluorides (0.01-0.2 mg L) in the product drinking water [117].
Thus pressure-driven membrane filtration technologies produce low fluoride drinking
water which may be adjusted by external mineral additions such as calcite contactors.
EDR groundwater treatment has achieved better treatment for fluorides (>80%) due to its
capability to adjust the permeate ion concentrations by changing the filtration time [123].
Thus, it can be used to retain an essential amount of fluoride in treated product drinking
water from the groundwater in the dry zone.

Agricultural runoff, improper sanitary practices, and open solid waste dumping sites
are identified as the major causes of the elevated nitrates level in a certain region in Sri Lanka.
Existing RO drinking water stations have the capability of removing nitrate by 70% and
retain below 5 mg L~ level in the produced drinking water [118,119]. Similarly, existing
NF stations could have reached lower than 2.6 mg L~! of nitrates in their permeates [117].
Thus, compared to the conventional surface water treatment strategies, these membrane
technologies such as RO, NF, and EDR show much better removal of dissolved nitrates.

Heavy metal removal can be successfully achieved by membrane technologies es-
tablished in the dry zone, because conventional coagulation-flocculation technologies are
not effective for removing dissolved inorganic metal ions in water. Even though many
types of heavy metals in groundwater are reported at acceptable levels in groundwater
in Sri Lanka, for special cases such as arsenic contamination in the Mannar region, these
membrane technologies such as RO, NF, and EDR can be effectively used for the production
of safe drinking water [125]. Our recent study found that the arsenic content of produced
RO drinking water (<2.4 ug L~!) was well below the MAL (10 ug L~!) established by
WHO [118]. Commercial NF membranes exhibited a rejection between 86% and 99% to-
wards arsenate As (V) while it reached 99.8% for synthesized NF membranes [126]. Thus,
nanofiltration can be recommended as an energy-efficient way to remove the excess trace
metals from the groundwater.

Removal of DOC could be achieved effectively by membrane-based technologies.
Existing RO stations reported 55% of average DOC removal efficiencies while producing
product drinking water with DOC at lower than 3.6 mg L~! [119], which was well below
the safe limit given by Chinese drinking water standards (5 mg L~!). Excellent removal of
DOC by RO and NF drinking treatment stations has also been reported in another study;,
i.e., retaining DOC in the product water at 0.01-2.2 mg L-1 by RO and 0.9 mg L~! by the NF
station [117]. Another study showed that a >99% rejection rate for both protein and humic
acid on a synthetic groundwater solution similar to the groundwater in dry zone Sri Lanka,
could be achieved by small-scale tubular RO module [127]. Removal of DOC is an essential
factor to mitigate the carcinogenic disinfection by-product (DBP) formation in disinfection,
and it also can be achieved by ultrafiltration (UF) membrane methods [128,129].

Conventional disinfection technologies of drinking water such as chlorination have
been identified causing indirect health effects for humans. Carcinogenic disinfection by-
product formation during the chlorination process is a critical issue [128]. High chlorine
dosage, natural organic matter content, retention time, and temperature enhance the forma-
tion of DBPs such as trihalomethanes and halogenic acetic acids [130]. Thus, the removal
efficiency of DOC is a major consideration for the selection of a disinfection technology.
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Conventional surface water treatment plants in Sri Lanka still use the chlorination process
as the major disinfection process [131,132]. Several studies reported that main water sup-
ply schemes have the risk of high DBP in the drinking water [133]. However, advanced
technologies such as RO and NF stations in the dry zone of Sri Lanka use ultraviolet (UV)
radiation units for sterilization of product drinking water [117,119,134]. UV sterilization is
a better disinfection method for drinking water which could mitigate the DBP formation.

5. Challenges of Drinking Water Produced from Groundwater in Sri Lanka

“Water for All” is a flagship pledge made to the people by the National Policy Frame-
work of Sri Lanka “Vistas of Prosperity and Splendor”, which expects to provide clean
drinking water to all households by the end of 2025 [135]. Though pipe-borne water supply
coverage was up to 51.5% of the population and safe water access population reached
91.6% in 2019, there are still big gaps and challenges in terms of safe drinking water supply
for all, especially in rural communities to reach the UN SDG 6th goal, e.g., the capacity
to regularly monitor and assess water quality of groundwater, R & D and application of
cost-effective water treatment technologies for groundwater, source water protection, and
management of groundwater. The quality of water sources plays a key role in expanding
the clean water supply throughout the country, and the selection of cost-effective drinking
water treatment technologies for a certain area depends on the quality of water sources. As
an initial step, water quality survey is the critical factor, and implementing active water
quality management strategies such as developing local water quality monitoring guide-
lines, source water protection, educational and awareness programs for stakeholders, and
integrated health monitoring programs, are essential for the development of the water
sector [136]. In Sri Lanka, monitoring and assessment of water quality of source water
are not continuous and regular, especially in rural regions, e.g., water supply schemes by
CBOs (dug well and tube wells) commonly available in the dry zone of Sri Lanka have
not continually and regularly monitored water quality to check the feasibility for drinking
purposes. Such a current situation with a lack of available water resources quality data
will not only slow down the process of expanding the water supply, but also directly affect
the overall health and the livelihood of the community [137]. For example, the prevalence
of CKDu created hardships including financial burden for families of the patients. Water
quality surveys and mapping for the rural regions should be initiated immediately and car-
ried out widely in Sri Lanka [136,138]. Ministry of Urban Development, Water Supply and
Housing Facilities (MUDWSHEF), Sri Lanka initiated a program to assess the water quality
of CBO-established water supply schemes at the end of 2019. This program will be initiated
with seven districts covered by the Water Supply and Sanitation Improvement Project
(WaSSIP), in which NWSDB, Department of National Community Water Supply (DNCWS),
and China-5Sri Lanka Research Grant Project are the major stakeholders of the program.
The WaSSIP, funded jointly by the Government of Sri Lanka (GOSL) and the World Bank
(WB), aspires to increase access to piped water services and improved sanitation in Badulla,
Monaragala, Nuwaraeliya, Kegalle and Ratnapura, Kilinochchi, and Mullaitivu districts.
Cabinet Memorandum on 16th of December 2019 issued by the MUDWSHF explained
the importance of identifying the vulnerable areas and mapping them for each area by
quality analysis of groundwater, and educating the people and stake- holders. For example,
the China—-Sri Lanka Research Grant Project carried out water quality investigation and
assessment of groundwater in the CKDu prevailing areas and rural regions in the dry zone
of Sri Lanka [10,106,116,117,139,140]. It is the first time in Sri Lanka that the geochemical
characteristics of groundwater were assessed in different CKDu prevailing areas with the
association of water quality index (WQI) with respect to drinking water sources and an
appropriate treatment method, and the majority of the water sources in the areas do not
qualify for drinking purposes without treatment [117]. As an example of a high risk CKDu
region, NCP reported 9.4% of the groundwater was poor in quality with respect to WQI [45].
Similarly, Monaragala region reported over 50% of groundwater samples of the study area
are poor in quality based on the WQI calculation [141]. As suggested in many studies
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done in Sri Lanka, integrated groundwater quality management strategies should be imple-
mented to improve water supply for community well-being [136-138]; such coordination
and cooperativeness among different major national agencies and sub-national agencies
involved in the supply of drinking water and drainage facilities should be enhanced for
the overall effectiveness and the efficiency of the future programs and plans [14].

As previously discussed, elevated concentrations of hardness, fluoride, salinity, DOC,
alkalinity, and coliforms of water were the main issues in the groundwater of the CKDu-
affected areas [117,119,141], and suitable water treatment technologies are the necessary
barriers to provide a safe drinking supply for community well-being [117,119]. At present,
almost all communities of the CKDu-affected areas rely on small-scale reverse osmosis (RO)
treatment plants for drinking water supply. All RO plants achieved high removal rates
(>95%) for excessive chemical constituents in groundwater, but the recovery rates were
fairly low (~46%) and the current disinfection practices in RO plants were insufficient to
ensure the microbial safety of the product water. Low demand for product water, scarcity
of groundwater, lack of technical capacity of the local communities, poor maintenance prac-
tices, and unplanned brine removal were the key issues related to RO plant O&M [119]. In
China-Sri Lanka Research Grant Project, advanced drinking water treatment technologies
such as nanofiltration (NF) and electrodialysis reversal (EDR) method, and evaluation of
the performances of existing water treatment with reverse osmosis (RO) are implemented
to improve the quality of drinking water supply of the rural community [117,118].

However, advanced and expensive methods of drinking water production could be
replaced by non-frugal treatment technologies according to novel studies [142]. Except
for membrane-based drinking water treatment technologies, new studies show that use
of rainwater to produce drinking water is more economical, and systematic rainwater
harvesting and development of partial infiltration strategies would give different benefits
such as the reduction of the detrimental effects of flooding, improvement in groundwater
recharge, and protection of the conventional water sources as well [143]. Similarly, dilution
of high salinity groundwater with rainwater to make drinking water with moderate salinity
can be suggested as a simple and inexpensive technology with lower energy footprint.

Regular water quality monitoring and surveying revealed the exact sources of the
groundwater pollution in each area which should be addressed immediately, such as
extensive agricultural practices, overuse of agrochemicals, and improper waste disposal
methods, to control and prevent groundwater pollution. Government policies should be
developed to screen, select, and develop environmentally friendly agrochemicals, fertil-
izers, and environmental resist species (seeds) for farming through expanding the R&D
capability. Meanwhile, it is very important to educate farmers about reasonably using agro-
chemicals, organic farming, and the selection of high resistance seeds to reduce the impacts
of agriculture activities on groundwater. Strategies, facilities, and technologies for waste
management and sanitation should be established, implemented, and developed especially
for rural areas, e.g., open dumping sites should be removed and recycled, new solid waste
treatment technologies should be developed and implemented. Rural communities should
be educated and sanitary facilities should be improved to avoid health issues related to
contamination of the drinking water sources.

6. Conclusions and Outlook

Drinking purpose is the major usage apart from agricultural usage of groundwater
throughout Sri Lanka, especially in rural communities of the dry zone areas. Usually, the
wet zone of Sri Lanka is dominated by HCOj3 type groundwater and the metamorphic ter-
rain dry zone is composed of Ca-Mg type groundwater due to the mineral weathering. The
dominant groundwater type of sedimentary terrain is usually Na-SO4—Cl type governed
by the ion exchange processes with seawater intrusion.

Groundwater quality in Sri Lanka usually has a quite higher variation in the region
by region. Comparably better groundwater quality has been reported from the wet zone
compared to the dry zone. Higher mineral content has been reported from the dry zone
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and semi-arid regions in Sri Lanka due to the geochemical interaction, higher evaporation,
and lower precipitation. Elevated levels of total hardness, fluoride, DOC, and alkalinity,
and salinity are reported as the major issues in the groundwater of the dry zone areas. Trace
metals such as arsenic, cadmium, and lead in groundwater reported comparatively higher
levels in only a few locations, but the majority of the regions have acceptable levels for
drinking purposes. The elevated level of geogenic fluoride is significant in the groundwater
in the dry zone because of the dissolution of minerals such as amphiboles, biotite, and
apatite in high-grade metamorphic terrains. Primary sources of nitrate in groundwater
are inorganic fertilizers, septic systems, and manure storage and spreading operations.
Compared to the conventional coagulation-flocculation strategies, existing membrane-
based drinking water stations such as RO drinking water plants in the dry zone supply
safe and clean water with acceptable levels of dissolved constituents to the community.

Under the UN SDG 6th goal, Sri Lanka has made significant progress in clean water
supply improvement, such as accessibility to safe drinking water supply for up to 91%
of the population, there are still big gaps and challenges in terms of safe drinking water
supply for all, especially in rural communities. Thus, the integrated groundwater quality
management becomes essential and should be carried out to improve the capacity of
monitoring and assessment of groundwater quality, research & development, and to
apply for cost-effective water treatment technologies, protect source groundwater, make
educational and awareness programs for stakeholders, as well as strategies and facilities
for the usage of agrochemicals and inorganic fertilizers, waste management, and sanitation.
For improvement of community well-being, novel advanced and efficient drinking water
treatment technologies such as membrane technologies including RO, NF, and EDR for
the centralized and decentralized drinking water supply systems, respectively, should be
further implemented in the CKDu-affected regions in Sri Lanka. Thus, this study will
help to guide the groundwater-based drinking water supply strategies which will be
implemented in the future in Sri Lanka as well as around the globe.
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