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ARTICLE INFO ABSTRACT

Keywords: The dissolved organic matter (DOM) should be purified for safe drinking water due to disinfection by-products
CKDu (DBPs) produced by disinfectants reaction with DOM. Current research on groundwater in the chronic kidney
DOM

disease with unknown etiology (CKDu) zone of the North Central Province (NCP) in Sri Lanka has focused mainly
on aquatic chemistry, with limited attention paid to the spatial distribution, compositional sources and factors of
DOM. Therefore, the structure, composition, source and spatial distribution of the DOM of two kinds of
groundwater samples collected from dug well and tube well in the NCP during the wet season were determined,
compared and analyzed by analytical tools such as parallel factor analysis (PARAFAC). Results show that the
average concentrations of TOC in these two groundwater samples are generally higher than 5.0 mg/L, and the
concentration of TOC in the groundwater of the shallow weathered aquifer is higher than that of the deep hard
rock aquifer, while its distribution of the two aquifers are on contrary. The DOM in the dug well has three types
and four components, including humus-like component C1 (33.36%) and C2 (38.60%), protein-like component
C3 (13.09%) and heterogeneous organic component C4 (14.95%). In the tube well, two types and two compo-
nents of the DOM are determined, including humus-like component CI (69.80%) widely existing in natural water
and soluble microbial by-product CII (30.20%) produced by microbial community activities. In the dug well,
DOM is mainly exogenous input, the higher ion concentration in water affected the fluorescence intensity of
humus and protein components. And in the tube well, DOM has obvious endogenous characteristics, and higher
pH value may inhibit the production of protein like fluorescent substances to a certain extent.

Aquifers
Exogenous input
Drinking water

1. Introduction groundwater as their primary source of water (Haddad et al., 2018). It is
often considered as the most cost-effective way to provide safe water

Groundwater is as one of the planet’s most abundant freshwater supply in rural area (United Nations, 2022). In 2018, approximately
resources, and approximately 1.5 billion people worldwide rely on 33% of the population in South-Asia used self-supplied water as their
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primary source of drinking water with tube wells/boreholes, i.e., around
18% of the urban population and 34% of the rural population rely on
self-supplied water (groundwater) in Sri Lanka (Foster et al., 2021), but
this percentage exceeds 80% in rural areas of the North Central Province
(NCP) (Balasubramanya et al., 2020). The groundwater from the
shallow weathered aquifer of the dug well and the deep hard rock
aquifer of the tube well, respectively, are important sources of drinking
water for rural people (Sood et al., 2015; Young et al., 2011). The
population covered with protected dug well and tube well in Sri Lanka
remained stable at 36.6% and 3.2% in 2013 and 36.4% and 3.2% in
2019, respectively, but the population access to the pipe-born drinking
water was increased to 51.8% in 2019 from 43.7% in 2013 (National
water supply and drainage board, 2013, National water supply and
drainage board, 2019). Recently high concentrations of hardness
(Wasana et al., 2016; Kulathunga et al., 2019), fluoride (Chandrajith
et al.,, 2011; Ranasinghe et al., 2018) and dissolved organic matter
(DOM) (Cooray et al., 2019; Makehelwala et al., 2019) were reported as
the main characteristics of groundwater in these areas of Sri Lanka,
including dug well and tube well. According to the Clean Water and
Sanitation of the United Nations Sustainable Development Goals (SDGs)
by 2030, the Government of Sri Lanka plans to provide safe and
affordable drinking water for all the people, and is implementing Water
Safety Plans (WSPs) with the WHO recommendations to ensure all
households with clean drinking water (National water supply and
drainage board, 2020). In rural areas, the costs of pipe-born water
supply is out of budget due to the scattered villages and low population
density, making it more difficult to ensure safe drinking water. To
address this issue, the National Water Supply and Drainage Board
(NWSDB) is promoting reverse osmosis (RO) plants in rural areas
especially for people lving in the areas affected with CKDu through
community facilitation projects, more than 2000 RO stations have been
already established in these regions of Sri Lanka to mitigate the drinking
water quality issues (Indika et al., 2021, 2022).

Studies have shown that the rate of membrane contamination in-
creases rapidly when the TOC of the RO feed water exceeds 4 mg/L,
resulting in the decline of membrane flux and the deterioration of
operation performance (Wu et al., 2020). In addition, the health risks
associated with the presence of TOC in groundwater are increasingly
paid attention. Researchers have conducted a large number of epide-
miological study on effects of TOC in drinking water, and showed stated
that disinfectants react with natural organic substances (NOMs) to
produce disinfection by-products (DBPs) in the process of drinking water
disinfection, which pose a potential threat to human health (Dong et al.,
2019; Mian et al., 2018), i.e., increased risk of diseases such as bladder
cancer (Li and Mitch, 2018), colorectal cancer and birth defects
(Richardson et al., 2007). According to European Union Council direc-
tive (98/83/EC) (COE, 1998) and Standard for Drinking Water
(GB5749-2006), the maximum oxidisability and CODy, concentrations
in drinking water are at 5.0 mgO»/L and 3.0 mg/L, respectively, and
thus DOM in groundwater should be purified for providing safe
groundwater-based drinking water.

In the previous studies, inorganic ions in groundwater in the NCP of
Sri Lanka were often reported such as hardness, fluoride and heavy
metals (Botheju et al., 2021; Imbulana and Oguma, 2021; Liyanage
etal., 2022), and only a few researches reported DOM of groundwater in
the CKDu affected areas (Cooray et al., 2019; Makehelwala et al., 2019;
Zeng et al., 2022). Humus like and protein like substances are the main
components of DOM in natural water, its chemical diversity varies with
the concentration of organic matter, water quality, location and season,
and the composition of DOM is different in different periods and regions
(Kellerman et al., 2014; Ma et al., 2021). It is the first time to report
distribution and characteristics of DOM in groundwater of the different
risk zones of the CKDu affected areas in Anuradhapura District, NCP of
Sri Lanka in wet season and wet season, respectively (Cooray et al.,
2019; Makehelwala et al., 2019). For example, TOC concentrations of
groundwater were significantly higher in the wet season than in the dry
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season and DOM was mainly fulvic acid-like substances in CKDu areas
(Cooray et al., 2019). TOC concentrations only in the CKDu low risk (LR)
(Makehelwala et al., 2019) were the same as those in Cooray study, but
TOC concentrations and in the CKDu high risk (HR) and no risk area
(NR) were higher in the dry season than in the wet season. In addition,
the CODypn/TOC ratio was essentially lower in the wet season than in the
dry season, but the fluorescence index (FI) of DOM was all higher in the
wet season than in the dry season (Makehelwala et al., 2019), which
implies that organic matters infiltrated into groundwater along with
runoff in the wet season. A recent study showed that groundwater from
the CKDu risk area has more humic materials in its DOM composition
and has a higher molecular weight (MW) and stronger exogenous
signature than those groundwater from CKDu no risk areas (Zeng et al.,
2022). The groundwater in tube well is relatively deep, DOM in the
water is easy to be exposed to the surface of rocks and minerals, and its
composition and influencing factors are different from that in dug well
(Lawson et al., 2016; Pathak et al., 2022). In a word, these studies
showed very useful knowledge about DOM characteristics in shallow
groundwater of CKDu affected areas in Anuradhapura District, but more
researches are needed to further understand characteristics and source
of DOM in groundwater from deep hard rock aquifers. A comprehensive
and in-depth understanding of the structure, composition, sources and
spatial distribution of DOM in groundwater from different aquifers in
the NCP during the wet season is of great significance for the identifi-
cation of safety risks of groundwater as a water source and the safety of
drinking water. More specifically, the objectives of this study are to
firstly determine the spatial distribution and composition of DOM in
groundwater from two aquifers during the wet season, to then analyze
the key factors affecting the composition of DOM in groundwater, and to
finally analyze the sources of DOM components in both types of
groundwater.

2. Materials and methods
2.1. Study area and sampling sites

As is shown in Fig. 1, the study area includes one shallow weathered
aquifer and one hard rock fracture aquifer in the NCP, Sri Lanka. The
NCP covers an area of 10,714.0 km? and has a population of 1.26
million, and it is mainly composed of the holy cities of Anuradhapura
and Polonnaruwa. The terrain is high in the south and low in the north,
which is located in a tropical monsoon climate zone. Field sampling
campaigns were conducted in Anuradhapura and Polonnaruwa in 1-29
December 2019, and samples from 311 dug wells at depth of 5-15 m and
21 tube wells at depth of 40-60 m were collected, respectively. Other
detailed information of the study area is listed in the supplementary
material.

2.2. Main ions

The pH, electrical conductivity (EC), and total dissolved solids (TDS)
were determined on site by a water quality analyzer(WTW, MultiLine
Multi 3530, Welheim, Germany). Alkalinity was measured using a
Hach© (TNTplus Vials, Loveland CO, USA). Concentrations of K, Na¥,
Ca?* and Mg?" ions were determined by an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Optima 8300, Perking Elmer,
Houston, USA), and other cations were determined by an inductively
coupled plasma-mass spectrometry (ICP-MS) (NexION 300X Perking
Elmer, Houston, USA). The anions were analyzed using an ion chro-
matography (ICS 1000, Dionex, Sunnyvale, CA, USA). The TOC con-
centration of the water samples was determined by a TOC analyzer
(Elementra, Langenselbold, Germany). Other detailed information of the
main ions is listed in the supplementary material.
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Fig. 1. Study area in the NCP, Sri Lanka (Sampling sites of dug well shown as blue dots; Sampling sites of tube well shown as red triangles). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

2.3. Analysis of DOM fluorescence and molecular weight

The fluorescence properties of DOM using a three-dimensional
excitation matrices (3D-EEM) was investigated by a fluorescence spec-
trophotometer (F-7000, Hitachi, Tokyo, Japan), in which the excitation
wavelength is 200-400 nm, the emission wavelength is 220-550 nm,
and the excitation and emission slit width is set to 5 nm.

Size exclusion chromatography analysis was performed to identify
molecular weight (MW) of TOC molecules with a high performance
liquid chromatography (HPLC) system equipped with dual absorbance
detector (Waters 2487) and binary HPLC pump (Waters1525, USA).
Other detailed information of the fluorescence and molecular weight
analysis is listed in the supplementary material.

2.4. Statistical analysis

Statistical analysis was performed using an Origin (2018, Originlab,
U.S.A) software. The measured three-dimensional fluorescence data was
input into a MATLAB (R2018a, MathWorks, U.S.A) software, to establish
an EEM-PARAFAC model to obtain the fluorescence characteristics of
different components.

3. Results and discussion
3.1. Groundwater quality

As shown in Table A1, the main chemical parameters of groundwater
in the NCP were evaluated according to the Sri Lankan Drinking Water

Standard (SLS 614-2013) and WHO Drinking Water Guide (4th). The
results show that concentrations of hardness ions and fluoride in two

kinds of groundwater exceed the standard, and is consistent with pre-
vious research results of Rohana, Rubasinghe and Kulathunga (Kula-
thunga et al., 2019; Rubasinghe et al.,, 2015). The average
concentrations of hardness, fluoride and TOC of dug well are 277.37 +
138.27, 0.83 £ 0.77 and 5.67 + 3.55 mg/L, respectively, and those of
tube well are 312.82 + 133.20, 0.69 + 0.48 and 5.31 + 2.40 mg/L,
which are higher than Sri Lanka Drinking Water Standard (SLS
614-2013; F~ as 1.0 mg/L and Hardness as 250 mg/L), WHO Drinking
Water Guide (4th; F~ as 1.5 mg/L and Hardness as 500 mg/L) and
Chinese Standard for Drinking Water Quality (GB 5749-2006, TOC as 5
mg/L). However, the concentrations of TDS, K*, F~, NO3 and TOC in the
groundwater from dug wells are higher than those from tube wells, and
others are lower than tube wells.

The studies think that the higher concentrations of hydrochemistry
ions such as Ca>™, Mg2+, HCO3, F~ and SO3™ ions in the groundwater in
the NCP are due to the influence of rock weathering and evaporation
(Rubasinghe et al., 2015; Wickramarathna et al., 2017). Marble, silicate,
granite gneiss and quartzite and other fluorinated minerals are widely
present in underground aquifers in the NCP (Gupta et al., 2018), and the
ions concentrations in groundwater increase with the long-term rock--
water and evaporation action. The average concentrations of NO3 and
TOC in dug well are higher than in tube well, this may be the semi-open
dug wells susceptible to human activities due to the shallow buried well
groundwater and serious surface runoff during the wet season, leading
to increased NO3 and TOC concentrations and poor water quality.

3.2. Distribution map of TOC in groundwater

The concentration of TOC in natural or unpolluted groundwater is
usually lower than 4 mg/L (Regan et al., 2017). When the TOC
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concentration is higher than this limit, it indicated that there is pollution
and poses a risk to the safety of the drinking water supply. The
groundwater of TOC concentration in the dug well in the NCP ranges
from 0.20 to 31.6 mg/L, with an average value of 5.67 mg/L; and TOC
concentration in the tube well ranges from 1.70 to 10.7 mg/L, with an
average value of 5.31 mg/L. These results indicated that the ground-
water of the two aquifers is polluted to different degrees in wet season.

The map of TOC distribution in groundwater from different aquifers
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were drawn as shown in Fig. 2. The TOC concentration of dug well is
higher than that in tube well in Anuradhapura area, while the opposite
situation occurs in Polonnaruwa area. The TOC concentration in the
groundwater of the two aquifers is generally between 5.0 and 8.0 mg/L,
accounting for most of the NCP. Among them, the areas at over 5.0 mg/L
of TOC concentration in dug well are mainly in the north of Anu-
radhapura and Polonnaruwa. In the tube well, the TOC concentrations is
higher than 5.0 mg/L in almost all Polonnaruwa area and the eastern
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Fig. 2. TOC distribution of groundwater in different aquifers in the NCP.
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area of Anuradhapura. In the shallow weathered aquifer groundwater
areas where the TOC concentration is greater than 10 mg/L, except for
the concentrated area in Galenbidunuwewa. The areas at less than 3.0
mg/L of TOC are mainly located in Elahera, Thamankaduwa and Dim-
bulagala. While in the tube well, TOC concentrations greater than 10.0
mg/L were only observed in Horowpathana and Thambuththegama
areas. The concentration of TOC in some areas of Rajanganaya and
Higurakgoda was less than 3.0 mg/L. It is noted that the area with a TOC
concentration of 3.0-5.0 mg/L shown in Fig. 2a is mainly located at the
boundary of each partition with a small population distribution area,
which shows that human activities have a certain impact on the source
of DOM in groundwater. The study by Imbulana et al. reported that the
average concentration of TOC in the groundwater in the Med-
awachchiya, Galnewa, and Nuwaragampalatha Central areas of the NCP
were 2.36 mg/L, 5.31 mg/L and 5.49 mg/L, respectively (Imbulana and
Oguma, 2021), similar to the results of this study.

3.3. Fluorescence characteristics of DOM in different aquifers

The coefficients of variation (CV) of TOC concentration in ground-
water of dug well and tube well are 0.63 and 0.45, respectively, indi-
cating that many factors cause TOC in the two types of groundwater. The
groundwater of two aquifers in the NCP was analyzed on the basis of the
PARAFAC model, as shown in Fig. 3. There are three types and four
components (a-d) of DOM in the dug well, and two types and two
components (e-f) of DOM in the tube well. DOM in dug wells were
mainly influenced by inputs from terrestrial sources, while tube wells
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were dominated by authigenic sources.

In the dug well, the component C1 (Ex 250 nm, Em 465 nm) ascribed
to fulvic acids in the ultraviolet region, is a common fluorescent
component in natural water and a typical terrestrial organic matter
(McKnight et al., 2001). The component C2 (Ex 250/315 nm, Em 400
nm) is mainly related to stable macromolecular humus, which generally
is used to indicate exogenous input (Stedmon et al., 2003). The
component C3 (Ex 275 nm, Em 350 nm) can be classified as protein-like
fluorescent substance (Li et al., 2014), its peak is associated with tryp-
tophan component of microbial origin. Some researches have shown
that tryptophan fluorescence related to activities of microbial commu-
nities is a soluble microbial metabolite in the degradation process of
microorganisms and bacteria, it is often used to indicate endogenous
input (Cammack et al., 2004). The peak value of component C4
(Ex255nm, Em295nm) is less reported in previous researches and is
mainly derived from heterogeneous organic substances such as phar-
maceuticals and pesticides (Baker and Curry, 2004).

The NCP agriculture in the study area is mainly rice planting. In most
cases, the dosage of chemical fertilizers and pesticides used in agricul-
tural production exceeds the local regulatory limit (Jayasumana et al.,
2015a, 2015b). In the wet season, water mixed with organic matter and
pesticide residues enter the groundwater with surface runoff, resulting
in groundwater detected heterogeneous organic matter and terrestrial
humus substances (Gunarathna et al., 2018; Rubasinghe et al., 2015). In
previous research, Makehelwala detected a certain amount of penta-
chlorophenol in the shallow groundwater of the high CKDu prevalence
(HR) in the NCP (Makehelwala et al., 2019). In tube well, the
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Fig. 3. Fluorescence spectra of different components identified by PARAFAC.
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fluorescence characteristics of component Cl (Ex 250 nm, Em 430 nm)
are the same as the component C1 from the dug well. The component CII
(Ex 255 nm, Em 315 nm) has the same fluorescence characteristics as the
component C3, which is ascribed to protein-like fluorescent substance.
During field investigation and sampling, we found that compared with
the dug well, the tube well is usually far away from the farmland, so the
external input has less impact on its water quality.

The relative content of each component is calculated based on the
amount of fluorescence intensity of the analytical components in the
total fluorescence intensity, as shown in Fig. 4. The DOM in dug well
groundwater, are mainly terrestrial humus component C1 and C2, ac-
counting for 71.96%, while the component C2 as external input accounts
for the main part, accounting for 38.60%, which indicated anthropo-
genic activities and exogenous surface runoff in the wet season. The
component C4 as the heterogeneous organic substances, accounts for
14.95%, while the component C3 as the protein fluorescent substance,
accounts for the smallest proportion at 13.09%. In the DOM of tube well
groundwater, the content of humus-like component Cl is as high as
69.80%, and the protein-like substance component CII accounts for
30.20%.

3.4. Index analysis of DOM in two aquifers

The Fluorescence Index (FI) of DOM, the Biological Index (BIX) and
the Humification Index (HIX) are used to describe characteristics of
DOM in the water and the fluorescence intensity of DOM from different
sources. As FI is > 1.9, it has a greater metabolic relationship with the
microbial community in the groundwater, and when FI < 1.4, non-
biological sources account for the main contribution, and DOM has a
greater relationship with external input such as surface runoff (Lavonen
et al., 2015). When BIX<0.8, it indicates that the sample is not affected
by microbial activities, and the self-generating characteristics of the
water are not obvious. When BIX>0.8, the characteristics of the natural
source of bacteria and microbial activities are more significant (Huguet
et al., 2009). When HIX>4, the degree of humification is higher, When
HIX<4, it means that DOM is mainly affected by various biological ac-
tivities, and the degree of humification is weak (Huguet et al., 2009). As
shown in Table 1, the groundwater FI values of dug well and tube well
are 1.52-2.37 and 1.78-2.37, with their average values of 1.89 and 1.97,
respectively, indicating that the organic matter in the groundwater of
the two different aquifers comes from both terrestrial sources and mi-
crobial activities. These results are similar to the FI values (1.8-2.55) of
DOM in dug wells in wet season (Makehelwala et al., 2019). The BIX
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Fig. 4. Comparison of DOM components of Dug well and Tube well in the NCP.
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values of groundwater in the dug well and tube well are between 0.55
and 1.84, 0.69-1.23 with their average values of 0.91 and 1.00,
respectively, indicating that there are bacterial and microbial commu-
nity activities in both groundwaters. The HIX of groundwater in the dug
well and tube well are between 0.34-0.93 and 0.49-0.89 with average
values of 0.76 and 0.70, respectively, indicating that the degree of hu-
mification of groundwater in the two aquifers is relatively low. Usually,
the organic matter from land sources has a higher HIX value, while the
self-produced HIX value of water bodies is relatively low. Therefore, the
HIX in the two types of groundwater mainly comes from self-produced.
Fn280 and Fn355 represent relative concentrations of protein-like sub-
stances and humus-like components, respectively. These two indicators
can be used to characterize the contribution of authigenic and terrestrial
sources to DOM components in water (Zhang et al., 2009). Among them,
the average values of Fn280 is 475.70 and 376.20 respectively in the dug
well and tube well, while Fn355 is 508.59 and 342.88, respectively. It is
obvious that the Fn280 values of the tube well are much higher than
Fn355, showing strong self-generating characteristics. Therefore, the
DOM of tube well is mainly affected by endogenous input.

Some researches have shown that DOM in groundwater can not only
come from the external input of soil organic matter after the surface
runoff, but also from the microbial metabolism of aquatic animals and
plants, microorganisms or algae (Lipczynska-Kochany, 2018). Results of
this study show that DOM as manily humus-like components in the dug
well groundwater is mainly controlled by external input, which has a
greater impact on the composition of the water. The DOM of ground-
water in tube well is affected by endogenous input and dominated by
protein-based fluorophores, indicating that autogenous input is domi-
nant. The results of fluorescence index (FI, HIX, BIX) further prove that
most of the dug well samples fall within the exogenous input range,
while the tube well samples fall in the range of endogenous input.
Therefore, in addition to natural components of DOM, external input
and microbial community activities caused a further increase of in the
DOM fluorescence intensity in the dug well, while the mainly soluble
microbial metabolites, endogenous input, cause a further increase of the
DOM fluorescence intensity in the tube well.

Further analysis of the molecular weight distribution of DOM in both
groundwaters revealed that the overall absorbance of DOM molecular
weight in dug well groundwater was higher than that in tube well
groundwater, indicating that the concentration and composition of DOM
in dug well groundwater is higher and more complex (Fig. 5). At the
same time, the absorption peaks of DOM in the lower molecular region
of the two groundwaters are essentially the same, indicating that the
small molecular weight substances are of the same type, which is
consistent with the results of the PARAFAC (Fig. 3). Specifically, there
are significant absorption peaks at 500, 700 and 800 Da for groundwater
from dug wells and at 900 Da for groundwater from tube wells. Previous
studies show that the DOM less than 4000 Da is mainly low molecular
weight microbial metabolites and small molecular proteins (Komatsu
et al., 2020), among which 1000-1800 Da are mainly fulvic acids and
metabolites that are difficult to be bioavailable, and above 1800 Da are
mainly polysaccharides or hydrophobic organic substances such as large
molecules of humic substances (Kent et al., 2014; Tang et al., 2016). In
summary, the small molecular weight organic matter in both types of
groundwater is mainly fulvic acid-like substances with a molecular
weight of 500-1000 Da, while the large molecular weight material (e.g.
humic and heterogeneous organic matter) is mainly greater than 2000
Da.

3.5. Principal component analysis (PCA)

As shown in Fig. 6, principal component analysis using DOM vari-
ables from two aquifers including TOC concentration and fluorescent
component, FI, BIX and HIX was carried out to understand their
relationship.

In the dug well, the PC1 and PC2 obtained could explain 48.86% and
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Table 1
Fluorescence spectra parameters of groundwater in the NCP.
Parameters FI BIX HIX Fn280 Fn355
Well Dug well Tube well Dug well Tube well Dug well Tube well Dug well Tube well Dug well Tube well
Min 1.52 1.78 0.55 0.69 0.34 0.49 130.10 191.20 84.21 101.30
Max 2.37 2.37 1.84 1.23 0.93 0.89 29,510 943.10 3554.00 1291.00
Average 1.89 1.97 0.91 1.00 0.76 0.70 475.70 376.20 508.59 342.88
0. 0018 community, which were consistent with the result in Fig. 4. Therefore,
Dug well the DOM in tube well groundwater mainly comes from microbial com-
0.0016 - Tube well munity activities.
00 PCA results and correlation analysis show (Table A2and Table A3)
that in dug well, significant correlation was found between the ions and
0.0012 TOC concentration, C1, C2, C3 (p <0.01), indicating that TOC of both
60010 the concentration and fluorescence characteristics are affected by the
ﬁ chemical composition of groundwater, and high concentrations of Ca*,
= 00008 Mg?", Na*, K¥, CI~, SO and HCO3 could promote the formation of
0.0006 protein-like and humic-like components. Inorganic ions and organic
matter enter the groundwater along with surface runoff during the wet
00004 season, causing the increase of total dissolved solids, meanwhile, the
0.0002 DOM can provide substrates for microorganism. In tube well, the above
0.0000 characteristics are not obvious. TOC onl}: has a significant positive
correlation with hardness, Na* and HCO3 (p <0.05), and pH has a
0.0002 . L L significant negative correlation with component CII (p <0.05), indi-
100 1000 10000 100000 1000000 . . . .. . .
MV/Da cating that higher pH inhibits the activity of microorganism. Some re-

Fig. 5. Molecular weight distribution of groundwater.

20.75% of the variances, respectively, and the PC1 and PC2 variance
contribution rates of groundwater in the tube well are 42.41% and
29.55%, respectively. A significant correlation was found between the
C1, C2, C3 and TOC concentration; the fluorescence intensity of humic-
like material C1 and C2 is negatively correlated with FI and BIX; the
fluorescence intensity of component C4 shows a negative correlation
with HIX, this indicated that external input (surface runoff) caused the
increase of DOM components in groundwater, the fluorescence intensity
of DOM in groundwater was mainly caused by humus-like substances
and protein material, and the presence of heterogeneous organic matter
inhibited the putrefaction. In the groundwater of deep hard rock aquifer,
a significant correlation was found between the concentration of TOC
and fluorescence intensity of CII, and the fluorescence intensity of
component CII is negatively correlated with HIX. This result might
indicate that the DOM fluorescence intensity is mainly caused by the
protein-like substances produced by the activities of the microbial
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searches has shown that DOM in the aquatic environment is rich in
carboxyl alicyclic molecules, except the presence of a large number of
benzene rings, humic acids also contain a large number of carboxyl
groups, alcohol groups and phenyl groups, while fulvic acids contain a
large amount of oxygen functional group and have better hydrophilicity
(McDonough et al., 2020). These functional groups can ionize in water
and produce chemical effects, and humus can form complexes with
metal ions. In groundwater from dug well, a significant correlation was
found between metal ions and humus-like components C1 and C2 in
DOM (p < 0.01). Humic acids usually have a negative charge, and metal
ions in the groundwater can combine with its carboxyl and hydroxyl
groups to form a new complex, or between two carboxyl groups, and can
also form a complex with a carboxyl group, which increase the
complexity of DOM in the water and thus affect the migration and
transformation of DOM (Specht et al., 2000). However, the significant
negative correlation between pH and component CII in the tube well
groundwater indicated that higher pH value may inhibit the production
of protein like fluorescent substances to a certain extent. Hemingway
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Fig. 6. PCA of samples using Fluorescence component, FI, BIX, HIX and TOC concentration (a: shallow weathered aquifer, dug well; b: hard rock fracture aquifers,

tube well).
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et al. proposed that the selective preservation mechanism will lead to the
decrease of DOM diversity determined by the distribution of C bond
strength, and the mineralization interaction caused by microorganisms
will increase the DOM diversity (Hemingway et al., 2019). When the
fluorescent substances are weak acid or weak alkali, the change of pH in
groundwater has a great impact on the fluorescence intensity.

4. Conclusions

This study comprehensively analyses the spatial distribution,
composition and characteristics of DOM in groundwater of two aquifers
in the NCP during the wet season, and major conclusions are drawn as
following:

1. The mean concentrations of hardness and fluoride were 277.37 +
138.27 and 0.83 + 0.77 mg/L for dug well water and 312.82 +
133.20 and 0.69 + 0.48 mg/L for tube well water respectively, and
both exceeded limits of the Sri Lankan Drinking Water Standard (SLS
614-2013; F~ as 1.0 mg/L and Hardness as 250 mg/L) and WHO
Guidelines for Drinking Water Quality (4th; F~ as 1.5 mg/L and
Hardness as 500 mg/L).

2. The average concentration of TOC in the groundwater of both
aquifers is higher than 5.0 mg/L, and in the dug well is higher than
that in the tube well.

3. Exogenous inputs such as human activities and rainfall runoff
significantly affect the composition of DOM in the dug well. The
DOM in the groundwater of the shallow weathered aquifer contains
four fluorescent fractions, including terrestrial humic-like substances
C1 and C2 of 71.96%, exogenous inputs causing fluorescence peaks
(C2) accounting for 38.60%, followed by protein fluorescent sub-
stance fractions C3 and heterogeneous organic matter fractions C4,
13.09% and 14.95% respectively.

4. The DOM in the groundwater of the deep hard rock aquifer contains
two fractions, with humic-like substances of 69.80%, andprotein-like
substances of 30.20%. Endogenous inputs are present in the
groundwater of both aquifers, but the autogenous source charac-
teristics of the tube well water are higher than those of the dug well
water.

5. The fluorescence intensity of DOM fractions in two groundwater
correlates differently with fluorescence indices and ions. In dug well
groundwater, DOM fluorescence intensity is mainly caused by
humus-like and protein-like substances, whereas in tube well
groundwater, DOM fluorescence intensity is mainly caused by
protein-like substances produced by microbial community activity.

Future recommendations

These areas should regularly monitor and assess groundwater quality
in order to develop management plans to prevent groundwater from
contamination and provide safe drinking water.
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