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Recognizing the groundwater related to chronic kidney disease
of unknown etiology by humic-like organic matter

Xianjiang Zeng'?, Wei He '™, Huaming Guo ®'*®, Qiutong Shi'?, Yaxin Zheng', Meththika Vithanage®** and Jin Hur®

Chronic kidney disease of unknown etiology (CKDu) becomes a health concern in developing countries. It is urgent to recognize
CKDu-related groundwater in CKDu-prevalent areas. Here, spectral indices showed that DOM from CKDu groundwater was
characterized by higher molecular weight, stronger exogenous feature, and greater degree of humification and unsaturation than
from non-CKDu groundwater. Parallel factor analysis of fluorescence spectra showed that DOM from CKDu groundwater contained
significantly more humic-like substances (C1%) and less protein-like substances than from non-CKDu groundwater. Furthermore,
C1% was correlated with concentrations of inorganic chemicals associated with CKDu, indicating the feasibility of using C1% for
probing CKDu groundwater. According to our self-developed method, both the non-CKDu probability of groundwater with C1%
less than the recognizing threshold (RT, 28.8%) and the CKDu probability of groundwater with C1% larger than RT are 70.1%. This
indicates that the C1%-based method is a feasible tool for recognizing CKDu groundwater.
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INTRODUCTION

Chronic kidney disease affects ~15% of population worldwide and
is one of the global public health problems'. Hypertension,
diabetes, and chronic nephritis are usually the main causes of
chronic kidney disease®. However, a chronic kidney disease that is
unrelated to the above-mentioned causes, namely chronic kidney
disease of unknown etiology (CKDu), has been reported in Central
America, India, Sri Lanka, and other places®. In Sri Lanka, the health
of more than 400,000 people is threatened by CKDu, and the
incidence of CKDu is as high as 15-23% in North Central
Province™. Most patients suffering from CKDu have a low
standard of living in agricultural communities in arid regions®. In
recent years, many studies have shown that CKDu is associated
with groundwater quality>’, and there are not enough infra-
structures to provide purified drinking water. According to a
survey, in CKDu-prevalent areas, the occurrence of CKDu is
dependent on the quality of drinking groundwater for local
residents, and the distributions of clean groundwater sources and
CKDu-related groundwater sources were uneven®. Therefore, the
recognition of clean groundwater sources has become an urgent
action taken for the residents in CKDu-prevalent areas in
developing countries such as Sri Lanka’.

The inorganic chemicals of groundwater have been identified to
be related to the prevalence of CKDu in many studies®'®. For
example, F~ concentrations in groundwater samples from CKDu-
prevalent areas in Sri Lanka, mostly exceed the threshold level
(0.6 mg L~") defined for World Health Organization®; the hardness
and the ratio of Ca?* to Na™ in groundwater from CKDu-endemic
areas are also higher than those in non-CKDu areas'®''. In
addition, CKDu is associated with the concentrations of heavy
metals with nephrotoxicity (e.g., Cd and Pb) and Si in ground-
water'?7'4, A recent study has shown that organic compounds can
interact with Ca?* and SO,2~ through complexation, and the
complex is harmful to human kidneys'”. The formation of certain

kidney diseases is related to dissolved organic carbon (DOC) in
groundwaters'®. Excessive humic substances can cause the death
of human kidney cells based on a study in endemic areas of
kidney disease of Balka'’. However, few studies have investigated
the difference in the key components of dissolved organic matter
(DOM) between CKDu and non-CKDu water sources. The studies
available showed that DOM in groundwater from CKDu-endemic
areas was more refractory, higher aromatic, and lower bioavailable
than that from non-CKDu areas'®'®. However, it is still unknown
how significant the sensitive components of DOM are in
recognizing CKDu-related water sources.

Excitation-mission matrix spectroscopy (EEM) has the advan-
tages of fast measurement, high sensitivity, and easy preproces-
sing. It has been widely used to characterize the fluorescent DOM
(FDOM)?°. EEM coupled with parallel factor analysis (EEM-
PARAFAC) can effectively reveal optical characteristics of DOM,
identify the fluorescent components and sources of DOM, and
clarify the transformation process of DOM?'?2, Furthermore, it
also can be applied to explore the dynamic changes of DOM
affected by natural and human factors?>?*. EEM—PARAFAC has
the potential feasibility to investigate the association between
DOM and groundwater quality®°.

Therefore, this study aimed to (1) determine the optical
characteristics, composition, and sources of FDOM in CKDu-
related and CKDu-unrelated groundwater from Sri Lanka by EEM-
PARAFAC technique, (2) verify the feasibility of using key
fluorescent components to identify CKDu-related water sources
by combining with inorganic sensitive chemicals, and (3)
propose an early warning and screening tool for CKDu-related
groundwater sources utilizing key fluorescent components. This
study will provide an effective method for ensuring the safety of
drinking water, which is helpful for the prevention and
traceability of CKDu.
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The spectral indices of DOM. The upper point of the black box is the maximum and the lower is the minimum; the upper boundary of

the black box is the 75th percentile and the lower is the 25th percentile, and the middle white square is the average value. The density
diagram outside the box diagram represents the density probability. The significant difference of p < 0.01 and the significant difference of p <
0.05 have been marked with two asterisks and an asterisk in spectral indices between two different groups, respectively.

RESULTS AND DISCUSSION
DOC and EEMs of DOM in CKDu-related groundwater

DOC concentrations (3.25+0.73mgCL™") in CKDu groundwater
were significantly lower than those in surface water (4.65+
0.89mgCL™"), but significantly higher than those in non-CKDu
groundwater (2.81+0.76 mgL™") (p <0.05) (Supplementary Fig.
2). Although DOC concentrations reported by Cooray et al.?> were
greater than the observed data in this study, they also found
relatively higher DOC concentrations (64mgCL™") in CKDu-
prevalent regions than in non-CKDu-prevalent regions (3.7 mgC
L™"). There may be two reasons for the difference in the DOC
concentrations between CKDu groundwater and non-CKDu
groundwater. One is that CKDu groundwaters are likely to receive
more surface water recharge'’?%, which increases DOC concen-
tration?”28, The other is that stronger microbial activity in non-
CKDu groundwater (Fig. 1E, Supplementary Fig. 3) would degrade
more organic substances into inorganic substances?’, which is
discussed below.

The a5, values in CKDu groundwater (median: 5.07 m~") were
higher than those in non-CKDu groundwater (median: 438 m~")
(Supplementary Fig. 2), indicating that DOM of CKDu groundwater
consists of more unsaturated DOM. Generally, the concentrations
of unsaturated DOM (ays,4) in natural groundwater were less than
1 m~"30-32 |n this study, the lowest a,s4 value in all groundwater
samples was 1.15m~" (Supplementary Table 1), indicating that
both CKDu and non-CKDu groundwater may be contaminated to
some extent. Compared with groundwater, surface water had
higher d,s, values (median:10.48 m~"), which would result from
anthropogenic activities. In addition, there is a significant positive
correlation between DOC concentrations and as4 (Supplementary
Fig. 4), indicating that the increase of DOC might be attributed to
anthropogenic input.

The EEM features of DOM from non-CKDu groundwater were
different from those from CKDu groundwater and surface water
(Supplementary Fig. 5). The EEM of non-CKDu groundwater
presented relatively stronger T peak signal, but weaker A peak
signal (Supplementary Table 2) relative to CKDu groundwater,
which indicated that non-CKDu groundwater contained more
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bioactive tryptophan-like substances3334. Conversely, the peak A
region in the EEMs of DOM from CKDu groundwater and surface
water was extended into a plateau between the peaks M and C,
indicating the dominant role of humic-like organic matter in CKDu
groundwater and surface water. Furthermore, the similar EEMs
feature of DOM between CKDu groundwater and surface water
indicated that groundwater-surface water interaction may have
occurred and surface water was recharging groundwater.

Spectral indices of DOM in CKDu-related groundwater

As shown in Fig. 1, in terms of DOM aromaticity (SUVA,s,4), CKDu
groundwater (mean: 0.78+0.37) was similar to non-CKDu
groundwater (mean: 0.78+0.33) (p>0.05). However, several
CKDu groundwater samples exhibited high DOM aromaticity,
which is related to their high a,s4 (Supplementary Fig. 4). The
significant positive correlation between a,s4 and SUVA,s,
indicated that the aromatic DOM dominated over the unsatu-
rated DOM. The spectral slope (S,75-505) of CKDu groundwater
(mean: 20.5 +£6.7) was relatively lower than non-CKDu ground-
water (mean: 23.7 + 9.4), indicating that CKDu groundwater are
enriched with high-molecular-weight organic matter. It can be
attributed to the stronger microbial activities® in non-CKDu
groundwater with relatively higher biological index (BIX) values
(Fig. 1E). Microorganisms might decompose high-molecular-
weight OM like lignin into low-molecular-weight OM like
aromatic compounds3637,

The fluorescence index (FI) of DOM in all samples ranged from
1.26 to 1.88, indicating the weaker autochthonous feature and a
mixture of terrestrial and microbial origins. However, the Fl of
DOM in non-CKDu groundwater (mean: 1.64 +0.12) was relatively
greater than that in CKDu groundwater (mean: 1.52+0.17),
indicating that DOM of CKDu groundwater contains more
allochthonous organic matter and less indigenous organic matter.
In general, flowing groundwater has a stronger terrestrial signal
than stagnant groundwater®®3°. Consequently, CKDu ground-
water with lower FI might be of better flowing condition. There
were no differences between non-CKDu groundwater and surface
water in term of Fl. As shown in Fig. 1E, the BIX values in CKDu
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Fig.2 The relative abundance of fluorescence components obtained by PARAFAC model. The upper point of the box chart is the maximum
and the lower is the minimum; the upper boundary of the box is the 75th percentile, and the lower is the 25th percentile; the middle
horizontal line is the median value, and the middle square is the average value. The significant difference of p <0.01 and the significant
difference of p < 0.05 have been marked with two asterisks and an asterisk between two different groups, respectively.

groundwater (mean: 0.81 £0.09) and surface water (mean: 0.79 +
0.08) were significantly lower than those in non-CKDu ground-
water (mean: 0.86 + 0.08) (p < 0.05), suggesting that DOM of non-
CKDu groundwater performs a feature of relatively higher
biological activity*®*!, which was in accordance with the Fl. There
is a positive correlation between FI and BIX, which is consistent
with observations by Dalmagro et al.*> and Qi et al.**. BIX was
preferred in discriminating biological activity of DOM between
groundwater and surface water**,

The humification index (HIX) of DOM in CKDu groundwater
(mean: 4.36 £2.16) was significantly higher than that in non-
CKDu groundwater (mean: 3.15+ 1.49) (p <0.01), showing the
greater humification degree of DOM in CKDu groundwater. This
may be caused by surface water replenishing the CKDu ground-
water or the stronger microbial activity of non-CKDu ground-
water*%#> The increase in humification degree corresponds with
the decrease in H/C*. These organic matter with low H/C mainly
consisted of hydrophobic aromatic compounds or unsaturated
compounds®, Thence, DOM of CKDu groundwater would
contain more hydrophobic aromatic or unsaturated compounds,
which tends to be stable and persistent. Zheng et al.’® and
Makehelwala et al.’® also showed that DOM in groundwater from
CKDu-endemic areas contained more fulvic acid and other
macromolecular hydrophobic humus.

The correlation between Fl and HIX was not significant in this
study (Supplementary Fig. 6). Therefore, source identification
based on the HIX was not in accordant with that based on Fl and
BIX (Supplementary Fig. 3). The decoupling between the FI and
HIX might be caused by the complex hydrogeological conditions
and anthropogenic factors?°. For instance, endogenous organic
matter might be released from sediments and/or rocks due to
water-rock interaction®’.

Although the spectral indices can help to quickly assess the
composition of DOM, all indices are calculated using fixed
wavelengths'3, which are susceptible to the influence of multiple
interacting fluorophores, leading to “distortion” when evaluating
the composition of complex organic compounds from mixed
sources®®. Thus, the interpretation of fluorescence indicators
should be cautious, and PARAFAC needs to be used for further
analysis.

Sensitive FDOM components in CKDu-related groundwater

Four fluorescent components were extracted and passed half-split
validation (Supplementary Fig. 7, Supplementary Table 3). C1 was
terrestrial humic-like components produced through biogeo-
chemical processing of terrestrial particulate organic matter®,
which resembled a combination of Coble A and C peaks>% C2 was
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similar to Coble M peak, microbial humic-like components with
low molecular weight, and might dominate the fluorescence DOM
of wastewater’'%, C3 was humic-like components with high
molecular weight, which is derivatives of terrestrial organic
material®'*3; C4 was autochthonous protein-like components
attributed to microbial activity>*>°.

FDOM was predominated by C1 and C2 with abundance of
68.7% and 62.9% in CKDu and non-CKDu groundwater, respec-
tively (Fig. 2), indicating the dominative role of humic-like
substances. The relative abundance of C1 (C1%, 35.1%) in CKDu
groundwater was significantly higher than that in non-CKDu
groundwater (28.0%, p < 0.01), while the C2% and C3% in CKDu
and non-CKDu groundwater were similar (p >0.05). Due to the
similar geological and irrigation conditions in the study area, C2 is
likely to be by-product organic matter produced by in-situ
microbial activities or some humic substances that were
fractionated by minerals easily®, and C3 may be related to the
input of agricultural materials®”. Furthermore, significantly higher
C4% was detected in the DOM from non-CKDu groundwater
(23.8%) than that of the DOM in CKDu groundwater (17.3%, p <
0.01), indicating the greater bioavailability of DOM from non-CKDu
groundwater. The lower pH values of non-CKDu groundwater
support this speculation (Supplementary Table 4), because proton
is produced during microbial degradation of organic matter>®>°,
C1% in surface water was significantly higher than that in non-
CKDu groundwater (p<0.01), but similar to that in CKDu
groundwater (p > 0.05), indicating that the increase in C1% in
CKDu groundwater may be related to the input of surface water.

The two-component principal component analysis showed that
the loadings of C1% were located in the positive direction of PC1,
which accounted for 43.9% of the variances, and the loadings of
C4% were laid on the negative direction of PC1 (Fig. 3). Samples
close to the positive direction of PC1 generally had high
abundance of humic-like substances, and samples close to the
negative axis of PC1 generally had high proportion of protein-like
components related to microbial activities. Notably, around 50%
CKDu groundwater samples and only around 22% of non-CKDu
groundwater samples were located on the positive direction of
PC1. It showed that CKDu groundwater and non-CKDu ground-
water could be distinguished effectively by C1% and C4%.
However, C4 seemed to be susceptible to interference from
microbial background in aquifers resulting in deviations of
screening®’. Thus, C1 with better stability and persistence in the
environment®®, can be preferably used to recognize CKDu
groundwater. Meanwhile, HIX, a,ss, and SUVA,s, presented
positive loadings to PC1, indicating their association with humic-
like substances (C1). For PC2 (22.2%), C2% and C3% were placed in
the positive direction. Around 53% of CKDu groundwater samples
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Fig. 3 Principal component analysis (PCA) diagram of spectral indicators and fluorescence components. A loadings (variables), B plots of

scores (samples).

and 28% of non-CKDu groundwater samples were located in the
negative direction of PC2. However, considering the similar C2%
and C3% between CKDu groundwater and non-CKDu ground-
water, the recognition of CKDu groundwater by C2% and C3% can
be misleading.

Relationship between DOM and CKDu-related water chemistry
Excessive intake of F~ can damage human kidney tissue, and
therefore high F~ concentration is considered as a sign of the
water sources leading to CKDu''®'. As shown in Supplementary
Fig. 8, there was a significant positive correlation between C1%
and F~ concentration in groundwater samples (r = 0.62, p < 0.05),
indicating that C1 is a sensitive component for recognizing
groundwater sources that can cause CKDu. The C1% also had
significantly positive correlations with Ca®* (r=0.60, p < 0.05). C1
with carboxyl is likely to combine with Ca®" to form a complex
that is harmful to the human kidney'>, which is an important
cause of CKDu. This is in line with the observation that
groundwater in CKDu-endemic areas contained higher concentra-
tions of Ca®* than groundwater in non-CKDu-endemic areas'®'®,
In addition, C1% increased with the increases in Si concentrations
and hardness (r=0.60, 0.61, respectively, p < 0.05) in this study. It
is believed that CKDu is also related to groundwater with high
hardness and high Si concentrations, because drinking this
groundwater may damage human embryonic kidney cells'>', In
summary, C1% was positively correlated with the inorganic
chemical components generally considered to be associated with
CKDu, indicating the potential feasibility of using C1% as a
recognizing indicator to identify CKDu-related groundwater
sources.

It is supposed that the larger C1% in CKDu groundwater versus
in non-CKDu groundwater was related to the input of surface
water (Fig. 2). In fact, the concentrations of the above-mentioned
inorganic chemical components in surface water were much lower
than those in groundwater (Supplementary Table 4). Considering
that weathered fissure water in the study area is main ground-
water resources, the process of surface water replenishing
groundwater is slow, which causes strong water-rock interactions
(e.g., leaching and ion exchange) during the replenishment
process and leads to the enrichment of inorganic chemicals in
groundwater. For instance, due to the chemical similarity of F~
and OH™, higher pH value in surface water is likely to cause more
F~ desorbed from the minerals by ion exchange during the
process of recharge%?, which results in relatively lower pH value
and more F~ in CKDu groundwater than those in surface water.

Recognizing CKDu-related water sources by FDOM

In this study, DOM between CKDu groundwater and non-CKDu
groundwater was of significant differences in terms of C1% and
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HIX, and therefore these differences can be used for early warning
and rapid recognizance of water sources associated with CKDu
through our self-developed CKDu recognizing threshold assess-
ment (CRTA) method. To explore the suitable recognizing thresh-
old (RT) of various DOM indicators and test the applicability of
CRTA method, the relationships between the assumed threshold
of DOM indicators and the detection probability of CKDu
groundwater (DPC) and the detection probability of non-CKDu
groundwater (DPN) in groundwater samples (n = 54) are shown in
Supplementary Fig. 9. It was found that DPC and DPN responded
to the changes of HIX, C1%, DOC, and C4% very well with
approximately S-shaped curves. Taking C1% as an example, when
the assumed threshold of C1% exceeded the value at the
intersection (28.8%) of DPC and DPN curves, DPC increased with
the increase in C1% and was always greater than DPN; when the
assumed threshold of C1% was less than the intersection value
(28.8%), DPN increased with the decrease in C1% and was always
larger than DPC. That is, if the assumed threshold of C1% at the
intersection is used as RT, DPC will arrive at 70.1% (detection
probability at the intersection) at least with C1% above RT
(Supplementary Table 5), indicating that the possibility of
detected water source as CKDu-related source was at least
70.1%. When the assumed threshold of C1% is below RT, DPN
will exceed 70.1%, indicating that the possibility of detected water
source as non-CKDu-related source was at least 70.1%. Therefore,
by using the RT of C1%, the probability to identify whether one
water source is CKDu-related or non-CKDu-related is at least
70.1%, indicating its very good recognizing applicability.

Similarly, the relationships between the assumed thresholds of
HIX, the concentrations of DOC, and C4% and the detection
probability were the same as the relationship between the
assumed threshold of C1% and the detection probability.
However, due to the relatively lower detected probability at the
intersection (Supplementary Table 5), the recognizing applicability
using HIX, DOC, and C4% is not so good as C1%. In terms of other
DOM indicators, their DPN or DPC curves fluctuated much with
changes in thresholds. In addition, according to the relationship
between the assumed threshold of PC1 score and the detection
probability, it can be found that the recognizing probability by
using PC1 score was 63.8%.

The assumed thresholds of C1%, C4%, HIX, and PC1 score versus
detection probability were fitted by empirical Boltzmann equation
(Fig. 4). As shown in Fig. 4, the assumed threshold of C1% had the
highest coefficient of determination (R?) (Supplementary Table 6).
Verification results showed that the predicted values were close to
the measured values (Fig. 5), indicating that the fitting results were
valid. In addition, paired t test showed that the predicted value
and measured value were not significantly different (p > 0.05) only
using C1% or score of PC1 as recognizing indicators. Root mean
square error (RMSE) of C1% was also the lowest, indicating that

Published in partnership with King Fahd University of Petroleum & Minerals



npj

actual data of DPC

actual data of DPN
— = fitting line of DPC
— = fitting line of DPN

95% confidence interval

50

X. Zeng et al.

A) ®)
100} 100}
X X

2 =

= sof = sof
5 )

< <

B E

2. 60t 2 60f

= =

i) =

8 8

g 40r g 40t
[a] (=]

20 20
20 30 40 50 0 10 20 30 40
Assumed threshold of C1% Assumed threshold of C4%

© D)

~ 100 ~ 100}
g S

2 2

2 % B 80t
< <

= =

o o

8 60 8

8 & oof
g 8

5 40 I

o A 4ot

20 . . L L L

2 4 6 8 10
Assumed threshold of HIX

12

-2
Assumed threshold of PC1 score

0 2

Fig. 4 The relationships between screening indices and DPC and DPN. Red lines indicate the DPC, and blue lines indicate DPN. The
detection probability of the solid lines was calculated using the set arithmetic sequence as the threshold, while the dashed lines were the
fitting results of solid lines; and the pink bands were the 95% confidence interval of the fitting curves.

the fitting result of C1% was in line with the data of this study
area. Above all, C1% is the most suitable and effective DOM index
for distinguishing CKDu-related water sources from non-CKDu-
related water sources through CRTA method.

According to the functions of fitting curves, the RT of C1% using
CRTA method was 28.8%. In order to clarify the predictability and
the advantage of the optimal threshold calculated by CRTA
method, the receiver operating characteristic (ROC) curve and
precision-recall (P-R) curve based on confusion matrix were also
performed using the same 54 groundwater samples (Supplemen-
tary Figs. 10, 11). In ROC and P-R analysis, the curve model was
considered to have predictability only when the area under curve
(AUQ) was greater than 0.7%3, Typically, the larger AUC indicated
the better predictability of the model. The AUC of ROC curve
(0.777) and P-R curve (0.816) of C1% were larger than those of
other DOM indices, indicating that C1% was the most suitable as
recognizing index, which is consistent with the results of CRTA
method. However, according to the maximum of Yonden’s index,
which was positively correlated with the superiority of screening
models (Supplementary Method), the optimal RT of C1% in ROC
curve was 36.3%; the optimal RT of C1% in P-R curve was 27.6% by
using the maximum of F1-score, which is harmonic average of
precision and recall and indicates the capacity of predicting
correctly. To compare the predictability of P-R curve, ROC curve,
and CRTA method using C1% as recognizing index, these RT were
applied to 21 groundwater samples for verification to obtain
actual predictability (Supplementary Table 7). The predictability for
CKDu groundwater using CRTA method (75.0%) was consistent
with that of P-R curve (75.0%), but higher than that of ROC curve
(50.0%); the predictability for non-CKDu groundwater using CRTA
method (66.7%) was higher than that of P-R curve (55.6%), but
lower than that of ROC curve (88.9%). For the better comparison,
the geometric mean of the predictability for non-CKDu ground-
water and the predictability for CKDu groundwater were used to
show comprehensive predictability. The comprehensive predict-
ability of CRTA method (70.7%) was the highest, followed by ROC
curve (66.7%) and P-R curve (64.5%). This illustrated that CRTA
method obtained better RT of C1% for screening CKDu ground-
water and non-CKDu groundwater than ROC curve and P-R curve.
In addition, the AUC of P-R curve of PC1 score was 0.700,
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indicating that PC1 can also be used as a recognizing index,
although the AUC of ROC curve of PC1 score was less than 0.7.
Compared with the RT of PC1 score obtained by CRTA method,
the optimal RT of PC1 score obtained by P-R curve had same
actual predictability for non-CKDu groundwater, but lower actual
predictability for CKDu groundwater. Therefore, in recognizing
CKDu groundwater and non-CKDu groundwater, CRTA method
seemed to be more advantageous than P-R curve and ROC curve.

Environ-geological health implication of CRTA

In this study, DOM characteristics of CKDu-related groundwater
were probed by using DOM optical indices, and discriminating
CKDu-unrelated versus CKDu-related groundwater was achieved
by providing a reasonable probability-based guideline for setting
the threshold of an indicator. This will contribute to excavating
and recognizing clean groundwater sources for low-income
residential areas. To improve drinking water quality and prevent
CKDu, the reverse osmosis and nanofiltration technology were
proposed to treat contaminated water'*'®, though these tech-
nologies require good economic conditions and are hardly
applied to actual production. As described in above section,
C1% recognized by CRTA is a feasible and reasonable indicator for
screening CKDu groundwater with low cost. In practice, for each
indicator, it is needed to determine which functions of fitting
curve are chosen by comparing the measured value and RT, and
then calculate DPC or DPN through the selected function. With
CRTA method, screening CKDu-related water sources by C1% of
FDOM improves the security of drinking water and prevents the
occurrence of CKDu in CKDu-prevalent areas. The RT of C1% may
be influenced by some environmental factors (e.g., hydrological
and geological conditions). In the future, more studies on
dissolved organic matter in groundwater are needed in other
typical CKDu-endemic regions to test and broad the applicability
of CRTA.

It is worth mentioning that the application of CRTA method is
not limited to sensitive FDOM indicators. Most previous studies
have also emphasized that inorganic chemicals like Ca?*, F~,
hardness, and Si in CKDu-related groundwater and non-CKDu-
related groundwater are also significantly different'*®', Hence,
the application of CRTA method can also be implemented to
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Scatter plot of the predicted values and measured values of groundwater samples (n = 21). The function of the dashed line is y = x.

The p value was obtained by the paired t-test between the predicted values and the measured values.

these inorganic sensitive indicators. In this study, it was found
that the DPC and DPN through the RT of Ca?* and Si recognized
by CRTA can arrive at 82.4% and 64.2%, respectively (Supple-
mentary Fig. 12, Supplementary Table 5), although the detection
probability by the RT of hardness and F~ is not good. The plot of
DPC versus the assumed threshold of F~ undulated, which was
attributed to high F~ concentrations in several non-CKDu
groundwaters (Supplementary Fig. 8). Thus, the curve of DPN
versus the assumed threshold of F~ is more reliable for
identifying water sources than the curve of DPC versus the
assumed threshold of F~ using CRTA. Furthermore, FDOM
indicators in combination with inorganic indicators could jointly
recognize safe water sources by CRTA, which improves the
reliability of recognizing results. In the future, investigations with
more groundwater samples from larger areas with diverse
geological and hydrological settings are recommended.

METHODS
Study area

According to the annual precipitation, Sri Lanka can be divided into arid-
semiarid and humid regions®, As shown in Supplementary Fig. 1, the study
area (07°25.911" - 07°40.116'N, 80°58.483' - 81°04.888'E and 06°17.560' - 06°
24.158'N, 80°54.769" - 80°59.995'F) is located in Girandurukotte (CKDu-
endemic area), Dehiattakandiya (CKDu-endemic area), and Sewanagala
(non-CKDu area) in semiarid zone, where the terrain is flat, evaporation is
strong, and water resources are scarce, with an average annual rainfall of
around 1000 mm and an annual temperature between 29 °C and 33 °C. The
southwest monsoon (SW) rainy season is from May to October, and the
northeast (NE) monsoon rainy season is from November to February. The
Mahaweli River, the longest river in Sri Lanka, is located to the west of the
study area. Geologically, rocks in this area are basically Precambrian granite
and gneiss, which are enriched in mica, hornblende, apatite, and other
fluorinated minerals. Although these rocks are low in porosity, they have
developed faults and joints, which host groundwater resources. Local
residents mainly use groundwater as the drinking water. Most people
obtain groundwater in dug wells from unconsolidated fluvial sediments or
shallow weathered bedrock aquifers®. Few residents use tube wells to
obtain fissure groundwater from deep bedrock aquifers. Surface
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hydrological networks are controlled by man-made reservoir (tank)
cascade systems mainly used for irrigation.

Sample collection and storage

Based on the information provided by local hospital, our team collected
groundwater from the wells (CKDu groundwater) used by representative
patients suffering from CKDu. In addition, we collected the other set of
groundwater from the wells (non-CKDu groundwater) used by families
without patients. A total of 83 water samples were taken, including CKDu
groundwater (n = 43), non-CKDu groundwater (n = 32), and surface water
samples (n = 8) collected from tanks (Supplementary Fig. 1). Samples were
filtered with 0.7 um quartz filter and acidified to pH <2 with premium
grade pure hydrochloric acid for spectral measurement. For DOC analysis,
samples were filtered with 0.45 um filter membrane and acidified to pH <2
with premium-grade pure phosphoric acid. More details of sample
collection are provided in Supplementary Method.

Sample analysis

The fluorescent properties of DOM were tested by fluorescence spectro-
meter (Fluomax-4, HORIBA JboinYvon, Japan). The operation conditions
were as follows: the light source was 150 W xenon lamp; excitation (Ex)
wavelengths were set from 250 to 400 nm at 4 nm intervals; emission (Em)
wavelengths were set between 300 and 550 nm at 2nm intervals; the
width of the slit was 3 nm and the integration time of the scanning signal
was 0.1 s. The ultraviolet-visible absorbance was measured by a spectro-
photometer (UV1900, Shimadzu, Japan) at 200-600 nm. DOC is determined
by TOC analyzer (Aurora 1030w, Ol, USA) with the analytical precision of
+2.0%, and the detection limit is 0.01 mgL~". Analyzes of anions and
cations are provided in Supplementary Method.

Spectral indices and PARAFAC

The spectral indices were calculated (Supplementary Method), including
the humification index (HIX), the biological index (BIX), the fluorescence
index (Fl), the concentration of DOM with an unsaturated structure (d,sa),
the aromaticity index (SUVA;s4), and the spectral slope (S,75_295). Both the
inner filter effect and background fluorescence signal of ultrapure water
were corrected and Rayleigh scattering and Raman scattering were
removed before PARAFAC using the efc toolbox (http://www.nomresearch.
cn/efc/indexEN.html) developed by MATLAB graphical user interface®®, the
FDOM correct toolbox®?, and the N-way toolbox (https://www.mathworks.
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curves, which was defined as the applicability of DOM index in
recognizing CKDu groundwater, and the vertical dashed line shows
the threshold value (x) of intersection between two curves, which
was defined as recognizing threshold.

com/matlabcentral/fileexchange/1088-the-n-way-toolbox)®®>. The model
finally passed the core consistency test and split-half verification®. The
PARAFAC components were identified with those of the previous studies
with the similarity exceeding 0.95. The relative abundance of PARAFAC
components (C1%, C2%, C3%, and C4%) were quantified by dividing the
maximum peak intensity (Fmax) of each component by the sum of Fmax of
all components.

CKDu recognizing threshold assessment (CRTA)

The parameters of both DOM properties (such as C4%, C1%, and HIX) and
inorganic chemicals (such as Ca®t and F~) were considered as indicators
for the assessment, during which the detection probability of CKDu
groundwater (DPC) and the detection probability of non-CKDu ground-
water (DPN) were defined and calculated. For each indicator, an initial
threshold (normally the minimum of observed value) was set, above which
the samples were assigned as the high value group and below which the
samples were assigned as the low-value group. For most indicators (C1%,
C2%, C3%, HIX, SUVA,s4, ays4, DOC, the score of PC1, and inorganic
indicators), DPC was calculated in the high value group, and DPN was
calculated in the low-value group according to Eqg. (1) and Eg. (2),
respectively. For other indicators (C4%, S,75.290s5, BIX, and Fl), DPC was
calculated in the low value group, and DPN was calculated in the high
value group with Egs. (1) and (2), respectively.

the numbers of CKDu groundwater samples in group
the numers of groundwater samples in group

DPC =

the numbers of non — CKDu groundwater samples in group

DPN = -
the numers of groundwater samples in group

2

With the increase in the assumed threshold of each indicator from the
minimum to the maximum (usually 100 steps; the set arithmetic
sequence), corresponding DPC and DPN were calculated, and the plot
of assumed threshold of the indicator versus DPC or DPN was drawn as
shown in Fig. 6. The detection probability of intersection between two
curves was defined as the applicability of the indicator in recognizing
CKDu groundwater, and the assumed threshold value of intersection
between two curves was defined as recognizing threshold (RT). The
higher detection probability at RT gives the better recognizing
applicability. Among all groundwater samples, 72% (n = 54) were used
to calculate DPN and DPC and fitted by empirical Boltzmann equation,
and the remaining (n=21) were used to verify the fitting curves by
paired t test and root mean square error (RMSE). If the p value of paired t
test is greater than 0.05, it is assumed that the predicted result is close to
the measured result. The lower the value of RMSE, the closer the
predicted result is to the measured result.
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Statistical analysis and data fittings

Independent-sample t-test, one-sample t-test, paired t-test, one-way
analysis of variance (ANOVA), principal component analysis (PCA), and
Spearman correlation were performed through IBM SPSS Statistics 22. The
t-test and ANOVA with the significance of p < 0.05 was used to analyze the
differences and the variations between groups. The indicators used for PCA
included DOC, Fl, BIX, HIX, dys4, SUVAs4, Sy75205, and the relative
abundance of PARAFAC components (C1%, C2%, C3%, and C4%). Data
fittings were achieved by Origin 2021 using the least square method. The
calculation methods of ROC curve and P-R curve were described in
Supplementary Method.
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