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Abstract

In groundwater, dissolved organic matter (DOM), a complex material, is a contaminant of concern owing to its ability
to influence water quality and stimulate microbial metabolism. Using a 445-nm diode laser-induced fluorescence (LIF)
spectroscopy, DOM contamination levels have been investigated of well water samples fetched from ten privately owned
hand-dug wells during dry and wet seasons of 2016, 2017 and 2018, in Ghana. The results showed spatio-temporal het-
erogeneities in the LIF spectra, and the fluorescence intensity peaks were generally higher and broader during the wet
season than the dry season. In this study, DOM fluorescence spectra at an emission wavelength band of 460-650 nm
showed two distinct broad peak shoulders within 480-500 nm and 550-570 nm, engulfing the water Raman peak at
527 +2 nm for all the water samples studied. Furthermore, principal component analysis and cluster analysis were used
to differentiate the 2016 water samples based on their DOM contamination levels. In each case, three groups or clusters
were identified based on their similarities and dissimilarities. The study revealed humic DOM substances as the most
typical well water fluorophores. Applying the K-nearest neighbour algorithm as a classifier method for the classification
of 30 water samples studied in 2016, 16.7% (5/30) were classified as very good drinking water, 46.7% (14/30) as good,
26.7% (8/30) as fairly good, and 10% (3/30) as bad drinking water samples. In general, levels of dissolved organic matter
contamination increased over the study period during the rainy seasons for wells situated in close proximity to septic
tanks, refuse dumps, public toilets and in wetlands. Thus, in the study the fluorescence intensity depends on the sampling
site and the season, and indicates the DOM contamination level.

Keywords Dissolved organic matter - Hand-dug well water - Laser-induced fluorescence - Dry and wet seasons -
Multivariate statistical techniques - Water quality monitoring and assessment

1 Introduction for water supply. Globally, in excess of two billion people

depend on groundwater for their day-to-day water use
Most of the available freshwater on Earth is locked up  [41, 47]. In both the global north and south, groundwa-
in the ground [47]. For this reason, groundwater consti-  ter bodies are the most vital and safest source of drinking
tutes the main resource in terms of obtainable quantities water [3, 32, 47]. Groundwater sources are very important
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resource for drinking purpose because it has been found
to contain over 90% of the fresh water recharge over the
world. Therefore, there is always the need to study ground-
water quality since groundwater is difficult and expensive
to restore once polluted by a variety of contaminants, both
inorganic and organic [28].

The utilization of groundwater is expected to increase
as a result of climate change and increasing global water
demand, which basically is due to economic expansion,
population growth and urbanization. In Ghana, and many
developing nations, groundwater constitutes the drinking
water of choice owing to the pollution of surface water
systems by gold mining activities [4, 5], livestock and cli-
mate effect.

On the whole, human pressure on groundwater
becomes stronger if we consider those areas in which
urban, industrial and agricultural settlements are particu-
larly developed, such as the alluvial and coastal plains [47].
According to the World Health Organisation [61], through-
out the world, more than 150 million inhabitants are below
the altitude of 1 m above sea level (a.s.l.) and 250 million
live below the altitude of 5 m a.s.l. Owing to this, these
areas are commonly concerned with the deterioration of
the environmental system and, in particular, of their water
resources.

Dissolved organic matter (DOM) is a composition of
humic-like and fulvic-like materials and amino acids, pro-
teins and peptides that may be found in a groundwater
body. Therefore, effects of DOM on water quality are mul-
tifaceted. DOM in water influences drinking water qual-
ity (for example, odour, colour and taste), reduces water
treatment efficiency ([46, 59] and intensifies microbial
metabolism [52, 58]; it could be new or old, ubiquitous,
labile and of variable structure and composition with char-
acter normally influenced by a number of factors including
space and time effects [6, 13, 23, 52, 58]; it is a significant
means of transportation of nutrients which may be inside
or outside of an aquatic system [22, 25], and can interact
with many organic or inorganic contaminants, such as
pesticides and polycyclic aromatic hydrocarbons (PAHs)
and heavy metals [21, 25]. Accordingly, the varied com-
position of DOM is dependent on the origin of the source
material (e.g. wetlands, plants, soils, algae, refuse dump
and human excreta). Thus, DOM includes a broad range of
organic molecules of various sizes and composition that
are released by all living and dead plants and animals [25,
45].

A plethora of independent techniques including chemi-
cal, spectroscopic and isotopic analyses have been used to
characterize DOM in various ecosystems across the world
[22, 34]. Fluorescence spectroscopy, an alternative tech-
nique, has been used to assess indications and proportions
of levels of DOM contaminants in water systems. Water of
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all kinds fluoresces [9], because only absorbing molecules
can emit fluorescence. Carstea et al. [12] have posited that
fluorescence spectroscopy an inexpensive, reliable, excel-
lent technique and fast monitoring tool is used to detect
and quantify contaminants in a short time, for quick miti-
gation of pollution sources and site remediation, and for
characterization of natural dissolved organic matter. In
other words, fluorescence spectroscopy has proven to be
an excellent technique in quantifying aquatic DOM, from
autochthonous, allochthonous, or anthropogenic sources
[38].

In this field, laser-induced fluorescence (LIF) is a rela-
tively inexpensive and useful technique for environmen-
tal monitoring and has been applied in the investigation
of quantity, origin, character, and degradation of DOM,
and such as to provide information (e.g. amount of humic
and fulvic acids, protein-like material and phytoplankton-
derived material) about the various sources in a range of
aquatic environments [6, 13, 57, 66, 671. For this reason,
measuring the fraction of DOM that absorbs light at spe-
cific wavelengths, and subsequently releasing it at longer
wavelengths (i.e. fluorescence) is diagnostic of DOM type
and amount. Dissolved organic matter, such as humic and
fulvic acids, have a particularly strong preference for blue,
violet and ultraviolet light. Hence, various excitation light
sources (e.g. lamps, LEDs, lasers) have been employed in
the study of DOM contaminants in water samples. For
example, lasers and LEDs have been used for disinfection
in water [2, 15, 17, 43], while induced fluorescence using
these same sources has been used to estimate water pol-
lution and probe the composition of DOM in watersheds
[51]. Saraceno et al. [45] have used excitation and emission
at 370 nm and 460 nm, respectively, to quantify the fluo-
rescent fraction of the coloured DOM (referred to as CDOM
fluorescence or FDOM). Due to its versatility, diode lasers
have been used extensively in environmental monitoring
of trace gases [11]. A diode laser is a semiconductor device
similar to an LED. Diode lasers impress by their high effi-
ciency, their low running costs, compactness, high spectra
purity, small sizes and low input power [48, 53]. Compared
to most lasers, diode lasers are low cost because of existing
semiconductor technology and they are typically run on
small batteries. In addition, research has shown that blue
light fluorescence (Amission = 430-500 nm) can be a good
proxy for DOC, in environments with terrestrial inputs.
However, limited studies of using blue light fluorescence
as excitation light source for the monitoring of DOM con-
taminants in natural waters, like hand-dug well water, have
not been frequently reported.

To this end, the specific objective of this study was to
use a 445-nm diode laser excitation to detect DOM con-
tamination levels under spatial and temporal conditions
in some selected hand-dug well water systems located
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at possible DOM sources. The water samples used in this
study have been classified using tools such as princi-
pal component analysis (PCA), cluster analysis (CA) and
K-nearest neighbour (K-NN) algorithm. In addition to the
results of the assessment of water quality investigations
carried out in this study on DOM concentration levels,
microbial and faecal indicators and certain physicochemi-
cal parameters were initially determined which in totality
call for regular monitoring of the drinking water quality
standards for hand-dug well water systems. To the best of
the knowledge of the authors, for the first time, ground-
water quality assessment has been tied together with
DOM fluorescence, K-NN and other statistical analyses as
a potential diagnostic tool for effective monitoring, assess-
ment and classification of DOM contamination levels in
well water resources.

2 Materials and methods
2.1 Studyarea

This study was conducted in a community located in
the Cape Coast metropolis near the University of Cape
Coast, Ghana. The community, Amamoma, lies between
longitude 1°17’41" East and latitude 5°6’40” North of
Cape Coast. The area is a low-lying wetland plain (Fig. 1)
with minor streams ending in wetlands that annually

1710w 1180w 1"1T50W

1"1810W 1180w 1"1T50W

Fig. 1 Satellite map of the study area
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experience flood waters in the major rainy season (April
to July). Thus, the study area is characterized by defined
wet and dry seasons. It has an average monthly relative
humidity between 85 and 99%. Most of the precipitation
occurs from May to July with an average annual rainfall
of 1295 mm. During this period, flooding is normal and
common for groundwater and surface water recharge.
Groundwater-surface water exchange with the underly-
ing aquifer is possible, especially during the dry season
when the water head is low [40].

2.2 Geology and soil

The study area is categorized under the series of Cape
Coast granitoids which contain well foliated, often mag-
matic, potash-rich granitoids that come in the form of
muscovite-biotite, granite and granodiorite. Usually, lithol-
ogies include quartz diorites, tonalities and trondhjemites,
granodiorites, adamellites and granites. The hills are gen-
erally overlaid by sandy and clayey silts, while the valleys
are covered by clayey gravel with lateritic soils exposed in
a number of areas [18, 371.

2.3 Water sampling: locations, collections
and analysis

Groundwater samples were collected from ten private-
owned hand-dug wells in the study area. The general
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description of the wells studied indicates well age, well
depth (ranged from 300 to 550 cm) obtained from their
owners or the information inscribed on them, and prox-
imity to different known DOM pollution sources (Table 1).

The basic simple random sampling technique was
used to select the hand-dug wells for the water samples
for the study. The selection yielded samples that were
representative of the different natural environments
(wetland, semi-arid and arid lands) in the study area
(Fig. 2). A Global Positioning System (GPS) was used to
mark the hand-dug wells with their designated names:
wA to wl in alphabetical order. In all, three batches of
fetching trips were made from each of the ten wells in
each month of February, March and April of 2016, 2017
and 2018, respectively. At the well sites, a multipurpose
water quality checker (U-50 series, Horiba) was used to
measure some characteristic parameters including the
pH, salinity and temperature of the samples (Table 2).
All analyses were done in duplicates and the average
calculated value recorded (Table 2). During each fetch-
ing trip, water samples were fetched into pre-cleaned
opaque plastic bottles kept in an air-tight dark polythene
bags conveyed to a temperature-controlled laboratory
within 2 h for analyses. In all, there were no appreciable
changes in the values measured at well site and in the
laboratory. Salinity was mostly less than 1 ppt, indicating
that saltwater intrusion was non-existent. However, the
water samples were slightly more acidic (more than WHO
standard for drinking water) during the dry season than
the wet season (Table 2).

It is well known that hand-dug wells are vulnerable
to contamination and as such pose a significant public
health threat to those who rely on them for domestic
water use [1, 33]. It is always very difficult to protect

hand-dug well from contamination. For example, there
are many ways for surface water to leach in, and using
bucket on a rope to fetch water easily transfers bacte-
ria to the groundwater. In this study, different bacteria
species were detected during the rainy season of April
2016 (Table 3) to support the assertion that in many
cases DOM in a water body will also be accompanied
by an active microbial community [38]. Thus, DOM in
hand-dug well water could act as reservoir of pathogenic
bacteria and exhibit potential health hazards from faecal
contaminants with the amount of faecal indicator bac-
teria, such as Escherichia coli and Streptococcus spp.
(Table 3).

2.4 Laser-induced fluorescence spectroscopic
measurement

The LIF measurements were taken with a set-up similar
to the laboratory bench-top LED-IF/LIF set-up described
elsewhere by Sharikova and Killinger [50]. The schematic
of the set-up (Fig. 3) for the LIF measurement consists of
an excitation source, a sample holder and a detection
unit.

A continuous-wave (cw) diode laser used in our sys-
tem has the wavelength of 445 nm and an average out-
put power of 100 mW. A similar diode laser has been
employed in remote sensing study of water quality
assessment by Brydegaard et al. [10]. In this study, the
laser output was incident on the water sample contained
in a quartz cuvette of optical path length of 10 mm. The
emitted light was collimated by a converging lens (focal
length=5 cm) placed at 10 cm from the sample and
passed through an optical fibre mounted at right-angle
to the path of the laser beam. This sample illumination
geometry is commonly used for LIF studies, and it allows
the cuvette to be illuminated at the centre which was

Table 1 General description of the hand-dug wells sampled in the study: designated well name, type of its environment, depth, age and the

possible source (s) of DOM

Well sample Well environment Well depth (cm) Well age Possible source(s) of DOM
[diameter (cm)] (years)

wA Semi-wetland, clayey/sandy soil, covered 362 [110] 10 Septic tank; wetland; soil

wB Semi-wetland, clayey/sandy soil, covered 542 [113] 1 Old refuse dump; soil

wC Wetland, clayey/sandy soil, covered 460 [106] 1" Septic tank; wetland; soil

wD Semi-wetland, clayey/sandy soil, covered 430 [105] 12 Wetland; public toilet; soil

wE Wetland, clayey/sandy soil, not covered 500 [110] 10 Septic tank; wetland; soil

wF Wetland, clayey/sandy soil, covered 328[102] 7 Septic tank; wetland; soil

wG Semi-wetland, clayey/sandy soil, partially covered 320[105] 10 Wetland; soil

wH Semi-wetland, clayey/sandy soil, covered 300(118] 9 Wetland; soil

wl Arid, clayey/sandy soil, covered 555[115] 3 Soil

w)J Semi-wetland, clayey/sandy soil, covered 315[112] 8 Wetland; soil
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Fig.2 Study area map showing the sites/locations where the ten (10) wells were sampled

Table 2 Characteristic
parameters of water samples
fetched in February (dry) and
April (wet)

Well sample Ave.tempera- Ave.pH Ave.TDS Ave. DO Ave.EC (uS/  Ave. salinity

ture (°C) (mg/L) (mg/L) cm) (ppt)

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
wA 29.72 2998 6.22 658 1490 1310 645 6.25 2340 2050 1.20 1.00
wB 2853 29.08 580 641 550 490 571 449 80 780 040 040
wC 28.65 2841 6.77 695 750 740 450 468 1180 1160 0.60 0.60
wD 2959 2940 537 580 460 490 210 793 710 770 030 040
wE 2990 2983 637 650 850 990 5.00 6.22 1330 1540 0.70 0.80
wF 2981 2971 6.0 7.02 570 580 752 567 900 900 0.40 0.40
wG 30.14 30.04 5.15 547 260 260 397 7.06 400 400 0.20 0.20
wH 3243 3036 633 672 840 780 5.00 7.23 1310 1180 0.60 0.60
wi 2855 2931 6.13 641 240 250 594 6.08 370 390 0.20 0.20
w) 2837 2837 576 6.17 490 470 565 6.09 760 740 040 040
Ave. average value
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Table 3 Characterization of the different bacteria species during rainy season in April 2016

Well sample Triple Citrate Indole test Urease test Lactose Catalase test Haemolysis Gram  Suspected/pos-
sugar utilization fermenta- typeonblood  stain-  sible pathogen
iron test tion agar ing

WA, - - + - - N/A N/A - E. coli
- + - + N/A - N/A - Klebsiella spp.
N/A N/A N/A N/A N/A - 3 Haemolysis + Streptococcus spp.

wB, - + - + N/A - N/A - Klebsiella spp.

wC, - + - + N/A - N/A - Klebsiella spp.
- - + - - N/A N/A - E. coli

wD, - + - + N/A - N/A - Klebsiella spp.

wE, - + - + N/A - N/A - Klebsiella spp.
- - + - - N/A N/A - E. coli

wF, - + - + N/A - N/A - Klebsiella spp.
- - + - - N/A N/A - E. coli
N/A N/A N/A N/A N/A + N/A + Bacillus spp.

wG; - + - + N/A - N/A - Klebsiella spp.
N/A N/A N/A N/A N/A + N/A + Bacillus spp.

wH; - + - + N/A - N/A - Klebsiella spp.
N/A N/A N/A N/A N/A + N/A + Bacillus spp.
- - + - - N/A N/A - E. coli

wil; - + - + N/A - N/A - Klebsiella spp.
- - + - - N/A N/A - E. coli
N/A N/A N/A N/A N/A + N/A + Bacillus spp.

wl; - + - + N/A - N/A - Klebsiella spp.
- - + - - N/A N/A - E. coli
N/A N/A N/A N/A N/A + N/A + Bacillus spp.

N/A not applicable, ‘+'—positive results (present), ‘—'—negative results (absent)

Computer

Fig.3 Schematic diagram of the LIF system for water DOM studies

interfaced to a computer [29]. Data acquisition param-
eters were set as follows: LIF spectra integration time
was typically preset to 300 ms for longer exposure time
of water samples; the LIF spectra acquisition time was
preset to 180 s; and smoothening boxcar was preset to
10-30. The system was calibrated using single-distilled
water sample. The spectra position of the water Raman
peak (A,,) depends on the excitation wavelength (A,,),
and it can be estimated using Eq. (1).
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y 1% 107 -
Water Raman peak position [4,, (nm)| = — - 3400

(M
where A, =445 nm, A, =524.3 nm.

In this study, this is close to the experimental water
Raman peak of 527 nm for the distilled water, thereby
showing the sensitivity of our LIF system. Nevertheless, it
is important to note that the size and shape of the Raman
scatter peak are dependent on the instrument optics, set-
up (e.g. bandwidths, PMT voltage) and lamp age [16].

3 Data analysis

Data analysis for the LIF was carried out using MATLAB
version 7.11, and graphs were generated in Microsoft Excel
version 2013. The inelastic scattering of laser emission on
water molecules is the Raman scattering signal, the Raman
line which is usually used as a means of standardization
for fluorescence signal [16]. In this study, fluorescence
intensity data were corrected for inner filter effect (IFE) by
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normalizing to the water Raman peak of the distilled water
at 527 nm [30]. This approach is applicable, since currently
there is no standardized approach to correct DOM samples
for IFE, and its applicability to low concentration of DOMin
hand-dug well water samples is accepted [20]. No further
corrections were made to the experimental spectra, e.g.
blank subtraction to compensate for instrument biases
or fluctuation of instrumental factors. Blank subtraction
was omitted from the study procedure since its applica-
tion for low concentration of DOM samples (or dilute sam-
ples) is questionable [65]. This could have been the case in
analysis of a three-dimensional excitation—emission matrix
(EEM). For this study to be valid, the authors used a fixed
excitation wavelength of 445 nm as already mentioned,
and collected only one set of emission wavelengths rang-
ing from 450 to 750 nm, ensuring that no changes in the
lamp intensity during the measurement period occurred.
For this reason, at least on a qualitative basis water qual-
ity based on DOM should be allowed [49, 60]. However,
the quantitative analysis of the DOM in each well water
system has been considered in arbitrary units (a.u.) from
the instrument used rather than well-defined quantities
as a water quality indicator; yet in this study, DOM fluo-
rescence intensity (a.u.) is an indicator of water quality
changes in well water systems (Fig. 5). Furthermore, both
PCA and CA techniques were used to evaluate the similar-
ity or dissimilarity among the water samples [44]. Addi-
tionally, the K-nearest neighbour (K-NN) technique based
on the Euclidean distance between each water sample and
distilled water has been used to classify the samples into
very good, good, fairly good and bad water samples, with
the distilled water used as the benchmark for DOM-free
water sample. Thus, in this study, the nearness of each well
water sample to the distilled water was qualitatively and
quantitatively measured. The K-NN algorithm was used as
arobust and versatile classifier method, basic and simpler

[42, 44]; yet, it has many advantages over other classi-
fiers such as support vector machines (SVMs), discrimi-
nant analysis, classification trees and probabilistic neural
networks [27, 35, 54, 55]. As a result, the performance of
the K-NN is comparable to that of its competitors such as
decision trees and neural networks. Therefore, in this study
each set of data (from the ten wells) obtained is the set
with maximum fluorescence intensity selected among the
multiple spectra of the multiple fetches for each month.
Accordingly, the various spectra (Fig. 5) were labelled wA1
through wJ1, wA2 through wJ2 and wA3 through wJ3 for
February, March and April, correspondingly, for each year.

4 Results and discussion
4.1 Groundwater quality

4.1.1 Identification of DOM using laser-induced
fluorescence spectroscopy

The two broad shoulders at 480-500 nm and
550-570 nm, engulfing the water Raman peak within
527.0£2.0 nm (Fig. 4), are consistent with previous stud-
ies by Stedmon et al. [58]. It is important to note that
the sharper the water Raman peak, the better the water
quality. Fluorescence similar to this was again observed
for coloured dissolved organic matter in a wide range
of environment and in groundwater well samples [56].
Thus, in this study, fluorescence intensity was influ-
enced by the type of surrounding and activity [6, 23]
using a fixed excitation and emission wavelengths.
Therefore, it is characteristic to note that allochthonous
or autochthonous humic-like DOM-type production can

Fig.4 Sample of a 445-nm LIF 120 ~ a - 200 -
measurements: a water Raman ) < b
peak signal of the distilled ® 100 |- 3
water (Blank test) showed § E 150 -
negligible DOM signal and £ 80} 8
b fluorescence spectrum of H] ]
a polluted well water sam- 2 0t = 100
ple with water Raman peak L= frs
engulfed by well water DOM S sl g
fluorescence H g 50t
8 20+t g
¢ ]\ S
g 0 . . o % 1 1 ! I J
T 450 500 550 600 650 700 750 50 500 550 600 650 700 750
Wavelength(nm) Wavelength(nm)
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Fig. 5 The LIF spectra of sample fetches for February, March and April of 2016, 2017 and 2018, respectively

be classified as natural or derived from human activity
(e.g. human wastes, farm wastes, leachates) through flow
path of water, discharge, land-use activities and dry and
wet depositions [23]. Thus, the explanations for fluo-
rescence spectra (Fig. 5) observed for 2016, 2017 and
2018, respectively, have been accounted for. Indeed, the
trend observed was the same for the three-year research.
However, for the sake of brevity the results of 2016 are
hereafter presented.

In February 2016, the DOM fluorescence intensities of
the water samples ranged from 15.19 to 250.0 a.u. with the
lowest value obtained for sample wD1 and the highest was
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found for sample wC1. For the same month in 2017, the
DOM fluorescence had increased, ranging between 15.57
and 638.97 a.u. with the lowest obtained for sample wl1,
and the highest for sample wE1. Interestingly, the 2017
pattern was seen in 2018 with the highest being 803.73
a.u. for sample wk1 and 19.37 a.u. for sample wi1.

In March 2016 (at the onset of the rainy season), the
lowest DOM fluorescence intensity was observed for sam-
ple wi2, which is located in an arid land, not close to a
septic tank or public toilet. The highest humic-like DOM
fluorescence intensity was found in sample wC2, and
this could be due to the fact that well wC is located in a
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wetland environment and close to a septic tank (Table 1).
The age and the nature of the walls of well wC might have
contributed to the observed fluorescence intensities (a.u.).
Similar explanation can be given for the DOM fluorescence
intensities observed in 2017 and 2018 during the same
month. However, for 2017, the fluorescence intensities
increased ranging from 19.75 to 689.36 a.u., with sample
w2 having the lowest fluorescence intensity value, and
sample wE2, the highest. The 2018, DOM fluorescence
intensity values ranged from 14.70 a.u. for 12 to 805.95 a.u.
for wE2. The high values of the DOM fluorescence intensi-
ties obtained in 2017 and 2018 could be attributed to the
fact that well wE is located in a wetland environment and
close to a septic tank (Table 1), and there was an increase
in rainfall within the period.

In April 2016, during the rainy season, the DOM fluo-
rescence intensities ranged from 41.84 to 743.26 a.u., with
sample wi3 having the lowest fluorescence intensity, and
sample wE3, the highest. The DOM fluorescence intensity
for April 2017 ranged from 14.02 to 581.08 a.u. with wi3
as the sample with the lowest intensity, and wE3 having
the highest. The reason, as previously given, may validate
the differences. However, the decrease in intensity may be
due to lack of intense rainfall during the same month in
2017, due to climate change. On the other hand, in 2018
the fluorescence intensities (a.u.) observed ranged from
20.53 a.u. for sample wi3 to 688.61 a.u. for sample wE3.
Thus, rainfall levels do affect DOM fluorescence intensity
in addition to the deterioration of the walls of the wells
and their locations.

Actually, the emission spectra obtained in this study
are characterized by broad bands of relatively low fluo-
rescence intensities (a.u) and maximum emission wave-
lengths which vary in a limited range showing that the
samples are of similar origin and nature [36]. The relative
low fluorescence intensities indicate dilute samples. In
this study, the authors’ assessment of the levels of DOM
on seasonal and both spatial and temporal scales, has
been mainly qualitative. The fluorophore intensity (a.u.)
of the LIF spectra shoulders have been used as a quali-
tative measure of the DOM concentration levels of the
fluorophore in fluorescent intensity of arbitrary unit (a.u.)
equivalent to ppm or ppb concentration levels [24, 38] in
the water samples. To this end, to discriminate between
the levels of contamination, it is possible to quantify the
degree of water contamination by checking the ratio
between different fluorescence peaks [16] or parts, with-
out subtracting the area under the standardized peak
(Fig. 4a) from the spectra area of each contaminated sam-
ple [16], although some studies have used various fluores-
cence indices to show the extent of discrimination among
contaminated drinking water samples.

In general, the authors acknowledge that wells which
were not covered also showed increased DOM fluores-
cence during the rainy season. This is so because rain-
water brings considerable amounts of dissolved organic
matter (DOM) in fractions of low aromaticity and humi-
fication degree from the atmosphere to freshwater and
marine environments, but little is known about the chemi-
cal composition and bioavailability of rainwater DOM
[64]. With regard to seasonality, higher concentrations of
humic-like DOM were observed during the wet season as
a result of leachates from toilets and wetlands, old refuse
damps, septic tanks and marshy areas. In contrast, the dry
season resulted in much lower concentrations of humic-
like DOM. Thus, different hydrological processes seem to
be the dominant drivers of seasonality for the well sites
studied [14]. Therefore, in this study, the increased humic-
like DOM fluorescence intensity trend observed over the
three-year period could be due to certain hydrological
processes like dominant drivers of seasonality for the sites
[14] which needs to be studied further. The deterioration
of the walls of the wells might have allowed leachates
into the water bodies. Throughout the study period, DOM
fluorescence intensity increased in the rainy season; the
dry season intensities were mostly low. Thus, the rise in
fluorescence intensity of humic DOM substances in the
well waters may be a consequence of the input of newly
formed humic substances. For example, water samples
obtained from wells located in wetlands exhibited higher
DOM fluorescence intensities than those obtained from
wells in arid lands. However, it is well known that the labile
constituents of DOM in aquatic environments provide
metabolism substrates for microbial growth and would be
decomposed to CO2 [7]. Previous studies on aquatic DOM
have indicated that the humic fraction of DOM is mainly
responsible for the absorbance of UV light and for the pho-
toproduction of labile substrates that can be subsequently
utilized by bacteria. Accordingly, [63] found that aromatic
substances including protein- and humic-like matter are
easily absorbed by minerals in aquifer, and compared to
protein-like substances, humic-like substances are more
easily absorbed by minerals, and the humic-like mat-
ter concentration exhibited no significant change even
though groundwater contamination occurred [19].

4.1.2 Classification using multivariate statistical evaluation

Principal component analysis (PCA) based on the
treated raw data of the LIF results was performed on
all the water samples for 2016, 2017 and 2018 to help
discriminate DOM from different sources and/or sub-
ject to different transformations in aquatic environ-
ments/seasons. Generally, PCA is an effective statisti-
cal tool, and it was used to quantify and categorize
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Fig.6 a Scree plot of the eigenvalues of the principal component
numbers; the first three eigenvalues have the most of the informa-
tion regarding the samples, b loadings versus wavelength of the
first three principal components

the similarity among the water samples. From the fluo-
rescence intensity-emission graphs (Fig. 5) of 2016, in
order to obtain conclusive results, the spectra within
the region 460-640 nm were used, which amounts to
162 spectra intensities per sample. Statistically, this is
more preferable. Figure 6 elucidates the scree plot of the
eigenvalues of the principal component numbers and
the loadings versus wavelength of the first three princi-
pal components. The first three eigenvalues have most
of the information regarding the samples. According to
the principle of elbow test [26], the truncation (tr) value
was determined to be 3. The loadings of PC1 and PC2
were considered since eigenvalues below 10° (= 1) were
deemed insignificant. This means that PC1 and PC2 were
of high significance for the classification of the quality of
the well water samples. In other words, the variance for
PC1 shows that more than 99% contributed most signifi-
cantly to the DOM contamination in the water samples.
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PC2 [<1%]

PC1[99%]

Fig.7 Scatter plot of the first two principal components discrimi-
nating the water samples

PC2 contributed less than 1% variance which might be
due to the O-H bond of the water component in the
samples. Characteristically, the loadings depicted that
PC3 does not contribute significantly to the classifica-
tion of the water samples. For detailed description of the
principal component analysis, the reader is encouraged
to refer to the work of [8, 621].

A scatter plot (Fig. 7) of PC1 and PC2 for distilled water
and the well water samples shows three distinct groups
of water samples labelled Groups 1, 2 and 3, respectively.
Group 1 consists of 20 water samples including 19 well
water samples and the distilled water. The well water
samples in Group 1 are characterized by low fluorescence
backgrounds (intensities) and sharp water Raman peaks.
To this end, Group 1 is likely to consist of water samples
with low concentrations of DOM. Group 2 is a cluster of
samples A2, A3, H3, J3,C1,C2,E2 and F2.The fluorescence
spectra of these samples are characterized by moderately
high fluorescence intensities (DOM concentrations) and
broad water Raman peaks. Samples C3, E3 and F3, which
are located on the far right of the PCA score plot, are the
constituents of Group 3. In this group, the DOM fluores-
cence peak intensities are the highest and broadest, with
broader water Raman peaks as compared to those in
Group 2.

Although Group 3 samples have the highest water
Raman peaks, they are classified as the most contaminated
water samples due to their relatively high DOM concentra-
tions (Fig. 5). Principal component analysis (PCA) based on
DOM indices revealed two principal factors, which were
related to the concentration and humic-type DOM, respec-
tively [31]. Most significantly, the clustering in the PCA
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Fig.8 Cluster analysis among

Cluster 3 E3

water samples (Ward method
of normalized data) for ten
sampling sites

Cluster2 | i gl J3

Cluster 1

L
Water Sample

900 800 700

score plots (Fig. 7) is consistent with the clusters in Fig. 8,
the tree of cluster. Evidently, it shows its ability for the clas-
sification of the water samples. In the cluster analysis (CA),
the fetches are grouped based on the similarities within a
cluster and dissimilarities among the different clusters [39].

In this regard, the Euclidean distance measure examines
the similarity and/or dissimilarity (Fig. 8). Group 1 (Fig. 7)
relates to Cluster 1 (Fig. 8) with their membership. Simi-
larly, Group 2 relates to Cluster 2, and Group 3 to Cluster 3
in that manner. Based on the dendrogram, the similarities
and the dissimilarities in the water samples are again evi-
dent. Clusters 1 and 2 are very similar to each other with
little marked difference, yet they are unlike those in Cluster
3. With regard to members of Cluster 3, samples C3 and F3
are similar and yet dissimilar to sample E3.

4.1.3 Classification based on K-nearest neighbour (K-NN)

The quality of the water samples studied in 2016 (with
regard to DOM contamination levels) was classified using
K-nearest neighbour (K-NN) algorithm based on Euclidean
distance. This method is strictly based on simple Euclid-
ean distances between one data point (e.g. the singly dis-
tilled water) and the well water samples; the shortest dis-
tance describes the best water quality. A bar chart (Fig. 9)
of Euclidean distances of the well water samples based on
similarity measurement shows that B1 corresponds to the
shortest Euclidean distance and E3 the longest. Using this
range, we classified the samples as being very good, good,
fairly good and bad. For example, B1, D2, G1, G2 and |12 are
considered as very good water samples; A1, B3, D1, D3, E1,
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Fig.9 Euclidean distances from one data point (singly distilled
water) to all other well water samples in two dimensions for K-near-
est neighbour test for water purity classification

F1, G3, H1 and H2 are deemed good; A2, A3, C1, C2, E2, F2,
H3 and J3 as fairly good; and C3, E3 and F3 as bad water
samples. The same classification can be obtained from the
physical parameters such as colour, odour and the taste of
the water samples. In this case, K-NN based on Euclidean
distance can be used as a tool for effective water quality clas-
sification in addition to other statistical tools such as used
in this study. Following on this, a 3x4 sample matrix chart
(Fig. 10) extracted from Fig. 9 shows the fluorescence fin-
gerprints of three each of the above classifications, vis-a-vis:
very good (first row from top), good (second row from top),
fairly good (third row from top) and bad (fourth row, bottom)
water samples are depicted.
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Fig. 10 A 3 x4 sample matrix presentation of LIF spectra of the water samples as discriminated by K-NN test: very good (first row from top),
good (second row from top), fairly good (third row from top) and bad (fourth row from bottom)

5 Conclusions

In this study, for the first time, groundwater quality assess-
ment has been tied together with DOM fluorescence, K-NN
and other statistical analyses, in evidence as a potential
diagnostic tool for both laboratory and in situ effective
investigation and classification of DOM contamination lev-
els in well water for drinking and other household chores.
Also, the research effort presented several opportunities
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for future research with potential application in drinking
water resources and treatment monitoring at places where
access to potable drinking water still remains a challenge.
The common trend observed with the LIF spectra showed
that the levels of DOM contamination depended on the
locations of the wells and the seasons of fetch. In other
words, the study indicated that DOM fluorescence is an
indicator of water quality changes in well water systems.
The levels of contamination increased from 2016 to 2018
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during the rainy seasons and for the wells in close proxim-
ity to septic tanks, refuse dumps, public toilets, and in wet-
lands. The age of the wells also contributed significantly
to the levels of DOM contaminations observed. In general,
the sources of DOM contaminants in the wells are both
autochthonous and allochthonous, although the fluo-
rescence intensity peaks (a.u) indicated low levels in the
wells, yet despite the low DOM content, its disinfection
may result in formation of toxic organic substances. It is
important to note that hand-dug wells should not be sited
in areas prone to higher levels of DOM contaminants. Nev-
ertheless, water fetched from contaminated wells, espe-
cially during the rainy seasons, must be well treated before
use. Additionally, owners of age-old hand-dug wells with
cracked walls need to dewater such wells and reconstruct
the walls to prevent leaching of DOM contaminants into
the water system.
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