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Abstract: Groundwater, a primary source of freshwater on Earth, is rapidly declining due to natural
and anthropogenic activities. This study aimed to investigate the spatial distribution of dissolved
organic matter (DOM) and heavy metals (HMs) in two municipal groundwater networks (A and B)
from tube wells to taps in an industrial city, Faisalabad. The results showed that parameters such as
color, turbidity, pH, EC, TDS, Ca2+, Mg2+, CO3

2−, HCO3
−, Cl−, CaCO3, Na+, and NO3

− were within
the permissible limits set by the World Health Organization (WHO) and Pakistan Environmental
Quality Standards (PEQSs). However, parameters like DO and COD exceeded standard values
along the routes. Odor, taste, temperature, BOD, NH4

+, T. coli, and F. coli surpassed acceptable
levels at the tap end of both networks. Fluorescence EEM-PARAFAC spectra were analyzed at an
excitation wavelength of 220–500 nm and emission wavelength of 240–550 nm, revealing UVA-humic-
like (C1–C2) and UVC-humic-like (C3) components in the DOM. Based on fluorescence intensity,
DOM was dominated by C2 > C1 > C3 compounds in both networks. The mean concentrations
of HMs, including Cu, Zn, and Fe, fell below the prescribed limits in both networks. However,
concentrations of Pb (A: 0.015–0.028 mg/L), (B: 0.013–0.027 mg/L), and Cd (A: 0.004–0.006 mg/L), (B:
0.005–0.008 mg/L) exceeded permissible limits from tube wells to taps. Moreover, C1 demonstrated
a significant positive correlation with Cd and Cu in networks A and B, respectively. Furthermore,
C2 displayed a significant positive correlation with Cd in network A. This study concludes that
the groundwater in both networks (A and B) is contaminated by agricultural runoff, industrial and
sewage water, plumbing materials, and eroded pipelines. As a result, the water is unsafe for cooking
and drinking, posing risks of kidney, lung, and bladder cancers. Therefore, this study urgently
recommends pipeline reconstruction and the implementation of proper groundwater remediation
approaches before these sources are used for drinking.

Keywords: groundwater; heavy metals; dissolved organic matter; EEM-PARAFAC; fluorescence
spectroscopy
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1. Introduction

Freshwater is essential for human life, agriculture, and industrial operations. It is
a critical resource for the health of ecosystems and human survival on Earth [1,2]. In
developing Asian countries, like Pakistan, freshwater comes from surface water sources,
such as rivers, canals, lakes, streams, ponds, and groundwater reservoirs [3]. Unfortu-
nately, surface water resources are gradually deteriorating due to the presence of organic,
inorganic, and nutrient materials from both natural and human-induced activities. This
deterioration results in water pollution and poses risks of waterborne disease [4,5]. Under
these circumstances, groundwater becomes a crucial freshwater resource, especially in
semi-arid zones [6]. Environmental factors, such as global warming, snowmelt, heavy
rainfall, changes in soil acidity, and spring infiltration, significantly impact groundwater
quality [7,8]. In addition, increasing urbanization, industrial growth, and agricultural
expansion have substantial implications for the accessibility and quality of groundwater
resources [9]. Researchers suggest that groundwater quality is also at risk from pollutants
like dissolved organic matter (DOM), heavy metals (HMs), and nitrate ions from anthro-
pogenic activities [9,10]. Therefore, there is an urgent need to monitor and implement
valuable approaches to maintain the quality of groundwater used for domestic purposes.

DOM refers to a heterogeneous combination of natural organic matter in the aquatic
environment that can filter through a 0.45 µm membrane [11]. It originates from the
degradation of living and dead plants, animals, microorganisms, wetlands, soils, refuse
dumps, algae, and human excreta [12]. DOM, as a source of carbon, nitrogen, and energy
for heterotrophic metabolism, also affects water quality, enhances microbial metabolism,
and potentially reduces the efficiency of water treatment processes [13,14]. DOM can absorb
and form complexes with trace metals, influencing their metallic form, bioavailability, and
bioremediation [15]. In water, the combination of metallic ions and DOM can have a
negative effect on fluorescence intensity measurement. Iron (Fe), for example, disturbs the
optical properties of DOM by absorbing light at specific wavelengths and influencing the
absorbance measurement [16]. Zinc (Zn) ions can attach to humic acid through carboxyl
functional groups, while mercury (Hg) can be connected via carboxylic, alcoholic, and
phenolic moieties [17]. Huang et al. [15] observed that cadmium (Cd) may bind to DOM in
the fulvic-like fraction, whereas copper (Cu) binding to humic and protein-like substances
was stronger. Although DOM is not toxic, spontaneous reactions occur between DOM,
bromide, iodide, and disinfectants, producing disinfection by-products (DBPs) and biofilm
in water supply pipes [18]. It enhances the Cu/Pb rust level in pipes [19].

Various techniques have been used to characterize the DOM in aquatic environments.
In recent years, three-dimensional excitation–emission matrix (EEM) fluorescence spec-
troscopy has been widely used to characterize the DOM composition in water due to several
benefits, such as fast speed, sensitivity, and robustness [20,21]. Based on the data of the
EEM, Stedmon and Bro [22] was the first to utilize parallel factor analysis (PARAFAC) sta-
tistical tools to deconvolve the EEM and provide information about individual fluorescence
peaks. Numerous fluorescence peaks have been identified in water bodies. Tryptophan
(peak T), tyrosine-like (peak B), and soluble microbial product (SMP)-like (peak T2) peaks,
usually denoted as protein-like fluorescence peaks T and B, are located at an emission (Em)
wavelength of 380 nm [23,24]. Peaks A, C, and M positioned above the Em of 380 nm are
usually linked with humic bodies. Peaks A and M represent fulvic-like substances, while
peak C represents humic-like substances [23,25]. Peak (T) and peak (C) are expected to be
linearly proportional to microbial growth and microbial metabolism, respectively [26].

Researchers have identified HM (Fe, Cd, Pb, Cu, Zn, Ni, and As) contamination in the
groundwater of various cities in Pakistan, such as Lahore [27], Faisalabad [28], Vehari [29],
and Swabi [30]. However, the literature on the composition and distribution variations in
DOM and HMs in groundwater is scarce. To our knowledge, this survey represents an
innovative study conducted for the first time in Faisalabad city, Pakistan. Faisalabad relies
heavily on groundwater as its primary source of freshwater. It is the third-largest economic
and populated state and the second-largest industrial center. The primary goal of this study
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was to identify hotspot areas and determine the suitability of groundwater for commercial
and domestic use. The specific goals of this research were as follows: (i) to measure the
distribution and concentration of pollutants in the groundwater of an industrial city; and
(ii) to characterize and correlate the DOM and HMs using spectroscopy techniques.

2. Materials and Methods
2.1. Study Area

A survey study was conducted to determine groundwater quality in Faisalabad
(31.4504◦ N, 73.1350◦ E), located on the flat plains of northeast Punjab, Pakistan. The total
population of the city is 3.6 million. In Faisalabad, the sun’s rays are relatively direct during
the summer, resulting in high temperatures (26.9–40.5 ◦C), while the winters (4.1–19.4 ◦C)
are cool and dry. The average annual rainfall measures 14.76 inches, and the wind speed is
94 mph [28,31]. The management of the city’s groundwater supply is carried out by the
Water and Sanitation Agency (WASA), Faisalabad. Jamal [32] explained how the city is
appropriately networked.

2.2. Sample Collection and Analytical Characterization

Between 21 to 24 March 2022, we collected 150 samples from 50 sampling points,
conducting two series of collections with three replications each. The samples were gathered
in 1L plastic bottles that were thoroughly washed in a three-step process: first with tap water,
then with double-distilled water (DDW), and finally with water from the sampling point
before collecting the samples. Samples were collected from municipal water distribution
networks, covering the entire system from tube wells to taps, following standard methods.
Specifically, the sampling involved two networks: Network A: Samples were collected
from tube wells at Chak 49 JB Munda Pend (MP), terminal reservoir (TR) A at Chak 7 JB,
and taps in Mustafa Abad (MA); and Network B: Samples were taken from tube wells in
Gatwala (GW), TR B in Madinah Town X Block, and taps in Madinah Town (MT) (Table S1).
The coordinates of the sampling locations were recorded using a GARMIN GPS (Global
Positioning System) and depicted on a GIS map (Tables S3 and S4; Figure 1).

Each sample was sealed with plastic film and immediately transported for preservation
in the refrigerator at 4 ◦C. A series of samples was used for physicochemical and microbial
analyses. The second series was passed through a 0.45 µm cellulose acetate membrane
filter to distinguish DOM from particulate organic substances [33]. Before filtration, the
0.45 µm membrane filters underwent a prewashing process with DDW, which reduced
their potential to emit dissolved organic carbon (DOC). All the reagents and solutions
were prepared using analytical-grade chemicals and DDW. Glassware used for the analysis
was cleaned with Thomas Baker Thormaklin liquid soap, rinsed with distilled water, and
heat treated at 300 ◦C overnight to remove organic matter [34]. Physicochemical [34],
biological [35], and HM (Fe, Pb, Cd, Zn, and Cu) analyses were examined as per the
decorum designated in [36,37] (Table S2).
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Figure 1. Location map showing study area’s geographical location and groundwater sampling sites
of different groundwater networks in the industrial city of Faisalabad, Punjab, Pakistan.

2.3. DOM Characterization

The filtered samples were placed in a 1 cm (girth) four-sided glass cuvette to collect
fluorescence and ultraviolet spectra. This was performed using a FluoroMax 4 spectrometer
(Horiba) for fluorescence spectroscopy and a UH5300 spectrophotometer (Hitachi, Japan)
for UV-visible (UV-vis) spectroscopy. Higher dissolved organic matter (DOM) concen-
trations in water samples can affect the accuracy of fluorescence measurements due to
inner filter effects. To address this, we used the UV-vis spectra to verify each sample’s
absorption rate at a wavelength of 254 nm. If the absorption rate at 254 nm exceeded
0.05 cm−1, the samples were diluted with double-distilled water (DDW) [38]. Fluorescence
spectra were captured in 3D-EEM (excitation–emission matrix) scan mode. The excitation
(Ex) wavelength range was set from 220 to 500 nm, and the emission (Em) wavelength
range was selected from 240 to 550 nm, with steps of 5 nm and 1 nm, respectively. The slit
sizes for both Ex and Em were set at 10 nm, and the scan speed was 12,000 nm/min. EEMs
of DDW were used as a blank and subtracted from the water sample readings.

2.4. PARAFAC Modeling

PARAFAC modeling was performed on the EEM datasets derived from each water
sample using MATLAB (R2018a) (MathWorks Inc., USA) and the DOMFluor toolbox,
following the instructions provided by Stedmon and Bro [22]. We undertook several steps
to ensure accurate fluorescence analysis: removing scattering, applying non-negativity
constraints, estimating the loading leverage, identifying and removing outliers (if any), and
conducting split-half analysis. These steps helped ensure the reliability and accuracy of the
fluorescence data analysis.

2.5. Statistical Analysis

Origin Pro (2022) statistical software (version 9.90.225) was used to create graphs and
perform multivariate analysis, including principal component analysis (PCA) and Pearson
correlation, using data on DOM, heavy metals content, physicochemical properties, and
microbial characteristics of groundwater samples. Additionally, Microsoft Office Excel 2016
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version number 16.0 was used to calculate the dataset’s maximum, minimum, mean, and
standard deviation.

3. Results
3.1. General Water Quality Parameters

The summarized results of the physicochemical and biological parameters used to
evaluate the groundwater’s suitability for commercial and domestic purposes are provided
in Table 1. The results are presented in the following format: Mean (range: minimum
to maximum). The interpretation of our findings is based on the drinking water quality
standards established by the World Health Organization (WHO) [39] and the Punjab
Environment Quality Standards (PEQS) [40]. In both networks (A and B), the color and
turbidity (TU) of the groundwater remained undetectable as it flowed from the tube
well end to the tap end, but the odor and taste at the tap water end (MA and MT) were
objectionable. The groundwater temperature (T) was in the range of 11.93–24.67 ◦C and
11.70–23.17 ◦C in the networks (A and B), with a mean value showing an increasing trend
from the tube well end to tap end of 13.0222.36 ◦C and 13.99–21.64 ◦C, respectively. The
T at both TRs (A and B) was recorded as 13 ◦C and 13.8 ◦C before distribution into the
channel (Figure 2a). The min and max values were observed in network A at tube well
MP-8 and tap MA-7, while in network B, they were noted at tube well GW-1 and tap
MT-8, respectively. The ranged potential of hydrogen (pH) 6.20–8.43 in A and 6.17–8.10
in B of the groundwater displayed a downward trend in both networks. The pH values
averaged 7.78–6.72 and 7.72–6.71 in both networks (A and B) from tube well end to tap end,
respectively, showing a neutral to slightly acidic pH (Figure S2a). The electrical conductivity
(EC) (Figure S2b) and total dissolved solids (TDSs) (Figure 2b) contents showed an upward
trend from the tube well end to tap end, with values in the range of 174–532 µS/cm for
EC and 266.67–787.67 mg/L for TDS in network A. Similarly, in network B, the values
ranged from 228 to 501.67 µS/cm and 373.3 to 592.67 mg/L respectively. The groundwater
dissolved oxygen (DO) varied from 2.17 to 4.56 mg/L in network A and 2.04 to 4.60 mg/L
in network B, with a mean value of 3.34 to 2.48 mg/L and 3.28 to 2.66 mg/L, as water
traveled from the tube well end to tap end and displayed a declining trend in both networks,
respectively (Figure 2c).

The concentration of cations, including calcium (Ca2+), magnesium (Mg2+), sodium
(Na+), and total hardness (CaCO3), exhibited an elevated trend in the groundwater networks
of Faisalabad: in network A, they varied in the ranges of 25.67–72 mg/L, 8.17–28.03 mg/L,
26.57–118.67 mg/L, and 99.33–262.83 mg/L, respectively; in network B, it was in the
ranges of 42.67–83.67 mg/L, 9.74–23.60 mg/L, 39.50–131 mg/L, and 153–233.33 mg/L,
respectively. Notably, we found an upward trend in Ca2+, Mg2+, Na+, and CaCO3
(Figure S1a–d). Similarly, the anions concentration varied within the ranges of not-detected
(n.d)-21.67 mg/L, 90.50–183.67 mg/L and 30.13–111.30 mg/L in network A, and n.d-
27.33 mg/L, 108.67–220.67 mg/L, and 44–84.17 mg/L in network B, respectively, for car-
bonate (CO3

2−), bicarbonate (HCO3
−), and chloride (Cl−). Notably, we found an upward

trend for Cl− concentration and downward trends for CO3
2− and HCO3

− in both net-
works (A and B) (Figure S2c–e). The groundwater chemical oxygen demand (COD) was
in the ranges of 7.60–22.97 mg/L and 7.80–25.10 mg/L in networks A and B, respec-
tively, with a mean value showing an elevated trend from the tube well end to tap end
of 13.41–19.45 mg/L and 11.74–17.85 mg/L, respectively. The COD at TR A and B was
recorded as 12.77 mg/L and 13.07 mg/L, respectively (Figure 3a). The min and max values
were observed in network A at tube well MP-2 and tap MA-12, while in B, they were noted
at tube well GW-7 and tap MT-2, respectively. The biochemical oxygen demand (BOD)
ranges of 1.90–11.30 mg/L in A and 1.57–7.67 mg/L in B for the groundwater displayed
an upward trend in both networks. The min and max values were observed in network A
at tube well MP-2 and tap MA-9, while in B, they were noted at tube well GW-2 and tap
MT-2, respectively. The BOD values were averaged as 3.49–6.90 mg/L and 3.25–6.11 mg/L
in both networks (A and B) from the tube well end to tap end, respectively (Figure 3b).
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Table 1. Mean values of physicochemical and microbial parameters in samples from two groundwater networks: Network A, spanning from Munda Pend (MP)
to the terminal reservoir (TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut Wala (GW) to the terminal reservoir (TR) and then to
taps in Madinah Town (MT) in the industrial city Faisalabad compared with the World Health Organization (WHO) standards and Punjab Environmental Quality
Standards (PEQSs) guidelines.

Sr. No. Parameters
Network A Network B

PEQS WHO
Tube Wells TR Taps Tube Wells TR Taps

1 Color (TCU) U.O U.O U.O U.O U.O U.O <15 <15
2 Taste U.O U.O O U.O U.O O U.O U.O
3 Odor U.O U.O O U.O U.O O U.O U.O
4 Temperature(◦C) 13.02 ± 1.02 13.00 ± 2.61 22.36 ± 1.15 13.99 ± 0.94 13.80 ± 1.23 21.64 ± 0.70 - 15
5 Turbidity (NTU) n.d n.d n.d n.d n.d n.d <5 <5
6 pH 7.45 ± 0.07 7.30 ± 0.36 6.72 ± 0.25 7.72 ± 0.11 7.50 ± 0.59 6.81 ± 0.16 6.5–8.5 6.5–8.5
7 EC (µS/cm) 285.51 ± 6.09 365.67 ± 4.93 504.31 ± 3.71 334.50 ± 5.08 347.33 ± 4.51 459.91 ± 6.75 1500 1000
8 DO (mg/L) 3.34 ± 0.22 3.07 ± 0.25 2.48 ± 0.18 3.28 ± 0.15 2.17 ± 0.21 2.66 ± 0.13 - >5
9 TDS (mg/L) 421.24 ± 3.57 443.00 ± 6.24 748.96 ± 3.61 466.60 ± 4.36 510.00 ± 6 536.64 ± 3.99 1000 1000

10 Ca2+ (mg/L) 51.24 ± 3.34 62.00 ± 2.65 65.00 ± 3.67 52.77 ± 2.06 51.33 ± 4.16 61.88 ± 2.73 - 200
11 Mg2+ (mg/L) 11.86 ± 1.06 12.27 ± 1.55 19.62 ± 1.48 14.88 ± 1.12 15.07 ± 1.04 16.77 ± 1.06 - 150
12 CO3

2− (mg/L) 15.74 ± 1.18 14.33 ± 2.31 3.66 ± 1.65 20.40 ± 0.99 18.00 ± 2.00 6.65 ± 1.54 60 60
13 HCO3

− (mg/L) 144.21 ± 4.07 141.33 ± 6.66 129.04 ± 4.84 180.83 ± 4.52 172.33 ± 5.13 141.21 ± 7.15 - 250
14 Cl− (mg/L) 50.02 ± 2.88 58.97 ± 3.50 81.85 ± 2.40 58.10 ± 3.05 65.57 ± 7.84 72.80 ± 2.55 250 250
15 Na+ (mg/L) 46.18 ± 4.59 57.17 ± 3.34 97.70 ± 3.41 82.33 ± 5.17 79.97 ± 4.37 99.62 ± 3.67 200 200
16 CaCO3 (mg/L) 178.96 ± 5.53 191.00 ± 6.76 228.29 ± 3.88 190.65 ± 3.94 192.33 ± 6.81 209.35 ± 4.25 500 300
17 COD (mg/L) 13.41 ± 1.66 12.77 ± 2.41 19.45 ± 2.47 11.74 ± 1.24 13.07 ± 3.00 17.85 ± 2.09 - 10
18 BOD (mg/L) 3.49 ± 0.66 4.10 ± 1.10 6.90 ± 1.06 3.25 ± 0.32 4.47 ± 0.40 6.11 ± 0.35 - <5
19 NO3

− (mg/L) 9.08 ± 1.21 9.25 ± 0.85 13.73 ± 0.61 6.76 ± 0.15 9.83 ± 1.10 12.77 ± 0.51 50 50
20 NH4

+ (mg/L) 1.34 ± 0.07 1.11 ± 0.09 3.47 ± 0.41 1.06 ± 0.09 0.94 ± 0.06 1.80 ± 0.09 - 1.5
21 T. coli (CFU) n.d n.d 48.81 ± 7.95 n.d n.d 46.45 ± 6.32 0/100 mL 0/100 mL
22 F. coli (CFU) n.d n.d 11.14 ± 3.40 n.d n.d 10.70 ± 3.88 0/100 mL 0/100 mL

Note: Not detected (n.d), objectionable (O), unobjectionable (U.O), nephelometric turbidity unit (NTU), electrical conductivity (EC), dissolved oxygen (DO), total dissolved solids (TDSs),
calcium (Ca2+), magnesium (Mg2+), carbonate (CO3

2−), bicarbonate (HCO3
−), chloride (Cl−), sodium (Na+), total hardness (TH), chemical oxygen demand (COD), biological oxygen

demand (BOD), nitrate (NO3
−), ammonium (NH4

+), colony forming unit (CFU), milligram per liter (mg/L), microsiemens per centimeter (µS/cm), true color unit (TCU), and degrees
Celsius (◦C). “- “showing there is no specific permissible limit.
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Pend (MP) to the terminal reservoir (TR) and then to taps in Mustafa Abad (MA), and network B,
extending from Gut Wala (GW) to the terminal reservoir (TR), and then to taps in Madinah Town
(MT) in Faisalabad. The mean value with standard deviation is presented in the graphs. Horizontal
lines show standard values for each parameter, with the red line representing the World Health
Organization (WHO) standards and the blue line representing the Pakistan Environmental Quality
Standards (PEQSs) guidelines.

The nitrate (NO3
−) and ammonium (NH4

+) contents showed an increasing trend from
the tube well end to tap end, with values in the range of 7.87–19.57 mg/L for NO3

− and
1.09–5.23 mg/L for NH4

+, in network A, respectively. Similarly, in network B, the values
were in the ranges of 3.71–16.25 mg/L and n.d-2.36 mg/L (Figure 3c,d). The NH4

+ min
and max values were observed in network A at tube well MP-9 and tap MA-7, while in B,
they were discovered at tube well GW-7 and tap MT-10, respectively. The total coliforms
(T. coli) and fecal coliforms (F. coli) in the groundwater remained undetectable at the tube
well end and TR, but we discovered high contamination as it flowed toward the tap end in
both networks (A and B). The values for T. coli and F. coli ranged from n.d-107.33 CFU and
n.d-34.33 CFU at the MA tap end in network A, respectively, and from n.d-91.33 CFU and
n.d-23.00 CFU at the MT tap end in network B, respectively (Figure 2d). In summary, our
investigation revealed that parameters such as color, TU, pH, EC, TDS, Ca2+, Mg2+, Na+,
CaCO3, CO3

2, HCO3
−, Cl−, and NO3

− were consistently within the permissible limits set
by the WHO and PEQSs in both groundwater networks (A and B) from the tube well end
to the tap end. However, issues were identified at the tap ends in both networks, where
water properties, such as odor, taste, T, NH4

+, BOD, T. coli, and F. coli, did not meet the
established standards. Additionally, DO and COD levels were found to be exceed the
threshold level outlined by the WHO in both groundwater networks from the tube well
end to the tap end.
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Figure 3. The concentrations of chemical oxygen demand (a), biological oxygen demand (b), nitrate
(c), and ammonium (d) in the two groundwater networks: network A, spanning from Munda
Pend (MP) to the terminal reservoir (TR) and then to taps in Mustafa Abad (MA), and network B,
extending from Gut Wala (GW) to the terminal reservoir (TR), and then to taps in Madinah Town
(MT) in Faisalabad. The mean value with standard deviation is presented in the graphs. Horizontal
lines show standard values for each parameter, with the red line representing the World Health
Organization (WHO) standards and the blue line representing the Pakistan Environmental Quality
Standards (PEQSs) guidelines.

3.2. Spatial Evaluation of Heavy Metals

The trace metal contents in groundwater are displayed in Table 2. Lead (Pb) was in the
ranges of 0.003–0.032 mg/L and 0.004–0.033 mg/L in networks A and B, with mean values
of 0.015–0.028 mg/L and 0.013–0.027 mg/L showing an upward trend from the tube well
end to tap end, respectively. The Pb values at both TRs A and B were recorded as 0.015 mg/L
and 0.017 mg/L, respectively, before distribution into the channel. The min and max values
were observed in network A at tube well MP-1 and tap MA-10, while in B, they were noted
at tube well GW-2 and tap MT-8, respectively (Figure 4a). Fe, Cu, and Zn concentrations
displayed an elevated trend in both networks: in network A, they were in the ranges
of n.d-0.19 mg/L, 0.06–0.88 mg/L, and 0.99–1.50 mg/L, respectively; in network B, they
were in the ranges of 0.02–0.22 mg/L, 0.04–0.96 mg/L, and 1.27–1.68 mg/L, respectively
(Figure 4b–d). The average level of Cd 0.004–0.006 mg/L in A and 0.005–0.008 mg/L
in B of the groundwater displayed an increasing trend in both networks. The min and
max values of Cd were observed in network A at tube well MP-6 (0.002 mg/L) and tap
MA-5 (0.009 mg/L), respectively. In comparison, in B, they were noted at tube well GW-6
(0.002 mg/L) and tap MT-9 (0.012 mg/L) (Figure 4e). Our results indicate that metal
concentrations, specifically Cu, Zn, and Fe, are below the established threshold limit.
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However, both Pb and Cd exceeded the permissible limits of the WHO, although they
remained within the standards defined by the PEQSS in both networks (A and B) spanning
from the tube well end to the tap end.
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Figure 4. The concentrations (Conc.) of lead (a), iron (b), copper (c), zinc (d), and cadmium (e) in
two groundwater networks: network A, spanning from Munda Pend (MP) to the terminal reservoir
(TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut Wala (GW) to
the terminal reservoir (TR), and then to taps in Madinah Town (MT) in Faisalabad. The mean value
with standard deviation is presented in the graphs. Horizontal lines show standard values for each
parameter, with the red line representing the World Health Organization (WHO) standards and the
blue line representing the Pakistan Environmental Quality Standards (PEQSs) guidelines.
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Table 2. Mean values of heavy metals and dissolved organic matter in samples from two groundwater networks: Network A, starting from Munda Pend (MP) to the
terminal reservoir (TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut Wala (GW) to the terminal reservoir (TR) and then to taps
in Madinah Town (MT) in the industrial city of Faisalabad compared with the World Health Organization (WHO) standards and Punjab Environmental Quality
Standards (PEQs) guidelines.

Sr. No. Parameters
Network A Network B

PEQS WHO
Tube Wells TR Taps Tube Wells TR Taps

1 Fe (mg/L) 0.08 ± 0.02 0.10 ± 0.02 0.13 ± 0.01 0.07 ± 0.01 0.11 ± 0.02 0.16 ± 0.01 - 0.3
2 Pb (mg/L) 0.015 ± 0.001 0.015 ± 0.004 0.028 ± 0.001 0.013 ± 0.001 0.017 ± 0.002 0.027 ± 0.002 0.05 0.01
3 Cd (mg/L) 0.004 ± 0.001 0.003 ± 0.002 0.006 ± 0.001 0.005 ± 0.001 0.005 ± 0.002 0.008 ± 0.001 0.01 0.003
4 Cu (mg/L) 0.12 ± 0.02 0.14 ± 0.02 0.30 ± 0.02 0.08 ± 0.01 0.08 ± 0.02 0.41 ± 0.02 2 2
5 Zn (mg/L) 1.10 ± 0.03 1.14 ± 0.10 1.35 ± 0.05 1.43 ± 0.05 1.46 ± 0.05 1.56 ± 0.03 5 3
6 Uv-254 (cm−1) 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 - -
7 C1 (A.U) 2,796,848.25 ± 46.71 1,241,836.38 ± 91.95 4,145,083.89 ± 52.08 2,856,364.44 ± 54.87 2,777,733.81 ± 44.82 3,067,002.09 ± 59.31 - -
8 C2 (A.U) 3,333,520.09 ± 45.05 1,343,680.92 ± 57.21 3,693,985.98 ± 51.18 3,440,604.59 ± 42.89 3,237,889.35 ± 60.47 3,643,204.79 ± 44.98 - -
9 C3 (A.U) 638,012.18 ± 36.63 582,705.01 ± 122.14 643,968.05 ± 59.32 453,994.01 ± 36.80 437,370.46 ± 59.57 459,525.57 ± 41.58 - -

Note: milligram per liter (mg/L), iron (Fe), lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn), arbitrary units (A.Us), and UVA-humic-like (C1), UVA-humic-like (C2), UVC-humic-like (C3)
components. “-“showing there is no permissible limit.
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3.3. Fluorescence EEM-PARAFAC Analysis and Uv-254

The Uv-254 absorption rate was in the ranges of 0.00–0.04 cm−1 in both networks
A and B from tube well end to tap end (Figure 5a). EEM fluorescence was utilized to
visually and qualitatively estimate DOM components in the groundwater. To yield more
quantitative insights into the variation in fluorescence spectra and the distribution of DOM
components, we conducted a PARAFAC analysis (Table 2; Figure 5b). This analysis identi-
fied DOM’s three humic-like components (C1, C2, and C3). A comprehensive summary
of the spectral features of EEM-PARAFAC components can be found in Table 3. The peak
of component 1 (C1) was found at Ex/Em: 255(362)/452 nm, which corresponds to a
microbial humic-like-substance component and is classified as UVA [10,41]. C1 was in
the ranges of 916,829.53–7,831,019.11 A.U and 1,171,664.00–4,550,157.92 A.U in network A
and B, respectively, with a mean value showing an increasing trend from the tube well
end to tap end in both networks. The min and max values were observed in network A
at tube well MP-4 and tap MA-4, while in B, they were noted at tube well GW-9 and tap
MT-9, respectively. Component 2 (C2) displayed a peak at an Ex/Em ratio of 315/370 nm,
resembling a microbial humic-like-substance component and classified as UVA [10,42]. C2
min and max values were in the ranges of 1293146.40 (MP-4)-9730781.13 (MP-3) A.U in
A and 1590794.19 (MT-10)-5020190.51 (GW-8) A.U in B, respectively, with a mean value
showing an upward trend from the tube well end to tap end in both networks. Component
3 (C3) was exhibited at a maximum wavelength pair of Ex/Em: 290 (452)/510 nm, which
was identified as terrestrial humic substances and classified as UVC [43,44]. The mean
values of C3 show an elevated trend from the tube well end to tap end in networks A
and B. The values varied in the ranges of 216,156.34–1,442,714.44 A.U (network A) and
242,890.87–863,057.10 A.U (network B). The min and max values were observed in network
A at tube wells MP-4 and MP-14, while in B, they were noted at taps MT-2 and MT-5,
respectively. These results indicate that the contents of C2 substances are highest in the
groundwaters of both networks A and B in Faisalabad, and C3 has the lowest contents.
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Figure 5. The levels of ultraviolet (Uv-254) (a) and dissolved organic matter (DOM) (b) in two
groundwater networks: network A, spanning from Munda Pend (MP) to the terminal reservoir
(TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut Wala (GW) to the
terminal reservoir (TR), and then to taps in Madinah Town (MT) in the industrial city of Faisalabad.
The microbial humic-like component is represented by C1–C2, and terrestrial humic-like substances
are represented by C3. The mean value with standard deviation is presented in the graphs. Horizontal
lines show the threshold level for the parameter.
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Table 3. The spectral features of EEM-PARAFAC components identified through EEM-PARAFAC
analysis are presented for two groundwater networks (A and B) in the industrial city of Faisal-
abad, Pakistan.

Compounds EEM Contour EEM Location Fluorescence
Compounds References

C1
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3.4. Correlation Analysis

We conducted a multivariate analysis to track trends and intercorrelations in the data,
including PCA and the Pearson correlation matrix. PCA partitioned the data into the
two components PC1 and PC2, which accounted for 52.26% and 8.56% of the variance,
respectively. This collectively amounts to 60.82% of the total variance observed within
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network A (Figure 6a). In the case of network B, PC1 (44.89%) and PC2 (13.48%) constituted
58.37% of the total variance in the data, as depicted in (Figure 6b). The Pearson correlation
statistical method, with a significance level of (p < 0.05), revealed that, in network A, metal
Pb exhibited a strongly positive correlation with T, EC, TDS, Ca2+, Mg2+, CaCO3, Cl−,
Na+, COD, BOD, NH4

+, NO3
−, Zn, and Cd, and moderately positive correlation with

T. coli, F. coli, Fe, Cu, UV-254, C1, and C3. Meanwhile, a strongly negative correlation
was observed with TU, pH, DO, and CO3

2−, and a moderately negative correlation with
HCO3

− and C2. Similarly, in network B, Pb demonstrated a positively strong correlation
with T, EC, TDS, CaCO3, Cl−, COD, BOD, NH4

+, NO3
−, T. coli, F. coli, Fe, Cu, Zn, Cd,

and UV-254, and positively moderate correlation with Ca2+, Mg2+, Na+, C1, C2, and C3,
while there was a negatively strong correlation with TU, pH, CO3

2−, and HCO3
−, and a

negatively moderate correlation with DO (Figure 6c,d). Metal Fe in network A exhibited a
strongly positive correlation with T and moderately positive correlation with EC, TDS, Ca2+,
Mg2+, CaCO3, Cl−, Na+, COD, BOD, NH4

+, NO3
−, T. coli, F. coli, Pb, Cu, Zn, Cd, UV-254,

and C1. Meanwhile, there is a strongly negative correlation with TU and a moderately
negative correlation with pH, DO, CO3

2−, HCO3
−, C2, and C3. Similarly, in network B,

Fe demonstrated a positively strong correlation with T, EC, TDS, CaCO3, Cl−, COD, BOD,
NH4

+, NO3
−, T. coli, Pb, Zn, Cd, and UV-254, and positively moderate correlation with

Ca2+, Mg2+, Na+, F. coli, Cu, and C1, while there was a negatively strong correlation with
TU, pH, DO, CO3

2−, and HCO3
−, and a negatively moderate correlation with C2 and C3

(Figure 6c,d).
Metal Cu in network A showed a strongly positive correlation with Na+, COD, BOD, T.

coli, and F. coli, and a moderately positive correlation with T, EC, TDS, Ca2+, Mg2+, CaCO3,
HCO3

−, Cl−, NH4
+, NO3

−, Pb, Fe, Zn, Cd, UV-254, C1, and C3. Meanwhile, there is a
strongly negative correlation with TU and a moderately negative correlation with pH, DO,
CO3

2−, and C2. Similarly, in network B, Cu displayed a positively strong correlation with
T, BOD, T. coli, F. coli, Pb, Cd, C1, and C2, and a positively moderate correlation with EC,
TDS, Ca2+, Mg2+, CaCO3, Cl−, Na+, COD, NH4

+, NO3
−, Fe, Zn, UV-254, and C3, while

there was a negative strong correlation with TU and a negatively moderate correlation with
pH, DO, CO3

2−, and HCO3
− (Figure 6c,d). Metal Zn in network A exhibited a strongly

positive correlation with T, EC, TDS, Ca2+, Mg2+, CaCO3, Cl−, Na+, COD, BOD, NH4
+,

NO3
−, T. coli, F. coli, Pb, and Cd, and moderately positive correlation with Fe, Cu, UV-254,

C1, and C2. Meanwhile, there is a strongly negative correlation with TU, pH, DO, and
CO3

2−, and a moderately negative correlation with HCO3
− and C3. Similarly, in network

B, Zn demonstrated a positively strong correlation with T, EC, Cl−, NH4
+, NO3

−, T. coli, Pb,
Fe, Cd, and UV-254, and a positively moderate correlation with TDS, Ca2+, Mg2+, CaCO3,
Na+, COD, BOD, F. coli, and Cu, while there was a negatively strong correlation with
TU, pH, DO, CO3

2−, and HCO3
−, and negatively moderate correlation with C1, C2, and

C3 (Figure 6c,d). Metal Cd in network A showed strongly positive correlations with T,
EC, TDS, Mg2+, CaCO3, Cl−, Na+, COD, BOD, NH4

+, NO3
−, Pb, Zn, and UV-254, and

moderately positive correlations with Ca2+, T. coli, F. coli, Fe, Cu, C1, and C2. Meanwhile,
there is a strongly negative correlation with TU, pH, DO, and CO3

2−, and a moderately
negative correlation with HCO3

− and C3. Similarly, in network B, Cd displayed a positively
strong correlation with T, EC, NO3

−, T. coli, Pb, Fe, Cu, and Zn, and a positively moderate
correlation with TDS, Ca2+, Mg2+, CaCO3, Cl−, Na+, COD, BOD, NH4

+, F. coli, UV-254, C1,
C2, and C3, while there was a negative strong correlation with TU and pH, and a negatively
moderate correlation with DO, CO3

2−, and HCO3
− (Table 4; Figure 6c,d).
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Figure 6. Principal component analysis (PCA) of network A (a) and PCA of network B (b); Pearson 
correlation matrix (heatmaps) at significance level (p < 0.05) of network A (c) and network B (d), 
showing the correlations between physicochemical, microbiological, heavy metals, and DOM 
properties in two groundwater networks. Network A, spanning from Munda Pend (MP) to the 
terminal reservoir (TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut 
Wala (GW) to the terminal reservoir (TR), and then to taps in Madinah Town (MT) in Faisalabad, 
Pakistan. 

  

Figure 6. Principal component analysis (PCA) of network A (a) and PCA of network B (b); Pearson
correlation matrix (heatmaps) at significance level (p < 0.05) of network A (c) and network B (d),
showing the correlations between physicochemical, microbiological, heavy metals, and DOM proper-
ties in two groundwater networks. Network A, spanning from Munda Pend (MP) to the terminal
reservoir (TR) and then to taps in Mustafa Abad (MA), and network B, extending from Gut Wala
(GW) to the terminal reservoir (TR), and then to taps in Madinah Town (MT) in Faisalabad, Pakistan.
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Table 4. Pearson correlation coefficients between dissolved organic matter and heavy metals are
presented for two groundwater networks (A and B) in the industrial city of Faisalabad, Pakistan.
Significance level (p < 0.05), * significant (p < 0.05), and NS not significant (p > 0.05).

Network A Network B

Pb Cd Fe Zn Cu Pb Cd Fe Zn Cu

C1 +0.18 NS +0.38 * +0.05 NS +0.27 NS +0.3 NS +0.2 NS +0.4 NS +0.12 NS +0.05 NS +0.55 *
C2 −0.006 NS +0.16 * −0.04 NS +0.15 NS −0.09 NS +0.23 NS +0.03 NS −0.09 NS −0.15 NS +0.51 NS

C3 +0.07 NS −0.03 NS −0.2 NS −0.11 NS +0.05 NS +0.12 NS +0.009 NS −0.03 NS −0.09 NS +0.46 NS

4. Discussion

Access to safe and pure groundwater is essential for sustaining human life. Yet, global
groundwater contamination by industries due to the discharge of organic and inorganic pol-
lutants poses a significant challenge [46]. Pakistan, the world’s sixth most populous nation,
suffers from severe water scarcity and poor quality. Poor water quality in Pakistan, contam-
inated by sewage (fecal matter), industrial discharge, and agricultural runoff, is responsible
for nearly 50% of illnesses and 40% of associated mortality. In Pakistan, approximately 20%
of the population has access to improved sanitation and water sources, while the remaining
80% do not have access [47]. According to estimates, around 47 million Pakistanis might
have been poisoned by metals [48,49]. To better understand the extent of the issue, we
evaluated the groundwater quality in two networks in the metropolitan city of Faisalabad.
Unfortunately, our findings reveal a worrying situation regarding groundwater quality for
human consumption. Our physicochemical and biological results were in accordance with
different national and international studies, such as in Faisalabad [28,32,50], Chiniot [51],
Khurrianwala [52], Vehari [29], Hangu [53], Sindh [48], India [54,55], Ethiopia [56], Nige-
ria [57], Vietnam [58]. Consequently, these findings suggest a potential common origin for
these components. The groundwater was polluted due to agricultural runoff, household
PVC pipes, and industrial and sewage wastewater leaching through eroded pipelines
during water transportation.

The warmer temperature of the tap water in Faisalabad may be due to its semi-arid
climate conditions, featuring extremely hot and humid summers. The temperature in this
region typically ranges between 26.9 ◦C (80.4 ◦F) and 45.5 ◦C (113.9 ◦F). An earlier study
in Ethiopia reported a water temperature variation from the source end (16.1 ◦C) to taps
(22.1 ◦C), which might be due to high temperatures and rainfall in the tropical climate [56].
The taste of minerals is more evident at room temperature than in chilled or cold water [59].
Furthermore, according to Henry’s Law, higher temperatures enhance odor intensity [60].
The primary origins of taste and odor in water can be attributed to various factors, includ-
ing decaying organic matter, living organisms, iron, fungi, mixing industrial and swage
effluents, and excessive chlorination [5,48,61]. Chen et al. [62] indicated that elevated
summer temperature led to a reduction in the solubility of oxygen, which contributed to
diminished concentrations of DO. A lack of DO in groundwater suggests the presence of
organic contaminants [63] and may be contributing to the increased corrosion of pipes [64],
algae growth [65], foul odor [57], and microbial degradation of NO3

− to NO2
− [39]. A high

COD and BOD concentration results from sewage and industrial effluent discharge into
water [57]. They indicate the presence of organic matter and microbes pollution, thereby
promoting microbial activity [66]. High levels of NH4

+ can contribute to increased BOD,
potentially leading to reduced DO levels in the water. NH4

+ is a natural by-product of the
rapid decomposition of terrestrial humic-like organic matter [67]. This element originates
from soil microbial activity and industrial and agricultural waste [68]. The presence of
T. coli and F. coli in water samples indicates bacterial activity, and the presence of pathogens,
such as Escherichia coli (E. coli), may be due to sewage and animal waste in groundwater
supply pipelines [50,69]. Infectious and water-borne diseases can develop as a result of
microbial contamination [50].
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Certain metals, including Fe, Cu, and Zn, are recognized as micronutrients essential
for the growth and health development of the human body [70]. Conversely, metals like
Cd and Pb are classified as non-essential due to their toxicity. Nevertheless, the toxicity of
these HMs depends on their concentrations in the water [71]. Pb, characterized by its low
environmental concentration, limited solubility, and consequent immobility in soil, poses
significant toxicity to humans and organisms [72]. Pb can be found in pipelines, plumbing
systems, automobile fuels, paint, batteries, alloys, fossil fuel combustion products, sewage,
and industrial and agricultural waste [39,72]. Pb is a very hazardous metal that causes
toxic carcinogenic effects, brain damage, high blood pressure, threat to pregnancy, decline
in fertility in men through sperm damage, anemia, kidney problems, and stomach and
lung cancers [39,73]. Cd may be present in groundwater due to its widespread use in
different industries (plastics, batteries, chemicals, and steel), galvanized pipes, solders, and
metal fittings [39,74]. Cd poisoning primarily affects the liver and kidneys [74], and causes
premature birth and cancer in humans [75]. Numerous previous national and international
studies have consistently documented levels of HMs in groundwater exceeding or falling
below permissible limits. Mahfooz et al. [28] reported low concentrations of Cd (0.002),
Pb (0.001), Cu (0.22), Fe (0.09), and Zn (0.90) (mg/L) in tap water and hand-pump water
in the industrial city Faisalabad, Pakistan. In Swabi city, Pakistan, Hussain et al. [30]
revealed low levels of Cd (0.001), Pb (0.005), Cu (0.002), and Zn (0.003), and high levels of
Fe (12.62) (mg/L) in groundwater samples from the industrial area.

Furthermore, Khalid et al. [29] reported low concentrations of Cu (0.31) and Zn (0.61)
and high values of Cd (0.01), Pb (0.14), and Fe (1.67) (mg/L) in groundwater extracted
by electric pumps in Vehari city, Pakistan, possibly due to the mixing of sewage and
industrial water. Aleem et al. [52] found higher concentrations of Fe (0.48) and lower
concentrations of Zn (0.05) (mg/L) in groundwater from hand pumps and electric pumps
in the industrial city of Khurrianwala, Pakistan. In the dry season in northern Tanzania,
Lwimbo et al. [76] reported concentrations of Cd (0.007), Pb (0.10), Cu (0.06), Fe (0.14),
and Zn (0.31) (mg/L) in groundwater from shallow wells and deep boreholes, possibly
due to the excessive use of phosphate fertilizers leading to the infiltration of contaminants
through rainfall. Ren et al. [77] reported that Pb (0.039 mg/L) in groundwater extracted
from tube wells in Peshawar city, Pakistan, was potentially due to intensive irrigation
with fertilizers and plumbing materials. Thus, the likely sources of Cd and Pb may be
attributed to agriculture runoff, industrial and sewage water mixing, plumbing materials,
and substandard pipelines.

Water exhibiting elevated UV-254 nm absorbance is recognized for its substantial
content of humic materials, specifically humic and fulvic acids, which are identified as
primary precursors for the formation of trihalomethanes (THMs) and haloacetic acids
(HAAs) after chlorination [78–80]. In chlorination, 50–80% of chlorine oxidizes humic
substances, transforming them into carbon dioxide (CO2). Meanwhile, around 5–10% of
the chlorine takes part in a different reaction to create DBPs [81,82]. These UVA (C1-C2)
compounds were characterized as microbial humic-like substances with a low molecular
weight, potentially identified in wastewater and agricultural environments [45,83]. UVC
(C3) was a prevalent aromatic terrestrial humic-like compound with more condensed
structures and a larger molecular size [84]. UVC might have been detected in aquatic and
terrestrial environments [85]. This study agrees with Dong et al. [10], who determined
microbial humic-like (UVA) fluorescence (C2) Ex/Em: 315/394 nm and (C3) Ex/Em:
255 (350)/422 nm, which could be affected by the mutual recharge of groundwater and
surface water in shallow groundwater in Guan Zhong basin in China. McIntyre and
Guéguen [41] and Fan et al. [41] determined microbial humic-like (UVA) fluorescence
C1 (Ex/Em: 255(340)/455 nm) and C1 (Ex/Em: 320/400 nm) in aquatic environments in
Canada and China, respectively. Tang et al. [43] and Liang et al. [44] reported terrestrial
humic-like (UVC) fluorescence (C3) Ex/Em: 288 (466)/517 nm and (C3) Ex/Em: 300
(420)/520 nm,. The abundance of humic-like substances in source water could be due to
terrestrial/soil organic matter, microbial humification, vegetation/forest cover, agricultural



Water 2024, 16, 1768 18 of 22

activities, deep water percolation, and soil erosion [86–88]. DOM in water adversely impacts
groundwater quality and diminishes the efficiency of water treatment processes [14]. The
consumption of disinfectant mixed water with an elevated concentration of DOM causes
negative health impacts, such as bladder cancer, miscarriage, and children being born small
for their gestational age due to different DBPs [89,90].

5. Conclusions

This study concludes that HMs, such as Cu, Zn, and Fe, were below the threshold lim-
its, while Pb and Cd exceeded the permissible limits set by the WHO but remained within
the standards of the PEQSs in both networks (A and B). Fluorescence EEM-PARAFAC
spectra highlighted the presence of UVA-microbial humic-like components (C1 and C2) and
a UVC-terrestrial humic-like component (C3) in DOM. Based on the fluorescence intensity,
C2 dominated C1 and C3 in both networks. All humic components were strongly positively
correlated, and C1 was positively associated with HMs in both networks. The concentration
of humic substances in terminal reservoirs (TRs) decreased due to higher Cl concentrations,
which oxidized the humic substances. However, their levels rebounded upon reaching taps
as they traveled through pipelines. Groundwater pollution was attributed to agricultural
runoff, household PVC pipes, and industrial and sewage wastewater leaching through
eroded pipelines during water transportation. In both networks (A and B), the groundwater
quality in Faisalabad presents a concerning situation for human health. Nevertheless, it
can still be utilized for various industrial, agricultural, and household purposes, as the
water meets the standards for these sectors. The study recommends a further evaluation of
organic pollutants in this industrial city, especially pesticides and microplastics, as they
could pose significant health risks.
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B in industrial city Faisalabad, Punjab, Pakistan. Ref. [91] is cited in the Supplementary Materials.
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