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Abstract: Groundwater plays a major role in addressing the worldwide problem of water scarcity
and food security. With a growing population and increasing urbanization, there is a rising demand
for groundwater to meet agricultural and domestic water needs. A variety of advanced approaches
are necessary to sustain groundwater management. This study investigated the age and origin of
groundwater, as well as its relationship with anthropogenic and climatic factors. Stable isotopes were
used, namely oxygen-18 (18O) and deuterium (2H) for the estimation of groundwater origin and
radioactive isotopes of Tritium (3H) for the estimation of its age. The investigation of stable isotopes
revealed that the aquifer is predominantly influenced by river water, with a minor contribution from
rainwater. Furthermore, the analysis of radioactive isotopes revealed that the groundwater age ranges
from 5 to 50 years old in most areas. Older groundwater is predominantly found in urban areas,
while younger groundwater is present in agricultural and woodland regions. However, the presence
of “old” water in the upper groundwater layers in urban areas is attributed to over-abstraction and
limited natural recharge. The primary climatic factor that governs the age and origin of groundwater
is rainfall upstream of the study area, which directly contributes to the river flows. The rainfall is
high in the east but, due to urbanization, recharge is decreased. Consequently, old and river recharge
groundwater is found in this area. These observations underscore the unsustainable and alarming
use of groundwater in urban areas.

Keywords: anthropogenic and climatic factors; isotopes; water quality; NDVI; groundwater age;
groundwater origin

1. Introduction

Understanding and monitoring water resources is challenging due to their heterogene-
ity and composite boundary conditions [1]. The hydrological cycle boundary conditions
continuously vary because of the influence of anthropogenic and climatic factors, which
require multi-disciplinary research. This is especially the case when considering surface
and subsurface water resources [2,3]. Due to the rapidly expanding population, surface
water has become insufficient to meet requirements; hence, groundwater is essential for
addressing the deficiencies in surface water availability and satisfying the increasing de-
mand for water [3,4]. The quality and quantity of groundwater are determined mainly by
natural processes, anthropogenic activities, and atmospheric inputs [5,6]. Anthropogenic
factors mainly include industrialization; the overexploitation of aquifers; rapid population
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growth; agricultural pesticides; land use pattern variation; and the disposal of urban, do-
mestic, and industrial waste [3,7]. The groundwater recharge system is directly influenced
by climatic factors such as precipitation, temperature, evapotranspiration (ET), and soil
moisture [2,4]. Consequently, such studies are critical to ensure the prolonged management
of groundwater resources by regulating their diminishing quality and quantity.

Various studies used the stable and radioactive isotopes to study groundwater origin
and flow dynamics [8,9], groundwater age [10,11], groundwater recharge [12,13], seasonal
groundwater recharge [14,15], and examine surface and groundwater interaction [16].
Groundwater age on Earth is generally unknown and varies from centuries to millions
of years in arid regions [9] and months to years in humid and semi-humid regions [10].
Groundwater from different ages also supply the same aquifer, complicating the under-
standing of groundwater age [11]. Groundwater can be categorized as modern groundwa-
ter, less than 50 years old; young groundwater, recharged in the past 50–100 years; and old
groundwater, recharged in more than 100 years ago11.

Traditionally, two methods have been widely used to assess groundwater age, i.e., nu-
merical simulation and radioisotope tracers [17]. The radioactive isotopes of carbon (14C)
and hydrogen (3H) in water are used to estimate the particular water’s age, depending
on its half-life [18]. However, groundwater origin and recharge source remain funda-
mental questions [19]. Groundwater can originate from precipitation, rivers, canals, and
neighboring aquifers [20–22]. In addition, stable isotopes of oxygen (18O) and hydrogen
(2H) in water vapors, rainwater, and river water show a distinct trend across the area
and provide a convenient approach to understanding groundwater origin [23,24]. The
isotope composition in groundwater has been compared with the precipitation signal,
and its deviations indicate the source of recharge (origin) water or a specific precipitation
type [25]. In addition, many researchers have also used various geographical and statistical
techniques for assessing groundwater quality trends to protect groundwater resources at
the regional level [26,27].

Numerous studies have examined groundwater by isotope analysis; however, most
consider only old groundwater [10,28,29], and a few only used isotope analysis for the
shallow aquifer [12,14]. Additionally, satellite images of coarser resolution for land charac-
terization with limited number of isotope samples at shallow depths were analyzed [30–32].
By integrating isotopic analysis into groundwater management strategies, Pakistan can
have less uncertainty about the long-term availability and quality of this essential resource,
supporting agricultural productivity, human health, and overall economic development.
However, some studies, such as those conducted by Hussain et al. [33] in Islamabad and by
Ahmad et al. [34] in Lahore, consider limited samples at shallow depths of up to 5m using
stable isotopes in precipitation. Consequently, the isotopes in groundwater at varying
depths still need to be explored. Stable isotope measurements and their investigations in
precipitation are still lacking in the region. Hence, the use of isotopes and fine resolution
satellite images is both essential and advantageous in order to accurately ascertain the
origin and age of groundwater.

This research will be helpful in answering various scientific research questions: what is
the relationship between groundwater and isotopes, and how are isotopic analyses helpful
in managing groundwater resources? The present study aims to investigate the groundwa-
ter age and origin for sustainable groundwater management considering the influence of
climatic and anthropogenic factors. Policymakers and water resource managers can make
decisions regarding sustainable groundwater use, allocation, conservation, and this study
can also provide valuable insights for the effective management of groundwater resources.

2. Materials and Methods
2.1. Study Area

This study was performed in the Lower Bari Doab Indus Basin, Punjab, Pakistan. It
comprises the areas of Lahore and Kasur districts and has a coverage of 4279 km2. The area
serves as a food hub of the country, as maize, potato, paddy, vegetables, and wheat are
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common crops grown to feed more than 10 million inhabitants in this region. The climate
is tropical, with a hot summer season and a cold winter. Three distinct seasons exist in the
study region: winter, summer, and the rainy season [35]. The average annual rainfall is
423 mm and 70% of this rainfall is concentrated in June to August. The temperature varies
from 5 ◦C in winter to 41 ◦C in summer. Two rivers, Ravi and Sutlej, flow north and south
of the area, respectively (Figure 1). The soil is alluvial for the late Pleistocene, formed by
the river Ravi and Sutlej flood plains. These consist of clay, sand, and silt, and the thickness
of clay increases as the distance increases from the riverbed. Surface elevation varies from
257 m to 161 m from south to north. The slope is generally flat towards the south and
southwest, with an average rate of (1:4000).

Water 2024, 15, x FOR PEER REVIEW 3 of 20 
 

2. Materials and Methods 
2.1. Study Area 

This study was performed in the Lower Bari Doab Indus Basin, Punjab, Pakistan. It com-
prises the areas of Lahore and Kasur districts and has a coverage of 4279 km2. The area 
serves as a food hub of the country, as maize, potato, paddy, vegetables, and wheat are 
common crops grown to feed more than 10 million inhabitants in this region. The cli-
mate is tropical, with a hot summer season and a cold winter. Three distinct seasons ex-
ist in the study region: winter, summer, and the rainy season [35]. The average annual 
rainfall is 423 mm and 70% of this rainfall is concentrated in June to August. The temper-
ature varies from 5 °C in winter to 41 °C in summer. Two rivers, Ravi and Sutlej, flow 
north and south of the area, respectively (Figure 1). The soil is alluvial for the late Pleis-
tocene, formed by the river Ravi and Sutlej flood plains. These consist of clay, sand, and 
silt, and the thickness of clay increases as the distance increases from the riverbed. Sur-
face elevation varies from 257 m to 161 m from south to north. The slope is generally flat 
towards the south and southwest, with an average rate of (1:4000). 

 

Figure 1. Geographical and hydrographic location of the study area, with topographic and sampling 
site information. 

2.2. Datasets 
2.2.1. Climatic Data 

Climatic data, including mean monthly rainfall, maximum (Tmax), and minimum 
temperature (Tmin) were gathered from the Pakistan Meteorological Department (PMD) 

Figure 1. Geographical and hydrographic location of the study area, with topographic and sampling
site information.

2.2. Datasets
2.2.1. Climatic Data

Climatic data, including mean monthly rainfall, maximum (Tmax), and minimum
temperature (Tmin) were gathered from the Pakistan Meteorological Department (PMD)
for the period of 2011 to 2021. Previous studies have consistently relied on climatic data
obtained from the PMD. The consistency of using this data across multiple studies en-
sures the reliability and comparability of findings related to groundwater management in
Pakistan [36–39].
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2.2.2. Spatial Data

Landsat 8 OLI (operational land imager) data of May 2021 was provided by the USGS
(United States Geological Survey) Earth Explorer database. The nominal spacecraft height
is 705 km, and the scene size for Landsat 8 is 185 km cross track by 180 km long track.
Accuracy in cartography is 12 m [39]. The presence of cloud cover posed a challenge in
generating high-quality images. To address this issue, an algorithm was implemented on
the USGS database, which selected the optimal pixel value with cloud cover, and other
collection errors below 5%. The Normalized Vegetation Index (NDVI) was calculated using
nine spectral bands in the dataset, each with a spatial resolution of 30 m.

2.2.3. Isotopic Data

The groundwater samples were collected from 31 wells, as shown in Figure 1, at
various depths. Prior to collecting the samples for isotope analysis, the casing was thor-
oughly purged to ensure its cleanliness. These samples were collected into 1000 mL amber
glass air-tight bottles to avoid evaporation. Stable isotopes were analyzed by liquid water
isotope analyzer (LWIA) and isotope ratio mass spectrometer (IRMS). LWIA was used for
samples with EC ≤ 1500 µS/cm, and for samples with EC > 1500 µS/cm, IRMS was used.
Radioactive isotopes were analyzed by refrigerated liquid scintillation analyzer (RLSA).
Stable isotopes were analyzed in all samples, and radioactive isotopes were analyzed in
19 samples, as presented in Figure 1.

The data from the precipitation’s isotopes were gathered from the International
Atomic Energy Agency (IAEA) and the Global Network for Isotopes in Precipitation
(GNIP) database (https://nucleus.iaea.org/wiser/index.aspx (assessed on 15 May 2023)).
The isotopic data of surface water (River Ravi), at Balloki headwork hydrological sta-
tion, was collected from the database of the Global Network for Isotopes in River (GNIR)
(https://www.iaea.org (assessed on 20 May 2023)). GNIP and GNIR are a globally op-
erating network that systematically gather isotope data from groundwater and surface
water [40].

2.2.4. Groundwater Quality and Depth to the Water Table Data

A total of 46 observation wells (presented in Figure 1) were selected to gather ground-
water quality and water table depth data for the 2003–2020 period from the Punjab Irrigation
Department (PID), Pakistan. The selection process prioritized the completeness and con-
sistency of the records to ensure the highest quality of data. Groundwater quality data,
including sodium adsorption ratio (SAR), residual sodium carbonate (RSC), and electrical
conductivity (EC), was obtained to assess water quality trends. Additionally, the PID
provided data on the depth to the water table (DWT) to analyze groundwater levels.

2.3. Methodology
2.3.1. Groundwater Age

The age of groundwater was estimated by the Tritium method [20,41]. Tritium, with a
12.32-year half-life, is commonly used as a dating tool for groundwater within the recent to
100-year age range [42]. Tritium is considered an excellent and conservative tracer because
of its chemical property to be a part of the water molecule. Correspondingly, it is not im-
pacted by hydro-chemical or biological interactions and solely decays through radioactivity.
Taking into consideration travel time through the unsaturated zone is one benefit of using
Tritium ages instead of gas ages. This is due to the fact that the “Tritium clock” begins
when water seeps into the earth and separates from air moisture. In contrast, gas methods
only define the travel time from the water table to the sampling point, excluding travel time
through the unsaturated zone due to gas exchange in that zone. The increasing difference in
Tritium signature between rainwater and old groundwater allows for robust differentiation
between young and older groundwater. In past decades, Tritium concentration changes
were due to the introduction of Tritium into groundwater systems through rainfall as a re-
sult of the 1950s and 1960s nuclear weapons testing. The concentration of Tritium increased

https://nucleus.iaea.org/wiser/index.aspx
https://www.iaea.org
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significantly during this period, reaching levels ranging from 10 to over 2000 Tritium Units
(TU) (International Atomic Energy Agency (IAEA), 1983). The decay of remaining Tritium
can be used straightforwardly for groundwater dating in single Tritium measurements.

Mass spectrometry techniques were used to measure Tritium [43,44]. For the measure-
ment of Tritium concentration, groundwater samples were tested in the Pakistan Institute of
Nuclear Science and Technology (PINSTECH), Islamabad. Groundwater age was estimated
according to the ranges of TU, presented in Table 1, which were provided by PINSTECH.

Table 1. Tritium Units (TU) ranges for groundwater age.

TU Groundwater Age

<5 >50 years
5–8 10–50 years
8–12 5–10 years

12–30 Fusion explosion Tritium
>30 Recharge in 1960–1970

2.3.2. Groundwater Origin

Deuterium (1H and 2H) and Oxygen-18 (16O and 18O) are the essential stable isotopes
that form an integral part of a water molecule. These isotopes are commonly used to identify
groundwater sources [20]. For oxygen-18, it has a ratio of 18O and 16O; for deuterium, it
has a ratio of 2H and 1H. The isotope concentrations were measured by gas source mass
spectrometry in PINSTECH, with an upper limit of standard deviation <±1% and <±0.1%
for 18O and 2H, respectively. For the 18O isotopes, the equilibration method involved using
200 microliters of water samples in a vial. The headspace of the vial was purged with a gas
mixture comprising 99.5% helium (He) and 0.5% carbon dioxide (CO2). To fill the vial with
the mixed gas, a needle with two capillaries was employed in a flush and fill process that
took approximately 15 min. One capillary introduced the mixed gas into the vial, while
the other removed the gas from the headspace. This allowed the oxygen atoms of the CO2
gas in the headspace to equilibrate with the oxygen atoms of the water molecules. In the
equilibration method for the 2H isotopes, the mixed gas comprised a ratio of 98% helium
(He) and 2% hydrogen (H2). Platinum alumina rods were present in the vial, serving as a
catalyst. The ratio of heavy isotopes to light ones is presented in Delta (δ) notation.

Delta(δ) =
Rsample − Rstandard

Rstandard
× 1000 (1)

where Rsample represents the isotopes in the sample and Rstandard represents in standard/
reference (per mil or %) relative to the Vienna standard mean ocean water (VSMOW). The
ratios of heavy isotopes to lighter isotopes were determined using Equation (1). These
ratios were then compared to the data from GNIP and GNIR, with reference to Table 2
provided by PINSTECH.

Table 2. Groundwater origin based on stable isotopes values.

Groundwater Origin 18O (%) 2H (%)

Rain water >−5.2 >−31
Major rainwater and some terraces of river water −5.2 to −6.2 −31 to −39
Major river water and some terraces of rainwater −6.2 to −7.2 −39 to −48

river water <−7.2 <−48

2.3.3. Normalized Difference Vegetation Index (NDVI)

NDVI, a widely used vegetation index, measures and quantifies greenness and vegeta-
tion density captured in a satellite image. It has been employed since the 1970s to monitor
crop biomass, characterize land, and identify changes in land use and landcover [45–47].
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In this study, various combinations of Green, Red, and Near Infrared (NIR) bands were
created to form a Red, Green, and Blue (RGB) color image to attribute to the different land
cover. The RGB image serves as a standard representation for infrared images [48]. The
classification of the image was based on calculating the NDVI values by following equation.

NDVI =
NIR − RED
NIR + RED

(2)

The NDVI is an index that relies on the spectral reflectance of ground surface features,
with each feature exhibiting its unique reflectance characteristics that vary with wavelength.
The NDVI value ranges from −1 to +1. The existence of healthy vegetation is indicated by
a higher NDVI value, while urban areas or bare terrain are indicated by a lower value [45].

2.3.4. Mann–Kendall (MK) Test

The nonparametric Mann–Kendall test [49,50] was utilized to identify the trends of
water quality and DWT. MK test is commonly used to identify trends for the time-series
data in groundwater studies [26,51,52] due to its normal distribution and insensitivity to
outliers in time-series data. The MK test statistic (S) is given by:

S = ∑n−1
k=1 ∑n

j=k+1 sgn
(
Xj − Xk

)
(3)

sgn(Xj − Xk
)
=


i f
(
Xj − Xk

)
< 0; then −1

i f
(
Xj − Xk

)
= 0; then 0

i f
(
Xj − Xk

)
> 0; then 1

 (4)

where Xj and Xk are the successive data values at times j and k and n is the dataset’s overall
length. In time series data, positive S values show an upward (growing) trend, while
negative S values show a downward (decreasing) trend. The test is performed with a
normal distribution (σ2 = 1) and mean (µ = 0) for datasets with n > 10 [53], with expectation
(E) and variance (Var) as follows:

E[S] = 0 (5)

Var(S) =
n(n − 1)(2n + 5)− ∑

p
k=1 tk(tk − 1)(2tk + 5)

18
(6)

where the symbol (∑) denotes the total of all linked groups and tk is the number of tied
values in the qth group. If there are no connected groups in the data, the summary
course could be disregarded. The following formula is used to determine the value of
the standardized test statistic (ZMK) following the computation of variance Var (S) from
Equation (6).

ZMK =


S−1√
VAR(S)

, i f S > 0

0 , i f S = 0
S+1√
VAR(S)

, i f S < 0
(7)

The consistent ZMK values are used to calculate the degree of variation and have a
normal distribution with a mean of “0” and a variance of “1”. The null hypothesis, or
H0, is verified using the test statistic. ZMK greater than Zα/2 indicates a substantial trend
in the data set. At a confidence level of α = 10%, the value of ZMK is compared with the
two-tailed test’s normal distribution table. In the two-tailed test, the null hypothesis (H0) is
agreed for no trend if the computed value of ZMK falls between—Z1−α/2 and Z1−α/2, so H1
is rejected. The study estimates groundwater time series data trends at 1%, 5%, and 10%
significance levels.
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3. Results
3.1. Land Characterization

The classification process involved mapping and labeling the classes based on color.
As depicted in Figure 2, the images were categorized into four groups, based on their NDVI
values. In this classification, the NDVI ratio was calculated using threshold values, and the
pixels of the image were subsequently classified. The waterbodies exhibited the minimum
NDVI values, ranging between −0.11 and −0.05. The non-vegetation class, which included
urban areas, displayed medium NDVI ranging from 0.09 to 0.11. The agricultural area fell
under the moderate NDVI value range. The high NDVI values were associated with dense
vegetation and woodlands. NDVI ratios ranged between 0.27 and 0.35, indicate moderated
NDVI values and, were assigned to the vegetation class. Pixels with NDVI ratios exceeding
0.35 were assigned to the dense vegetation and woodlands class.
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light green color represents agriculture areas; and (d) the dark green color represents the woodlands
in the study area.

A comparison of the four NDVI classes is displayed in Figure 2. Figure 2a primarily
represents water bodies with a 16% area. Water bodies like rivers bounded the study areas
from north to south, and canals flow along the rivers to irrigate agricultural lands. Figure 2b
represents the urban area. The dominant urban area on the river Ravi’s eastern bank
extended towards the river’s downstream side. The scattered urban area layouts along the
canals comprise 33% of the total area. Figure 2c presents complex cultivations—agriculture
mixed with natural vegetation covers 36% of the area. Figure 2d shows woodlands and
dense vegetation, which covered 15% of the area. The woodlands were mainly present
along the west bank of the river Sutlej. The discontinuous dense vegetation cover is also
present along the canal’s branches.

3.2. Groundwater Age

The radioisotope Tritium (3H) was analyzed in nineteen samples of 9 m–167 m depth.
The values of Tritium ranged from 4.73 to 11.77 TU. Table 3 presents the analytical data of ra-
dioisotopes concentration in the samples of groundwater. Figure 3a,b presents groundwater
age distribution in urban and agricultural areas. The area where 5–10-year-old ground-
water is present is in green color, the area where the groundwater age is 10–50-years-old
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is in yellow, and the area in which the groundwater age is more than 50 years is in red,
as presented in Figure 3. The distribution of 3H in groundwater varies and reflects the
intricate vertical pathways connecting the topsoil surface with spatially dispersed aquifers.
Consequently, the concentrations of Tritium and, thus, the age of the groundwater, do
not uniformly spatially distribute due to the potential variability in the topography. The
variability in age also indicates that the fluctuation in annual recharge and discharge from
aquifers differs in urban and agricultural areas. Groundwater in the dense urban area is
the oldest water, more than 50 years, found in the study area. The oldest water is located in
the center of the research region, far from rivers and canals, as shown in Figure 3a. The
analysis of Tritium 3H isotopes revealed that, in agricultural areas and woodlands, the
groundwater age is 5–50 years, as shown in Figure 3b.

Table 3. Isotope concentration with geographical location in groundwater samples.

Sample
ID

Latitude
(DMS)

Longitude
(DMS)

Depth
(m)

Oxygen-18
18O (%)

Deuterium
2H (%)

Tritium 3H
(TU)

1 31◦23′15′′ 74◦34′34′′ 91.44 −6.87 −44.71 8.23
2 31◦24′43′′ 74◦35′04′′ 25.91 −6.06 −41.89 9.01
3 31◦32′11′′ 74◦35′54′′ 137.16 −7.35 −51.85 8.55
4 31◦35′35′′ 74◦33′18′′ 25.91 −8.59 −55.34 10.49
5 31◦42′11′′ 74◦28′7.47′′ 18.29 −9.62 −60.4 -
6 31◦20′57′′ 74◦22′31′′ 27.43 −5.28 −35.05 -
7 31◦45′02′′ 74◦42′15′′ 27.43 −5.31 −36.5 -
8 31◦29′29′′ 74◦35′08′′ 121.92 −7.1 −45.79 4.73
9 31◦37′45′′ 74◦32′35′′ 106.68 −8.17 −52.94 10.29

10 31◦40′09′′ 74◦31′16′′ 30.48 −7.95 −48.87 -
11 31◦35′20′′ 74◦25′27′′ 152.40 −8.2 −50.247 10.54
12 31◦34′19′′ 74◦18′18′′ 167.64 −8.73 −53.25 10.14
13 31◦30′34′′ 74◦18′34′′ 15.24 −8.06 −53.12 10.81
14 31◦28′26′′ 74◦13′04′′ 18.29 −9.65 −59.73 11.77
15 31◦17′39.33′′ 74◦30′39.52′′ 9.14 −8.2 −55.07 10.16
16 31◦13′40′′ 74◦30′45.6′′ 45.72 −8.07 −53.63 10.57
17 31◦03′40′′ 74◦31′47′′ 42.67 −6.57 −41.42 7.69
18 31◦00′32′′ 74◦25′06′′ 44.20 −9.49 −60.62 8.27
19 30◦55′03′′ 74◦19′33′′ 30.48 −8.98 −59.51 8.15
20 30◦48′13′′ 74◦12′09′′ 73.15 −9.6 −64.51 9.52
21 30◦52′12′′ 74◦02′59′′ 30.48 −8.82 −57.68 10.51
22 30◦58′26′′ 73◦58′21′′ 30.48 −7.59 −48.36 8.93
23 31◦05′11′′ 73◦58′03′′ 21.34 −7.19 −49.9 -
24 31◦09′37′′ 74◦06′02′′ 22.86 −7.77 −53.15 -
25 31◦17′58′′ 74◦13′20′′ 24.38 −6.4 −42.69 -
26 31◦24′03′′ 74◦09′24′′ 106.68 −8.42 −53.24 9.35
27 31◦17′39′′ 74◦04′01′′ 36.58 −9.03 −57.31 -
28 31◦13′35′′ 73◦58′24′′ 19.81 −8.78 −56.13 -
29 31◦07′48′′ 73◦55′07′′ 45.72 −7.88 −52.95 -
30 31◦08′0.19′′ 74◦26′29.18′′ 28.96 −8.92 −57.29 -
31 31◦11′27.74′′ 74◦19′46.12′′ 24.38 −5.23 −36.17 -

3.3. Groundwater Origin

The stable isotopes, oxygen-18 (18O) and deuterium (2H), were examined in thirty-one
groundwater samples. Overall 2H values ranged from −35.05% to −64.51% and 18O ranged
between −5.23% and −9.65%. Long-term annual multi-correlations show that 60% of 18O
is directly linked with temperature; however, 50%, and 48% of 18O are indirectly linked
with humidity and precipitation, respectively. The long-term trend of isotopes in rainfall
is the so-called Local Meteoric Water Line (LMWL), which was developed as in previous
studies [33]. The analytical data of stable isotopes in the samples of groundwater is also
presented in Table 3. Based on the findings shown in Figure 4, it was found that 71% of the
groundwater samples are located below the LMWL, indicating that the groundwater in this
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area is primarily recharged by river water. Additionally, 16% of the groundwater samples
aligned below the LMWL contain a mixture of mostly river water and some terraces of
rainwater. Furthermore, 13% of the groundwater samples aligned above the LMWL show
a recharge of mostly rainwater, along with some terraces of river water. It is important to
note that none of the samples consisted solely of rainwater.
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Approximately two-thirds of the study area relies on river water for aquifer recharge,
while the remaining one-third receives both rainwater and river water recharge.

The maps regarding the distribution of groundwater origin are presented in Figure 5.
The findings indicate that the aquifer in urban areas is solely recharged by river water, while
the agricultural areas receive recharge mainly from rainwater and river water. Figure 5a
shows that river water recharges its adjacent areas, and as the distance increases from
the river, the percentage of river water in groundwater decreases. On the other hand, the
contribution of rainwater to the aquifer is relatively small, as depicted in Figure 5b.

The relationship between elevation and stable isotopes in recharged water is depicted
in Figure 6. The figures illustrate that areas of lower elevation exhibit higher concentrations
of heavy isotopes, while lighter isotopes become more concentrated with increasing eleva-
tion. This pattern can be explained by the tendency of lighter isotopes to settle at higher
elevations. Additionally, the contribution of river water is observed in both high and low
elevated areas, as high-altitude regions contain lighter stable isotopes that contribute to
the river flow, which moves from high to low altitude areas. The maps also indicate that
although there may be some evaporation of lighter isotopes in the groundwater recharged
from river water, its overall impact on the isotopic distribution is minimal.
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4. Discussion
4.1. Climate Ascription to Groundwater Age

The spatial variation of mean monthly rainfall is heterogeneous, and it decreases from
east to west (Figure 7a), although mean monthly Tmax and Tmin increases from east to
west (Figure 7b,c). A similar trend was found in the literature [55,56]. Spatial analysis
revealed that rainfall is high and temperature is low in eastern side of the study area. As
a result, there is a higher availability of water for infiltration and a reduced amount of
evapotranspiration from the soil, and, consequently, young groundwater can be present
in this area. However, old groundwater is also present in this area, as shown in Figure 3b.
This is due to high pumpage and poor infiltration because of the presence of urban area
and pavement in cities. This abstraction and overexploitation of groundwater gave the
old groundwater an increased presence. In comparison, the western side rainfall is low
and temperature is high, and, consequently, old groundwater can be present in this area.
Figure 3a shows the presence of younger groundwater in this area. It was also observed
that the agriculture area is present on the western side, as presented in Figure 2c, which
shows that greater use of irrigation water causes greater infiltration into the soil [57]. This
infiltration water caused the presence of young groundwater in western region, as shown
in Figure 3b.

4.2. Anthropogenic Factors Attribution with Groundwater Quality and DWT Trends

Chemical parameters are critical factors in understanding the general hydro-geochemistry
of the study region. The minimum, maximum, and mean values of EC, SAR, RSC, and
DWT are given in Table 4. A considerable difference in maximum and minimum values in
water quality parameters and depth to the water table describes the area’s heterogeneity.
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Table 4. Statistics of groundwater quality parameters.

Parameters Minimum Maximum Mean Standard Deviation

EC (µS/cm) 400 3000 1392 527.79
SAR (%) 1.10 35.10 10.17 5.58

RSC (mEq/L) 0.40 15.90 4.25 2.73
DWT (meter) 2.8 27.7 13.1 7.62

The MK test was utilized to investigate heterogeneity and examine the trends in
groundwater quality parameters and DWT within the study region. The area where EC
values in groundwater are increasing has an average rising trend of 14.03 µS/cm per annum
(shown in Figure 8a). Based on the findings shown in Figure 9, it was revealed that there
is a notable increase in EC values in 63% of the area, while a remarkable decrease in EC
values was observed in 35% of the area. However, no discernible trend was detected for
the remaining 2% of the area throughout the study period, as shown in Figure 9a,b. EC is
continuously increasing in urban areas, (Figure 9a). The EC values also have a rising trend
in agricultural areas but are declining in areas near water bodies like rivers (Figure 9b).

In the area where a rising trend was observed, the SAR increases at a mean rate
of 0.187% per year. Conversely, in the area where a declining trend was observed, the
SAR decreases at a mean rate of 0.04% per year. Overall, SAR values increase at a rate of
0.127% per year (as presented in Figure 8b). Additionally, a significant declining trend
was observed in 33% of the area, while a remarkable rising trend was observed in 48% of
the area, However, in 19% of the area, no discernible trend was observed in SAR values
(as presented in Figure 9c,d). The increasing SAR in populated areas (as presented in
Figure 9c) reveals that human activities strongly impact the SAR. SAR values near rivers or
canals showed either no trend or a declining trend, while SAR values in areas with limited
human population, particularly in agricultural areas and woodlands, also exhibited no
trend (Figure 9d).

On average, RSC values are rising at a rate of 0.178 mEq/L per annum (presented
in Figure 8c). In 15% of the area, there is no discernible trend in RSC values. However,
in 40% of the area, there is a remarkable increasing trend in RSC values, while in 45% of
the area, there are significant decreasing trends, as depicted in Figure 8. The impact of
human population on RSC is negligible, as it consistently decreases in densely populated
areas, (shown in Figure 9e). Additionally, the presence of river water has a positive effect
on RSC, as it remains stable or decreases near rivers and in agricultural areas, (as depicted
in Figure 9f).
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The increase in EC and SAR values is largely dependent on anthropogenic activities.
In urban areas, EC levels are continuously rising. However, despite this, the human
population tends to settle near rivers, and the continuous recharge of river water leads
to an improvement in the quality of groundwater. In Punjab, Pakistan, the rivers have
a relatively low EC range of 250–310 µS/cm, and the process of recharging river water
enhances the EC of the existing groundwater in the aquifer [58]. The overall trends in water
quality parameters improved water quality in the areas near the rivers. As the distance
from the river increases, water quality vigor decreases. Moreover, the human population
also has a substantial impact on groundwater quality. Anthropogenic activities deteriorate
groundwater resources, which needs to be addressed because they affect the sustainability
of the local ecosystem [59,60].

Across the study area, the depletion rate is about 0.057 m per year. Spatiotemporal
variation in DWT is presented in Figure 9g,h. DWT is affected by different types of
anthropogenic activities, mostly by agricultural activities and urbanization. The DWT in
urban areas is declining rapidly due to excessive abstraction and impermeable pavement
in cities. Although the urban area lies east of the river Ravi, the river recharges the
groundwater in this region. The average annual rainfall is also higher in this area, so more
rainwater is available to replenish the aquifer. The maximum rate of decline in DWT is
0.15 m/year in urban areas, which is the highest in the whole study area, as presented
in Figure 9g. The DWT is declining in agriculture, mainly due to excessive groundwater
abstraction. The maximum rate of decline in agricultural areas is 0.091 m/year.
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The depth of the water table and groundwater quality are continuously deteriorating
in most regions [61]. The DWT is declining because the rate of abstraction is higher than
the rate of recharge. The region has witnessed a substantial extraction of groundwater,
primarily driven by the continuous rise in the number of agricultural tubewells. In province
Punjab, the density of agricultural tubewells has increased exponentially, notably reaching
2000 times higher between 1961 and 2021 [62]. In the study area, Lahore is a metropolitan
city, and its population is around 11 million [63]. All the municipal water requirements
in Lahore and Kasur city are fulfilled by installing a 120–220 m deep tubewell [64]. The
aquifer is under stress, leading to a decline in DWT. The ongoing changes in agriculture
and urban development further impact the DWT, causing a continuous decrease in DWT
both in densely populated areas and agricultural regions [58,65].

4.3. Anthropogenic Factors Attribution with Groundwater Age and Origin

The age of groundwater in most areas ranges from 10 to 50 years. In the areas near
the river and where rainfall contributes to recharge, the groundwater is relatively young at
around 5 to 10 years old.

The variation in stable isotopes in groundwater can exhibit differences between urban
and agricultural areas, as presented in Figure 10a,b. Lighter stable isotopes were found in
urban areas, and this can be attributed to various factors associated with human activities,
like a higher concentration of impervious surfaces, such as houses, buildings and bridges,
which restrict the infiltration of water into the ground. Consequently, there are fewer
opportunities for heavy isotopic fractions present in rainwater during recharge, resulting in
a higher proportion of river water containing lighter isotopes infiltrating the groundwater.
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In contrast, groundwater in agricultural areas contain both heavy and light isotopes,
as presented in Figure 10b. The presence of these isotopes influenced mainly by irriga-
tion practices either by diverting canal water or using rainwater. Heavy isotopes enter
groundwater through precipitation. The presence of rainfall and young groundwater in
agricultural areas indicate the rainfall is contributing to recharge. Canal and river water
play a critical role in recharging the aquifer of agricultural areas through irrigation. The
whole area is mainly irrigated by the diversion of river water through canals, which contain
light stable isotopes. Additionally, 20–45.5% of irrigation water is lost, mainly due to
seepage [66]. The seepage of irrigation water replenishes groundwater levels by allowing
water to infiltrate into the surrounding soil and eventually reach the groundwater. This
process introduces young water into the aquifer system, which can potentially impact the
age of the groundwater and lead to a decrease in its overall age.

The oldest water was found in the urban area of Lahore city, which is more than
50 years old. The predicted groundwater age indicated that the aquifer in urban areas
is over-exploited and under stress. Moreover, old water in urban areas means that high
runoff, concrete structures, pavement in urban areas, or low flows in rivers and canals
do not recharge the aquifer. A few studies in different countries also reported similar
results [67–69]. The study also examined the evolution of groundwater resources, with
the main source of recharge being river water, while rainwater contributes less to aquifer
recharge. The absence of rainwater in groundwater can occur when there is rapid runoff or
when the aquifer is under stress due to excessive groundwater extraction. Moreover, the
area with gentle slope and predominantly alluvial soil receives an average annual rainfall
of 423 mm. As a result, the volume of rainwater is significant, but it takes a considerable
amount of time to infiltrate into the ground. The primary reason for the lack of rainwater
recharge is the growth in population, which leads to increased groundwater abstraction
and decreased rainwater recharge. The years between 1999 and 2011 saw a doubling of
population growth and tripling of urban infrastructure expansion [64]. This makes the
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groundwater conditions unsustainable in urban areas because it hinders the rainwater’s
ability to contribute to the groundwater. Due to construction and concrete pavements in
urban areas, rainwater causes urban flooding rather than recharging groundwater [66].
Furthermore, there is a growing focus on urban flooding in urban areas of Lahore and
its surroundings, primarily due to the rapid expansion of residential areas and the dense
infrastructure within the city. The situation in urban areas is concerning, highlighting the
need for rainwater harvesting and an increase in rainwater recharge, particularly in cities
and adjacent areas. This situation clearly demonstrates the alarming situation when only
river water is present in the urban aquifer, which highlights the need for immediate action
to address the issue.

5. Conclusions and Future Scope

This study investigates groundwater origin and age by using stable and radioactive
isotopes for aquifer sustainability. The effects of anthropogenic and climatic factors were
also attributed to groundwater evaluation. The important conclusions are the following:

• An identified significant amount of river flows replenishes groundwater resources
and improves water quality.

• The stable isotopic composition (18O and 2H) of groundwater indicates that river flow
and precipitation are the primary sources of groundwater recharge. Additionally,
it demonstrates that the recharge area exhibits a higher level of depletion than the
discharge area.

• Groundwater is 5–10 years old in 55% of the total area, mainly in woodland and
agricultural areas; 10–50-year-old groundwater present in agricultural and urban areas
comprises 40% of total areas, and 5% of the area in urban areas contains groundwa-
ter more than 50 years old, which demonstrates that urban areas are not receiving
recharging water and of the groundwater situation here is unsustainable.

• The water table depth is declining, with a mean rate of 0.057 m/year. This significant
decline in water is because of the over-exploitation of groundwater resources.

• The deterioration in the quality of groundwater in the study area has increased from
the agricultural and domestic effluents, which makes the water unfit for drinking and
irrigation purposes.

This study provides a new perspective in evaluating groundwater resources, which
may be helpful in policy-making and sustainable groundwater management. In this
study, only a few isotopes, like 3H, 2H, and 18O, were used to examine the age and
origin of groundwater. Other isotopes like 14C, 36Cl, 85Kr, and 6SF would be used to track
groundwater movement and provide helpful information on groundwater dating. Efficient
and micro irrigation methods should be introduced to grow high-value crops. In this study,
only NDVI was used to characterize land characteristics of the study area. Future studies
should incorporate the cropping pattern with groundwater management through isotope
analysis. The understanding of surface and groundwater interaction at a basin scale might
be improved by the careful examination of the geology and hydrogeology at a lower scale.
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