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Abstract

Groundwater quality is essential for sustaining human and plant life, as its degradation can harm vital organisms

critical for ecosystem balance. GIS-based models have proven effective in large-scale water quality zoning,

offering precise and efficient management tools. Therefore, present study was designed with objective of water

quality zoning in Rechna doab. This study analyzed borehole data from 1,130 wells across the Rechna Doab

region, collected from 2006 to 2019 during pre-monsoon (June) and post-monsoon (October) seasons. Key

water quality parameters, including electrical conductivity (EC), sodium adsorption ratio (SAR), and residual

sodium carbonate (RSC), were interpolated using the inverse distance weighted (IDW) method in GIS. The

results revealed that during the pre-monsoon season, 7.94% of the area exhibited poor water quality, 58.90%

marginal, and 33.16% good quality. In the post-monsoon season, these values shifted to 11.65% poor, 52.43%

marginal, and 35.93% good quality zones. Geo-statistical validation using semi-variogram and kriging

demonstrated high model accuracy, with mean error (ME) and mean square error (MSE) values near zero.

Additionally, root mean square error (RMSE) closely matched average standard error (ASE), though root mean

square standardized error (RMSSE) values greater than 1 indicated overestimation for EC, SAR, and RSC. The

study concluded that groundwater quality in Rechna Doab is deteriorating over time and recommends adopting

artificial groundwater recharge and conservation strategies to preserve water quality.
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Introduction

Water plays a vital role in the hydrological cycle, sup-

porting environmental stability through processes like

vaporization, precipitation, evaporation, evapotran-

spiration, and surface and subsurface runoff. As a

fundamental element of the environment, it is essen-

tial for sustaining all forms of life (Ismail & Ahmed,

2021). Groundwater, the second-largest irrigation

source after surface water, is declining due to overuse

and excessive pumping. In recent decades, its conta-

mination has become a global concern, threatening

human health and environmental sustainability (Hu-

dak, 2000; Tiwari et al., 2017). Similarly, surface water

quality has deteriorated due to pollution from indu-

strial waste, seawater intrusion, and fertilizer runoff,

further threatening water resources (Sadat-Noori et

al., 2014). The study of principal component analysis

(PCA) method to relocate physico-chemical water

quality of data sets and Multidimensional Positioning

(MDS) method which describes interaction of
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physic-chemical parameters between them and their

influence on groundwater quality. It revealed strong

correlation between water quality parameters like

electrical conductivity (EC), total dissolved salts (TDS),

sodium adsorption ratio (SAR), and residual sodium

carbonate (RSC) and the presence of magnesium (Mg),

calcium (Ca), cation exchange capacity (CEC), and

sulfate (SO₄) ions, resulting in increased salinity

deposits over time (Houria et al., 2020). GIS based

DRASTIC models have also been used to delineate

vulnerability of groundwater quality maps in Pakistan

and concluded that higher values of EC and SAR could

be harmful to crop production and irrigation water

with poor quality may accumulate excessive salts in the

root zone of soil (Shakoor et al., 2020). In Khartoum,

during estimation of salinity effect on crop yield, it was

observed that agricultural yields are suffering due to the

use of poor quality saline water. The study found that

for every unit increase in salinity, there was a significant

loss in crop yield, with losses of 71.52, 35.24, and 21.84

kg/ha/ds/m recorded. These losses are extremely high

and can have a detrimental effect on overall crop

productivity. After analyzing water quality of samples

collected from field area to analyze the effect of EC,

SAR and RSC in the laboratory of Bahawalpur, it was

observed that 50% of the water samples were unfit for

irrigation. Bahawalpur is a major city for cotton and

wheat crops, and it was estimated that the use of poor-

quality saline with higher EC values, water would result

in significant crop yield losses. To mitigate this issue, it

is recommended to treat the water with gypsum salts

before irrigation and to adopt the cultivation of saline-

resistant crops in the region (Riaz et al., 2018). The

study analyzed the effect of water quality on maize

crop yield by measuring various parameters. The results

showed that the plant height, seed germination rate,

and grain size of the maize crop were adversely

affected by the presence of saline water (Abbas et al.,

2017). To improve water quality and increase crop

productivity, the authors recommended the adoption

of drip irrigation with the use of liquid fertilizers to

maintain safe levels of water quality (Irfan et al., 2014).

GIS-based models through interpolation of water

quality parameters can also be used as a reliable tool to

evaluate the overall water quality in a particular area. In

addition, the use of remote sensing technology has also

been beneficial in assessing groundwater quality by

identifying land use changes and potential sources of

contamination. Groundwater modeling is another

important approach for assessing the effects of differ-

rent parameters on groundwater quality and quantity. It

can be used to simulate and predict groundwater flow,

as well as to estimate the impact of land use change,

climate change, and water management strategies on

groundwater resources. By using these methodologies,

it becomes easier to identify the sources of contami-

nation, predict the movement of contaminants, and

take appropriate measures to prevent or minimize

contamination (Shakoor et al., 2020). In addition,

these methods can also be used to evaluate the

effectiveness of management practices and policies

aimed at protecting groundwater resources. There-

fore, the application of these methodologies is crucial

for the sustainable management and conservation of

groundwater resources, which is essential for ensuring

the availability of clean and safe water for present and

Materials and Methods

Study Area

The Rechna doab region was chosen to study

groundwater quality between 2006 and 2019. This

area is situated between the Ravi and Chenab rivers,

encompassing several major districts in Punjab

province, including Gujranwala, Narowal, Hafizabad,

Sheikhupura, Faisalabad, Nankana Sahib, Chiniot,

Jhang, and Toba Tek Singh. The location of the study

area is illustrated in Figure 1, and it is located

between 30° 35' and 32° 50' N, and 71° 50' and 75°
3’E. The region is evenly distributed between the

boundaries of the Ravi and Chenab rivers. The

estimated total area of the Rechna Doab region is

28,500 km², with a surface elevation ranging from 180

to 238 meters, as determined by processing the

Digital Elevation Model in GIS. The area is largely

fertile and suitable for agricultural production, with a

significant portion being utilized for this purpose.

Surface and groundwater are the primary sources of

water for the population, with groundwater being

over-exploited during periods of high cropping

intensity when water demand exceeds supply. The

mean annual rainfall in the Rechna Doab region from

1980 to 2020 ranged from 200 to 778 mm. Due to the

significant variation in rainfall between the rainy and

non-rainy seasons, the area is classified as Pre-

Monsoon and Post-Monsoon. During the pre-

monsoon season, rainfall is typically low, while the

post-monsoon season receives the majority of the

rainfall. The climate in the study area is characterized

by large fluctuations in seasonal temperature. The

summer season (April to October) is considerably

hotter than the winter season (November to March),

with temperatures ranging from 21-51°C. The Rechna
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Figure  1

Location map of the study area 

(Rechna doab) in Punjab province 

of Pakistan

Doab region is a well-irrigated area bounded by

the Ravi and Chenab rivers, with fertile land that

is ideal for agricultural production. The primary

canal system serving the area is the Lower

Chenab Canal (LLC), which originates from the

Khanki headworks in the Gujranwala district.

The LLC is further divided into two regions:

LCC East and LCC West, with branch canals

such as Rakh, Jhang, and Gugera supplying canal

water throughout the Rechna Doab (Shakoor et

al., 2020). The soil in the Rechna Doab region is

characterized by a wide variation in texture and

can be classified as fine (sandy clay, silt clay, and

clay), medium fine (loam, silt loam, and silt),

moderately coarse (fine sand, sandy loam), and

coarse (sand, sandy loam). The soil is primarily

composed of alluvial deposits that were trans-

portted by the Indus River and its tributaries. The

topography of the area is relatively flat, with

uniform distribution from north to northeast.

Sampling Design

The study used a comprehensive sampling strategy to

ensure spatial and temporal coverage across the Rech-

na Doab region. Water samples were collected from

nine districts: Narowal, Sialkot, Gujranwala, Sheikhu-

pura, Nankana, Hafizabad, Faisalabad, Jhang and To-

ba Tek Singh during two seasons, pre-monsoon and

post-monsoon in one year. Well water samples were

collected from 1,130 wells during the pre-monsoon

(June) and post-monsoon (October) seasons from

2006 to 2019 to analyze the variation in chemical pa-

rameters such as electrical conductivity (EC), sodium

adsorption ratio (SAR) and residual sodium carbonate

(RSC) chemical parameters. Sampling locations were

selected to represent diverse land uses, geological

conditions and varying aquifer depths. Sampling inter-

vals were also designed to capture annual and seaso-

nal variations in groundwater quality. Consistency in

sampling methods and equipment was maintained

across all years to ensure data comparability.

Description of chemical analyses of water

samples

The collected water samples were analyzed for key

water quality parameters such as Electrical Conduc-

tivity (EC), Sodium Adsorption Rate (SAR) and Resi-

dual Sodium Carbonate (RSC). Each water sample

was chemically analyzed to assess EC, SAR and RSC

values. The chemical analysis was performed in certi-
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.Fied laboratories following the standard methods

for water analysis as described by the American

Public Health Association (APHA). Stringent

quality control measures including field duplica-

tes, blanks and calibration standards were applied

to ensure accuracy and reliability of the data. The

EC, SAR and RSC values of all 1,130 water sam-

ples were organized year-by-year (2006 to 2019)

in an Excel sheet twice a year (pre-monsoon and

post-monsoon).

Description of Groundwater quality

parameters and data sets

Electrical Conductivity (EC). The deposition

of soluble salts in water can be measured using

the electrical conductivity (EC) method, which

determines the conductance of electrical current

in the water and is measured in units of ds/m The

greater the concentration of soluble minerals,

ions, and salts in the water, the higher the EC

value will be, as these substances allow electrical

current to conduct through the water and salt

particles. High EC values can indicate chemical

interactions that may negatively impact plant cells,

leading to decreased growth efficiency and lower

plant yields (Aslam et al., 2021).

Sodium Adsorption Ratio (SAR). The sodium

adsorption ratio is a measure of the concentration

of sodium, calcium, and magnesium in water. It is

defined as the ratio of sodium ions to the

combined concentration of calcium and

magnesium ions and is typically expressed as SAR

units. The SAR value of water can be calculated

using the following equation.

𝑆𝐴𝑅 =
𝑁𝑎+

𝐶𝑎2+ +𝑀𝑔2+
[1]

The concentrations of sodium, calcium, and ma-

gnesium in water are typically measured in milli-

equivalents per liter (meq/L). When water with a

high SAR value is used for irrigation, the soil

surface can become compacted and have poor

drainage capacity. This can make it difficult for

water to be available to plants and can cause an

increase in intolerant soluble salts that can

negatively impact crop growth. Therefore, it's

important to monitor SAR values and use appro-

priate irrigation management techniques to pre-

vent soil compaction and maintain healthy crop

growth (Lesch & Suarez, 2009).

Residual Sodium Carbonates (RSC). The

addition of alkaline hazardous materials and salts

such as carbonates, bicarbonates, calcium, and

magnesium to water molecules is referred to as

residual sodium carbonates (RSC). The value of

RSC is primarily determined by the concentration

of sodium and magnesium lime materials in the

water body. When RSC values exceed a certain

threshold, it can negatively impact soil structure

and reduce water infiltration, making it difficult

for plants to access water and nutrients. There-

fore, it's important to monitor RSC levels and ta-

ke appropriate measures to mitigate their effects

on soil and plant health.

𝑅𝑆𝐶 = 𝐶𝑂32− + 𝐻𝐶𝑂3− − 𝐶𝑎+ +𝑀𝑔+ [2]

It is measured in meq/L, and all elements have

the same unit of concentration in water, greater

RSC values will affect to decrease crop growth

(Zaman et al., 2018). Data on groundwater

quality, including EC, SAR, and RSC, was

collected from the Punjab Irrigation Department

for two seasons: pre-Monsoon and post-

Monsoon. The data was segregated bore-wise and

covered the entire region of Rechna Doab.

Criteria for water quality determination

The collected data on EC, SAR, and RSC were

categorized into good, marginal, and poor-quality

zones based on WHO standards. The aim was to

map the water quality areas of Rechna doab

district-wise by segregating the datasets into these

three categories.

Development of EC, SAR & RSC layers 

In remote sensing and GIS, IDW is used to

interpolate the data to generate continuous sur-

faces for mapping and analysis purposes. Geo-

statistical analysis involves modeling and analy-

zing spatially correlated data. It uses statistical

methods to estimate and interpolate values at non

sampled locations based on the spatial correlation

of the sample data. Kriging is one of the most

widely used geo-statistical techniques for the in-
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.interpolation of data, which predicts the values at

non sampled locations by considering the spatial

correlation of the observed data. The inverse

distance weighted (IDW) method is a commonly

used interpolation method for creating maps of

environmental data. However, it should be noted

that IDW assumes that the samples are evenly

distributed throughout the area of interest and

that the underlying spatial pattern is isotropic,

which may not always be the case in practice.

Geo-statistical analysis, on the other hand, is a

more sophisticated approach that considers the

spatial correlation between data points and the

anisotropy of the underlying spatial pattern. This

allows for a more accurate estimation of values at

non sampled locations and a better understanding

of the spatial structure of the data. Kriging is a

popular geo-statistical method that uses a mathe-

matical model to estimate values at non sampled

locations based on the correlation between nearby

samples. It considers the spatial autocorrelation

of the data and allows for the creation of maps

with varying degrees of spatial resolution and

uncer-tainty. Initially, the maps of EC, SAR, and

RSC were made using the ordinary kriging method

through interpolation. Kriging is a popular geo-

statistical method used for spatial interpolation

particularly in remote sensing and GIS. It uses a

set of observed values at known locations to esti-

mate the values at unknown locations by minimi-

zing the estimation error variance. This method

takes into account the spatial correlation among

data points and produces a smoother and more

realistic surface than other interpolation methods

like IDW(Webster & Oliver, 2007).

Multi-Criterial Overlay Analysis

Table 1 provides criteria for determining the

groundwater quality categories of Good, Marginal,

and Poor based on certain thresholds for EC,

SAR, and RSC. These categories were then used

to classify the interpolated values on the maps

generated using the ordinary kriging method.

Parameters Range Quality Re-class weightage

Electrical 

Conductivity                      

(EC) (ds/m)

<0.7 Good 3

0.8-3.0 Marginal 2

>3.0 Poor 1

Sodium         

Adsorption Ratio                               

(SAR)

<7 Good 3

~8-15 Marginal 2

>15 Poor 1

Residual                       

Sodium Carbonate                          

(RSC)

<1.25 Good 3

1.25-2.5 Marginal 2

>2.5 Poor 1

Overall

08--9 Good 3

5--7 Marginal 2

3--4 Poor 1

Table 1

Reclassification weight 

assigned to water quality 

parameters.

Geo-Statistical Analysis

Geo-statistical methods assume that the spatial

distribution of the data is stationary, meaning that

the statistical properties of the data do not vary

across space. This is typically assessed through

the calculation of a semi-variogram, which

quantifies the degree of spatial autocorrelation in

the data. Additionally, geo-statistical methods

assume that the data is normally distributed, and

may require transformation if it is not. Other

techniques used in the geo-statistical analysis in-

clude cross-validation to evaluate the accuracy of

predictions and trend analysis to account for non-

stationarity (Abeed et al., 2019). It has three com-

ponents: 1) Variogram or semi-variogram analysis

involves analyzing the spatial autocorrelation of

the data by calculating the variance of the diffe-

rences between pairs of data points as a function

of the distance or lag between them. 2) Kriging is

a spatial interpolation method that uses the vario-

gram/semi-variogram model to estimate the va-

lues of the variable at non sampled locations.
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.Kriging produces an unbiased estimate of the

variable and an associated measure of uncertainty.

3) Stochastic simulation involves ge-nerating

multiple equiprobable realizations of the spatial

distribution of the variable, based on the vario-

gram/semi-variogram model. These realizations

can be used to assess uncertainty and explore dif-

ferrent scenarios or management options (Boh-

ling, 2005).

Cross-validation techniques

Cross-validation techniques are commonly used

in geo-statistical analysis to assess the accuracy

and reliability of the estimated results. These

techniques involve comparing the predicted

values with the actual measured values at

different locations within the study area. These

techniques are based on statistical analysis to

recheck the accuracy of the estimated results of

the semi-variogram models (Mohammadi et al.,

2010). There are several parameters are available,

but the following are the most used in research

i.e., mean error (ME), root mean square error

(RMSE), Mean Standardized Error (MSE), root

mean square standard error (RMSSE), and

average standard error (ASE).

Mean Error (ME). It measures the bias in the

estimated values and is calculated as the average

difference between the predicted values and the

actual measured values (Seddiki & Dehimi, 2023).

These parameters were described as Mean error

(ME) was used to determine the degree of biases

in estimated values and is calculated using Eq. (3),

adopted from (Li et al., 2015).

ME =
1

𝑁
෍

𝑖=1

𝑁

ҧ𝑍 𝑋𝑖 − 𝑍 𝑋𝑖
[3]

Root Mean Square Error (RMSE). This

parameter measures the closeness of the

predicted values to the actual measured values. It

is calculated as the square root of the average of

the squared differences between the predicted

values and the actual measured values. The

RMSE represents the intimacy of the model

results with measured groundwater quality values

(Delgado et al., 2010). The lesser values of this

error indicate better prediction.

Mean Standardized Error (MSE). This para-

meter measures the relative error in the predicted

values and is calculated as the average ratio of

the difference between the predicted values and

the actual measured values to the standard devia-

tion of the actual measured values. Mean Stan-

dardized Error (MSE) is the average of the stan-

dardized errors and its value should be close to

0.

MSE =
σ𝑖=1
𝑛 መ𝑍 𝑠𝑖 − 𝑧 𝑠𝑖 መ𝛿 𝑠𝑖

𝑛

[5]

Root Mean Square Standardized Error (RM-

SSE). This parameter is similar to RMSE but

takes into account the relative error in the pre-

dicted values. It is calculated as the square root

of the average of the squared ratios of the

difference between the predicted values and the

actual measured values to the standard deviation

of the actual measured values. The RMSSE

describes the estimation variability. If its value is

greater than 1, the model is underestimating the

variability in predictions. If its value is less than

1, there are chances of overestimating the

variability in predictions (Esri, 2011).

RMSSE =
1

𝑁
෍

𝑖=1

𝑁

ҧ𝑍 𝑋𝑖 −
𝑍 𝑋𝑖
𝜎∗

𝑋𝑖

2

[6]

The abbreviations used in these equations are, n

is the number of groundwater observations, Z is

the value of observed groundwater quality Z is

the value of predicted groundwater quality and

σ∗2 (Xi) is the Kriging variance for location Xi.

The Average Standard Error (ASE). This

parameter measures the overall accuracy of the

estimated values and is calculated as the average

of the absolute differences between the predicted

values and the actual measured values. Average

Standard Error (ASE) is the average of the

prediction standard errors.

ASE =
1

𝑁
෍

𝑖=1

𝑁

𝜎∗2 𝑋𝑖 [7]

RMSE =
1

𝑁
෍

𝑖=1

𝑁

ҧ𝑍 𝑋𝑖 − 𝑍 𝑋𝑖
2 [4]
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Results and Discussion

This section discusses the spatial and seasonal

variations of key groundwater quality parameters i.e.,

Electrical Conductivity (EC), Sodium Adsorption

Ratio (SAR), and Residual Sodium Carbonate (RSC),

and their combined effect on the overall groundwater

quality in the Rechna Doab region. The results are

presented for both the pre-monsoon and post-

monsoon seasons, with emphasis on regional

differences and the potential causes of water quality

changes.

Electrical Conductivity (EC). The spatial distri-

bution of EC during the pre-monsoon season revea-

led distinct variations across the Rechna Doab region.

The northern areas (e.g., Narowal) exhibited good

water quality with low EC values, indicating minimal

salt content. In contrast, central areas (e.g., Gujranwa-

la, Hafizabad, Sheikhupura, and Faisalabad) showed

marginal EC levels, while southern regions (e.g., Jhang

and Toba Tek Singh) experienced poor water quality

due to high salinity. Post-monsoon improvements in

EC were observed, with good water quality zones

expanding in Sialkot, Narowal, and Gujranwala di-

stricts. The increased precipitation during the mon-

soon likely contributed to salt leaching and dilution of

saline groundwater, reducing overall salinity levels

(Bouaroudj et al., 2019; Ilić et al., 2019). Spatial varia-

tion of Electrical Conductivity (EC) during pre-mon-

soon and post-monsoon seasons have been represented in

Figure 2. The observed trends in EC are primarily

influenced by agricultural practices and irrigation with

saline wa-ter. In southern districts, long-term

irrigation without proper drainage likely led to salt

accumulation in the soil, exacerbating salinity issues.

Similar patterns have been reported in regions such as

southern India and the Sahara Desert, where

continuous use of saline wa-ter has degraded soil

profiles and groundwater quality (Brindha & Kavitha,

2015; Pimentel et al., 2004). Ba-sed on observed

trends in EC, recommendations for managing high

EC include promoting the use of low-salinity

irrigation water, implementing drainage sy-stems to

prevent salt buildup, and adopting salt tolerant crop

varieties.

Figure 2. Spatial interpolation of Electrical Conductivity (EC) for pre-monsoon and post-monsoon seasons

Sodium Adsorption Ratio (SAR). In the pre-

monsoon season, the spatial distribution of SAR has

been represented in Figure 3 district-wise of Rechna

doab, the upper region of doab showed good quality

of SAR. The sodium adsorption ratio (SAR) is an

index of the potential of a given irrigation water to

induce sodic soil conditions. By excessive sodicity, the

clay minerals in soils tend to swell and disperse and

aggregates tend to slake, especially under conditions

of low total salt concentration and high pH. As a re

sult, the permeability of the soil is reduced, the surfa--

ce becomes more crusted, and the infiltration rate of

the soil decreases. Similarly, the spatial variation of

SAR during post-monsoon has been shown in Figure

3, district-wise in Rechna doab. It could be observed

that the post Monsoon season contains a larger area

of good quality than the pre-monsoon season. Marg-

inal quality of SAR was observed in some areas of

Hafizabad, Nankana, and Jhang districts, while Toba

Tek Singh and Faisalabad have major areas with poor

SAR due to the presence of salts and lack of sewa-

ge/industrial water treatment facilities.
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Figure 3. Spatial interpolation of Sodium Adsorption Ratio (SAR) for pre-monsoon and post-monsoon seasons

Residual Sodium Carbonates (RSC). RSC plays a

critical role in determining the suitability of irrigation

water for agricultural purposes. High RSC levels

indicate an excess of carbonates and bicarbonates,

which can lead to calcium and magnesium

precipitation and an increase in sodium concentration.

This can significantly affect soil structure and permea-

bility, reducing water infiltration and root zone effec-

tiveness. During the pre-monsoon season, spatial ana-

lysis revealed widespread poor RSC values across the

Rechna Doab region. Poor RSC was particularly pre-

valent in districts such as Sialkot, Gujranwala, Shei-

khupura, Faisalabad, and Hafizabad, with some po-

ckets of good RSC quality observed in Toba Tek

Singh and Jhang districts. The accumulation of carbo-

nates and bicarbonates during the dry pre-monsoon

period is likely a result of prolonged irrigation with

carbonate-rich water and insufficient leaching. High

RSC values can also reduce soil permeability, leading

to restricted water movement and compromised plant

growth. Post-monsoon RSC values showed significant

improvements across much of the Rechna Doab re-

gion. The reduction of high RSC values was most no-

table along the Ravi River bank in Sialkot and Faisa-

labad districts. The increased precipitation during the

monsoon season likely facilitated natural leaching pro-

cesses, allowing for the removal of excess carbonates

and bicarbonates and improving the overall water

quality. This phenome-non underscores the importan-

ce of rainfall in flushing out harmful salts and resto-

ring soil health. Spatial variation of RSC in pre-mon-

soon and post monsoon season district-wise is repre-

sented in Figure 4.

Figure 4. Spatial interpolation of Residual Sodium Carbonate (RSC) for pre-monsoon and post-monsoon seasons
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The high RSC values in the pre-monsoon season are a

major concern for agricultural sustainability, as they

can lead to soil sodicity, crusting, and reduced infiltra-

tion rates. The improvements observed during the

post-monsoon season highlight the positive impact of

rainfall on groundwater quality. However, relying so-

lely on natural rainfall is not sufficient to address

long- term soil salinity and sodicity issues. The obser-

ved variations in RSC values across different seasons

highlight the dynamic nature of groundwater quality

in the Rechna Doab region. Sustainable water and soil

management practices will be essential to preserving

agricultural productivity and mitigating the adverse

effects of high RSC levels.

A thematic layer of overall water quality

The spatial distribution of overall groundwater quality

in Rechna Doab was derived using weighted overlay

analysis of the key water quality parameters: Electrical

Conductivity (EC), Sodium Adsorption Ratio (SAR),

and Residual Sodium Carbonate (RSC). Each parame-

ter was assigned a specific weight based on its relative

influence on water quality to generate composite wa-

ter quality layers. This classification resulted in three

groundwater quality zones: poor, marginal, and good.

During the pre-monsoon season, the spatial distribu-

tion of groundwater quality revealed distinct trends

across the Rechna Doab region. Poor groundwater

quality was observed in Nankana, Faisalabad, and To-

ba Tek Singh districts. These areas exhibited elevated

levels of EC, SAR, and RSC, indicating increased sali-

nity, sodicity, and bicarbonate concentrations in the

water. The use of saline irrigation water and untreated

effluent discharge are likely contributors to this dete-

rioration. Over time, these conditions may reduce soil

permeability and crop productivity. Marginal ground-

water quality dominated much of the central portion

of Rechna Doab, encompassing Gujranwala, Hafiza-

bad, and Sheikhupura. These zones are vulnerable to

further degradation due to continuous irrigation with

marginal-quality water. Without adequate manage-

ment, these areas may transition to poor quality zones

in the future. Good water quality zones were primarily

located in the northern districts of Sialkot and Jhang.

These areas benefited from lower salinity and balan-

ced sodium, calcium, and magnesium levels. The rela-

tively better water quality in these zones may be attri-

buted to higher rainfall, natural leaching, and limited

saline water usage. The pre-monsoon season's overall

pattern indicated that groundwater quality in the sout-

hern parts of the region was more vulnerable to salini-

ty and sodicity, while the northern areas remained

relatively stable. The post-monsoon season exhibited

a noticeable improvement in groundwater quality

across the region, A significant reduction in poor

quality zones was observed, particularly in areas such

as Sialkot, Gujranwala, Hafizabad, and Sheikhupura.

The dilution effect of monsoon rainfall played a

critical role in improving water quality by flushing out

salts and lowering SAR and RSC levels. Additionally,

natural leaching during heavy rainfall may have

reduced bicarbonate accumulation in the soil profile.

Some areas previously classified as poor transitioned

to marginal quality zones. Although still vulnerable,

these zones demonstrated partial recovery during the

post-monsoon season. This highlights the importance

of seasonal recharge and suggests that targeted mana-

gement strategies could further enhance groundwater

quality. The good quality zones expanded during the

post-monsoon season, with areas in Sialkot, Jhang,

and parts of Gujranwala and Hafizabad showing no-

table improvement. Increased groundwater recharge

and reduced salinity stress were key factors contri-

buting to this positive trend. The seasonal variability

in groundwater quality underscores the importance of

natural processes, such as monsoon rainfall, in regula-

ting salinity, sodicity, and bicarbonate accumulation.

The zoning analysis demonstrated clear spatial and

seasonal trends in groundwater quality across the

Rechna Doab region. While the post-monsoon season

showed overall improvement, continued efforts in

irrigation management, artificial recharge, and waste-

water treatment are essential to prevent further

groundwater quality deterioration. Sustainable water

management practices will play a vital role in ensuring

the long-term viability of the region’s water resources.

Overall combined water quality variation for both

seasons has been shown in figure 5. Similarly, overall

water quality zones were extracted by using weighted

overlay analysis of EC, SAR, and RSC water quality

layers, divided into poor, marginal, and good subset

values, and all layers were assigned with a weighted

number to counterpart the combined effect of water

parameter layers. It was observed that during the

post-monsoon season, the water quality was observed

to increase in safer zones which were in marginal or

poor water quality zones already in the pre-monsoon

season. It could be seen as the dominant effect of

improvement in water quality in Sialkot, Gujranwala,

Hafizabad, and Sheikhupura respectively. The zoning

of water quality during the post-monsoon season is

represented in Figure 5.
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Figure 5. Spatial distribution of combined water quality for pre-monsoon and post-monsoon seasons

Interpretation of cross-validation of results

The geo-statistical model through GIS played a pivotal

role to determine the kriging variance because it is

equally necessary to be accurate for the determination

of probability kriging. Probability kriging utilizes the

semi-variogram (the mathematical model in GIS)

which generates the additional information related to

the developed model for the parameter (variable)

concerning the original data of binary variable, it

includes autocorrelation estimation for each parameter

Season Parameter ME RMSE MSE RMSSE ASE

Pre-Monsoon

EC 0.0006 1.1146 0.0003 1.0441 1.0721

SAR -0.0062 5.7595 -0.0011 0.9733 5.9275

RSC -0.0068 2.1770 -0.0021 0.9799 2.2255

Post-Monsoon

EC -0.0004 1.0838 -0.0005 1.0362 1.0499

SAR -0.0072 5.9107 -0.0011 0.9915 5.9616

RSC 0.0100 2.2035 0.0044 0.9776 2.2624

as well as its cross-correlation. Water quality parame-

ters (EC, SAR, and RSC) were used to determine the

effectiveness and validation of water quality model

fitness with the cross-validation of statistical parame-

ters i.e., mean error (ME), root mean square error

(RMSE), average standard error (ASE), mean standard

error (MSE), root mean square standard error (RMSE)

for the pre-monsoon and post-monsoon seasons. The

values determined for cross-validation parameters have

been listed in Table 2.

Table 2

Cross-validation results of 

water quality parameters 

for pre-monsoon and post-

monsoon seasons

The best fitness of the model is lying on mean error

(ME) and square mean error (MSE) values, if they are

closer to zero and the model is considered accurate,

when the values of root mean square error (RMSE)

are much nearer to values of average standard error

(ASE). moreover, a thumb role is followed to verify

the best fitness of model by analyzing the root mean

square standard error (RMSSE) values nearer to 1, if

the values of parameter’s RMSSE is greater than 1,

then the model is termed as overestimated. If the

values obtained are observed less than 1, the model is

considered to be underestimation (Pham et al., 2018).

ME values have been observed for pre-monsoon

where the negative sign could be seen for pre-

monsoon SAR and RSC. While for post-monsoon

season EC and SAR values have been observed, the

negative sign indicates the model simulated values are

higher than the measured values.Geo-statistical inve-

stigation has helped to determine the water quality

parameters (EC, SAR and RSC) in Rechna doab at

district level and tendency of groundwater quality

through temporal variation in Faisalabad and Toba

Tek Singh, Jhang, Sialkot, Gujranwala, Hafizabad,

Sheikhupura and Narowal districts of Punjab – Paki-
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stan. It was determined that sodicity and salinity were

major threats to groundwater quality due to excessive

values of RSC and EC, and overall water quality was

found marginal (50-55%) to poor (39-44%) at Faisa-

labad district (Khan et al., 2022). Groundwater quality

has been found as marginal to unfit for drinking

purpose using water quality index in Faisalabad

district (Abbas et al., 2023). Similar results were

observed for groundwater levels determination at

Rechna doab, where it was concluded that ground-

water level was found at decreasing trend due to

excessive pumping of water (Abbas et al., 2023).

Under this study, aim was to determine the ground-

water quality of Rechna doab by analyzing water

quality parameters, therefore zoning of water quality

was done through spatial interpolation of EC, SAR,

and RSC values district-wise in Rechna doab for pre-

monsoon and post-monsoon seasons over the period

of 2006-2019. The degree of deterioration of water

quality was determined by accessing the EC, SAR,

and RSC parameter values year wise, cumulatively

1130 bore well data was used in interpolation and

generated the groundwater quality of EC (0.7-12.23),

SAR (0-27) and RSC (0.2-8.50) for pre-monsoon and

post-monsoon seasons. Variation between seasonal

analyses was observed in EC on average pre-mon-

soon and its 2.77% area was increased to a good

water quality zone during the post-monsoon season.

Similarly, SAR and RSC at the district level were

observed to be improved during post-monsoon sea-

son. Three thematic layers EC, SAR, and RSC were

spatially imported into weighted overlay analysis,

where suitable numbers were assigned through 1-3

based on the effect of water quality parameter, for

example, in the EC map, three ranges were shown

<0.7 (good), 0.7-3 (marginal) and greater than 3

(poor), good water quality was ranked at 1 and 2 for

marginal and poor quality with 3 number. Similarly,

weighted rank values were assigned to SAR and RSC

parameters and combined water quality was determi-

ned through interpolation in weighted overlay analysis

for pre-monsoon and post-monsoon seasons respecti-

vely. Zoning was spatially distributed at the district

level for both seasons, which determined the poor,

marginal, and good water quality zones. The resulting

maps were spatially validated through geo-statistical

analysis which used ordinary kriging and semi-

variogram. Measure and predicted graphs normalized

and error value graphs and modeled and binned

graphs for EC, SAR, and RSC values were drawn for

both seasons (pre-monsoon and post-monsoon). The.

effectiveness and validation of water quality model

fitness with the cross-validation of statistical

parameters i.e., mean error (ME), root mean square

error (RMSE), average standard error (ASE), mean

standard error (MSE), root mean square standard

error (RMSE) for the pre-monsoon and post-

monsoon seasons were determined to develop the

relationship between measured and predicted results.

It was estimated that EC, SAR, and RSC mean error

(ME) were found nearer to zero. The values of root

mean square error (RMSE) was found much nearer to

values of average standard error (ASE). The values of

parameter’s RMSSE is greater than 1 for EC, SAR,

and RSC for both seasons. Therefore, the models

were termed as overestimated and none values ob-

tainned as underestimated. Cross-validation provided

the authentication of measured values with predicted

values and a geo-statistical investigation was observed

as a precise, accurate, and fast method that generated

groundwater quality parameters (EC, SAR, and RSC)

in terms of poor, marginal, and good quality zones in

Rechna doab.

Conclusions

This study employed GIS, geo-statistical analysis, and

map overlay techniques to evaluate groundwater qua-

lity in Rechna Doab, Punjab, Pakistan, focusing on

electrical conductivity (EC), sodium adsorption ratio

(SAR), and residual sodium carbonate (RSC). Data

from 1,130 borewells collected during pre-monsoon

and post-monsoon seasons (2006–2019) were analy-

zed to assess spatial and temporal variations. with

notable improvements in SAR and RSC. Weighted

overlay analysis classified EC into three ranges: <0.7

(good), 0.7–3 (marginal), and >3 (poor), with corre-

sponding rankings of 1, 2, and 3, respectively.

• Pre-monsoon results showed 7.94% poor, 58.90%

marginal, and 33.16% good zones.

• Post-monsoon results indicated 11.65% poor,

52.43% marginal, and 35.93% good zones.

• Pre-monsoon values ranged from EC (0.7–12.23

dS/m), SAR (0–27 mmol/L½), and RSC (0.2–8.50

meq/L).

• Post-monsoon values were EC (0.3–14 dS/m), SAR

(0.1–24 mmol/L½), and RSC (0.2–9.8 meq/L).

• A 2.77% increase in good-quality water zones was

observed post-monsoon due to recharging ground-

water.

Geo-statistical validation using semi-variogram and

kriging methods yielded mean error (ME) and mean

square error (MSE) values near zero, confirming mo-
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del accuracy. Root mean square error (RMSE) closely

aligned with average standard error (ASE), though

root mean square standardized error (RMSSE) values

exceeding 1 for EC, SAR, and RSC indicated model

overestimation. Cross-validation results for EC, SAR,

and RSC during both seasons are presented in Table

2, highlighting the spatial distribution of declining

water quality in Rechna Doab.
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