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ABSTRACT  32 

Assessment of groundwater quality is critical, especially in the areas where it is continuously deteriorating due to 33 

unplanned industrial growth. This study utilizes GIS-based spatio-temporal and geostatistics tools to characterize the 34 

groundwater quality parameters of Lahore region. For this purpose, a large data set of the groundwater quality 35 

parameters (for a period of 2005-2016) was obtained from the deep unconfined aquifers. GIS-based water quality 36 

index (WQI) and entropy water quality index (EWQI) models were prepared using 15 water quality parameters pH 37 

(power of hydrogen), TDS (Total dissolve solids), EC (Electrical conductivity), TH (Total hardness), Ca2+ (Calcium), 38 

Mg2+ (Magnesium), Na+ (Sodium), K+ (Potassium), Cl- (Chloride), As (Arsenic), F (Fluoride), Fe (Iron), HCO3
– 39 

(Bicarbonate), NO3
- (Nitrate), and SO4

2- (Sulfate). The data analysis exhibits that 12% of the groundwater samples 40 

fell within the category of poor quality that helped to identify the permanent epicenters of deteriorating water quality 41 

index in the study area. As per the entropy theory, Fe, NO3
−, K, F, SO4

2- and As, are the major physicochemical 42 

parameters those influence groundwater quality. The spatio-temporal analysis of the large data set revealed an extreme 43 

behavior in pH values along the Hudiara drain, and overall high arsenic concentration levels in most of the study area. 44 

The geochemical analysis shows that the groundwater chemistry is strongly influence by subsurface soil water 45 

interaction. The research highlights the significance of using GIS-based spatio-temporal and geostatistical tools to 46 

analyze the large data sets of physicochemical parameters at regional level for the detailed source characterization 47 

studies. 48 

Key Words: groundwater, EWQI, GIS, spatio-temporal, geostatistics 49 

 50 

INTRODUCTION 51 

Water is an essential component of the hydrologic cycle, which travels in many different forms like 52 

evaporation, evapotranspiration, precipitation, and finally, as runoff on the earth's surface. This valuable natural 53 

resource is essential for life and the environment (Fetter 2013). Groundwater is the primary resource everywhere 54 

globally for irrigation, domestic and drinking purposes, and its quality preservation is the need of the day. 55 

Overexploitation and excessive groundwater withdrawal result in a gradual decrease in water table levels. The erratic 56 

supply of water has created water shortages all over the world.  57 

Groundwater contamination is a critical problem almost everywhere in the world (Hudak 2000; Sadat-Noori 58 

et al. 2014; Tiwari et al. 2017). Its quality is adversely affected by the number of anthropogenic activities like 59 

demographic migration, urbanization, industrialization, over pumping and excessive use of fertilizers and in the same 60 

way by geogenic activities,  amount and quality of atmospheric precipitation, underground hydro-geochemical 61 

processes, and origin and quality of recharge water (Vasanthavigar et al. 2010; Tiwari et al. 2018). Appropriate 62 

methodologies should be adopted to eliminate water scarcity and assess the new water potential zones (Ketata et al. 63 

2012; Pazand 2016). Presently aquifer water is the primary source of potable water in Pakistan's major cities. Most of 64 

the groundwater reserves got contaminated because of the disposing of untreated municipal, commercial, residential, 65 

and industrial waste directly into the nearby streams, channels, drains, ponds, rivers, and open fields or agricultural 66 

lands (Azizullah et al. 2011; Qureshi and Sayed 2014). This untreated industrial effluent waste contains many metals 67 

and metal ions contaminating the groundwater and soil, hazardous for humans and other living things (Qureshi and 68 
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Sayed 2014). Just 20% of Pakistan's population uses safe drinking water, and the rest is compelled to utilize untreated 69 

contaminated water. Sewerage contamination in freshwater sources must be considered a critical ecological and 70 

medical concern (Azizullah et al. 2011).  71 

At present, several techniques have been applied to groundwater characterization and quality assessment. 72 

Fuzzy mathematical method (Kamrani et al. 2016), Cluster analysis (Hosseinimarandi et al. 2014), set of pair analysis 73 

techniques (Pei-Yue et al. 2011), and blind number approach (Yan and Zou 2014) are one of them. However, these 74 

techniques cannot be easily applied at a regional scale by incorporating many factors for groundwater characterization. 75 

Modern tools and more innovative ways are essential to study spatial and temporal studies on a regional level to 76 

understand and identify the natural and anthropogenic contamination sources. Geographic Information System (GIS) 77 

has gained significant importance in different earth sciences, including geological sciences and engineering, 78 

geomorphology, environment, groundwater and surface water contamination, waste disposal and landfill site selection 79 

studies, climate changes, and environmental sciences. Most researchers concluded that the GIS is a useful and effective 80 

tool for organizing physicochemical databases. It has a broad application in detection, monitoring, assessment, and 81 

modeling the spatio-temporal variation for the surface and subsurface water resource evaluation and characterization 82 

(Strassberg 2005; Faunt and Ed. 2009; Ketata et al. 2012; Sadat-Noori et al. 2014; Thapa et al. 2017). A number of 83 

studies are successfully performed to model the water quality in a GIS environment by considering the spatial 84 

distribution of physicochemical parameters, like the GIS-based inverse distance weighted (IDW) method (Tiwari et 85 

al. 2017), water quality index (Charizopoulos et al. 2018), entropy water quality index (Gorgij et al. 2017), and 86 

advanced statistical tools (Sadat-Noori et al. 2014; Pazand 2016; Chaurasia et al. 2018). 87 

The regional level groundwater characterization studies (i.e., with a large amount of data set) must be 88 

conducted by applying more robust, quick, and reliable spatio-temporal analysis tools. GIS-based water quality index 89 

method is widely utilized to assess the quality parameters of surface and groundwater resources (Al-hadithi 2012; 90 

Ketata et al. 2012; Sadat-Noori et al. 2014; Shabbir and Ahmad 2015). Water quality index (WQI) is a rating approach 91 

that assists in studying the overall quality of water by considering individual physicochemical parameters. Initially, 92 

Horton introduced the Water quality index (WQI) concept that often consists of water quality parameters. Later on, it 93 

was updated by Brown and Deininger for the Scottish Development Department (Sadat-Noori et al. 2014). The most 94 

crucial component of healthy water parameters that should be incorporated in preparing water quality index maps 95 

includes; pH, TDS, Ca2+, Mg2+, Na+, K+, Cl-, and SO4
2- (Saeedi et al. 2010). Later on, numerous researchers found this 96 

index useful to evaluate the groundwater quality based on different physicochemical parameters (Ketata et al. 2012; 97 

Sadat-Noori et al. 2014; Islam et al. 2017; Tiwari et al. 2018).  98 

Multivariate statistical analysis is a widely used approach among the several other methods to identify the 99 

potential contamination sources and possible factors affecting water quality in different parts of the world (El Alfy 100 

2010; Okiongbo and Douglas 2015; Pazand 2016; Islam et al. 2017). It is a useful tool to evaluate the complex water 101 

quality parameters and identify the main anthropogenic activities and potential contamination sources affecting aquifer 102 

resources. Physicochemical parameter having a significant correlation coefficient, indicating similar source of 103 

origination, which could be geogenic (weathering and disintegration of soil-forming minerals), or anthropogenic 104 

(Okiongbo and Douglas 2015; Pazand 2016). The chemical composition of the groundwater could be assessed by the 105 

Piper plot and Gibbs diagram, which are used to understand the degree of disintegration of rocks and the mechanism 106 
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of processes in the groundwater aquifer systems ( Al-Ahmadi 2013; Pazand 2016; Selvam et al. 2016; Tiwari et al. 107 

2017).  108 

The current study aims to provide a holistic view of the groundwater source characterization using modern 109 

tools, including GIS-based geostatistical techniques, WQI, EWQI, and multivariate statistics. This study will help to 110 

identify the major contributing factors (either anthropogenic or geogenic) to groundwater contamination at the regional 111 

scale. Previously for this region, a few scattered studies were performed by incorporating small data sets to identify 112 

and evaluate the surface contamination zones using conventional statistical methods and simple GIS techniques, 113 

including WQI, buffering, and Kriging on a limited scale. This study deals with the considerable amount of 114 

physicochemical parameters data acquired in several years (2005-2016) of hundreds of water wells with different 115 

depths (mostly deep wells). This research evaluates and identifies potential groundwater contamination sources and 116 

prepares a groundwater quality map based on the water quality index and entropy water quality index. The study 117 

outcome could help in understanding the spatio-temporal deviations in groundwater quality and understand the local 118 

authorities' primary groundwater contamination sources and their characterization. 119 

STUDY AREA 120 

Lahore city is the capital of Punjab Province of Pakistan, covering a total area of 1,772 km2. It has a flat 121 

surface with a variation of altitude from 208 to 213 meters above MSL. Lahore's population has recently crossed the 122 

mark of 10 million and is considered in the world's most populated areas (Qureshi and Sayed 2014). The study area's 123 

climate can be classified as semi-arid with long and intensely hot summers. The mean annual rainfall of Lahore is 680 124 

mm, with heavy down pouring that usually occurs during the monsoon season, providing 40 % of the total groundwater 125 

recharge (Mahmood et al. 2016). The Lahore's unconfined aquifer is composed of unconsolidated alluvial deposits up 126 

to 400m thickness with a transmission rate of about 2,100 m2/day and alternate layers of sand, silt, and clay formations 127 

(Farooqi et al. 2007; Qureshi and Sayed 2014). The groundwater is the significant source for drinking, domestic and 128 

industrial usage in the area under study. The 82 % of the groundwater aquifer of Lahore is recharged by River Ravi 129 

(the primary source), 12 % from monsoon rainfall, and 6 % from the return flows from irrigation (Qureshi and Sayed 130 

2014).  131 

 132 

Table 1 Zones of the Lahore by Local Government, Punjab 133 

Sr # Directions Zones of Lahore 

1 North Ravi, Shalimar and Data Gunj Baksh zone 

2 South Nishter zone 

3 East Wagha zone 

4 West Iqbal zone 

5 Central Part Aziz Bhatti and Gulberg zone 

6 Northwest Samanabad zone 

 134 
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 135 

Fig.1 Zonal Classification of the study area 136 

 137 

Water is supplied by the Water and Sanitation Agency (WASA) in more than 150 union councils of Lahore. 138 

Till the year 2009, WASA installed approximately 380 pumping wells to meet the local population requirements of 139 

water. Afterward, 200 more wells were added to the system by considering the increasing water demand due to the 140 

rapid growth in industrial and population (Qureshi and Sayed 2014). Lahore is a larger metropolitan city, accordingly 141 

for this study, a map with the City Districts boundaries, Towns/Tehsil, and Union Councils levels were used to show 142 

the trends of spatio-temporal variations in the groundwater quality for convenience (The Local Government Ordinance 143 

in 2001, Administrative bodies for Districts). (see Table 1 & Fig. 1) 144 

 145 

DATA AND METHODS 146 

Data of 1305 valid sampling points were collected from different departments of Lahore (see Fig. 2) from 147 

2005 to 2016. During this period, acid washed high density polyethylene (HDPE) bottles were used to collect water 148 

samples as per the standard procedure. Global Positioning System (GPS) was used to record the geographic 149 
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coordinates of each sampling location. These collected water samples were analyzed to measure the hydrochemical 150 

parameters' concentration using the American Public Health Association (APHA 1995). This yearly examined 151 

groundwater quality parametric data such as pH, TDS, EC, TH, Ca2+, Mg2+, Na+, K+, Cl-, As, F, Fe, HCO3 
-, NO3

-, and 152 

SO4
2- for the period 2005–2016 has been acquired from these departments including Pakistan Council of Research in 153 

Water Resource (PCRWR), Public Health Engineering Department and NESPAK, Lahore.  154 

 155 

Fig. 2 Location of groundwater sampling points in the study area 156 

 157 

For the verification of the data's precision, the analyses were carried out for Cation and anion  ionic charge 158 

balances (< 10%), results more significant than 10 % were not accepted (Islam et al. 2017). The expression used for 159 

the calculation of ionic charge balance is written as follows:  160 ���� (%) = �∑�������� ∑������∑��������∑������ � × 100… (1) 161 

ArcGIS 10.7 software was used for this study, a valuable tool for organizing a physicochemical database 162 

(Sadat-Noori et al. 2014; Shabbir and Ahmad 2015; Thapa et al. 2017). GIS is a preferred option to present the 163 

sampling data geographically as a shape file and prepare Spatial-temporal distribution maps to assess groundwater 164 

quality change. GIS-based Interpolation techniques have been utilized to deal with the data with a continuous 165 

distribution of variables that estimate the parameter value at unsampled locations (Muhammad and Zhonghua 2014; 166 

Gong et al. 2014; Charizopoulos et al. 2018). Different types of Kriging interpolation models used different 167 
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mechanisms of prediction, such as indicator, ordinary, universal, Inverse distance weighted (IDW), and simple 168 

Kriging. All the aforementioned interpolation methods had been practiced for each physicochemical parameter. With 169 

the help of cross-validation criteria, the best-optimized approach of Inverse distance weighted (IDW) was used to 170 

prepare the spatio-temporal maps of each quality parameter.  171 

IDW is generally suitable for the studies where spatial continuity is required to determine through 172 

interpolation (Balakrishnan 2011; Ketata et al. 2012; Selvam et al. 2016; Charizopoulos et al. 2018; Bairu et al. 2020). 173 

Interpolated data shows variation spatially to estimated and measured data points and creates different thematic layers 174 

for each ion (Selvam et al. 2016). These IDW assessed values are the weighted average values of the surrounding 175 

sample locations (Magesh et al. 2011; Selvam et al. 2016) and can be improved by using a power function, mostly 176 

with its default value 2, whereas some other optimized values are also used for better results. The time series analysis 177 

was performed after developing precise interpolated (IDW) surfaces on the same spatial scale for the quality 178 

parameters of pH, TDS, EC, TH, Ca2+, Mg2+, Na+, K+, Cl-, As, F, Fe, HCO3 
-, NO3

-, and SO4
2-. The multivariate 179 

statistical technique (principal component analysis) was run using the statistical package for social sciences (SPSS 180 

version 22.0) software for the computation of experimental groundwater data. The relationship between the pairs of 181 

different physicochemical can be identified with the help of a correlation matrix. Identification of hydrogeochemical 182 

processes has been computed using the Grapher software (version 16.1) for groundwater classification, resulting in 183 

variations in groundwater composition. 184 

Water Quality Index 185 

The water quality index is the best way to summarize drinking water quality. It is used to identify the areas 186 

with suitable water for drinking purposes. WQI method was applied in the GIS environment on the available 187 

groundwater quality data of different years (i.e., 2005-2016). The WQI was calculated through three steps. In the first 188 

step a weight (wi) has been allocated to 15 quality parameter pH, TDS, EC, TH, Ca2+, Mg2+, Na+, K+, Cl-, As, F, Fe, 189 

HCO3 
-, NO3

-, and SO4
2- as per their perceived significance in the drinking water quality. The parameters such as EC, 190 

TDS, Cl-, NO3
-, Na+, F, As, and SO4

2-  have been allocated a maximum weight of 5 considering their significant 191 

importance in drinking water quality (Srinivasamoorthy et al. 2008; Vasanthavigar et al. 2010; Thapa et al. 2017; 192 

Tiwari et al. 2018). The minimum weight of 1 has been given to HCO3
- in water quality assessment due to its 193 

insignificant role. The remaining quality parameters (pH, TH, Ca2+, Mg2+, K+, and Fe) have been assigned a weight 194 

between 1 and 5 (Ketata et al. 2012; Sadat-Noori et al. 2014). Each physicochemical parameter's relative weight (Wi) 195 

is calculated in the second step with the help of the following Eq. (2):   196 

  
1

/
n

i i i

i

W w w


   …………………………. (2) 197 

Each physicochemical parameter's input weight is represented by (wi), total number of quality parameters is 198 

represented by n, and Wi is the ith parameter's relative weight. In the third step, a quality rating scale (qi) is calculated 199 

by using the following Eq. (3): 200 

 100
Ciqi
Si

 
  
 

 ………………………… (3) 201 
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It is computed by dividing each water sample concentration to its own standard (WHO 2004) and multiplying by 100. 202 

The quality ranking is represented by qi, Ci is the measured concentration of each physicochemical parameter, and Si 203 

is the WHO standard value for the same parameter in mg/l. Finally, for the calculation of WQI, the sub-index (SIi) of 204 

the ith parameter is first determined by using the following Eq. (4). Finally, Eq. (5) is utilized to calculate the WQI. 205 

 Sl W qi i i  …………………………….. (4) 206 

 

1

n
WQI Sli

i

 


……………………………… (5)  207 

Entropy Water Quality Index 208 

The theory of entropy has been applied in various fields of hydrology and water quality assessment studies. 209 

Shannon Claude was the first to propose the concept of information entropy in 1948 (Pei-Yue et al. 2010). 210 

Mathematically, it reports the degree of uncertainty and expresses an event's randomness (Shyu et al. 2011). A negative 211 

correlation exists between entropy weight and the amount of information entropy. The entropy weight value will be 212 

great if the Shannon entropy will be small (Amiri et al. 2014; Islam et al. 2017; Gorgij et al. 2017). The justification 213 

for using this method is to state the significance of physicochemical parameters in terms of entropy weight. In this 214 

research, the entropy method can also accurately characterize groundwater quality parameters, and EWQI can be 215 

calculated using the following steps (Pei-Yue et al. 2010; Islam et al. 2017). In the first step, eigenvalue matrix X can 216 

be constructed as follows in Eq. (6) by using the "m" number of groundwater samples (i = 1, 2, 3,…..., m) taken from 217 

the research area and n" number of quality parameters (j = 1, 2, 3,……, n). 218 

  219 

X= ��
x11 x12 x13 . . x1n

x21 x22 x23 . . x2n

. . . . . .

. . . . . .

xm1 xm2 xm3 . . xmn

�� ……………… (6) 220 

The normalizing function is applied to eliminate the effect of different units of physicochemical parameters and 221 

converted to matrix Y, defined in Eq. (7) 222 

Y= ��
�11 Y12 �13 . . �1n

Y21 Y22 Y23 . . Y2n

. . . . . .

. . . . . .

Ym1 Ym2 Ym3 . . �mn

�� ……………… (7) 223 

The parameter index value for all groundwater samples is subsequently calculated using Eq. (8). 224 

    /

1

m
P Y Yij ij ij

i

 


…………………………… (8)  225 

The entropy (ej) can be computed, using Eq. (9) used for all parameters. 226 

 1
ln

ln 1

m
e P Pj ij ij

m i

 


………………………… (9)  227 

Then the entropy weight (wj), can be calculated for each parameter using the following Eq. (10). 228 
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w j n

e j
j







………………………………(10)  229 

A qualitative grade (qj) is computed for each groundwater quality parameter using Eq. (11). 230 

 100
C j

qi
S j

  ………………………………… (11) 231 

Cj represents all physicochemical parameters' concentration, and Sj is the permissible limit according to WHO 232 

standards. The entropy water quality index (EWQI) is computed using the following Eq. (12). 233 

  
1

n
EWQI w qj j

j

 


………………………… (12)  234 

Spatial disparity maps of WQI and EWQI from 2005 to 2016 were prepared to recognize the regions with poor 235 

groundwater quality. For a convenient comparison, all-time series data related to WQI and EWQI were categorized 236 

into five classes, presented in Table 2. (Vasanthavigar et al. 2010; Jianhua et al. 2011; Tiwari et al. 2018).  237 

 238 

Table 2 Range of WQI (Tiwari et al. 2018), EWQI (Jianhua et al. 2011), and quality of water 239 

WQI 

Range 

Quality of water EWQI 

Range 

Quality of water 

< 50 Excellent  < 50 Excellent  

50–100 Good  50–100 Good  

100–200 Poor  100–150 Medium  

200–300 Very poor 150–200 Poor  

> 300 Not fit for 

drinking 

> 200 Extremely poor 

 240 

RESULTS AND DISCUSSION 241 

Groundwater quality variation can be best interpreted by using spatial-temporal maps of different 242 

physicochemical parameters. This study has resulted in a comprehensive analysis of selected parameters pH, TDS, 243 

EC, TH, Ca2+, Mg2+, Na+, K+, Cl-, As, F, Fe, HCO3 
-, NO3

-, and SO4
2- that have a maximum impact on Groundwater 244 

quality. Initially, the ionic charge balance was computed to verify the complete chemical analysis accuracy between 245 

the cations (Ca2+, Mg2+, Na+, and K+) and anions (HCO3
-, Cl-, SO4

2- and NO3
-). It was observed that approximately 246 

96% of the water samples were within this range of < 10%. The measured relative standard deviation for all collected 247 

groundwater samples is within the range of ± 2%.  248 

Spatio-Temporal Analysis of Individual Physicochemical Parameters 249 

Spatio-temporal thematic maps of all the quality parameters were prepared by utilizing the best fit 250 

interpolation technique IDW. By considering the correlation matrix and % of the samples exceeding allowable limits 251 

prescribed by WHO standards, the maps of Ca2+, Mg2+, Cl-, Fe, NO3
- and F were not shown here because all samples 252 

lie within the permissible limit. In this research, fifteen quality parameters were characterized into classes as per their 253 

minimum and maximum values to understand their possible trends considering WHO Standards. Finally, to show the 254 
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data's spatial and temporal variation, thematic maps of all the quality parameters were created for further analysis for 255 

the study area. 256 

pH 257 

A relatively high percentage of 56% of samples in the year 2005 was observed to have pH values exceeding 258 

the prescribed limit of WHO guideline values for drinking water. Only a few samples showed a neutral pH value, and 259 

all of the other samples had high pH values.  260 

 261 

Fig. 3 Spatio-Temporal map of pH in the Lahore region 262 

Spatio-Temporal maps, as shown in Fig. 3, suggest that the area along the Hudiara drain (Wagah, Nishter 263 

and Iqbal zone) falls above the neutral value indicating the alkaline behavior of water. Hudiara drain originates from 264 

Batala (Punjab, India), and in Amritsar, after joining many tributaries, enters Pakistan near village Laloo (Yaseen et 265 

al. 2009). It flows through the border area between Pakistan and India, so domestic wastewater and industrial effluents 266 

are being discharged from both sides into this drain without treatment. Many industries, including textile mills, paper, 267 

electronic, plastic, paint, and pharmaceutical industries, are the primary source of pollution, which are the reasons for 268 

a cautious increase in pH value along the Hudiara Drain (Afzal et al. 2000). Overall, it is clear from the maps generated 269 

for this study that there is no significant pH value change. However, all Lahore zones in different periods showed 270 

higher values (more than 7.99), with a maximum of 8.5 except for very few Lahore areas. The peak value of pH of 271 
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8.9 was observed in the Samanabad zone of Lahore. After the year 2007, a decreasing trend had been identified in pH 272 

values with a maximum value of 8.5 in 2013 Wagha Town, Lahore. A high concentration plume reappeared in 2014 273 

in the Southwestern part of Lahore with a peak value of 8.7. In comparison with other years in 2015 and 2016, an 274 

increase in pH values spread. The region along the Hudiara drain remained prominent with a progressive pH 275 

concentration in the temporal analysis. 276 

Total Dissolved Solids (TDS) 277 

The analysis shows a relatively high percentage (25 % to 84%) of the samples having TDS values of more 278 

than 500 mg/l. Spatio-temporal distribution of TDS is demonstrated in Fig. 4.  279 

 280 

Fig. 4 Spatio-Temporal map of TDS in the Lahore region 281 

 282 

The present study shows a remarkable change in TDS concentration with the lowest value of 762mg/l in 283 

2005, and an increasing trend has been observed in the peak value of 2182mg/l and 1875mg/l in the years 2007 and 284 

2009, respectively. In the years 2010 and 2011, a small reduction in TDS value was observed, then its value goes up 285 

to 2710mg/l in the region. The most southern part (Nishter town) of the Lahore area, including few villages, exhibits 286 

TDS' highest values. In short, the spatio-temporal maps reveals that most of the research area under study showed the 287 

TDS value > 500mg/l for all the years under consideration, hence making it unsuitable for drinking purposes. Based 288 

on this analysis, only a few Lahore areas meet WHO standards, which is quite alarming for the local authorities. 289 



 

12 

 

Anthropogenic activities like urban, agricultural, industrial, and sewage wastewater could be the primary 290 

sources of TDS in groundwater. Geogenic processes are also responsible for the high concentration of TDS in 291 

groundwater due to the mixing of Ca2+, HCO3
-, Cl-, and SO4

2- (Subba Rao 2002; Muhammad and Zhonghua 2014; 292 

Mahmood et al. 2016).  293 

Electrical Conductivity (EC) 294 

The electrical conductivity (EC) of groundwater could be due to numerous dissolved salts. Around 16% of 295 

the samples (see Table 3) were found to have electrical conductivity values exceeding the WHO recommended 296 

standards. Fig. 5 shows that EC values are in the desirable limit in most of the Lahore region, but moderate increases 297 

were observed in southern parts, making it unsuitable for drinking purposes. Spatio-temporal analysis of electrical 298 

conductivity shows that the EC concentration varies from1090μS/cm to a peak value of 3870μS/cm in the years 2005 299 

and 2016, respectively. 300 

 301 

Fig. 5 Spatio-Temporal map of EC in the Lahore region 302 

 303 

Total Hardness (TH) 304 

Cations (Ca2+, Mg2+) and anions (Cl-, HCO3 
-, CO3 

-and SO4
2-) are the primary sources of water hardness 305 

(Ravikumar et al. 2011). According to the grading standards, groundwater hardness can be classified as soft water 306 
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(TH < 150mg/l), moderately hard water (150 - 300mg/l), hard water (300 - 450mg/l), and extremely hard water (TH 307 

> 450mg/l) (Sadat-Noori et al. 2014). The spatial distribution map shows that most of the research area's groundwater 308 

lies in the moderate category, which indicates the poor groundwater quality for drinking purposes. It is attributed to 309 

the untreated industrial effluents and sewage waste disposal, as shown in Fig. 6. The temporal distribution shows that 310 

hardness is average in the starting years. Still, a high concentration plume appeared in the Western part (Iqbal Town) 311 

of the Lahore region with a maximum of 1090mg/l value. 312 

 313 

Fig. 6 Spatio-Temporal map of total hardness in the Lahore region 314 

 315 

Cations 316 

A relatively low percentage (up to 6% for calcium and magnesium) of the samples was found to have calcium 317 

and magnesium values exceeding the prescribed values of WHO-recommended limits for drinking water given in 318 

Table 3. For both ions, most of the research area is within the WHO standards' permissible limit. In the temporal 319 

analysis, mostly the same areas of the Lahore region found prominent with a high concentration of calcium ions. From 320 

the year 2005 to 2016, most of the study area showed a random pattern of change in Ca2+ concentration with a peak 321 

value of 440mg/l in 2007 in Ravi town. Other regions with more significant values were found in Data Gunj Baksh 322 

(Anarkali) and Gulberg town. The spot of Anarkali was also identified for its deteriorating water quality by (Mahmood 323 

et al. 2016). Other than the Anarkali region in different years, different areas were highlighted for a high concentration 324 

of Ca2+ and Mg2+ leading to hard water problems. 325 
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 326 

Fig. 7 Spatio-Temporal map of sodium in the Lahore region 327 

  328 

Industrial effluents, Improper Sewage Waste, and landfill leachate are the main reasons for groundwater 329 

hardness in the research area. (Ibtisam and Ghaffar 2012; Muhammad and Zhonghua 2014). Magnesium exhibiting 330 

more or less similar distribution patterns in time series analysis. Results showed the highest values for the years 2007, 331 

2014, 2015, and 2016 were 86mg/l, 77mg/l, 95mg/l, and 75mg/l, respectively. The region of Anarkali was found again 332 

prominent in 2007 for Mg concentration. Overall the concentration of calcium ions was higher than the magnesium 333 

ion.  334 

Spatial-temporal map, as shown in Fig. 7, depicts Na+ distribution in the study area, which is within the range 335 

prescribed by WHO standards in the year 2005 then it starts increasing with a peak value of 460mg/l in 2007 in the 336 

southern part (Nishtar Town) of Lahore region including western part (Iqbal Town) where most of the land is 337 

agriculture. Its concentration increases over time, with the highest value of 770mg/l in 2015 in the same southern part 338 

of Lahore. As shown in Fig. 8, it was observed that most of the research areas having potassium ions within the WHO 339 

limit, except the Eastern and Southern parts of Lahore, which includes Wagha town and Nishtar town. They are 340 

prominent in most of the years of analysis. For the temporal window, only in the year 2005 peak concentration of 341 

potassium is within limits. In the remaining years, there is a progressive increase in the peak concentration of 342 

potassium. The maximum value was observed in 2007 in the Samnabad area of Lahore, 153.6mg/l. A high 343 

concentration plume reappeared in 2015 near the Lahore zoo with a peak value of 145.9mg/l. 344 
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 345 

Fig. 8 Spatio-Temporal map of potassium in the Lahore region 346 

Anions 347 

Municipal or domestic sewage waste, fertilizers, and atmospheric precipitation are the primary sources of Cl- 348 

ions in groundwater (Mallick et al. 2018). Low percentages (up to 3 %) of the samples were found to have Cl- values 349 

exceeding the WHO recommended limits for drinking water, as given in Table 3. Its concentration in groundwater has 350 

more or less the same distribution pattern in the Lahore region for all the studied years. Chloride exceeded the WHO 351 

limit of 250 mg/l in years 2007, 2009, 2014, 2015 and 2016 with peak values of 276mg/l, 278mg/l, 268mg/l, 379mg/l 352 

and 528mg/l respectively. These peak values were observed in some areas of Nishter and the Data Ganj Baksh zone 353 

of Lahore. 354 

Fig. 9 shows the spatio-temporal distribution of bicarbonate in the area under study. According to spatial distribution 355 

maps, 97% to 100% of samples, as given in Table 3, are not in the permissible limit prescribed by the WHO Standards. 356 

In the year 2005, the concentration of the HCO3 was quite average. In 2007, a peak value of 950 mg/l was observed 357 

in the southern side (Nishter zone) and the Western part (Allama Iqbal Zone) of the Lahore region. The same peak 358 

value of 990 mg/l reappeared in 2015 and spread again in Lahore's southern part in the Nishter zone. Fertilizers, 359 

domestic and sewage wastewater are the primary sources of nitrate in the groundwater. The analysis reveals that NO3
- 360 

behavior is quite normal in all the years. Table 3 indicates that no samples were found to have nitrate values exceeding 361 
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the WHO recommended limits. The nitrate concentration in groundwater samples has more or less the same 362 

distribution pattern in the Lahore region for all the studied years.  363 

 364 

Fig. 9 Spatio-Temporal map of Bicarbonates in the Lahore region 365 

 366 

Oxidative weathering of sulfide minerals such as pyrite is the primary source of sulfate in water. However, 367 

gypsum and anhydrite can also increase the sulfate ions in drinking water (Tiwari et al. 2018). Sulfates are also derived 368 

in minor quantities from air pollutants, fertilizers, and household wastewater (Farooqi et al. 2007). As shown in Table 369 

3, sulfate concentrations of three to seventeen percent (3-17%) of the water samples are not within the permissible 370 

limit prescribed by WHO standards. Spatio-temporal distribution of sulfate ions, as shown in Fig. 10, exhibits more 371 

or less similar distribution patterns. It depicts that the elevated sulfate concentrations were recorded only in few 372 

samples every year. Simultaneously, the highest value was observed in 2015, with 800 mg/l located in Lahore's 373 

Southern parts, mostly near industrial areas.  374 

As per the temporal analysis 2005 to 2016, most of the research area showed sulfate concentration higher 375 

than WHO prescribed value of 250 mg/l except for 2005. In 2007 and 2009, a peak value of sulfate ions was observed 376 

in the Southern part of Lahore with a value of 470 mg/l and 603 mg/l in the Nishter zone and the Western part of 377 

Lahore Allama Iqbal Zone. A declining trend was observed in 2010, 2011, and 2013 with a maximum value of 263, 378 
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408, and 509 mg/l. Its high concentration reappeared with a peak value of 800 mg/l in 2015 again in the Southern 379 

parts of Lahore. 380 

 381 

 382 

Fig. 10 Spatio-Temporal map of sulfate in the Lahore region 383 

 384 

Arsenic 385 

According to previous studies, along the Ravi River, groundwater quality with respect to arsenic is 386 

satisfactory, but it slowly deteriorates in Lahore's Southern and southwestern parts. Water and Sanitation Agency 387 

(WASA), Punjab Irrigation Department (PID), Pakistan Council of Research in Water Resources (PCRWR), and the 388 

Environmental Protection Agency (EPA) continuously monitoring the groundwater quality and found to be 389 

contaminated with Arsenic (Qureshi and Sayed 2014). Relatively high percentages (67% to 97%) of the samples in 390 

each year were observed to have Arsenic concentrations exceeding WHO standards given in Table 3. Fig. 11 shows 391 

the spatio-temporal distribution of arsenic in the research area. From this time series analysis, most groundwater 392 

samples have higher arsenic concentrations than 10 ppb (WHO 2004). Spatial disparity maps of each year show the 393 

high arsenic concentration in groundwater, and there is no safe zone deducted as prescribed by WHO standards. A 394 

peak value of 180 ppb was observed in 2007 from the Northern side of Lahore. This peak value reappeared in the 395 

same area in 2010 and 2011 with the highest value of 128.66 ppb, and in the years 2013 and 2014, it appeared in the 396 
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southern part of the research area with a peak value of 159.67ppb. Kiln Factories are the major primary source of 397 

arsenic contamination, while fertilizers are considered secondary sources (Farooqi et al. 2007; Rasool et al. 2015). 398 

Hence, the possibility exists that the severe problems related to groundwater quantity and quality will be added soon. 399 

 400 

 401 

Fig. 11 Spatio-Temporal map of arsenic in the Lahore region 402 

 403 

Fluoride 404 

According to the spatio-temporal distribution, a relatively low percentage (up to 7 %) of groundwater samples 405 

having a concentration of fluoride exceeding 1.5 mg/l (WHO 2004), as given in Table 3. In the temporal analysis, 406 

mostly the same areas of the Lahore region were prominent with a high concentration of fluoride ions. From 2005 to 407 

2016, most of the study area showed a random concentration pattern with a peak value of 7.9 mg/l in 2007 in the 408 

Nishter zone. Other more significant values were found in the same area with a maximum concentration of 3.86 mg/l 409 

for 2010 and 2011 and a peak value of 4.56 mg/l for years 2013 and 2014. Peak values are also observed in the Allama 410 

Iqbal and Wagha zone in 2015 and 2016. The untreated, harmful industrial discharge and domestic sewage wastewater 411 

resulted in high fluoride concentration in drinking water (Azizullah et al. 2011; Brahman et al. 2013; Rasool et al. 412 

2015). 413 

  414 
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Iron 415 

The spatio-temporal distribution of Iron ions concentration reveals that most of the research area lies within 416 

WHO limits. In the temporal analysis, mostly the same areas of the Lahore region were prominent with a high iron 417 

ion concentration. Most of the study area from the year 2005 to the year 2016 showed more or less the same distribution 418 

pattern of Iron concentration with a peak concentration of 2.32 mg/l in the year 2005. The peak values of iron 419 

concentration in the area were only in the year 2007 is within the WHO standards limit other years exhibit high values 420 

in a few areas of Lahore. Low percentages (up to 5 %) of the samples were found to have iron values exceeding the 421 

WHO recommended limits for drinking water, as given in Table 3. 422 

 423 

Table 3 Permissible Percentage (%) Calculations  424 

No. Quality Parameter 
No. of 

Samples 

No. of Samples 

Exceeding 

Allowable Limits 

%age of Samples 

Exceeding Allowable 

Limits 

1 pH 1305 94 7.2% 

2 TDS(mg/l) 1305 777 59.5% 

3 EC(μS/cm) 1305 211 16.2% 

4 TH(mg/l) 1305 181 13.9% 

5 Ca(mg/l) 1305 69 5.3% 

6 Mg(mg/l) 1305 73 5.6% 

7 Na(mg/l) 1305 229 17.5% 

8 K(mg/l) 1305 104 8.0% 

9 Cl(mg/l) 1305 9 0.7% 

10 As(μg/l) 1305 1112 85.2% 

11 F(mg/l) 1305 91 7.0% 

12 Fe(mg/l) 1305 39 3.0% 

13 HCO3(mg/l) 1305 1290 98.9% 

14 NO3(mg/l) 1305 0 0.0% 

15 SO4(mg/l) 1305 105 8.0% 

 425 

 Index Method (WQI & EWQI) 426 

It is necessary to understand the relationship between the information entropy value (ej), physicochemical 427 

parameters, and entropy weight (wj) before creating the thematic maps of the EWQI and WQI. The entropy theory 428 

concept helps to identify the more critical physicochemical parameters affecting groundwater quality with the 429 

maximum entropy weight and the minimum information entropy value (Shyu et al. 2011; Jianhua et al. 2011; Gorgij 430 

et al. 2017). Table 4 presents the assigned weights (wi) to all 15 quality parameters based on their perceived 431 

significance in the drinking water quality, relative weight (Wi), calculated information entropy and entropy weights. 432 

Results show that Fe (0.210), then NO3
− (0.203), K (0.164), F (0.065), SO4

2- (0.052), and As (0.024) have the leading 433 

role, determining the water quality in the Lahore region. All other parameters with a minimum entropy weight and 434 

maximum information entropy have less impact on groundwater quality.  435 
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The spatial disparity map of WQI and EWQI from 2005 to 2016 is shown in Fig. 12 and 13. Based on WQI, 436 

the research area has been categorized into excellent water (WQI < 50), very good water (50 – 70), good water (70 – 437 

90), fair water (90 – 100), and poor water (WQI > 100). As per these Figs. in 2005, the standard of groundwater quality 438 

was reasonable compared to subsequent years, in which WQI of most of the groundwater samples of research areas 439 

fall in the good category. GIS-based models of EWQI and WQI reveal similar trends in identifying the low water 440 

quality index zones in the research area. Degraded water quality was observed in the next years from 2007 to 2016. 441 

 442 

Table 4 Entropy weight, information entropy, and assigned weights to all physicochemical parameters 443 

Parameter 
Information 

entropy (ej) 

Entropy 

weight (wj) 

Weight 

(wi) 

Relative 

weight (Wi) 

pH 0.9999 0.0001 4 0.0678 

TDS (mg/l) 0.9830 0.0269 5 0.0847 

Ec (μS/cm) 0.9827 0.0274 5 0.0847 

TH (mg/l) 0.9870 0.0206 2 0.0339 

Ca (mg/l) 0.9799 0.0318 3 0.0508 

Mg (mg/l) 0.9791 0.0331 3 0.0508 

Na (mg/l) 0.9657 0.0544 5 0.0847 

K (mg/l) 0.8962 0.1644 2 0.0339 

Cl (mg/l) 0.9678 0.0511 5 0.0847 

As (μg/l) 0.9741 0.0411 5 0.0847 

F (mg/l) 0.9586 0.0656 5 0.0847 

Fe (mg/l) 0.8671 0.2106 4 0.0678 

HCO3 (mg/l) 0.9891 0.0173 1 0.0169 

NO3 (mg/l) 0.8715 0.2036 5 0.0847 

SO4 (mg/l) 0.9672 0.0520 5 0.0847 

    ΣWij= 1 Σwi= 59 ΣWi= 1 

 444 

 445 

A number of spots in the study area were identified in the poor category. One significant plume is in the 446 

Northeastern portion of the research area, and others are in the Western and the southern regions near the industrial 447 

activities. In the next few years, the southern concentration diluted subsequently from "category poor to category good 448 

showing the temporary nature of contaminations. But it reappeared in 2013, and continuous spatial spreading was 449 

identified in the Western and Southern regions of Lahore with the poor category. As compared to WQI, the low values 450 

of EWQI are observed in most of the research areas, ranked as excellent to good category. Table 5 summarizes the 451 

spatio-temporal analysis of WQI and EWQI and enlists the affected Lahore regions concerning their zones. 452 

Table 6 reveals that 100 is the critical limit for WQI and EWQI, indicating that 88 % samples in WQI analysis 453 

and 96 % of samples EWQI analysis considered safe for drinking purposes. Muhammad and Zhonghua (2014) and 454 

Mahmood et al. (2016) have also studied the few Lahore areas for groundwater quality and identify the same regions 455 

with contaminated water. However, with time series analysis from 2005 to 2016 in the present study, the Nishter, 456 

Allama Iqbal, Data Gunj Baksh, and Wagha zones have been recognized as a persistent water contamination source 457 

(see Table 8). Demographic transition, industrialization, and urbanization exerted extreme pressure on the city area's 458 
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groundwater in excessive pumping generating a deep and large cone of depression in Lahore's urban area. Because of 459 

this composite drawdown curve, the seepage water has to travel a long and deep vertical path to become a part of the 460 

local aquifer. The possibility of groundwater ability to dissolve different solids, minerals, and ions while traveling 461 

through the aquifer material are enhanced, reflecting the low water quality index zones. 462 

Table 5 Summary areas with poor WQI and EWQI 463 

Sr # Directions Zones of Lahore Affected Areas of Lahore 

1 North Ravi, Shalimar, and Data Ganj Baksh 

Town 

Mazang, Anarkali 

2 South Nishter Town Youhana abad, Pandoki, Bagharain, Gajju 

Matta, Jia Bagga, Ladeke 

3 East Wagha Town Lakhodair, Hudiara, Padhana 

4 West Iqbal Town Raiwind, Manga Mandi, Shahpur, 

Shamkey bhattian, Sultankay, Pajian 

5 Central Part Aziz Bhatti and Gulberg Town.  

6 Northwest Samanabad Town Samanabad 

 464 

 465 

Fig. 12 Spatio-temporal map of WQI in the Lahore Region. 466 

 467 
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 468 

Fig. 13 Spatio-temporal map of EWQI in the Lahore Region. 469 

 470 

Table 6 Percentage (%) calculation of groundwater samples based on WQI and EWQI 471 

Index Method WQI Range No. of Samples %age Quality of Water 

WQI < 50 139 11% Excellent  

 50–100 1002 77% Good  

 100–200 160 12% Poor  

 200–300 4 0% Very poor  

 > 300 0 0% Not fit for drinking 

Index Method WQI Range No. of Samples %age Quality of Water 

EWQI < 50 824 63% Excellent  

 50–100 426 33% Good  

 100–200 51 4% Poor  

 200–300 3 0% Very poor  

  > 300 1 0% Not fit for drinking 

 472 

The groundwater table is getting lower by 0.84 m annually due to the increased abstraction rates and lateral 473 

expansion of Lahore city limits, leading to reduced permeable surfaces (Mahmood et al. 2016). In addition to geogenic 474 

activities, other anthropogenic factors are also reported in the research area, which is leachate of municipal solid waste, 475 

industrial activities, poor sanitation system. Overall, as per the detailed analysis, it is clear from Fig. 16 that a 476 

significant part of the Nisther, Allama Iqbal, and Wagha town falls in the poor water quality index. Other than these 477 

zones, small spots were also observed in Data Gunj Baksh, Samanabad, and Gulberg Zone.  Groundwater quality 478 



 

23 

 

deteriorates over time (the year 2005 to 2016), and the contaminated zones are consistently growing, which may pose 479 

severe threats to the local population.  480 

 481 

Fig. 14 Summary spatial map of WQI and EWQI in the Lahore Region. 482 

 483 

Statistical Analysis 484 

After performing the spatio-temporal analysis, statistical properties were evaluated to visualize all 485 

physicochemical parameters' potential relationship. The statistical measures of all physicochemical parameters like 486 

minimum and maximum values, mean, median, skewness, kurtosis, standard deviation, and WHO standard limits are 487 

presented in Table 7. The mean value of two quality parameters HCO3
2- and As, are more than the recommended 488 

WHO standards as given in Table 7. After a preliminary assessment of the 15 physicochemical parameters under 489 

study, the correlation matrix was utilized to identify the correlation coefficients of parameters influencing 490 

groundwater's standard quality. 491 

Table 7 Descriptive statistics summary of measured Physicochemical Parameters with WHO standards 492 

Parameter Minimum Maximum Mean Median Skewness Kurtosis 
Std-

Dev 

WHO 

(2004) 

limit 

pH 6.6 8.9 7.5 7.5 0.6 4.0 0.2 8.5 

TDS (mg/l) 69.0 2710 565.6 495.0 1.7 7.9 294.6 1000 

EC (μS/cm) 108.0 2870 983.9 910.0 1.4 6.1 509.8 1400 

TH (mg/l) 20.0 1070 204.0 186.8 1.6 10.1 92.1 500 

Ca (mg/l) 6.0 440 43.4 38.6 7.6 86.5 30.9 75 

Mg (mg/l) 0.5 95 25.1 22.9 1.2 5.1 14.2 50 

Na (mg/l) 2.0 770 135.5 115.3 2.1 10.0 101.8 200 

K (mg/l) 0.1 304 6.4 3.5 11.4 198.0 13.8 12 

Cl (mg/l) 5.0 528 58.4 50.0 2.8 18.9 44.1 250 
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As (μg/l) 3.1 180 24.5 23.1 3.4 26.6 16.3 10 

F (mg/l) 0.0 7.9 0.7 0.5 3.9 29.7 0.6 1.5 

Fe (mg/l) 0.0 2.32 0.1 0.0 7.7 82.4 0.1 0.3 

HCO3 (mg/l) 25.0 990 338.4 325.5 1.0 5.3 135.7 120 

NO3(mg/l) 0.0 32 0.8 0.3 11.0 184.9 1.7 45 

SO4 (mg/l) 8.0 800 122.1 98.4 2.1 10.3 91.1 250 

 493 

As shown in Table 8, numerous physicochemical parameter pairs have a significant positive correlation, 494 

indicating identical origin sources, which could be geogenic, or anthropogenic. EC and Na+ exhibit a positive 495 

correlation, showing a geogenic source in the research area, from similar origin weathering and disintegration of 496 

soil-forming minerals. Simultaneously, insignificant correlations are also observed in other groundwater quality 497 

parameters, indicating an independent source of origin. 498 

 499 

Table 8 Correlation matrix results of all Physicochemical parameters in the research area 500 

 501 

Bold values shows significant positive correlation between physicochemical parameters 502 

 503 

To further understand the impact of physicochemical parameters on groundwater quality, the normalized 504 

hydrochemical data was analyzed by employing the Principal Component Analysis (PCA). In this analysis, to 505 

recognize the number of principal component factors, an orthogonal Kaiser's varimax rotation and scree plot was 506 

utilized. Physicochemical parameters clustered into five groups based on eigenvalues greater than 1. Five factors are 507 

representing a cumulative total variance of 69.312%. 508 

The first Principal Component 1 (PC-1), explaining 36.56% of the total variance, is high loaded with EC, 509 

Na+, HCO3
−, SO4

2−, TDS, and Cl− (see Table 9) and moderately loaded with TH and Mg+. In contrast, in the PC-2, 510 

only three parameters (Ca2+, Mg2+, and TH) show moderate loading exhibiting a total variance of 10.5%, representing 511 

the same source of origin in the area under study. It is associated with significant ions resulting from geogenic 512 

activities, including geochemical processes and weathering of soil-forming minerals (Okiongbo and Douglas 2015; 513 

Pazand 2016). This study shows that Na+ and HCO3
- are the most prominent ions among the analyzed parameters, 514 

grouped in the first PC, and strongly correlated. They may be originated from the natural weathering of calcium, 515 

magnesium carbonate, bicarbonate, and silicate minerals from the underlying geology. The reverse ion exchange 516 

Parameter pH TDS EC TH Ca Mg2+ Na+ K+ Cl- As F Fe HCO3 
- NO3 

- SO4 
2- 

pH 1                             

TDS -0.12 1                           

EC -0.04 0.89 1                         

TH -0.02 0.44 0.49 1                       

Ca2+ 0.03 0.03 0.04 0.26 1                     

Mg2+ -0.01 0.54 0.61 0.86 0.15 1                   

Na+ -0.14 0.75 0.77 0.16 -0.09 0.29 1                 

K+ -0.01 0.22 0.27 0.21 0.12 0.23 0.22 1               

Cl- 0.01 0.71 0.78 0.41 0.04 0.45 0.53 0.26 1             

As 0.09 -0.10 -0.09 -0.02 0.00 -0.03 0.01 -0.02 -0.06 1           

F -0.10 0.27 0.24 0.07 -0.03 0.15 0.26 0.10 0.19 -0.16 1         

Fe 0.05 -0.01 -0.05 0.00 -0.05 0.00 -0.04 0.00 -0.04 -0.02 -0.08 1       

HCO3 
- -0.09 0.75 0.75 0.41 0.01 0.52 0.81 0.26 0.45 -0.04 0.24 -0.03 1     

NO3 
- 0.10 0.16 0.11 0.08 0.06 0.12 0.06 0.10 0.08 -0.11 0.07 0.06 0.17 1   

SO4 
2- -0.08 0.76 0.76 0.32 0.03 0.43 0.85 0.16 0.60 0.06 0.18 -0.07 0.70 0.06 1 
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process may be attributed to the high quantity of Na+ ions in the research area's groundwater samples. This study 517 

reveals that the high amount of Ca2+, Mg2+ is also observed in a few of the research area's groundwater samples. 518 

Recharge water passes through the alluvial aquifer enriched in calcium and magnesium carbonate minerals, resulting 519 

in a high concentration of these ions in groundwater samples (Singh et al. 2008). 520 

 521 

Table 9 The rotated factors for loading with eigenvalues, percentage of the total variance, and cumulative variance. 522 

         Parameter 

Factor 

F1 F2 F3 F4 F5 

As -.070 .005 .791 .067 .178 

HCO3
2- .844 -.132 .012 .072 .007 

Ca2+ .082 .579 -.020 -.211 .275 

Cl - .762 .013 .043 .044 .034 

EC .942 -.046 .035 .035 -.013 

F .310 -.214 -.513 -.177 .201 

TH .590 .669 .044 -.187 -.213 

Fe -.053 .097 -.066 .567 -.665 

Mg2+ .695 .543 .023 -.116 -.197 

NO3 
- .164 .176 -.431 .554 .274 

pH -.100 .271 .218 .597 .373 

K .338 .220 -.120 .056 .326 

Na+ .820 -.445 .100 .070 .050 

SO4 
2- .840 -.244 .206 .032 .031 

TDS .913 -.119 -.030 .040 -.055 

Eigen value 5.485 1.575 1.200 1.132 1.005 

Total variance (%) 36.566 10.499 7.998 7.547 6.702 

Cumulative variance (%) 35.566 47.065 55.064 62.610 69.312 

The parameters with loadings > 0.50 are considered significant (remarked in bold) 523 

 524 

The third PC (PC-3) is only positively loaded of As with 7.99% of the total variance. The presence of arsenic 525 

reflects different and multiple sources, including natural activities like oxidation reactions and arsenic compound 526 

dissolution and human activities such as industrial effluents (Rasool et al. 2015). The fourth PC (PC-4) explains 527 

7.547% of the total variance moderately loaded with pH, NO3
-, and Fe, indicating an anthropogenic origin source. 528 

Their primary source is the sewage wastewater, industrial effluents, and excessive use of fertilizers. The observed iron 529 

concentration may also be related to inorganic sulfides' oxidation and weathering of iron-bearing minerals (Okiongbo 530 

and Douglas 2015).  531 

  The relationship between groundwater chemistry and aquifer lithology can be better understand using the 532 

Gibbs plot and Trilinear piper diagram (Gibbs 1970). Gibbs plot is dependent on three standard hydrogeochemical 533 

processes: evaporation, precipitation, and rock water interaction mechanism and a generalized classification that 534 
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interprets these controlling processes (Okiongbo and Douglas 2015). Gibbs diagram for the research area is plotted 535 

for 2005 to 2016, as shown in Fig. 15.  536 

 537 

Fig. 15 Gibbs plot for groundwater samples in the research area 538 

 539 

 540 

Gibbs plot reveals that 91% of groundwater samples fall under the rock weathering dominance area while 541 

only 9% of samples from all years exist in the evaporation zone. Since the study area is a semi-arid region, evaporation 542 

is also a contributing factor to hydrogeochemical processes. The local geology of the research area and ionic chemistry 543 

of groundwater samples are measured to understand these processes. 544 

 545 

 546 

 547 

 548 

 549 
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 552 

 553 
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 567 

 568 

Fig. 16 Piper Trilinear Diagram for groundwater samples in the research area 569 
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Piper diagram is the most commonly used graphical method, plotted to examine the chemical histories and 571 

hydrochemical water types for groundwater classification. The Piper Trilinear diagram presented in Fig. 16, from 572 

2005 to 2016, clearly depicts the concentration of cations and anions in the research area. The piper diagram outcome 573 

reveals that the combination of ionic parameters of water samples in the Lahore region consists of five major types: 574 

Ca-Mg-HCO3, Na-Cl, Ca-Mg-Cl, Na-HCO3, Ca-Na-HCO3. During this study, most groundwater samples fall in the 575 

Ca-Na-HCO3, Ca-Mg-HCO3 kind of water. Some of them lie in mixed Ca-Mg-Cl type of facies.  576 

 577 

CONCLUSIONS 578 

In this study GIS-based geostatistics tools, including water quality index, entropy water quality index, and 579 

multivariate statistical analysis were successfully utilized to analyze the regional level spatio-temporal variation in the 580 

physicochemical parameters of groundwater quality. The study involves a large data set of 15 water quality parameters 581 

of the groundwater quality parameters (for a period of 2005-2016) of deep aquifers of Lahore region. 582 

The basic statistical analysis shows that concentrations levels of majority of the parameters (pH, EC, TH,  583 

Ca2+, Mg2+, Na+, K+, Cl-, F, Fe, NO3
-, and SO4

2- ) in groundwater samples are within allowable limits prescribed by 584 

the WHO except As, HCO3 
– and TDS. Overall, the groundwater quality is acceptable in the Northern part of the city 585 

near the Ravi River and become progressively worse in the South and Southwestern areas of Lahore. It was also found 586 

that more than 85% of samples from Lahore City are contaminated with arsenic with a peak value of 159.67ppb that 587 

was detected in the southern part of the research area, most likely due to anthropogenic activities like industrial growth 588 

and agricultural activities. No zone is declared a safe or arsenic-free zone, and it is quite costly and demanding to 589 

restore the quality of groundwater of Lahore city. The number of plumes with poor water quality index has been 590 

identified in different parts of the research area. Some of them have expanding trends, including Samanabad, Data 591 

Gunj Baksh, Wagha, Nishter, and Allama Iqbal Zone, found as the persistent groundwater contamination source. In 592 

rural areas, groundwater quality is affected probably due to the mixing of contaminants generated from the unplanned 593 

industrial activities in the surrounding and which is responsible for the degradation of groundwater quality. Municipal 594 

solid waste leachate, weak sewerage system, discharge of municipal and industrial effluents in the Ravi River, and 595 

different drains passed through the city are other possible groundwater contamination sources.  596 

The spatio-temporal study has enabled identifying the contaminated zones through GIS-based maps of WQI 597 

and EWQI. The entropy theory results reveal that Fe, then NO3
−, K, F, SO4

2- and As have the leading roles in describing 598 

water quality in the Lahore region. The remaining parameters, including pH, Na+, Cl-, Ca2+, Mg2+, EC, TDS, TH, and 599 

HCO3
– have a minimum influence on overall groundwater quality with the lowest entropy weight and showed a 600 

positive correlation with each other. The principal component analysis confirmed the entropy theory results that these 601 

parameters (Fe, F, K, SO4
2- and As) required significant attention because they have their independent origination 602 

source. The Gibbs diagram and pipper trilinear outcome revealed the concentration of these parameters (Na+, Cl-, Ca2+, 603 

Mg2+, EC, TDS, TH, and HCO3
–) are mostly controlled by weathering of soil-forming minerals. These observations 604 

testify that the groundwater quality and chemistry of the majority of the study area are influenced mainly by geogenic 605 

activities attributed to the weathering and disintegration of the soil-forming minerals and in few areas due to 606 

anthropogenic activities related to sewage and industrial wastewater, and agricultural activities. 607 
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The study reveals the effectiveness of the combined utilization of GIS based geostatistical methods and 608 

multicriteria statistical analysis techniques at regional level for the evaluation of groundwater contamination and their 609 

respective source characterization by using large data sets of groundwater quality parameters.  610 
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Figures

Figure 1

Zonal Classi�cation of the study area Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Location of groundwater sampling points in the study area Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 3

Spatio-Temporal map of pH in the Lahore region Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 4

Spatio-Temporal map of TDS in the Lahore region Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 5

Spatio-Temporal map of EC in the Lahore region Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 6

Spatio-Temporal map of total hardness in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 7

Spatio-Temporal map of sodium in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 8

Spatio-Temporal map of potassium in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 9

Spatio-Temporal map of Bicarbonates in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 10

Spatio-Temporal map of sulfate in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 11

Spatio-Temporal map of arsenic in the Lahore region Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 12

Spatio-temporal map of WQI in the Lahore Region. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 13

Spatio-temporal map of EWQI in the Lahore Region. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 14

Summary spatial map of WQI and EWQI in the Lahore Region. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 15

Gibbs plot for groundwater samples in the research area



Figure 16

Piper Trilinear Diagram for groundwater samples in the research area


