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countries, the groundwater abstraction has already surpassed 
the recharge rates, thus leading to over-exploited aquifers. 
Currently, India is the largest groundwater consumer fol-
lowed by United States and China (Mukherjee 2018). It is 
projected that the global population under water stress will 
rise to 2.7  billion by 2025 and India will be classified as 
‘water stressed’ region meaning that water needs exceed its 
availability. Adding to the woes is rising contamination of 
groundwater. In water quality index, India occupies 120th 
rank among the 122 countries with approximately 70% 
of water being contaminated (NITI Ayog 2018). Taken 
together, these stresses can considerably raise the costs 
associated with water supply system and without timely 
intervention, may impact human health (Howard and Gelo 
2002). Thus, the assessment and protection of groundwater 
quality is vital for ensuring sustainable water resources and 
safeguarding human and environmental health.

Introduction

The depletion and pollution of water resources has become 
a global issue posing threat to its long-term sustainability 
(Mays 2013). The policy makers in several countries have 
gradually switched over groundwater resources to fulfil the 
water demands of their inhabitants, due to pervasive exploi-
tation of surface water and its degraded quality (Giordano 
2009). The current global groundwater withdrawal rate 
is 982 km3/year which is expected to rise with increas-
ing world’s population (Mukherjee et al. 2021). In several 
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This study provides a comprehensive evaluation of groundwater chemistry, with a specific emphasis on characterizing the 
primary hydrogeochemical mechanism that is acting on the groundwater system in parts of Shahjahanpur, Uttar Pradesh 
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interaction at relatively higher temperature as compared to the one with lesser silica content. Relationship of SiO2 with 
Cl and TDS indicates the involvement of both anthropogenic causes and geogenic mechanisms in regulating groundwater 
chemistry. Schoeller semi-logarithmic diagram illustrates similar fluctuations in concentrations of most of the major ions 
between river and groundwater suggesting the likelihood of interaction. The groundwater quality evaluation through water 
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The groundwater quality varies as a function of physico-
chemical parameters and their inter-ionic relationship which 
in turn are affected by both geogenic and anthropogenic 
factors (Misstear et al. 2022; Ganiyu et al. 2023; Arshad 
and Umar 2023). The combined influence of these factors 
on groundwater quality is often intricate and site-specific. 
The geologic and hydrogeologic diversity of the region cre-
ates a complex hydrological setting, where groundwater 
undergoes intricate chemical interactions as it percolates 
through sediments and aquifers. Therefore, to ensure the 
sustainable groundwater utilization, it is imperative to delve 
deep into the hydrogeochemical characteristics, their spa-
tial and temporal variations and governing processes that 
alters the groundwater quality (Nzama et al. 2021). More-
over, anthropogenic activities, such as intense agriculture, 
urbanization, and industrialization, can introduce a plethora 
of contaminants into the groundwater, posing significant 
risks to human and the environmental health (Arshad and 
Umar 2020). Various threats may manifest across a spec-
trum of spatial and temporal scales and requires appropri-
ate monitoring strategies (Khokhar et al. 2023; Lapworth 
et al. 2023). Over the past few decades, several researchers 
have focused on the effective groundwater monitoring tools 
like the water quality index (WQI) models which enables 
the analysis of extensive water quality datasets to generate 
a single value that gives an idea of the overall water qual-
ity and aid in effective groundwater management (Parween 
et al. 2022; Sajib et al. 2023; Shaibur et al. 2023; Uddin et 
al. 2021, 2023a, b, c). Moreover, extensive investigations 
have also been carried out at both global and national levels 
to explore the role of hydrogeochemical processes account-
able for alterations in the groundwater quality (Rouxel et al. 
2011; Saba and Umar 2016; Yang et al. 2016; Zhang et al. 
2017; Pazand et al. 2018; Ahmad et al. 2019; Li et al. 2019; 
Arumugam et al. 2021; Sinha et al. 2023). However, in vari-
ous regions, including the current study area Shahjahanpur, 
there is still a need to explore comprehensive information 
on this aspect.

Various researchers have evaluated the water quality of 
Shahjahanpur. According to a study of Central Groundwater 
Board (CGWB 2013), the primary groundwater problems in 
Shahjahanpur include decreasing water levels specifically 
in urban areas and the occurrence of arsenic in few regions. 
Khan et al. (2015a) linked the deteriorating groundwater 
quality in this region with escalated anthropogenic activi-
ties, as well as the swift processes of urbanization and indus-
trialization. Khan et al. (2016) assessed the water quality of 
river Garrah flowing in the area and revealed that the deg-
radation of the river water had resulted from urban expan-
sion and industrial development along its course. As per a 
study of Rajmohan and Amarasinghe (2016), the quality of 

groundwater in the region was adversely affected by NO3, 
Fe, Mn and As pollution.

Although, all the above research’s highlight the dete-
riorating groundwater quality in the region, but lacks a 
systematic investigation on deciphering the primary hydro-
geochemical processes that are operating within the area 
and are accountable for acquired groundwater composition 
and ultimately its quality. Furthermore, a detailed examina-
tion of water quality for its utility for diverse uses has not 
been thoroughly conducted. Therefore, the prime objectives 
of this study are: (a) delineation of major hydrogeochemical 
processes acting on the groundwater regime; (b) identifica-
tion of the comparative influences of geogenic processes 
and anthropogenic factors acting on the aquifer system 
using silica values; (c) water quality assessment for its 
optimal utilization for drinking, irrigational and industrial 
use by employing various conventional indices. In sum-
mary, the outcomes of this research will address the current 
research gap by not only offering initial insights into hydro-
geochemical processes, but also aiding the policy-makers in 
identifying areas where groundwater is more susceptible to 
pollution. This, in turn will enables the implementation of 
remedial measures to safeguard the water resource in the 
region. Also, the determination and implications of silica 
values in inferring the roles of geogenic and anthropogenic 
factors in governing the groundwater chemistry has been 
attempted afresh in the study area, thereby making it distinct 
from previous researches carried out in this region.

Study area

The current work was conducted in the city of Shahjahanpur 
and its outskirts regions, located in the west-central region 
of U.P. The study encompasses an area of approximately 
244 square kilometres, spanning the latitudinal and longitu-
dinal range from 27° 47′ 27.6″ to 27° 55′ 30″ N and 79° 49′ 
58.8″ to 80° E respectively (Fig. 1). The central city region 
which is densely urbanized has been designated as urban 
region while the surrounding outskirt areas are considered 
as peri-urban region for this study (Fig. 1). Khannaut and 
Garrah, both of which are the tributaries of river Ramganga, 
flows through the study area. The region experiences a sub-
tropical and sub-humid climatic conditions with dry hot 
summers, dry winters and a humid monsoon season. The 
temperature during summer ranges from 21.4ºC to 40.5ºC, 
while in winter, it varies between 8.5ºC to 28.6ºC. The dis-
trict has experienced an average annual rainfall of 759 mm 
from 2011 to 2020 (CGWB 2021). The region is renowned 
for both its agricultural activities and industrial enterprises. 
Principal monsoon crops are millet, paddy, sorghum and 
maize while the winter crops are gram, wheat, barley, oil 
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seeds and pulses. The major industries located in the area 
are paper-pulp industry, sugar mill, thermal power plant, 
clothing and a fertilizer industry (CGWB 2021).

The area forms a part of Central Ganga Plain and is 
marked by a consistent flat topography that generally slopes 
towards the south and southeast. It depicts very less topo-
graphic variations and is nearly a flat terrain with ground 
elevation varying from 148 to 172 m above mean sea level 
(m amsl).

Geology

From a geological perspective, the area is underlain by Qua-
ternary alluvial deposits, with a thickness ranging from 400 
to 600 m. The surface geology is shown in Fig. 2. These in 
turn are deposited over the Siwalik Supergroup, that uncon-
formably overlays the Vindhyan Supergroup. The Siwaliks 
and Vindhyan Supergroups are not exposed in the study 
area. The Quaternary alluvium deposits comprise of primar-
ily two formations i.e. Older Alluvium of Middle to Upper 
Pleistocene age and Newer Alluvium of Holocene age. The 
Newer Alluvium is found along the courses of Garrah and 
Khannaut rivers forming wedge shaped cover and com-
prised of sand, silt with thin clay lenses. The Older Alluvium 
comprised of oxidized silt, clay and sand with subordinate 
calc-concretions (Fig. 2). The generalized stratigraphic suc-
cession is provided in Table 1.

Hydrogeology

CGWB had drilled a total of 10 exploratory wells in Shahjah-
anpur mainly within the older alluvium i.e. upto a maximum 

depth of 456 m below ground level (m bgl) and identified 
three groups of aquifers down to this depth. The bottom 
depth range of the first aquifer in meters below ground level 
is from 90 to 130, second aquifer is 170 to 235 and third 
aquifer is beyond 300. In shallow aquifers, the groundwa-
ter exists in unconfined conditions and is tapped by hand-
pumps and shallow borewells. The deep bore wells tap 30 to 
40 m thickness in this aquifer in between the depth of 70 to 
130 m, with discharge of 144 to 216 m3/hour. Groundwater 
exists under semi-confined to confined conditions in case of 
deep aquifers (CGWB 2013, 2021).

To attain a thorough comprehension of the lithological 
framework and the sub-surface configuration of the aqui-
fer system, the lithological data of different boreholes were 
collected from the Uttar Pradesh Jal Nigam, Shahjahanpur 
and Central Groundwater Board, Bareilly for preparing the 
fence diagram (Fig. 3). The locations of the boreholes are 
illustrated in Fig. 4. The fence diagram shows the presence 
of a top persistent surface silty clay capping with thickness 
ranging from 3 to 5  m throughout the area. This layer is 
followed by a clay layer with calc-concretions. Below this 
layer lies two sand zones i.e. upper sand zone and lower 
sand zone with thickness ranging from 23 to 66 m and 13 
to 69 m respectively. These two zones are separated from 
each other by sub-regional layer of clay with occasional cal-
careous concretions. The upper and lower sand zones are 
intervened by few clay lenses with calcareous concretions 
in north central and south western parts. Below these sand 
zones, lies a clay layer with thickness ranging from 3 to 
20 m. This layer is relatively thicker in the western region in 
contrast to the eastern part. The clay layer occurs in lenticu-
lar form in the upper part while at deeper levels, it acquires 

Fig. 1  Map depicting the study 
area’s geographical position and 
the classification of peri-urban 
and urban regions within it
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vertical variations in groundwater quality. These samples 
were then subsequently analyzed for physico-chemical 
parameters during pre-monsoon season (the period before 
the onset of monsoon) and post-monsoon season (the period 
after monsoon), 2019.

Sampling was carried out on the existing wells following 
a grid sampling method, where the area was divided into 
numerous grids, each spanning an area of approximately 
3 square kilometres, to achieve a consistent coverage of 
the entire study area. An attempt has been made to select 
the monitoring well from each grid. The samples obtained 
from shallow wells exceeds the deep wells as hand-pumps 
were more prevalent in comparison to the deep bore wells. 
Moreover, in 7 urban sites, hand-pumps as well as deep 
bore wells were located in close proximity, consequently, 
the samples from both shallow (27; 28; 29; 30; 32; 34; and 
36) and deep wells (D1; D2; D3; D4; D5; D6 and D7) were 
collected from these locations. This approach has resulted 
in the overlapping of samples at these specific sites (Fig. 4). 
The sample collection was done after 5 to 10 min of pump-
ing in a well-rinsed 1 L polyethylene bottle to facilitate the 
stagnant water removal from the well assembly. To prevent 
any contamination, the sampling bottles were rinsed with 
groundwater before sample collection. Well locations, their 

a sub-regional character. The aquifer is chiefly comprised of 
fine, medium and coarse-grained sand. By and large these 
aquifers appear to merge with each other and behave as a 
single bodied aquifer system.

Methodology

In order to obtain an inclusive understanding of water 
quality, a total of 54 and 7 samples were collected from 
groundwater and river water respectively. Out of the 54 
groundwater samples, the number of samples collected 
from shallow wells of peri-urban area were 26 while the 
shallow and deep wells samples from urban area were 21 
and 7 respectively (Fig.  4). It’s crucial to emphasize that 
deep well samples were not collected from the peri-urban 
region due to the unavailability and non-operational status 
of such wells in that area. The shallow well samples were 
taken from hand-pumps and shallow bore wells while deep 
well samples were taken from deep bore wells. The depth 
of shallow and deep wells varied between 31–40  m and 
70–130 m respectively as verified by the private well opera-
tors and lithological logs data of bore holes during the field 
visit. Samples were taken at varying depths to analyze the 

Fig. 2  Map illustrating the study 
area geology (CGWB 2021)
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rivers in the southern peri-urban region from where the 
groundwater flows towards the two minor troughs of peri-
urban region and a major trough of urban region (Supple-
mentary Fig.  2). The contour pattern shows that both the 
rivers are contributing the aquifer system and hence are 
influent in nature.

The standardized analytical protocols recommended 
by APHA (1992) were employed to assess the physico-
chemical parameters. The pH determination was done by 
a portable pH meter (Hach sensION), pre-calibrated with 
buffer solutions of known pH values (4, 7, and 10). Electri-
cal conductivity (EC) and total dissolved solids (TDS) were 
measured with EC5 Portable Conductivity Meter (Hach 
sensION+), pre-calibrated using standards of 147 µS/cm, 
1413 µS/cm, and 12.88 mS/cm. The determination of hard-
ness (H) and calcium (Ca2+) involved a titration method uti-
lizing ethylenediaminetetraacetic acid (EDTA); bicarbonate 
(HCO3

−) and chloride (Cl−) were analyzed through titration 
method using HCl and AgNO3 respectively. Sodium (Na+) 
and potassium (K+) were estimated by flame emission pho-
tometry using Flame Photometer (SYSTRONICS 128). For 
determining sulphate (SO4

2−), gravimetric method was used 
while for nitrate (NO3

−), colorimetric method using phenol 
disulphonic acid was employed. The assessment of fluo-
ride (F−) was carried out through spectrophotometer using 
SPADNS and ammonium molybdate spectrophotometric 
method was used for silica (SiO2) determination. Distilled 
water was used for preparing the solutions. Meticulous 
cleansing of the glassware with distilled water was carried 
out to avoid any contamination. For quality control and 
analytical accuracy of the data, the ionic balance error was 
computed as per Eq. 1. As per Hounslow (1995), the accept-
able ionic balance error should be within ±10. The ionic 
charge balance error (CBE) fell within the acceptable limit, 
thus verifying the data accuracy.

CBE (%) =

∑
Cation −

∑
Anions∑

Cations +
∑

Anions
× 100� (1)

The one-way ANOVA statistical method was used to obtain 
a comprehensive insight into the seasonal fluctuations of 
the analyzed physico-chemical parameters. The data was 
tested at a 95% confidence level (α = 0.05), with seasons 
and physico-chemical parameters being considered as inde-
pendent and dependent variable respectively. The test aimed 
to ascertain whether there are significant differences in the 
measured datasets of individual parameters between two 
consecutive seasons at each monitoring site. If the p-value 
fall below 0.05, it implies significant seasonal variations 
among the analyzed parameters while p-value > 0.05 is an 
indicative of insignificant differences. It is crucial to high-
light that, in the current study, monsoonal recharge was 

latitude and longitude were taken by GPS. Depth to water 
level was taken with dip meter in both the sampling peri-
ods. In PRMS, 2019, it varied from 2.35 to 7.69 m below 
ground level (m bgl) for peri-urban region while 12.88 to 
17.46 m bgl for urban region (Supplementary Fig. 1a). In 
POMS, 2019, it varied from 1.83 to 7.12  m bgl for peri-
urban region, whereas for urban area, it varied from 12.75 to 
17.57 m bgl respectively (Supplementary Fig. 1b). Further, 
the water table contour map was also prepared for POMS, 
2019 to identify the groundwater flow direction (Supple-
mentary Fig. 2). As per CGWB 2013 and 2021; the trend 
of regional groundwater flow typically follows a northeast 
to southwest direction. However, the water table contour 
map (Supplementary Fig. 2) depict significant distortion in 
the regional flow direction and locally few different flow 
directions were observed which can be attributed to some 
local factors like excessive pumping of groundwater. For 
instance, in the central city region near townhall (Supple-
mentary Fig.  2), a prominent groundwater trough was 
observed where the water table elevation is lowered upto 
128  m amsl. Field observations revealed that this area is 
marked by substantial human settlements which is heavily 
reliant on groundwater. Therefore, it can be deduced that 
the observed trough is likely a consequence of excessive 
groundwater pumping. Further, a groundwater mound was 
also observed near the confluence of Garrah and Khannaut 

Table 1  Generalized stratigraphic succession of the area (CGWB 
2013)
Lithology Geological 

units
Age

Recent Alluvium (5–7 m thick) 
Fluvial sediments; fine to medium 
loose micaceous sand with small 
amount of silt

Newer 
Alluvium

Holocene

Terrace Alluvium with 2–8 m thick- 
cyclic sequence of grey coloured 
silt, micaceous sand and clay.
- - - - - - - - - - - - - - - - - Disconformity - - - - - - - - - - - - - - -
400 to ~ 600 m thick multiple 
polycyclic fining upward sequence 
of oxidized silt, clay and sand with 
subordinate calc-concretions at 
depth

Older 
Alluvium

Middle 
to Upper 
Pleistocene

- - - - - - - - - - - - - - - - - Disconformity - - - - - - - - - - - - - - -
> 1100 to ~ 2700 m thick sequence 
of sand/sandstone and clay/
claystone

Siwalik 
Supergroup
(Upper Siwa-
lik, Middle 
Siwalik 
and Lower 
Siwalik)- not 
exposed in 
the area

Tertiary

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Unconformity ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
Pre-Tertiary Basement rocks of Mesozoic/Precambrian Vindhyan 

Supergroup (not exposed in the area)
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attributed to the process of ion exchange that is a phenom-
enon of adsorption/desorption. It is also referred to as base, 
or cation exchange due to the involvement of cations i.e. 
Na+, Ca2+ and Mg2+ (Todd and Mays 2005).

CAI − 1 =
Na

Na + K + Ca
� (2)

CAI − 2 =
Cl

Cl + HCO3
� (3)

The influence of anthropogenic factors was assessed using 
Pearson correlation matrix. To assess the inter-relation 
between surface and groundwater, the river water and its 
nearby groundwater samples were compared for their 
major ion composition using Schoeller semi-logarithmic 
diagram. Silica values have been determined for estimat-
ing the temperature of sub-surface groundwater and its cor-
responding circulation depth as well as for understanding 

regarded as a predominant influencing factor for the sea-
sonal variations. The pre-dominant hydrochemical facies 
were deciphered from the Piper Trilinear diagram. Gibbs 
diagram, diverse ionic relations, binary plots and chloralka-
line indices were employed for delineating the mechanism 
regulating the groundwater chemical characteristics. Gibbs 
diagram is a scatter diagram proposed by Gibbs (1970) that 
have been widely employed to distinguish the effect of pre-
cipitation, rock-water interaction and evaporation process 
on chemical characteristics of groundwater. This plot was 
generated by correlating TDS and (Na)/(Na + Ca) for cat-
ions and TDS and (Cl)/(Cl + HCO3) for anions. The role of 
silicate weathering was inferred using Na/Cl molal ratios 
and binary plots of Na + K vs. total cations and Ca + Mg 
vs. SO4 + HCO3. The impact of ion exchange process was 
deduced by evaluating chloralkaline indices i.e. CAI-1 
(Eq.  2) and CAI-2 (Eq.  3) proposed by Schoeller (1967). 
The groundwater composition commonly gets altered as 
it percolates through the sub-surface. Such alterations are 

Fig. 3  Fence diagram of the study 
area
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WQI =
∑n

i=1
SIi � (7)

Where Wi = relative weight.
wi = weight assigned to individual parameter.
n = no. of parameters.
Ci = concentration of individual parameter in groundwa-

ter sample.
Cip = ideal value of the parameter in pure water (Cip = 0 

for all, except pH, Cip = 7 for pH).
Si = desirable limit (DL) of individual parameter accord-

ing to BIS 2012.
SIi = sub-index of “ith” parameter.
Qi = rating given on the basis of “ith” parameter 

concentration.
To classify the water for irrigation purpose, Na concen-

tration plays an important role as it interacts with the soil to 
reduce its permeability (Todd and Mays 2005). Therefore, 
the irrigational water quality was assessed by US Salinity 
Laboratory (USSL) plot, Kelley’s Ratio (KR) and Resid-
ual Sodium Carbonate (RSC). In USSL plot, SAR values 
(Eq. 8) which indicates the alkali hazard are plotted against 
EC which indicates salinity hazard (Richards 1954). KR 
(Eq. 9) also assess the adverse impact of Na on water quality 
intended for irrigation while RSC (Eq. 10) is extensively uti-
lized for the prediction of additional Na hazard linked with 

the comparative influences of geogenic and anthropogenic 
factors on groundwater chemical characteristics. The 
groundwater appropriateness for its drinking requirement 
was examined by comparing the concentrations of physico-
chemical parameters with drinking water quality standards 
set by BIS (2012) and WHO (2017) and by computing 
WQI. The WQI model is often used for the assessment of 
the drinking quality as it utilizes mathematical algorithms 
to transform existing water quality data into a singular 
numerical value. This approach offers an effective means of 
comprehending the overall quality of groundwater (Uddin 
et al. 2021, 2022; Singh et al. 2023). In the current study, 
10 parameters have been used to compute WQI and for 
each water quality parameters, distinct weights (wi) were 
assigned depending upon its relative significance in govern-
ing the overall water quality. Equations 4–7 were employed 
in WQI calculations.

Wi =
wi∑n
i=1wi� (4)

Qi =
Ci − Cip
Si − Cip

× 100� (5)

SIi = Wi × Qi� (6)

Fig. 4  Map depicting the river 
and groundwater sampling 
locations
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cm for urban deep samples in PRMS, 2019 while in POMS, 
2019, it is 853 µS/cm for peri-urban shallow, 1344 µS/cm 
for urban shallow and 815 µS/cm for urban deep samples. 
The mean TDS values were 539 for peri-urban shallow 
samples, 832 for urban shallow samples and 491 mg/l for 
urban deep samples in PRMS, 2019 while in POMS, 2019, 
it is 556 mg/l for peri-urban shallow samples, 873 mg/l for 
urban shallow and 534 mg/l for urban deep samples. Rela-
tively high TDS concentrations in urban shallow samples 
might be attributed to sewage, urban runoff and industrial 
wastewater. The mean values of the major cations as well as 
anions were compared to infer their order of abundance. The 
most prevalent cation was Na+ followed by Ca2+, Mg2+ and 
K+ and anion was HCO3

− followed by Cl−, SO4
2−, NO3

− 
and F−. The seasonal fluctuations in the physico-chemical 
parameters was assessed by one-way ANOVA statistical 
approach (Table  3). For peri-urban shallow samples, pH, 
K+, Na+ and Cl− (p < 0.05) show significant seasonal varia-
tions with p values less than 0.05 indicating the monsoonal 
recharge influence on these parameters. However, the 
remaining parameters showed p > 0.05, thereby signifying 
that there were no discernible seasonal fluctuations. In case 
of urban shallow and deep samples, most of the parameters 
show insignificant seasonal variations (p > 0.05), indicating 
they have remained relatively constant throughout the sea-
sons. The prevalence of impervious cover like asphalt roads, 
settlements, concrete or paved surfaces in the urban region 
might have resulted in reduced rate of rainfall recharge and 
consequently lesser dilution effect. River samples revealed 
notable seasonal variations (p < 0.05) in EC, TDS, Cl−, K+ 
and SO4

2− suggesting the strong influence of monsoonal 
recharge.

The Piper Trilinear plots of groundwater samples for 
PRMS, 2019 and POMS, 2019 (Fig. 5a and b) revealed that 
by and large Ca + Mg-HCO3 is the pre-dominant hydro-
chemical facies identified for most of the groundwater 
samples, suggesting that groundwater genesis is majorly 
of bicarbonate (HCO3) type, thereby acquiring temporary 
hardness. Few urban shallow samples also lie in the mixed 
zone suggesting the absence of a dominant cation-anion 
composition. The predominant facies identified for river 
water samples was also Ca + Mg-HCO3.

Processes governing the groundwater chemistry

The Gibbs plots for PRMS, 2019 (Fig.  6a-b) and POMS, 
2019 (Fig. 6c-d) revealed that maximum groundwater sam-
ples fell under rock dominance field, thereby, revealing that 
water-rock interaction is the prime mechanism that regu-
lates the groundwater chemical characteristics. However, 
Na+ exhibit a wide distribution in both sampling periods, 
thereby suggesting that it might have been originated from 

the precipitation of CaCO3 and MgCO3. Water exhibiting 
KR values lower than 1 is suitable for irrigation (Karanth 
1987). Water can be categorized as safe when RSC is below 
1.25 meq/l, marginally suitable within the range of 1.25 to 
2.5 meq/l while unsuitable when exceeding 2.5 meq/l.

SAR =
Na√
Ca+Mg

2

� (8)

KR =
Na+

Ca2+ + Mg2+
� (9)

RSC =
(
CO2−

3 + HCO−
3

)
− (Ca2+ + Mg2+)� (10)

The industrial equipment often develops scaling or get cor-
roded because of adverse reactions occurring at high pres-
sure and temperature (Amiri et al. 2021). These reactions 
may enhance the micro-organisms biological activity and 
can reduce the power and nominal life of the water transmis-
sion network (Vasconcelos et al. 2015). Thus, the corrosive 
and scaling tendencies of water for their use in industrial 
equipment was evaluated using Larson-Skold Index (L-SI) 
as per Eq. 11. L-SI values less than 0.8 indicates that Cl− 
and SO4

2− do not interfere in scale formation and will be 
non-corrosive; between 0.8 and 1.2 indicates that they may 
interfere and may cause corrosion and greater than 1.2 indi-
cate their interference in scale formation and will be highly 
corrosive.

L − SI =
SO2−

4 + Cl−

HCO−
3 + CO−

3

� (11)

Results and discussion

Hydrochemical characteristics

The ranges and mean values of physico-chemical parame-
ters for all type of water samples are summarized in Table 2 
and detailed location wise data has been provided in Supple-
mentary Table 1 for PRMS, 2019 and Supplementary Table 
2 for POMS, 2019. In case of peri-urban shallow samples, 
the mean pH values are 8.04 and 7.93 in PRMS, 2019 and 
POMS, 2019 respectively. For urban shallow samples, it is 
7.88 in both the sampling periods while for urban deep sam-
ples, it is 7.91 and 8.23 in PRMS, 2019 and POMS, 2019 
respectively. The pH values revealed the alkaline nature 
of groundwater in both the sampling periods. The mean 
electrical conductivity (EC) values are 830 µS/cm for peri-
urban shallow, 1285 µS/cm for urban shallow and 756 µS/
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The role of silicate weathering was inferred using Na/
Cl molal ratios. A ratio of equal to or below 1 signifies the 
release of Na from halite dissolution whereas if it is more 
than 1, silicate weathering is considered to be the prime con-
tributor of Na. Also, if the source of Na is silicate weath-
ering, then groundwater must show the predominance of 
HCO3 (Okiongbo and Akpofure 2014). This is because the 
feldspar minerals react with carbonic acid in the presence of 
water and liberates HCO3 as per the reaction

2NaAlSi3O8 (Albite) + 2H2CO3 + 9H2O →Al2Si2O5 
(OH)4 (Kaolinite) + 2Na + 4H4SiO4 + 2HCO3

The Na/Cl binary plots for PRMS, 2019 (Fig.  7a) and 
POMS, 2019 (Fig.  7b) depicts Na/Cl ratio more than 1. 
Also, HCO3 was the predominant anion in the ground-
water. This infers that weathering of silicates is influenc-
ing the groundwater chemistry. The results can further be 
validated by Na + K vs. total cations as well as Ca + Mg vs. 
SO4 + HCO3 bivariate plots, where most of the samples fall 
below 1:1 equiline in both plots, thereby, reflecting that the 
groundwater chemistry is regulated by weathering of sili-
cates (Rajmohan and Elango 2004). Further, Na + K vs. total 
cations for PRMS, 2019 and POMS, 2019 (Fig. 7c and d 
respectively) shows that all types of groundwater samples 
lie below equiline. This reaffirms that silicate weathering is 
influencing the groundwater chemistry. Further, Ca + Mg vs. 
SO4 + HCO3 plot depicts that maximum number of ground-
water samples falls below the equiline in PRMS, 2019 and 
POMS, 2019 (Fig. 7e and f respectively). It further confirms 

diverse sources (Bai et al. 2022). Overall, it was found that 
rock-water interaction is majorly governing the chemical 
characteristics of majority of the samples. In alluvial plains, 
many researchers have found that the prime mechanism 
impacting groundwater chemistry is the interaction between 
rock and water (Raju et al. 2011; Madhav et al. 2018). Also, 
the samples falling outside the three designated fields pin-
points towards the impact of anthropogenic influences on 
groundwater chemistry (Annapoorna and Janardhana 2015).

Table 3  Comparative analysis of physico-chemical parameters through 
one-way ANOVA for PRMS and POMS, 2019

p- values
Parameters Peri-urban 

shallow 
samples

Urban shal-
low samples

Urban deep 
samples

River 
water 
samples

pH 0.03 0.86 0.0012 0.139
EC 0.49 0.61 0.101 0.012
TDS 0.408 0.54 0.07 0.01
H 0.86 0.71 0.17 0.88
Ca2+ 0.16 0.49 0.139 0.655
Mg2+ 0.47 0.84 0.4 0.929
Na+ 0.04 0.14 0.125 0.072
K+ 0.002 0.63 7.8E-05 0.023
Cl− 0.03 0.68 0.26 0.004
SO4

2− 0.7 0.432 0.99 0.026
HCO3

− 0.3 0.432 0.079 0.421
NO3

− 0.06 0.45 0.329 0.29
F− 0.1408 0.5 0.3 0.704
SiO2 0.63 0.09 0.66 0.144
Note Significance level is 0.05

Fig. 5  Piper trilinear plots (a) PRMS, 2019, (b) POMS, 2019
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Fig. 6  Gibbs plots for (a-b) PRMS, 2019, (c-d) POMS, 2019
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of Na+ or K+ in the water decreases, resulting in positive 
chloralkaline indices. On the contrary, reverse ion exchange 
process results in negative indices (Li et al. 2018). Both the 
ratios for all types of samples were found to be negative in 
both the sampling periods, thus depicting the type of cat-
ion exchange (Supplementary Tables 1 and 2). Further, if 
cation exchange influences the composition of groundwa-
ter, then there occurs a linear relation between Na-Cl and 
Ca + Mg-HCO3-SO4 with slope of -1 (Fisher and Mullican 
1997). The plots for PRMS, 2019 (Fig. 8a) and POMS, 2019 

that weathering of silicate is one of the major processes in 
acquisition of major ions.

The role of ion exchange process in influencing the 
groundwater chemistry was inferred by evaluating chloral-
kaline indices i.e. CAI-1 and CAI-2. Clay minerals owing 
to their negatively charged surface acts as an efficient ion 
exchanger. As a result, cations in the groundwater easily 
gets exchanged. The direct ion exchange is the mechanism 
wherein Na+/K+ in groundwater undergoes an exchange 
with Ca2+/Mg2+ in rock. Consequently, the concentration 

Fig. 7  Scatter plots (a-b) Na vs. Cl, (c-d) Na + K vs. total cations, (e-f) Ca + Mg vs. SO4 + HCO3
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(Fig. 8b) show that for all the samples, there occurs a lin-
ear relationship between the above parameters with a slope 
varying from − 0.9 to -1. This confirms that cation exchange 
is also one of the process that is influencing the groundwater 
chemistry.

The anthropogenic factors, along with geogenic pro-
cesses, frequently impact the groundwater quality. Given 
the intricate connection between groundwater and Land 
Use-Land Cover (LU-LC) patterns, gaining an understand-
ing of the LU-LC pattern of the area is crucial for com-
prehending the human induced impact on groundwater 
quality. Additionally, the sources of groundwater contami-
nation also differ depending on the specific land uses. For 
instance, in urban areas, the major sources of groundwa-
ter contamination are mainly sewage effluents, domestic 
wastes water etc. while peri-urban areas might experience 
more agricultural pollution due to excessive use of pesti-
cides and fertilizers. Therefore, the LU-LC map of the study 
for the year 2019 was generated by using LANDSAT image 
(http://earthexplorer.usgs.gov) having a spectral resolution 
of 30 m to differentiate the peri-urban and urban regions. 
As mentioned earlier and is evident from the LU-LC map 
(Fig. 9), the central region is extensively urbanized and clas-
sified as an urban area, while the peripheral fringe areas are 
designated as peri-urban regions, therefore, the influence 

Fig. 9  Land use land cover map

 

Fig. 8  Scatter plots of Na-Cl 
and Ca + Mg-HCO3-SO4 for (a) 
PRMS, 2019 (b) POMS, 2019
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both the sampling periods indicates their origin from differ-
ent sources.

The groundwater-surface water interaction was assessed 
by comparing the major ion composition of river water and 
its nearby groundwater samples using Schoeller semi-log-
arithmic diagram in PRMS, 2019 (Fig. 10a–g) and POMS, 
2019 (Fig. 11a–g). The major ion concentrations of all water 
samples for both sampling periods is given in Supplemen-
tary Table 3. A similar trend was observed in the concentra-
tions of K+, Cl−, SO4

2− and HCO3
− ions for Garrah river 

samples and its nearby groundwater samples in PRMS, 
2019 (Fig. 10a, c and e) and POMS, 2019 (Fig. 11a, c and 
e). Whenever there is a rise or fall in the concentration of 
these ions in river water, a corresponding fluctuation in 
the concentration of the same ions in groundwater occurs, 
albeit with a slightly varying magnitude. Khannaut river 
samples and its nearby groundwater samples also depicts 
a similar trend in the concentrations of K+, Cl−, SO4

2− and 
HCO3

− ions in, PRMS, 2019 (Fig. 10b, d and f) and POMS, 
2019 (Fig. 11b, d and f). However, the magnitude difference 
between the upper (R7) and middle (R4) reaches of Khan-
naut river and groundwater samples is much pronounced 
(Figs. 10b and d and 11b and d). The concentrations of all 
the ions are more in groundwater samples as compared to 
river water samples. These two samples are quite close to 
the city area; thus, anthropogenic inputs might have resulted 
in elevated concentrations of SO4

2− and Cl− in groundwa-
ter. For Ca2+, Mg2+ and Na+, no marked trend was noticed 
between the river and groundwater samples, which implies 
the role of some other processes rather than surface and 
groundwater interaction in acquisition of these ions. The 

of anthropogenic activities on groundwater quality was 
assessed in both these regions by correlating the concentra-
tion of TDS with Cl−, SO4

2− and NO3
− using Pearson cor-

relation matrix (Table 4). As anthropogenic activities often 
cause variations in TDS of groundwater and Cl−, SO4

2− and 
NO3

− are among the major ions that can be derived from 
anthropogenic sources, consequently, correlating these ions 
with TDS becomes a means to deduce the human induced 
impacts on groundwater quality (Marghade et al. 2011; Wali 
et al. 2019).

For peri-urban shallow samples, TDS and Cl− depicts a 
strong positive correlation of 0.8 in PRMS, 2019 and mod-
erate correlation of 0.6 in POMS, 2019, thereby, revealing 
similar source of origin. Irrigation water might be a signifi-
cant anthropogenic source of Cl− in groundwater of peri-
urban region. However, TDS do not depict any significant 
correlation with SO4

2− and NO3
−, in both the sampling peri-

ods, thereby, pinpointing towards distinct sources of origin.
For urban shallow samples, TDS depicts a moderate pos-

itive correlation of 0.7 with Cl−, 0.6 with SO4
2− and 0.7 with 

NO3
− in PRMS, 2019. In POMS, 2019 also, there is a mod-

erate positive correlation of TDS with Cl− (0.7), SO4
2− (0.7) 

and NO3
− (0.6), thus, signifying that they might have been 

originating from similar sources. The major anthropogenic 
sources of these ions in urban environment can be domestic 
wastewater, sewage effluents, septic tank leakages etc.

For urban deep samples, TDS shows a moderate corre-
lation of 0.7 with Cl− in PRMS, 2019 and 0.5 in POMS, 
2019, thereby, revealing their similar source of origin. An 
insignificant correlation of TDS with SO4

2− and NO3
− in 

Table 4  Pearson correlation matrix of all types of groundwater samples
Peri-urban shallow samples
PRMS, 2019 POMS, 2019
Parameters TDS Cl− SO4

2− NO3
− Parameters TDS Cl− SO4

2− NO3
−

TDS 1 TDS 1
Cl 0.8 1 Cl 0.6 1
SO4 0.5 0.3 1 SO4 0.3 0 1
NO3 -0.2 -0.2 -0.2 1 NO3 -0.3 -0.1 -0.3 1
Urban shallow samples
PRMS, 2019 POMS, 2019
Parameters TDS Cl− SO4

2− NO3
− Parameters TDS Cl− SO4

2− NO3
−

TDS 1 TDS 1
Cl 0.7 1 Cl 0.7 1
SO4 0.6 0.6 1 SO4 0.7 0.7 1
NO3 0.7 0.5 0.3 1 NO3 0.6 0.5 0.4 1
Urban deep samples
PRMS, 2019 POMS, 2019
Parameters TDS Cl− SO4

2− NO3
− Parameters TDS Cl− SO4

2− NO3
−

TDS 1 TDS 1
Cl 0.7 1 Cl 0.5 1
SO4 -0.5 -0.6 1 SO4 0.3 -0.4 1
NO3 -0.3 -0.1 0.2 1 NO3 0.3 -0.5 0.5 1
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Fig. 10  Schoeller diagrams depicting trends in major ion composition of river water and its nearby groundwater samples for PRMS, 2019
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Fig. 11  Schoeller diagrams depicting trends in major ion composition of river water and its nearby groundwater samples for POMS, 2019
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temperature also indicate to what depth the groundwater 
descends, if the normal geothermal gradient is assumed to 
be of 30  °C/km. Swanberg and Morgan (1978) pioneered 
the use of silica geothermometry in groundwater systems, 
showcasing its effectiveness through a comprehensive 
investigation of more than 70,000 groundwater samples 
across the United States. Prior investigations utilizing silica 
geothermometry have also been conducted in regions of the 
Ganga plain (Khan and Umar 2010; Khan et al. 2015b).

For determining the sub-surface temperatures by silica 
values of natural water that is in equilibrium with either 
chalcedony or quartz, several silica geothermometric equa-
tions were proposed through time. Various geothermome-
ters are valid within distinct temperature ranges due to their 
diverse equilibration rates and distinct responses to cool-
ing in upflow zones. The quartz geothermometer is usually 
employed in systems with high temperature whereas in low 
temperature systems, chalcedony geothermometer is used. 
The one that is considered relatively appropriate for ground-
water systems considers the solubility of chalcedony and is 
proposed by Fournier and Potter 1982 (Eq. 12).

t◦C =

(
1032

4.69− logSiO2

)
− 273.15� (12)

where,
t°C = chalcedony derived groundwater temperature.
Substituting the calculated values of silica in Eq.  12, 

the groundwater chalcedony temperature was estimated. 
However, the estimated temperature has to be corrected 
for ambient air temperature during the sampling seasons. 
For instance, during POMS, 2019, the ambient air tempera-
ture of the study area was around 27°C and the estimated 
chalcedony temperature was 48°C. When this estimated 
temperature was corrected for the ambient air temperature, 
then it signifies a temperature of around 21°C over and 
above an average temperature of air, that in turn indicates 
that groundwater is circulating at a depth of around 695 m 
(Table  5), considering an average geothermal gradient of 
30°C per km. The chalcedony temperature and groundwa-
ter circulation depth were computed for all the wells during 
both sampling periods (Table 5).

In PRMS, 2019, for peri-urban shallow wells, the chal-
cedony temperature ranged between 8–32°C which indi-
cates that the groundwater is circulating in a depth range 
of 280–1049  m, for urban shallow wells, it varied from 
8–27°C, signifying a circulation depth range of 264–898 m 
and for deep wells, it varied between 34–44°C, revealing 
that the groundwater circulates within the depth range of 
1129–1462 m.

In POMS, 2019, for peri-urban shallow wells, the 
chalcedony temperature ranged between 21–43°C which 

chemistry of the confluence river water sample and ground-
water sample is also quite similar in both the sampling peri-
ods (Figs.  10g and 11g). Further, dominant groundwater 
facies inferred using Piper Trilinear diagram for both river 
and groundwater samples is Ca + Mg-HCO3 (Fig. 5a and b). 
Similar variation in the concentration of most of the ions 
(K+, Cl−, SO4

2− and HCO3
−) reveals similarity in ground-

water and river water characteristics. Thus, it can be inferred 
that surface water might be interacting with groundwater. 
This can also be validated from the water table contour map 
which revealed the influent nature of the rivers (Supplemen-
tary Fig. 2). However, dissimilar trend in the concentrations 
of Ca2+, Mg2+ and Na+ pinpoints toward processes other 
than surface and groundwater interaction in influencing the 
groundwater chemistry.

Silica implications

The circulating groundwater acquires silica, when it gets 
released from breakdown of the silicate minerals by chemi-
cal weathering. Thus, water-rock interaction is the exclu-
sive and unequivocal source of SiO2 in groundwater (Hem 
1985). The groundwater silica content rises because of their 
contact with silicate rocks for a longer time period. Also, 
water coming from deeper depths generally shows higher 
silica content as compared to the one descending from shal-
low depth (Marchand et al. 2002). Thus, groundwater with 
relatively higher silica content indicates strong rock-water 
interaction. The median worldwide SiO2 concentration in 
groundwater can be around 17  mg/l, but this value could 
vary, potentially reaching levels of 70–80 mg/l depending 
upon different factors viz. pH, lithology of the aquifer, tem-
perature etc. (Saba 2016). Additionally, the silica solubility 
in groundwater varies directly with temperature (Fournier 
and Potter 1982). The values of silica converted to aquifer 

Table 5  Range of SiO2, Cl, TDS and chalcedony temperature
PRMS, 2019
Parameters TDS

(mg/l)
Cl
mg/l)

SiO2
(mg/l)

Chal-
cedony 
Temp 
(°C)

Depth 
of cir-
culation 
(m)

Peri-urban shallow 
samples

440–
704

14–80 30–50 8–32 280–
1049

Urban shallow 
samples

432–
1146

48–
165

30–45 8–27 264–
898

Urban deep samples 461–
578

34–68 52–63 34–44 1129–
1462

POMS, 2019
Peri-urban shallow 
samples

424–
680

23–77 30–48 21–43 695–
1432

Urban shallow 
samples

603–
1128

63–
153

33–44 26–39 855–
1299

Urban deep samples 433–
601

48–85 51–63 46–57 1531–
1895
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during both the seasons. Based on SiO2 vs. Cl plots for 
PRMS, 2019 (Fig. 12a) and POMS, 2019 (Fig. 12b), three 
major clusters i.e. I, II and III were identified. The samples 
falling in Cluster I show that for a narrow range of SiO2 val-
ues, Cl rises upto 165 mg/l in PRMS, 2019 and 153 mg/l in 
POMS, 2019. This reflects the anthropogenic influence on 
groundwater chemistry of these samples. The samples fall-
ing in Cluster II shows that with increasing values of SiO2, 
Cl also increases revealing that both water-rock interaction 
and anthropogenic factors govern the groundwater chemical 
characteristics. The samples falling in Cluster III shows that 
for a narrow range of Cl, SiO2 rises upto 63 mg/l in PRMS, 
2019 and 66 mg/l in POMS, 2019. This indicate that geo-
genic processes is regulating the groundwater chemistry of 
these samples.

The TDS and SiO2 relationship is very similar to that of 
SiO2 and Cl. A strong correlation indicates that interaction 
occurring between rock and water is the prime source of 
dissolved ions. On the contrary, a large variation in TDS 
for relatively narrow SiO2 range indicates their origin from 
different sources. Considering this fact, TDS concentration 
was correlated with silica concentrations for all the ground-
water samples during both sampling periods. Based on SiO2 
vs. TDS plots for PRMS and POMS, 2019 (Fig. 12c and d 
respectively)), three clusters i.e. Cluster I, II and III were 
identified. The samples falling in Cluster I show that for a 
narrow range of SiO2 values, TDS rises upto 1146 mg/l in 
PRMS, 2019 and 1128 mg/l in POMS, 2019. This indicates 
the role of anthropogenic factors on groundwater chemi-
cal characteristics. The samples falling in Cluster II depict 
a positive correlation between TDS and SiO2 in both the 
sampling periods i.e. with increasing values of SiO2, TDS 
also increases, revealing that both geogenic and anthropo-
genic factors are regulating the groundwater chemistry. The 
samples falling in Cluster III shows that for a small range of 
TDS, SiO2 rises upto 63 mg/l in both sampling periods. The 
results reflect the role of geogenic processes in influenc-
ing the groundwater chemistry of these samples. Overall, 
based on SiO2 vs. TDS and SiO2 vs. Cl plots, it is inferred 
that the groundwater chemistry of samples falling in Clus-
ter I is influenced by anthropogenic sources, Cluster II is 
influenced by both anthropogenic and geogenic factors and 
Cluster III is governed by geogenic factors mainly.

In the light of above results and discussion, a conceptual 
model of the major operative processes which are regulat-
ing the groundwater chemical characteristics in the area 
was prepared (Fig. 13). It was concluded that the resultant 
groundwater chemistry is the cumulative effect of varied 
geogenic processes viz. silicate weathering, ion exchange, 
groundwater-surface water interaction. Apart from geogenic 
processes, the groundwater chemistry has also been affected 

indicates the depth range of 695–1432 m, for urban shallow 
wells, it varied from 26–39°C, signifying a depth range of 
855–1299 m and for deep wells, it varied between 46–57°C, 
revealing a depth range of 1531–1895 m. Thus, it is quite 
evident from the data that the groundwater samples com-
ing from deeper depth have higher content of silica, thereby, 
reflecting more rock-water interaction at relatively high tem-
perature as compared to the one with lesser silica content.

Theoretically the approach of transforming silica con-
centration levels in groundwater to approximate depth to 
aquifers is robust for the following reasons:

i.	 Temperature dependence of silica solubility in water 
has been extensively studied in labs and is very well 
understood.

ii.	 Silica is available in abundance in rocks and over-bur-
den material and is picked up by circulating groundwa-
ter due to water-rock interaction.

iii.	 The intensity of water-rock interaction depends on 
water to rock ratio and temperature.

iv.	 In a number of studies in geothermal and non-geother-
mal areas, a relationship has been found between the 
silica concentration levels and thermal anomalies.

However, it is noteworthy that the depth estimated using 
silica thermometry is just an estimate which needs to be 
taken in relative terms. Samples with higher concentration 
of dissolved silica definitely seem to have a deeper origin 
compared to the aquifer inferred to have lower silica levels. 
Observed large scale variations in silica concentration lev-
els may be because of various reasons, such as changes in 
pH and other physico-chemical parameters in the aquifer; 
alkaline solutions will have higher solubility of silica; sub-
surface precipitation of silica; mixing of other polymorphs 
of silica, such as, amorphous silica and Water to rock ratio 
and duration of water-rock interaction (Güleç 2005).

The SiO2  versus Cl and SiO2  versus TDS relationships 
were used for inferring the comparative influences of natural 
and anthropogenic factors in the process of solute acquisi-
tion. Chloride shows an inert nature in natural environment 
(Ellis 1970). Also, owing to its large ionic size, it usually do 
not involve in ion-exchange reactions in groundwater. The 
chloride concentration in groundwater is influenced by both 
rock-water interactions and anthropogenic factors, whereas 
groundwater acquires silica exclusively and unequivocally 
from water-rock interaction (Khan and Umar 2010). If 
water-rock interaction is solely responsible for contributing 
chloride, its concentration will not vary widely for a given 
silica concentration. Otherwise, the situation pinpoints 
towards anthropogenic influence (Khan et al. 2015b).

Considering this fact, chloride concentration was related 
with silica concentrations for all the groundwater samples 
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human existence, therefore, water quality assessment for its 
optimal utilization for drinking, irrigation and industrial use 
has been assessed.

The groundwater drinking appropriateness was exam-
ined by comparing the physico-chemical parameters with 
drinking water quality standards set by BIS (2012) and 
WHO (2017). Based on pH values, the groundwater was 
found to be of alkaline nature in both the sampling periods. 
As per hardness vs. TDS plots for PRMS, 2019 (Supple-
mentary Fig. 3a) and POMS, 2019 (Supplementary Fig. 3b), 

by anthropogenic sources like agricultural return flow, sew-
age disposal, septic tanks etc.

Water quality assessment

The presence of both natural and anthropogenic contami-
nants has created a rising concern on the availability of 
potable water with water quality emerging as one of the 
important facets of groundwater studies (Benaabidate et al. 
2020). As the accessibility of potable water is crucial for 

Fig. 13  A conceptual model illus-
trating the dominant mechanisms 
governing the chemical attributes 
of groundwater in the investi-
gated area

 

Fig. 12  (a-b) SiO2 vs. Cl plots, 
(c-d) SiO2 vs. TDS plots
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of samples adhered to the DL of 200 mg/l outlined by BIS 
and WHO for SO4

2−. Further, it was observed that all the 
groundwater samples remained within the maximum per-
missible limit of BIS and WHO in both seasons. Overall, it 
was deciphered that majority of the groundwater samples 
were appropriate for drinking use, except for few shallow 
well samples of urban and peri-urban regions, in which Ca+, 
Mg2+, HCO3

− and NO3
− exceeds the DL.

The groundwater drinking suitability also involved the 
utilization of WQI. Relative weight of chemical parameters 
in water quality index computation has been provided in 
Supplementary Table 4. Based on WQI values, all the peri-
urban shallow samples were classified under good class, 
majority of the urban shallow samples fell under poor class 
and urban deep samples fell under excellent to good classes 
in both the sampling periods (Table 6), thereby, indicating 
that deeper depth groundwater samples were most suitable 
than the shallower ones. The shallow wells are relatively at 
higher risk of contamination than the deep wells as they usu-
ally tap the unconfined aquifer, where the water table tends 
to be shallow and thus more prone to contaminants. Various 
researchers have made similar observation in different parts 
of the Ganga basin (Ahmad et al. 2019; Rajmohan 2021). 
Further, the spatial distribution maps of WQI for PRMS, 
2019 (Fig.  14a) and POMS, 2019 (Fig.  14b) depicts that 
groundwater samples collected from urban region possess 
higher WQI values as compared to the peri-urban regions. 
Groundwater in urban areas is particularly vulnerable to 
contamination due to the clustering of diverse pollution 
sources. These include septic tank leakages, domestic efflu-
ents from households and industries. Additionally, urban 
areas often have sewer systems that can leak or overflow 
during heavy rainfall, introducing sewage contaminants into 
the groundwater. Therefore, the concentration of pollution-
generating activities in urban areas significantly heightens 
the likelihood of groundwater contamination.

The groundwater irrigational suitability was assessed by 
evaluating SAR, RSC and KR. The SAR values of samples 
in both sampling periods are given in Table 7. From SAR 
vs. EC plot of PRMS, 2019 (Fig.  15a) and POMS, 2019 
(Fig. 15b), it was concluded that the groundwater and river 
water samples fell under two major classes i.e. C2S1 which 
represents medium salinity and low alkali water and C3S1 
which represents high salinity and low alkali water in both 
the sampling periods. Groundwater and river water falling 

maximum number of samples lies in the category of fresh 
water and were hard in nature except for few urban shal-
low samples that lies just at the fresh-brackish interface and 
were very hard in nature. On an average, Na varied between 
19 and 101  mg/l in PRMS, 2019 and 30 to 83  mg/l in 
POMS, 2019 for all type of groundwater samples. For Na+, 
all samples remained within the threshold value of 200 mg/l 
established by WHO. The range of Ca2+ was between 19 
and 101 mg/l in PRMS, 2019 and 30 to 83 mg/l in POMS, 
2019. For Ca2+, all type of samples adhered to the desir-
able limit (DL) which is 75  mg/l as outlined by BIS and 
WHO, except for 29% and 19% of urban shallow samples in 
PRMS, 2019 and POMS, 2019 respectively. High calcium 
content may result in abdominal ailments and may cause 
scaling and encrustation in water supply systems (Pras-
anth et al. 2012). Mg2+ varied between 8 and 66  mg/l in 
PRMS, 2019 and 9 to 58 mg/l in POMS, 2019 respectively. 
Regarding Mg2+, majority of the peri-urban and urban deep 
samples adhered to the DL (30 mg/l) outlined by BIS and 
WHO whilst majority of urban shallow samples surpassed 
it in both sampling periods. At higher concentrations, Mg2+ 
may lead to laxative effects (WHO). The range of HCO3

− is 
from 208 to 533 mg/l in PRMS, 2019 and 234 to 546 mg/l 
in POMS, 2019. A significant number of samples exceeded 
DL (200 mg/l) outlined by BIS for HCO3

− in both the sam-
pling periods. No known adverse health effect is associ-
ated with HCO3

− (Shi et al. 2013). The range of NO3
− is 

from not-detectable (nd) to 77 in PRMS, 2019 and nd to 
100 mg/l in POMS, 2019. For NO3

−, all the peri-urban shal-
low and urban deep samples adhered to the DL (45 mg/l) 
prescribed by BIS and WHO whilst majority of the urban 
shallow samples surpassed this limit in both the sampling 
periods. Consumption of high nitrate water may result in 
methemoglobinemia, goitre, gastric cancer, birth malforma-
tions etc. (Ward et al. 2018). The range of F− is between nd 
to 0.88 mg/l in PRMS, 2019 while nd to 0.87 mg/l in POMS, 
2019. All types of samples adhered to the DL (1 mg/l) out-
lined by BIS and WHO for F−. Low fluoride concentration 
implies the occurrence of fluoride-bearing minerals in min-
imal amount in the study area. The values of Cl− ranged 
between 14 and 164  mg/l in PRMS and 23 to 153  mg/l 
in POMS, 2019. For Cl−, all types of samples adhered to 
the DL of 250 mg/l and 200 mg/l established by BIS and 
WHO respectively. SO4

2− varied from 11 to 150  mg/l in 
PRMS, 2019 and 12 to 143 mg/l in POMS, 2019. All types 

Table 6  Percentage of groundwater samples falling under different WQI classes
WQI Classes PRMS, 2019 POMS, 2019

PU US UD PU US UD
< 50 Excellent 0 10 57 0 0 14
50–100 Good 100 19 43 100 38 86
100–200 Poor 0 71 0 0 62 0
Note: PU denotes peri-urban shallow samples, US- urban shallow samples, UD- urban deep samples
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0.47 to 0.84 for urban deep and 0.43 to 0.81 for river water 
samples. It was observed that all peri-urban shallow, urban 
deep and river water samples across both sampling periods, 
as well as a significant proportion of urban shallow samples 
i.e.100% in PRMS, 2019 and 95% in POMS 2019 had KR 
values below 1. This suggests that both surface and ground-
water sources are suitable for irrigational use.

From the RSC values (Table 7), it was determined that a 
significant proportion of peri-urban shallow samples (88% 
in PRMS and 81% in POMS), urban shallow samples (90% 
in PRMS and 100% in POMS) and urban deep samples 
(86% each in PRMS and POMS) and all river samples 

under both the C2S1 and C3S1 categories is suitable for irri-
gation across most soil types, with minimal risk of reaching 
harmful levels of exchangeable sodium in the C3S1 cate-
gory (Wilcox 1955). Overall, the water was found suitable 
for irrigational use.

The KR values of all types of groundwater samples and 
river water samples are summarised in Table 7. In PRMS, 
2019, the variation in KR values is from 0.15 to 0.98 for 
peri-urban shallow, 0.36 to 0.98 for urban shallow, 0.50 to 
0.98 for urban deep and 0.34 to 0.54 for river water samples. 
Similarly, in POMS 2019, the range extended from 0.19 to 
0.96 for peri-urban shallow, 0.93 to 1.14 for urban shallow, 

Fig. 14  WQI maps for (a) PRMS, 
2019 and (b) POMS, 2019
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circulation depth while identifying the comparative contri-
butions of geogenic processes and anthropogenic factors in 
regulating the groundwater chemistry through silica values. 
The major findings of the study are summarized below:

	● Evaluation of the hydrogeochemical attributes revealed 
the cumulative effect of complex geogenic and anthro-
pogenic influences on groundwater chemical character-
istics. Statistical analysis through one-way ANOVA af-
firms that most of the hydrochemical parameters do not 
depict any substantial seasonal variations.

	● Gibbs and other binary plots revealed that weathering of 
silicate is the key mechanism regulating the major ion 
chemistry. Additionally, the chloralkaline indices values 
revealed that ion exchange process is also regulating the 
chemical characteristics of groundwater to some extent. 
The comparable variations in most of the hydrogeo-
chemical parameters between river and groundwater 
suggest that groundwater chemical characteristics is 
also getting affected by aquifer and river interaction. 
This can also be validated from the water table contour 
map which revealed the influent nature of the rivers.

consistently fell within the safe category (RSC < 1.25) dur-
ing both sampling periods and thus are suitable for irriga-
tional use.

The industrial suitability of the groundwater was evalu-
ated using L-SI in both the sampling periods (Table 7). Dur-
ing both sampling periods, it was noted that all peri-urban 
shallow, urban deep and river water samples, along with 
a considerable portion of urban shallow samples i.e. 62% 
in PRMS 2019 and 71% in POMS 2019), exhibited have 
L-SI < 0.8, thereby, indicating that they are non-corrosive in 
nature and thus are suitable for industrial uses.

Conclusions

Hydrogeochemical investigations were carried out in peri-
urban and urban regions of Shahjahanpur during PRMS 
and POMS, 2019 primarily to decipher the predominant 
geochemical processes that are affecting the groundwater 
system, to assess the seasonal variations in the physico-
chemical parameters and to evaluate the water quality for 
different uses. Additionally, efforts were also undertaken to 
estimate the groundwater temperature and its corresponding 

Fig. 15  USSL diagrams for (a) PRMS, 2019 (b) POMS, 2019
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PRMS, 2019 POMS, 2019
SN Irrigational

suitability
Industrial suitability Irrigational

suitability
Industrial suitability

SAR RSC KR L-SI SAR RSC KR L-SI
Peri-urban shallow samples 1 1.12 0.76 0.40 0.28 1.45 0.95 0.50 0.34

2 1.44 1.16 0.54 0.21 1.67 1.22 0.61 0.33
3 1.21 0.69 0.47 0.32 1.46 0.82 0.56 0.35
4 1.47 0.61 0.62 0.43 1.72 0.87 0.70 0.46
5 2.48 1.27 0.98 0.57 2.52 1.25 0.96 0.56
6 1.79 0.84 0.71 0.37 2.01 1.11 0.78 0.41
7 1.13 0.79 0.46 0.26 1.53 1.14 0.61 0.3
8 1.72 0.60 0.66 0.47 1.84 1.16 0.69 0.43
9 2.14 1.51 0.88 0.39 2.17 1.41 0.85 0.4
10 0.67 0.47 0.26 0.19 1.49 1.19 0.58 0.23
11 2.31 0.39 0.81 0.73 2.6 0.79 0.89 0.66
12 1.05 0.52 0.32 0.22 1.17 0.39 0.36 0.29
13 0.46 0.47 0.15 0.13 0.57 0.04 0.19 0.22
14 1.12 0.10 0.36 0.34 1.21 0.36 0.39 0.33
15 0.57 0.39 0.18 0.2 0.66 -0.06 0.21 0.32
16 1.77 1.62 0.69 0.25 1.99 1.67 0.76 0.33
17 0.9 0.79 0.33 0.23 1.02 0.50 0.37 0.3
18 0.93 -0.43 0.31 0.57 1.41 0.28 0.47 0.54
19 0.96 0.60 0.29 0.26 1.36 0.65 0.41 0.31
20 0.92 0.34 0.30 0.26 1.37 0.47 0.45 0.35
21 1.54 1.01 0.57 0.32 1.82 1.30 0.68 0.41
22 0.53 0.31 0.16 0.2 0.84 0.44 0.25 0.28
23 1.54 -0.23 0.45 0.51 1.91 -0.04 0.55 0.49
24 1.11 1.08 0.36 0.24 0.97 0.55 0.30 0.22
25 0.71 -0.23 0.18 0.28 1.1 0.30 0.31 0.35
26 1.76 1.06 0.63 0.42 2.71 2.60 0.96 0.32

Urban shallow samples 27 1.86 -1.00 0.52 0.83 2.29 -0.47 0.63 0.8
28 2.05 0.06 0.55 0.49 2.03 0.33 0.54 0.46
29 1.72 -1.32 0.47 0.87 2.7 0.06 0.72 0.71
30 1.32 -0.84 0.36 0.52 2.04 -0.23 0.54 0.61
31 1.68 0.06 0.45 0.42 2.19 1.02 0.60 0.43
32 2.81 0.73 0.73 0.61 2.2 0.46 0.53 0.51
33 2.92 -1.32 0.76 1.13 2.89 -1.64 0.77 1.3
34 3.41 -0.73 0.90 1.22 3.09 -1.58 0.86 1.46
35 2.74 0.97 0.69 0.47 2.46 0.67 0.62 0.48
36 2.42 0.90 0.93 0.63 2.89 0.95 1.00 0.74
37 2.04 0.12 0.79 0.86 2.95 0.68 1.14 0.85
38 2.14 -0.23 0.60 0.56 2.68 0.86 0.76 0.57
39 1.79 -1.19 0.51 0.87 2.15 -0.36 0.60 0.75
40 1.75 -0.31 0.46 0.47 2.24 1.05 0.62 0.45
41 2.77 1.61 0.73 0.43 2.33 0.22 0.56 0.52
42 2.7 -1.00 0.72 1.03 2.93 -1.45 0.77 1.19
43 2.93 -1.88 0.77 1.4 3.03 -1.64 0.85 1.48
44 2.59 1.32 0.72 0.51 2.6 0.78 0.67 0.47
45 2.34 1.11 0.83 0.57 2.75 1.08 0.94 0.64
46 2.31 0.15 0.85 0.79 2.66 0.50 0.97 0.76
47 1.97 0.15 0.59 0.57 2.61 0.81 0.75 0.57

Table 7  Irrigational and industrial suitability indices of water samples in both sampling periods
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