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Abstract: Considering water as a limiting factor for socio-economic development, especially in
arid/semi-arid regions, both scientific communities and policymakers are interested in groundwater
recharge-related data. India is fast moving toward a crisis of groundwater due to intense abstraction
and contamination. There is a lack of understanding regarding the occurrence, movement, and
behaviors of groundwater in a fractured basement terrane. Therefore, integrated environmental
isotopes (δ18O, δ2H, and 3H) and hydrogeochemical studies have been used to understand the
recharge processes and geochemical evolution of groundwater in the fractured basement terranes
of Gujarat, NW India. Our results show that the relative abundance of major cations and anions
in the study basin are Ca2+ > Na+ > Mg2+ > K+ and HCO3

− > Cl− > SO4
2− > NO3

−, respectively.
This suggests that the chemical weathering of silicate minerals influences the groundwater chemistry
in the aquifer system. A change in hydrochemical facies from Ca-HCO3 to Na-Mg-Ca-Cl. HCO3

has been identified from the recharge to discharge areas. Along the groundwater flow direction,
the presence of chemical constituents with different concentrations demonstrates that the various
geochemical mechanisms are responsible for this geochemical evolution. Furthermore, the chemical
composition of groundwater also reflects that the groundwater has interacted with distinct rock
types (granites/granulites). The stable isotopes (δ18O and δ2H) of groundwater reveal that the
local precipitation is the main source of recharge. However, the groundwater recharge is affected
by the evaporation process due to different geological conditions irrespective of topographical
differences in the study area. The tritium (3H) content of groundwater suggests that the aquifer is
mainly recharged by modern rainfall events. Thus, in semi-arid regions, the geology, weathering,
and geologic structures have a significant role in bringing chemical changes in groundwater and
smoothening the recharge process. The findings of this study will prove vital for the decision-makers
or policymakers to take appropriate measures to design water budgets as well as water management
plans more sustainably.

Keywords: groundwater; fractured rock; hydrogeochemistry; geochemical evolution; environmen-
tal isotopes (δ18O; δ2H; and 3H); Ambaji Basin; NW India; socio-economic development; water
resource management
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1. Introduction

Globally, groundwater resources serve one-third of freshwater supplies, accounting
for nearly 36% for domestic purposes, 42% for agricultural use, and 27% for industrial
activities [1]. About 70% of the land area in India is underlain by crystalline basement rocks
and approximately 30% of them are merely covered with Precambrian basement or hard
rocks [2]. In the last few decades, the demand for groundwater and overexploitation of
groundwater resources has significantly amplified, particularly in semi-arid and arid areas
due to an increase in population, urbanization, and growth of the worldwide economy.

In semi-arid environments, understanding the groundwater evolution, flow path, and
recharge processes mechanisms are very much needed for the optimal usage of groundwa-
ter resources [3,4]. Furthermore, groundwater resources in basement hard rock terranes
are often restricted to the top weathered fractured zones that usually spread up to 50 m
depth, and below that, groundwater movement is mainly controlled by deeply fractured
zones [2,5–8]. In these terranes, the geochemical properties of groundwater are essen-
tially a function of the mineral composition of the rock through which it flows [9,10]. In
addition, the concentration of chemical species varies along its flow path [9,11–14], and
several hydrogeochemical processes impact groundwater geochemistry viz. topography,
precipitation intensity, water–rock interaction, mixing, dissolution, ion exchange, and
oxidation–reduction process [15–17]. These processes are mainly depending on the physic-
ochemical and biological properties of bedrocks with climatic conditions. Furthermore,
hydrogeochemical properties are also used as a proxy for determining the recharge areas
and sources [18]. Additionally, physical methods are also used to assess the recharge
process. However, the interpretation remains equivocal due to variation in weathered
fractured zones as well as seasonal variability of rainfall and groundwater level [19]. Hence,
integrating the hydrogeochemical datasets with stable isotopes (δ18O and δ2H) and radio-
genic isotopes (hydrogen-3, i.e., 3H) can aid significantly in tracing the hydrogeochemical
processes and in identifying the recharge environments of groundwater systems [20].

Generally, the stable isotopic compositions are preserved in the groundwater body
until it mixed with other water with altered stable isotopic signatures [21,22]. Several
studies have used stable isotopes in tracing the sources of groundwater around the world
viz. groundwater–surface water interaction studies [23,24], groundwater recharge assess-
ment along different flow paths [22,25–27], isotope tracing of paleo groundwater [28], and
evaporation effects on groundwater resources [27,29]. Among the other environmental
isotopes, tritium (3H) is a unique isotope used in hydrogeological studies to understand the
flow direction and groundwater age, and it has been applied in several regions (Northern
China [30], South Florida [31], California Basin [32], Banana Plain [14], Punjab state [33]).

Identifying the recharge processes in semi-arid regions has gained substantial attention
in recent years. However, most of the work focused mainly on sedimentary or alluvial
terranes and less on crystalline fractured rock terranes with varied climatic zones [4,34–37].
Especially in NW India, no such research has been carried out, although the communities
are heavily dependent on groundwater resources for domestic and agricultural activities.

Therefore, the present study is aimed at understanding the complex fractured base-
ment aquifers using hydrogeochemical, stable isotopes (δ18O and δ2H), as well as ra-
diogenic isotopes (3H). The specific goal is to identify the geochemical evolution and
groundwater recharge processes that occurred within the fractured crystalline basement
aquifers of Ambaji basin (Gujarat), NW India. The outcome of the work will lead to better
groundwater management and practices for sustainable water use especially in fractured
basement terrane.

2. Description of the Study Area
2.1. General Characteristics

The study area (Ambaji basin) lies in the northern end part of the Banaskantha district
(North Gujarat), NW India. The area is bounded by latitude 24◦10′–24◦22′ N and longitude
72◦30′–72◦50′ E (Figure 1). The areal extent is ≈450 km2 and is divided into two Talukas
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(Amirgarh and Danta taluka). The area is mostly dominated by hilly terrane and a smaller
portion of the low-lying flat terrane. The altitude varies from 250 to 650 m a.m.s.l. The
area comes under a semi-arid climatic type and is characterized by extreme temperature in
the summer months (May–July), erratic rainfall, and high evapotranspiration rates [10,38].
The average annual rainfall is ≈771 mm and is typically received through the southwest
monsoon, and the temperature varies between 15 and 42 ◦C in this area.

Figure 1. Geological map of the study area (Ambaji Basin, NW India) and groundwater sampling
locations (Pre-monsoon, December 2017). Figure 1 inset showing the major geological terranes of
Aravalli Delhi Mobile Belt (ADMB), NW India after GSI, [38].

2.2. Geological and Geomorphological Settings

Geologically, the Ambaji basin belongs to the South Delhi Terrane (SDT) of Aravalli-
Delhi Mobile Belt (ADMB), NW India (Figure 1). The ADMB comprises several geological
terranes including SDT (Figure 1 inset) [39]. Furthermore, several granitic intrusions have
occurred in the ADMB i.e., the Berach, the Jasrapur, the Sendra, the Ambaji (study area),
the mount Abu Granite, and the Erinpura granites. The different geological units in the
study area were demarcated through extensive fieldwork and the existing geological map
of the Geological Survey of India. As the study basin comes under the Meso-proterozoic
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age of SDT, the rocks present in this terrane were mainly of pelitic-, calcareous-, and basic
granulites, where three phases of granite intruded namely G1 (gneissic), G2 (medium to
coarse-grained, highly fractured), and G3 granites (fine-grained or micro-granite) [38,39].
Figure 1 shows that G2 granite is mostly dominated in this area, which is followed by basic
granulite, alluviums, G1 granite, and G3 granites. Furthermore, the G2 granite is highly
weathered in different regions. The area is predominantly comprised of different erosional
and depositional hydrogeomorphic units viz. structural hills, denudational hills, residual
hills, shallow to deep buried pediments, and valley fills. The eastern part mainly consists
of hilly terranes with highly undulating surfaces, whereas the southwestern end areas are
of gently undulating surfaces. The upper part of the basin mainly consists of structural
hills, whereas the lower part of the basin is covered with alluviums [38].

2.3. Structural and Hydrogeological Scenarios

The basin has witnessed several faults, fractures, and shear zones. The fractures mostly
show three sets of orientations i.e., NE-SW, NNW-SSE, and NW-SE (Figure 1). The study
area comprises several criss-crossed fractures in the northern part and northwestern part
due to transtensional settings and is characterized by both extensional and compressional
structures [38]. These transtensional settings lead to multiple phases of deformation, which
caused several criss-crossed fractures or lineaments. The major percentage of the study
basin is covered by crystalline basement rocks. Due to the absence of primary porosity,
secondary porosity such as fractures, faults, and shear zones serve as the main source of
groundwater resources. Furthermore, groundwater resources in the shallow part were
mostly covered with weathered zones/topsoil, while the deeper part mostly consists of
fault and fracture zones and shear zones followed by massive rocks. The groundwater
water levels in this area range from 2.5 to 49 m below ground level (b.g.l.) in the pre-
monsoon (May 2017) and 0.65–47.0 m b.g.l in the post-monsoon (December 2017). The
regional groundwater flows from the northeast to southwest direction and is primarily
influenced by the secondary porosities (faults/fractures/joints) and surface topography.
The area has largely three types for hydrogeological formations: (1) the top weathered zones
range from 1 to 30 m, (2) the fault and fractured zones comprised of granite range from 20
to 150 m b.g.l., and (3) massive granites (Figure 2). The area belongs to a semi-arid climate,
and the rivers flowing through it are mostly ephemeral and the major drainage network
is constituted by the Banas River flowing in the NE–SW direction and its tributaries i.e.,
Balaram River and Teliya Nadi.

Figure 2. A schematic diagram shows different hydrogeological zones (top-soil, weathered zones,
fractured zones, and massive zones) and groundwater circulations in the subsurface.
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3. Materials and Methods
3.1. Groundwater Sampling and Geochemical Analysis

A total of forty (n = 40) groundwater samples were collected for this study for stable
isotopes (oxygen and hydrogen), radiogenic isotope (tritium), and major cations–anions
analyses during December 2017 (post-monsoon) from different tube wells, dug wells, and
bore wells with variable depths (<30 m) (Figure 1). Pre-cleaned high-density polyethylene
(HDPE) bottles (500 mL) were used to collect the groundwater samples. Water was pumped
out for 10–15 min before the sampling. For stable isotopes (δ18O and δ2H) analyses, the wa-
ter samples were collected in 10 mL HDPE bottles, and for radiogenic isotopes (3H), water
samples are collected in 1 L HDPE bottles and sealed tightly. The groundwater samples col-
lected for major cations and anions were filtered using 0.45 µm Millipore filter paper in the
field. In situ parameters such as pH, electrical conductivity (EC), temperature (◦C), and to-
tal dissolved solids (TDS) were measured in the field through HANNA USA-made (Model:
HI98130) portable meter. Bicarbonate (HCO3) of groundwater samples was measured in
the field by the titration method. The collected samples were preserved in a cool place
after sampling and then transferred to a refrigerator for preservation until the geochemical
analysis. The major cations such as Ca2+, Mg2+, Na+, and K+ and anions Cl−, SO4

2−, and
NO3

− of groundwater samples were measured through a UV visible spectrophotometer
at IIT Bombay and ion chromatography (Metrohm 883 Basic IC Plus) at the SEOCS, IIT
Bhubaneswar with appropriate standards.

3.2. Stable Isotope Data (δ18O and δ2H) Analysis

The refrigerated water samples collected for stable isotopes (δ18O and δ2H) were
analyzed at the Nuclear Hydrology Laboratory, NIH Roorkee. For measuring δ2H, a dual
inlet stable isotope-ratio mass spectrometer (DISIRMS) was used, and a continuous-flow
stable isotope-ratio mass spectrometer (CFSIRMS) was used to quantify the δ18O. The water
samples were equilibrated with CO2 and H2 to quantity δ18O and δ2H values respectively
using the standard method [40]. Then, the instrument was calibrated to determine the δ18O
and δ2H composition by analyzing IAEA standards i.e., Vienna standard mean ocean water
(VSMOW) [41] with precision range ±1.0‰ for δ2H and ±0.1‰ for δ18O. The results of the
isotopes are expressed in terms of per mil (‰) relative to VSMOW using the ‘δ’ notation
and Equation (1).

δ(‰) =

(Rsample − Rstandard

Rstandard

)
× 1000 (1)

Here, Rsample is the ratio of 18O/16O and 2H/H isotopes for the collected groundwater
sample, and Rreference is the ratio of 18O/16O and 2H/H isotopes for the standard water
sample. The reference standard is usually considered IAEA VSMOW, and the measurement
precision is ±0.1‰ and ±1‰ for δ18O and δ2H, respectively. The isotope data reported in
this paper correspond to VSMOW.

3.3. Radiogenic Tritium (3H) Analysis

A total of twenty-two identical groundwater samples were collected for tritium (3H)
analysis. Usually, one liter of sample is enough for radiogenic 3H analysis. The water
samples were collected in unfiltered condition, and no preservatives were added. The
samples were stored in HDPE bottles with air-tight caps. The samples were analyzed at
the Nuclear Hydrology Laboratory, NIH Roorkee. For tritium analysis, three steps were
followed: (a) sample distillation, (b) fractionation by electrolytic enrichment (for removing
1H and 2H), and (c) measurement of tritium on Ultra Low-Level Liquid Scintillation
spectrometry. The WinQ and QuickStart software on the QUANTULUS system was used
to process the data. The measured tritium concentrations are stated in tritium units (TU),
and the error varies between ±0.12 and ±0.24 TU.
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4. Results and Discussion
4.1. Hydrogeochemical Studies
4.1.1. General Hydrogeochemistry

The physicochemical parameters and statistical data of the groundwater samples used
in this study have been provided in Table 1. Detailed information about the water chemistry
data is provided in Supplementary Table S1. The pH range of groundwater varies from
6.60 to 7.38 with an average value of 6.97, indicating that the groundwater is slightly acidic,
which may be due to the mixture of carbonic acid in the water of the aquifer system. The
electrical conductivity (EC) ranges between 360 and 2980 µS/cm, whereas the TDS varies
from 216 to 1788 mg/L. The respective average value of EC and TDS is 1231.50 µS/cm and
738 mg/L, which suggests that most of the groundwater samples can be used for drinking
water purposes, as it follows the WHO guidelines. However, few groundwater samples
(Table S1) with high NO3

− (>45 mg/L, WHO) are not suitable for drinking purposes. The
order of relative abundance of the major cations are Ca2+ > Na+ > Mg2+ > K+ and anions
HCO3

− > Cl− > SO4
2− > NO3

− (Figure 3).

Table 1. Physicochemical and isotopic results of groundwater samples collected during the post-
monsoon season from Ambaji Basin (NW India) (December 2017).

Parameter Minimum Maximum Average

Units

pH 6.6 7.38 6.97
EC (µS) 360 2980 1231.5

TDS (mg/L) 216 1788 738.9
Ca2+ (mg/L) 21.92 183.6 87.04
Mg2+ (mg/L) 11.94 111.28 48.97
Na+ (mg/L) 28.7 260.15 74.19
K+ (mg/L) 0.5 7.27 2.69

SO4
2− (mg/L) 12.29 195.94 40.61

Cl− (mg/L) 16.08 425.7 105.01
NO3

− (mg/L) 0.61 182.48 34.34
HCO3

− (mg/L) 125 535 359.25
δ2H (‰) −41.9 −24.51 −34.03
δ18O (‰) −6.17 −3.23 −4.93

d-excess (‰) 1.3 8.11 5.44
3H (TU) 1.97 28.05 5.1

Figure 3. Major ion concentration variation in the study area.
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Bicarbonates (HCO3
−) represent the alkalinity that ranges from 125 to 535 mg/L with

an average of 359.25 mg/L. Such a high concentration of bicarbonates in groundwater is ob-
served due to the chemical weathering of carbonate minerals and calcite dissolution [42,43].
Similarly, chloride (Cl−) with an average concentration of 105.01 mg/L indicates that there
is an interaction between freshwater from the recharge area and highly dissolved water
from the discharge area [44–46]. Apart from the chloride (Cl−) content, a high concentration
of nitrate (NO3

−) (>45 mg/L) [47] is also observed in 30% of the groundwater samples due
to agricultural activities and semi-arid climatic conditions. However, the sulfate (SO4

2−)
concentration is between 12.29 and 195.94 mg/L with an average of 40.61 mg/L, indicating
that the various sources such as pesticides used for agricultural productivity, evaporate dis-
solution, and domestic sewages are responsible for the high concentration of sulfate [48,49].
Calcium (Ca2+) is the most abundant ion; it ranges from 21.92 to 183.60 mg/L (average
87.04 mg/L), and it is derived from calc-silicate minerals due to chemical weathering and
the dissolution of calcium carbonate minerals [50]. Sodium (Na+) is the second most abun-
dant cation, which varies from 28.70 to 260.15 mg/L. This illustrates that the source of
sodium (Na+) in groundwater is mostly plagioclase feldspar, which is the common silicate
mineral of granite [9,11] as covered in most of the study regions. The magnesium concen-
tration ranges from 11.94 to 111.28 mg/L with an average of 48.97 mg/L, which indicates
that the groundwater has significantly interacted with granulites as it consists of Mg-calcite,
biotite, and amphibole minerals [51]. Potassium (K+) is the lowest; it is the most abundant
in the groundwater samples ranging from 0.50 to 7.27 mg/L (average 2.69 mg/L), which
leached out from the clay-bearing minerals being produced by the chemical weathering of
silicate minerals [52].

4.1.2. Hydrochemical Facies Variation

A piper trilinear plot is very useful in analyzing and understanding the geochemical
evolution and chemical relations of groundwater. This plot is further used to assess the
recharge flow paths by plotting the concentrations of major cations and anions [53]. The
plot (Figure 4) shows that the groundwater samples are categorized by major water types
such as (I) Ca-HCO3, (II) Na-Cl, (III) Mixed Ca-Na-HCO3, (IV) Mixed Ca-Mg-Cl, (V) Ca-
Cl, and (VI) Na-HCO3. Most of the samples are collected from granite (G2) and Mafic
granulite of the shallow aquifer (depth < 50 m) except for four (04) samples (TW-27, TW-28,
TW-29, and TW-30), which are collected from alluvial/sandy zones, as shown in Figure 1.
Around 77% of the total groundwater samples show Ca-HCO3 type, out of which 36%
samples are derived from the recharge area, which is supposed to be recharged only by
rainfall [2,11]. Furthermore, the low groundwater salinity with the Ca-HCO3 dominated
type of water indicates the rapid recharge of groundwater [18]. This infers that the samples
(TW-13, TW-18, TW-38, TW-41) with a TDS value <500 mg/L collected from the recharge
area of granite aquifer (Figure 1) are in fresh condition, which is due to the early stage of
the rainfall recharge process. However, TW-1 and TW-2 (TDS > 500 mg/L) and TW-43
(TDS > 1000 mg/L) are located in the same recharge region, suggesting that the infiltration
through fractures leads to the dilution of groundwater with existing groundwater and
subsequently increases the TDS value along its flow direction [54]. Furthermore, the
hydrochemical facies shift from Ca-HCO3 to Ca-Na-HCO3 due to the release of sodium
ions from clay minerals, which are formed due to the chemical weathering of silicate
minerals. Thus, ion exchange plays a significant role in this geochemical evolution during
the initial stage of groundwater flow and is expressed in Equations (2) and (3).

2Na(AlSi3)O8 + 2H+ + 9H2O→ Al2Si2O5(OH)4 + 2Na+ + 4H4SiO4 (2)

Ca(Al2Si2)O8 + 2H+ + H2O→ Al2Si2O5(OH)4 + Ca2+ (3)
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Figure 4. Piper trilinear diagram showing major groundwater types and geochemical evolution.

The samples (TW-3 to TW-6) collected from the granulite shallow aquifer are showing
TDS > 500 mg/L, which illustrates that there is a prolonged groundwater interaction
with the aquifer matrix [2,11]. The incongruent dissolution of ferromagnesian minerals,
hornblende, and pyroxene minerals from mafic granulite rock is attributed to the Mg(Ca)-
Na-HCO3 hydrochemical facies in these samples. The presence of Mg2+ in groundwater is
driven by the leaching of pyroxene from the granulite by Equation (4).

(Mg0.7CaAl0.3)(Al0.3Si1.7)O6 + 3.4H+ + 1.1H2O→ 0.3Al2Si2O5(OH)4 + Ca2+ + 0.7Mg2+ + 1.1H4SiO4 (4)

The rest of the groundwater samples have been categorized under type III water i.e.,
Mixed Ca-Na-HCO3, which are mostly from the granitic body. The hydrochemical facies
shown by these samples is Ca-Mg-Na-HCO3. This is due to the groundwater chemistry
driven by the weathering of ferromagnesian silicate minerals, as there must be an inter-
action with granulite rock during its flow. In addition, the samples collected from a low
topography area or discharge area with a TDS value >1000 mg/L show the mixed-type
of water facies viz. Ca-Na (Mg)-HCO3(Cl), Ca-Mg (Na)-HCO3, Na-Mg-Ca-Cl HCO3, etc.
The presence of a high concentration of chloride (Cl−) in groundwater implies the sluggish
movement of groundwater with minimal flushing capacity of the aquifer [11].

4.1.3. Mechanisms Controlling the Groundwater Chemistry

Gibb’s plot of groundwater samples in the Ambaji Basin is plotted in Figure 5. The plot
shows that most of the groundwater is confined in the rock dominance area. Around 95% of
the groundwater samples show ratios of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) that
are less than 0.5 with a TDS value level <1000 mg/L. This suggests that the groundwater
significantly interacted with fractured granite or mafic granulite during its movement.
Chemical weathering is the controlling factor for releasing Ca into the groundwater, as
calcium silicate and ferromagnesian minerals are the major constituents in these rock
types [52,55]. Very few numbers (around 5%) of samples show the ionic ratio of Na+/(Na+

+ Ca2+) and Cl−/(Cl− + HCO3
−) more than 0.5 having a TDS value >1000 mg/L, with an
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indication of shifting of samples from rock dominance to evaporation dominance (Figure 5).
This may be due to the chemical weathering and anthropogenic activities that are attributed
to evaporation [56], which leads to changes in the groundwater chemistry in Ambaji
Basin. In this case, the release of Na+ ions from clay minerals or fertilizers and increase in
residence time may be responsible for a higher ratio of Na+/(Na+ + Ca2+) in groundwater.
No samples belong to the precipitation dominance category, illustrating a limited supply of
ions from the atmosphere [57].

Figure 5. Gibbs plot showing geochemical evolution and rock–water interaction mechanisms.

4.1.4. Ionic Ratios and Hydrogeochemical Evolution

Groundwater chemistry mainly depends on the geochemical reactions and processes
that occur within the groundwater system [58]. Various binary plots (Figure 6) can explain
the various controlling mechanisms for the geochemical evolution of groundwater. In
Figure 6a, the samples lie in between reference lines 1:1 and 2:1 on the bivariate plot of
total cations versus alkali earth metals (Ca + Mg), indicating that the contribution of Ca
and Mg ions has a significant role in the derivation of groundwater chemistry. This may
be due to carbonate dissolution [59] or the weathering of calc-silicate and ferromagnesian
minerals/carbonate minerals (calcite and dolomite) that are likely to be present in fractured
rock bodies (both in granite and granulite) [11]. However, the scatter plot (Figure 6b)
between total cations versus alkali metals (Na + K) shows that nearly all samples are
plotted below the reference line (2:1). This infers that the contribution of alkalis metal is
relatively less than alkali earth metals, which can be explained by the enrichment of Ca2+

in groundwater due to the Ca-Na exchange process.
The ion exchange and silicate weathering are the major controlling factors for the

geochemical evolution of groundwater in this aquifer system. Furthermore, the presence
of fractures or faults may also be responsible for the ion exchange process [60], which
can bring additional Ca2+ ions to the aquifer system. The scatter plot between Ca2+ and
HCO3

− as shown in Figure 6d illustrates that most of the samples are lying above the
1:1 ratio reference line, whereas very few numbers of samples fall below the reference line.
This indicates that the relative enrichment of HCO3

− with respect to Ca2+ is due to silicate
weathering. Furthermore, an excess of Ca2+ (some samples falling below the line) infers
that the cation exchange process is one of the driving mechanisms for the chemistry of
groundwater. The weathering of ferromagnesian silicate minerals in the groundwater can
also be elucidated through the correlation between Ca2+ + Mg2+ and HCO3

−, as shown in
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Figure 6c. In this case, the majority of the samples are plotted very close to the equilibrium
line (1:1 ratio reference line) as opposite to Figure 6d. Thus, adding Mg2+ brings the major
chemical variation in the groundwater system, which originates from clay minerals. During
chemical weathering, the feldspar gets altered to clay minerals that mainly constitute Ca2+,
Mg2+, Na+, K+, etc. as major ions. As the groundwater interacts with the aquifer matrix, an
exchange of ions between Ca2+ or Mg2+ and Na+ takes place, which is also known as the
reverse ion exchange process [59,61] and seemed to be one of the controlling factors.

Figure 6. Bivariate plots of (a) Ca2+ + Mg2+ vs. Total cation, (b) Na+ + K+ vs. Total cation, (c) HCO3
−

vs. Ca2+ + Mg2+, (d) HCO3
− vs. Ca2+, (e) Ca2+ vs. Mg2+, (f) Ca2+ vs. SO4

2−.

The relationship between Ca2+ and Mg2+ can be derived from the scatter plot, as
shown in Figure 6e. This graph shows that the samples collected from granite terrane fall
both above the reference line, whereas the samples collected from granulite terrane lies
below the reference line. This suggests that the samples above and below the reference
line are Ca and Mg-rich, respectively. The presence of calc-silicate and ferromagnesian
minerals in different lithology influences the groundwater system and is an attribute of the
chemical variation in the groundwater. However, to identify any influence of the carbonate
weathering process in the groundwater system, a scatter plot between Ca2+ and SO4

2− has
been plotted (Figure 6f). All the samples lie above the reference line with an excess of Ca2+

relative to SO4
2− ions inferring the existence of carbonate weathering [42].
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4.1.5. Major Geochemical Processes

Silicate weathering is the main controlling mechanism for the geochemical evolu-
tion of groundwater in the study basin. The study area is predominantly composed of
granites and granulites, which consist of silicate minerals such as feldspars, pyroxenes,
biotite, quartz, etc. The bivariate plots Ca2+/Na+ versus Mg2+/Na+ and Ca2+/Na+ versus
Na+/HCO3

− are used to classify three important processes that govern the geochemistry of
water i.e., carbonate dissolution, evaporite dissolution, and silicate weathering [17,62]. As
shown in Figure 7a, Ca/Na > 1 is an indication of Ca-rich groundwater, and HCO3/Na > 1
suggests the dissolution of silicate minerals. In this study area, granites consist of Ca
feldspar, which has undergone a weathering process, and the dissolution of feldspar re-
leases Ca2+ to the groundwater system. While the groundwater moves from higher to
lower topography (from NE to SW direction) in the investigated area (Figure 1), it shows
increasing TDS value with an increase in Ca2+. However, there is a sharp change in ground-
water chemistry along its flow path when it interacts with mafic granulite rock, consisting
of ferromagnesian minerals. In this particular region, Mg2+ slightly exceeds Ca2+ and gives
rise to the Mg-Ca-Na-HCO3 type of water, as discussed in the earlier section of the paper.
Thus, the weathering of Mg-rich silicate minerals releases Mg2+ into the groundwater and
replaces Ca2+ on participating in the cation exchange process. The Mg/Na > 1 reveals
that Mg2+ concentration is more than that of Na+ in groundwater (Figure 7b), whereas the
Mg/Na < 1 shows the dominancy of Na+ ion in some groundwater samples, suspecting
the normal ion exchange process.

To understand this, a plot, Na+ + K+-(Cl−) versus Ca2+ + Mg2+-(SO4
2− + HCO3

−),
has been plotted, in which almost all samples fall on the straight line with a slope of –1.31
(Figure 8a). This suggests that the reverse ion exchange process is one of the significant
factors for the enrichment of Ca or Mg in deeply fractured aquifer relative to Na and also
influences the groundwater chemistry in the semi-arid region [60,61,63], as in the case of
Ambaji Basin. During this process, Na+ gets adsorbed in favorable exchange sites and
replaced with Ca2+ or Mg2+. This can be explained by Equation (5).

2Na+ + Ca2+
(

Mg2+
)
− Clay↔ Na+ − Clay + Ca2+

(
Mg2+

)
. (5)

The scattered plot between Na/Cl and Cl illustrates that the Na concentration in
groundwater is due to the ion exchange and dissolution process (Figure 8b). The ratio of
Na/Cl > 1 indicates the excess of Na over Cl in groundwater, as driven by the ion exchange
process in a continuous groundwater flow system. However, some samples show Na/Cl < 1
with rising in salinity (Cl−) concentration, suggesting the effect of dissolution processes, as
observed in groundwater discharge points. The subsequent decrease in groundwater flow
is attributed to a high Cl− concentration, which also indicates the influence of dissolution
on groundwater chemistry. Additionally, the prevailing semi-arid climatic conditions over
this region enhance the evaporation effect and may cause an increase in ionic concentration
in groundwater [11].

4.1.6. Saturation Index (SI) and Geochemical Modeling

For this study, the PHREEQC code [64] has been performed to compute the saturation
indices (SI) of dominant carbonate mineral species such as calcite and dolomite, which are
the common fracture-filling minerals. As the concentration of Ca and Mg is observed in
groundwater samples, the saturation indices with respect to calcite and dolomite can be
used as a proxy for identifying the geochemical processes. In Figure 9, the samples have
been classified as saturated (SI = 0), undersaturated (SI < 0 or negative), and oversaturated
(SI > 0, positive) [50,65]. Most of the samples collected from granitic rocks are plotted below
the equilibrium line (SI = 0) (Figure 9a). This infers that groundwater is undersaturated
to calcite and dolomite with an excess of Ca and Mg, which are mainly derived from the
dissolution of silicate minerals. The higher dissolution rate may be due to the continuous
flow of groundwater through fractured granite. However, few samples (BW-9, DW-19,
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TW-10, TW-11, TW-36, TW-8, TW-42) are distributed close to the saturated line (Figure 9b),
acquiring the saturation or over-saturation condition with the increasing of Ca and Mg.
These samples are located near the groundwater discharge locations with an average
TDS value >1000 mg/L. The relatively slower movement of the groundwater and the
evaporation process may be the driving factors for excess ionic concentration.

Figure 7. Ionic ratio plot (a) HCO3
−/Na+ vs. Ca2+/Na+, (b) Mg2+/Na+ vs. Ca2+/Na+ showing the

silicate weathering as controlling mechanisms.

In the case of mafic granulite, the majority of the samples are near the equilibrium line
(Figure 9b), indicating that groundwater is in a nearly saturated state with regard to calcite
and dolomite. Groundwater is oversaturated to dolomite in mafic granulite compared
to granite. Thus, the sluggish movement of groundwater may lead to an over-saturation
condition of calcite and dolomite in granulite rocks, unlike granitic rocks. The concentration
of alkali earth metals (Ca + Mg) increases as the groundwater is subjected to saturated or
oversaturated conditions to both calcite and dolomite (Figure 9b) due to an incongruent
dissolution of silicates.
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Figure 8. Plot (a) Ca2+Mg2+-(SO4
2- + HCO3

− vs. Na++ K+-(Cl−), (b) Na+/Cl− vs. Cl− showing the
reversible ion exchange and evaporation process as the major contributors of Na ions in groundwater
at different stages of groundwater evolution.

4.2. Stable Isotopic (δ18O and δ2H) Signatures and Recharge Process

The stable isotopic (δ18O and δ2H) composition of the groundwater in the study area
varies from −6.17‰ to −3.23‰ in δ18O and −41.90‰ to −24.51‰ in δ2H (Table 1) with
the mean value of −4.93‰ for δ18O and −34.03‰ for δ2H. The Local Meteoric Water Line
(LMWL) was calculated based on the concept of Global Meteoric Water Line (GWML) using
Equation (6) as shown below [66,67] to understand the relation between 2H and 18O.

δ2H = 8δ18O + 10 (6)

Around 17% and 83% of the total groundwater samples are plotted slightly below and
above the LMWL [68] (δ2H = (7.6 ± 0.6) × δ18O-(2.9 ± 2.2)) respectively, suggesting that
groundwater is of meteoric origin (Figure 10).
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Figure 9. Plot (a) spatial variation of saturation index (SI) with respect to calcite and dolomite,
(b) saturation index (SI) vs. Ca2+ + Mg2+ showing the contribution of silicate minerals in fractured
granite and mafic granulite through geochemical modeling.

Furthermore, there is a variation in isotopic composition in groundwater, which is col-
lected from granite and mafic granulite, suspecting the influence of geology on the recharge
process. Figure 10 illustrates that the regression line, δ2H = 5.89116 × δ18O- 4.73697, which
was plotted for the shallow fractured granite aquifer, has a lower slope (approximately
5.9) and intercept (−4) than LMWL. This is due to the fractionation, which leads to a
depletion of isotopic composition in groundwater with a positive and strong correlation
(R2 = 0.9) between δ18O and δ2H. Moreover, the d-excess value of groundwater samples
collected from fractured aquifer systems varies from 1.81 to 8.11‰ with an average value
of 5.93‰, which also indicates the evaporation process. Similarly, the regression line,
δ2H = 5.57 × δ18O-7.0672 fits positively (R2 = 0.83) between δ18O and δ2H of groundwater
samples extracted from mafic granulite. The slope (5.57) and intercept (−7.06) of the regres-
sion line is less than that of LMWL, indicating the evaporation effect prior to recharging
the groundwater in the mafic granulite aquifer. This is also supported by the d-excess
value ranging from 1.30 to 7.10‰ with the mean value of 3.98‰. The slope (<7.6) and
d-excess (<10‰) values of the groundwater from both granitic and mafic granulites suggest
that the groundwater is influenced by the evaporation process before recharge.

In order to understand the recharge source, a flow direction map of groundwater has
been prepared (Figure 11).
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Figure 10. A plot of δ2H (‰) versus δ18O (‰) for groundwater resources in Ambaji Basin, North
Gujarat (NW India). The Local Meteoric Water Line (LMWL) of North Gujarat and the Global
Meteoric Water Line (GMWL) are also shown.

Figure 11. Groundwater flow direction map of the study area.

Sampling locations such as TW-1, TW-43, T-13, TW-42, and TW-38 show depleted
isotopic compositions (average δ18O < −5.00‰) with the higher hydraulic heads and
are located in the Kengora and Ghoda area. Similarly, groundwater from TW-3, TW-5,
TW-4, and TW-6 in the Kanpura area shows slightly enriched isotopic values (average
δ18O > −5.00‰) along the flow direction with a decrease in the hydraulic head (Figure 11),
which indicates that a higher topography region is depleted with isotopic composition
as compared to a low topography region, although they originate from the same source
of recharge i.e., local precipitation. However, the depleted isotopic composition is also
observed in TW-7, TW-10, TW-21, TW-22, TW-23, TW-25, TW-27, and TW-29 sampling
locations with lower hydraulic heads, which are also falling on granitic rocks of the lower
topography region. Remarkably, it reveals that groundwater in fractured granite shows the
depleted isotopic composition and higher d-excess value as compared to mafic granulite
(Figure 12), although they have the same source of recharge. This may be due to the
kinetic evaporation of soil moisture that affects the groundwater more effectively in mafic
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granulite than fractured granite before it recharges. Furthermore, the sluggish movement
of groundwater due to less permeability in mafic granulite is attributed to the enrichment
of isotopic composition as compared to the fractured permeable aquifer.

Figure 12. Plot of d-excess vs. δ18O (‰) of groundwater samples.

4.3. Radiogenic (3H) Isotopic Signatures

In this study, tritium (3H) dating is used to measure the age of groundwater. The
half-life of 3H is 12.32 ± 0.02 years. The 3H concentration in the hydrosphere can be cosmo-
genic and anthropogenic, and the concentration of 3H in rain due to cosmic ray production
is about 6–8 tritium units (TU) in Indian rainwaters [69]. Based on the tritium unit (TU)
values, the semi-quantitative age of groundwater can be inferred [70,71]. Twenty-two (22)
representative groundwater samples were collected from different aquifers during De-
cember 2017 and investigated for measuring the 3H in the study area in (Table 1). The
measured range of TU varies from 1.97 ± 0.13 TU to 28.05 ± 0.70 TU with an average of
5.10 TU. Usually, the 3H content in groundwater starts decreasing from the recharge zone
to discharge zones with time. The area also shows similar results, i.e., relatively high TU
in the recharge areas and low TU at the discharge areas (southwest part) (Figure 13). The
results show that the measured tritium values (TU) in groundwater can be categorized
broadly into (1) a mixture of sub-modern and modern water (0.8–4.0 TU, 30–40 years),
(2) modern water (5–15 TU, <5–10 years), and (3) recent recharge (>15 TU). The 3H values
show that most of the samples show a mixture between sub-modern and modern recharge
followed by modern and recent recharge. Figure 13 shows the semi-quantitative ground-
water ages and exemplifies that groundwater is dynamically recharged through weathered
zones, secondary fractures, faults, and shear zones. The existence of recent and modern
groundwater in the deeper depth specifies a link between shallow and deeper aquifers.
Furthermore, it directs that the groundwater level will be shallow even if pumping is more
in these areas. Among the entire area, one sample shows 28.05 TU (TW-04, Kanpura area),
representing the recent age groundwater, which might be due to a river being close to the
well location. In this study basin, the identified recharge locations are Kengora (TW-1),
Padaliya (TW-43), Ghoda (TW-13), Nichli Ghoda (TW-18), Surela (TW-34, TW-35), Virampur
(TW-21, TW-22), and Yogdadi areas (TW-27) (>5 TU). These areas are also a good pact with
the presence of structural components i.e., major faults, fractures, and shear zones that
control the groundwater circulations in the study basin.
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Figure 13. Distribution and variation of environmental tritium (3H) content in Ambaji Basin
(NW India).

More than 50% of the samples show the TU values between 0.8 and 4.0, which indicates
that the groundwater is mixed type i.e., modern and sub-modern age (30–40 years). This
implies that the study area is moderately rechargeable in these areas even if few fracture
and lineament traces are present. The area consists of several mafic granulite patches
where fractures and weathered zones are relatively less as compared to granitic rock. The
mafic granulite is massive in nature, which results in the sluggish behavior of groundwater
movement in the subsurface. Therefore, these moderately rechargeable areas are expected
to show a depletion of groundwater levels if pumping is more.

5. Scientific Outcome and Its Policy Relevance for Sustainable Water
Resources Management

This study has not only given mere value for scientific investigation but also an open
door for policymakers’ or decision-makers’ interventions by achieving different objectives,
as shown in Figure 14. One of the dimensions is to hasten the process of SDGs targets
in a timely manner. Although there are 16 sustainable development goals (SDGs), all the
goals are interlinked, and accessing water management is vital for achieving all the goals.
For the second dimension, robust science is necessary for designing for better policy in
arid/semi-arid regions; that is why this kind of scientific evidence will open pathways for
better science–policy interlinkages. For the third dimension, water always proved to be a
limiting factor for socio-economic growth in a holistic manner, especially in water-scarce or
water-shortage regions such as arid/semi-arid areas. This study will be proved crucial for
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laying a good foundation for management policies. Furthermore, this study also helps to
achieve a better bio-diversity management plan or global Aichi target.

Figure 14. Interactive link between groundwater recharge process and geochemical evolution with
IWRM and SDG.

6. Conclusions

Based on hydrogeochemical parameters and isotopic composition, the study was
carried out to understand the various geochemical processes that were subjected to hydro-
geochemical evolution in a structurally controlled area. The environmental isotopes (δ18O,
δ2H, and 3H) of groundwater samples were analyzed to identify the source of groundwater
and the hydrological process for groundwater recharge. In groundwater, Ca2+ is the domi-
nated cation followed by Na+, Mg2+, and K+, whereas from the anionic category, HCO3

−

is dominant with a gradual decrease in the concentration of Cl−, SO4
2−, and NO3

−. The
interaction of groundwater with the aquifer matrix is a common phenomenon for the differ-
ent ionic distribution in the different aquifer systems. To understand the hydrogeochemical
pattern from recharge to discharge areas, hydrochemical facies was plotted. All samples
are majorly represented by two types of hydrochemical facies, i.e., Ca-HCO3 and Mixed
Ca-Na-HCO3, which are collected from fractured granite and mafic granulite. The chemical
behavior of groundwater is different, as it moves from one point to another. Initially, the
groundwater shows Ca-HCO3 facies in both granites and granulites as it gets recharged
by rainfall. As soon as it moves further, mixed Ca-Na-HCO3 type hydrochemical facies
are observed. In fractured granite and mafic granulite, groundwater is represented by
Ca-Na-HCO3 and Mg (Ca)-Na-HCO3, respectively, which is due to the chemical weathering
of silicate minerals. It is also supported by Gibb’s rock–water interaction plot. Along with
chemical weathering, ion exchange is also responsible for controlling the groundwater
chemistry, in which the Na releases with the replacement of Ca during the early stage
of groundwater movement. Gradually, the Ca and Mg replace Na by a reversible ion
exchange process.

The stable isotopic (δ18O and δ2H) composition of groundwater reveals that rainfall is
the primary source of the groundwater recharge and shows more depletion value in the
recharge area as compared to discharge. Furthermore, the enriched isotopic composition
δ18O > 5‰and low d-excess value (<10‰) indicate that the groundwater is subjected to
evaporation before it recharges. The radiogenic isotope (3H) concentration shows that
the study basin is predominantly modern groundwater (<8–10 years) and mixed-type
sub-modern to modern groundwater age (30–40 years). Furthermore, the modern recharge
is linked to the presence of different structural components i.e., secondary faults, fractures,
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and shear zones that circulate the precipitation into the subsurface groundwater system. As
a way forward, the study recommends hydrological simulation-related studies or detailed
policy-relevant studies to achieve water security in the present study area or areas with
similar climatic and geographical characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14030315/s1, Table S1. Physicochemical and isotopic results
of groundwater samples collected during post-monsoon season from Ambaji Basin (NW India)
(December 2017)
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