Chapter 18 M)
Groundwater Contamination Issues et
in the Shallow Aquifer, Ramganga

Sub-basin, India

N. Rajmohan

18.1 Introduction

Groundwater quality monitoring is an important task in sustainable groundwater
management especially in the shallow aquifer. Recent days, shallow aquifers are
under stress due to high abstraction for irrigation and domestic need as well as quality
degradation. Water quality degradation in the shallow aquifers are widely reported
worldwide especially South Asian countries due to porous and permeable soil,
shallow water table and vadose zone thickness (Nolan et al. 2002; Davraz et al. 2009;
Jiang et al. 2009; Rajmohan and Prathapar 2013, 2014). Groundwater quality in the
shallow aquifers is governed by various factors and processes that can be broadly
classified into natural and man-made activities. Climate variability, rock water
interaction, adsorption/desorption, dissolution/precipitation, etc. are natural pro-
cesses that affect water quality (Matthess 1982; Rajmohan and Elango 2004; Das
et al. 2016; Patel 2019a, b). Dumping sites, landfills, industrial and domestic
wastewater, irrigation return flow, excess fertilizers and pesticide usage are some of
the man-made activities degrade water quality through vertical infiltration. In the
Ganges basin and sub basins, groundwater quality deterioration by arsenic, selenium
and iron is extensively reported (Saha et al. 2009; CGWB 2014; Rajmohan and
Prathapar 2013, 2014; Shah 2014). Besides, nitrate, chloride, phosphate and heavy
metals contaminations in groundwater are also documented in this region (Raju et al.
2009; Khan et al. 2015; Rajmohan and Amarasinghe 2016).

In the Ganges basin, Ramganga Sub-basin is a high runoff and water yield basin
(Surinaidu et al. 2016; Amarasinghe et al. 2016). In this basin, groundwater is a
soul source to balance the domestic and irrigation water requirements due to surface
water scarcity (CPCB 2013; Amarasinghe et al. 2016; Khan et al. 2016). Thus, this
study was performed to understand the overall groundwater quality status in this
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region using published literature as well as to identify the geochemical processes
and pollution sources through groundwater sampling and analysis. Besides, this
study provided the recommendations to manage the shallow aquifer efficiently.

18.2 Study Area

Ramganga Sub-basin (RSB) existed in the Central Ganga Alluvial Plain (78° 14’ to
80° 8" and 27° 7' to 30° 6') in India (Fig. 18.1). In this region, groundwater
requirement is increased tremendously due to the agricultural development, rapid
urbanization and industrialization as well as inadequate surface water resources
(CGWB 2009). River Ramganga is one of the important tributaries in the Ganga
River and formed from lower Himalayas (about 3110 m above mean sea level) and
flows in the states of Uttarakhand and Uttar Pradesh (UP). Length of the Ramganga
river is 596 km and it covers 30,839 km? (Fig. 18.1) (Rajmohan and Amarasinghe
2016). RSB experiences subtropical monsoon climate and the temperature varies
from 40.5 to 8.6 °C during May and January, respectively. The annual average
rainfall is 923 mm and 90% of the rainfall occurs from July to September. RSB is
sloped from north to south and almost plain. This study region is classified into
Lower piedmont plain of Tarai, Older alluvial plain/upland, Younger alluvial plain/
low land and Meander flood plain based on geomorphology. In this region, soil is
classified into Tarai soils (locally known as “Mar”), Khadar or low-land soils (silty
loamy sand or sandy) and Upland or Bangar soils (existed at upland tract of older
alluvial plain).

Hydrogeologically, the RSB is covered by the older alluvium (Clay with Kankar
and sand), younger alluvium (Fine sand, silty clay with gravel) and Tarai forma-
tions (Clay-sandy, sand, gravel and clay). The main water bearing formations are
alluvial sediments which formed by the alternate beds of clay and granular material.
Based on groundwater exploration work, CGWB (2014) identified the multi-layer
aquifer (up to 750 m) in this basin. During premonsoon, the groundwater level
ranges from 2.45 to 14.88 mbgl whereas during postmonsoon, it varies from 1.95 to
14.65 mbgl (CGWB 2009).

18.3 Materials and Methods

The groundwater sampling was carried out randomly in the Bareilly, Rampur and
Shajahanpur districts in the study region (Fig. 18.1). Survey was carried out to
select the wells for water sampling. Groundwater samples were stored in the
pre-cleaned two HDPE bottles (1000 and 250 ml) from shallow (n = 37) and deep
(n = 7) wells. Water samples were obtained after removing the stagnate water in the
borewell casing. In the field, pH and EC were determined by portable meters and
water samples were stored in the icebox (4 °C) until analysis. Collected samples
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Fig. 18.1 Groundwater sampling wells and other features in the RSB

were filtered using 0.45 um Millipore filter. For metal analysis, filtered samples
(250 ml) were acidified (pH < 2) with ultra-pure HNOs;.

Well depth details were obtained from well owners. Major and minor ions and
trace metals were analysed using standard methods (APHA 2012). Trace metals
namely As, Cr, Cu, Fe, Mn, Ni and Zn were analysed using Atomic Absorption
Spectrophotometer (AAS4141, ECIL). All the analyses were performed at Water
Technology Center, Indian Agricultural Research Institute (IARI), New Delhi,
India. Analysis accuracy was tested using the ion balance error, which is within
+5%.

SPSS (v 16.0) was used for Pearson correlation analysis. Saturation indices of
mineral phases, aqueous species, ion activities and ionic strength were calculated
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using PHREEQC software (Parkhurst and Appelo 1999). The detailed procedure is
given in Parkhurst and Appelo (1999). Ion activities were used to identify the
thermodynamic stability of the reaction phases in the groundwater. Further, pub-

lished literatures was also used to discuss the pollution status of shallow aquifer in
the RSB.

18.4 General Groundwater Quality in the RSB

In the RSB, groundwater quality is influenced by the various elements especially
salinity, fluoride, arsenic, nitrate and trace metals. Rajmohan and Amarasinghe
(2016) carried out a detailed study in all 15 districts in the RSB using secondary
data and published literatures. They reported high salinity (Bareilly >
Hardoi > Bijnor > Budaun > Shahjahanpur; TDS > 500 mg/l), chloride
(Bareilly > J.P. Nagar > Pilibhit > Budaun > Shahjahanpur; CI" > 250), sulphate
(Bareilly > Budaun; SO427 > 200), nitrate (Pilibhit > Shahjahanpur > Hardoi;
NO; > 45), arsenic (Pilibhit; As > 0.05 mg/l) iron (Bareilly > Pilibhit >
Bijnor > Hardoi > Shahjahanpur; Fe > 0.3 mg/l) and fluoride (Pilibhit >
Shahjahanpur; F > 1.5 mg/l) content in groundwater in the RSB districts. Figure 18.2
indicates the groundwater contamination status in the RSB districts. Groundwater
contamination by the Iron and nitrate are widely identified in these districts. Among
these districts, groundwater in the Pilibhit is contaminated by the arsenic, nitrate,
salinity, iron, fluoride and total hardness. Based on groundwater contamination status
(Fig. 18.2), RSB districts can be classified in the order as Pillibhit >
Hardoi = Shahjahanpur = J.P. Nagar = Bijnor > Budaun = Bareilly = Moradabad >
US Nagar = Chamoli > Almora = Farrukhabad > Nainital = Garhwal = Rampur. In
the RSB, groundwater in the upstream districts has low TDS and chloride compared to
downstream districts (Rajmohan and Amarasinghe 2016).

Besides, other studies are also performed in the RSB to assess the groundwater
contamination status. In the RSB, high salinity is reported in the Bareilly, Chamoil
and U.S. Nagar districts (CGWB 2009). High salinity is also reported in the Ganges
basin states (i.e. Bihar, Haryana, Rajasthan and Uttar Pradesh) due to irrigation
return flow and excess groundwater usage (Chakraborti et al. 2011). Groundwater
with high TDS (>500 mg/1) is reported in the Moradabad city.

Like salinity, nitrate contamination in the groundwater is extensively reported in
the RSB. CGWB (2009) noted nitrate contamination (NO; > 45 mg/l) in
Moradabad and Bareilly districts due to improper waste disposal and fertilizer uses
for irrigation. Raju et al. (2009) and Khan et al. (2015) also reported nitrate con-
tamination in the lower Kali watershed and Varuna River basin. Uttar Pradesh.
Shallow aquifer is highly affected by nitrate compared to deep aquifer and it is
documented in the Varanasi city (Nandimandalam 2012).

Apart from nitrate and salinity, iron, arsenic and fluoride contaminations are also
reported in the RSB. Iron contamination in groundwater is encountered in most of



18 Groundwater Contamination Issues in the Shallow Aquifer ... 341

Fig. 18.2 Groundwater
pollution status in the RSB
districts (i.e. N—Nitrate
contamination

(NO;5 > 45 mg/l)) (after
Rajmohan and Amarasinghe
2016)

A

- /Y
e e

§ "

> ) \

{
"% ANSIFH

)

Legend

A - Arsenic
N - Nitrate
S - Salinity
l-Iron

F - Fluoride
H - Total Hardness
M - Manganese

0 =] 50 100

these districts. Iron contamination is reported in the Moradabad city (Kumar and
Sinha 2008), Bareilly district (Rastogi and Sinha 2008; Singh et al. 2009) and
Hasanpur in JP district (Sinha and Saxena 2006). Groundwater in the Bareilly and
Moradabad districts is polluted by the arsenic as well (CGWB 2009). According to
Agarwal (2014), high arsenic in groundwater is identified in the 19 villages (Bareilly
district) during Jal Nigam survey. In the RSB, iron and arsenic are mostly derived
from geogenic sources (Rajmohan and prathapar 2013, 2014). Several processes are
responsible of metal releases to groundwater such as pH, natural weathering,
adsorption/desorption, oxidation/reduction, organic matter, soil texture, etc.
(Rajmohan et al. 2014). Reducing environment in the anoxic condition will enhance
reduction of oxides/hydroxides/sulphides/carbonates, which results metals enrich-
ment in the groundwater (Kumar et al. 2017; Das and Kumar 2015; Das et al 2015). In
the RSB, Sinha and Saxena (2006) and Singh et al. (2009) documented that iron,
manganese and zinc have strong interrelationship as well as positive correlation.
Likewise, arsenic also released to groundwater from young alluvial deposits in the
RSB (Pandey et al. 2009; MDWS 2011; Rajmohan and Prathapar 2014).
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Fluoride contamination is documented in the study region as well as Ganges
basin. In the Ganges basin, high fluoride in groundwater is identified in the states of
Bihar, Chhattisgarh, Delhi, Haryana Jharkhand, Madhya Pradesh, Rajasthan, Uttar
Pradesh and West Bengal (CWC/NRSC 2014; Rajmohan and Prathapar 2014). In
the RSB, high fluoride is noted in the Shahzad Nagar block, Rampur district
(Kumar and Yadav 2011), Bareilly district (Singh et al. 2009) and Hasanpur, J.
P. Nagar district (Sinha and Saxena 2006). Besides, Rastogi and Sinha (2008)
recorded high manganese concentration in the groundwater in the Moradabad city.
Sinha and Saxena (2006) mentioned that shallow hand pumps have high concen-
tration of major ions and low dissolved oxygen compared to deeper hand pumps in
the Hasanpur (J.P. Nagar district). Kamal et al. (2014) suggested that anthropogenic
sources are responsible for high nitrate, sulphate and phosphate in groundwater in
the J.P. Nagar district.

18.5 Groundwater Quality in the Shallow Wells

Previous studies implied that groundwater in the shallow unconfined aquifer is
polluted by the various elements. Hence, in order to assess the sources of con-
tamination and detailed geochemical processes, groundwater samples were
obtained from 37 shallow and 7 deep wells in the RSB and analysed for major and
minor ions and metals. Results suggest that groundwater quality is potable in the
study region (TDS < 1000 mg/l; Freeze and Cherry 1979). In the shallow wells
(n = 37), the depth ranges from 6 to 26 m (Table 18.1). The average EC, TDS and
pH are 896 uS/cm, 573 mg/l and 7.4, respectively and the groundwater is alkaline
in nature (Table 18.1). CaMgHCO; (n = 17) > CaMgCl (n = 15) > NaHCO;
(n = 4) > NaCl (n = 1) are dominant water types in the shallow wells, which justify
that the water quality is influenced by the minerals dissolution, recharge, mixing
and ion exchange reactions.

Figure 18.3 illustrates that groundwater in the shallow wells are more mineral-
ized (Deep wells are plotted in the Figs. 18.3, 18.4, 18.5 and 18.6) just for com-
parison only). This variation is significant in the major ions, nitrate, phosphate and
metals. Figure 18.3 justify that the water quality in the shallow wells is not gov-
erned by the natural processes alone. But, anthropogenic sources are also affected
the water quality. Metal distributions (i.e. Mn, Cu and Cr) indicate that these
elements are partially/totally derived from the non-lithological sources (Fig. 18.3).
In addition, high standard deviations (Table 18.1) also justify that these metals are
derived from multiple sources. In the case of Mn, it is widely used in various
products such as varnish, batteries, cleaning, fireworks, bleaching, fungicides,
fertilizers, livestock food supplements, etc. (ATSDR 2000; HSDB 2001; WHO
2011). Likewise, Cu compounds are used in the pipes, valves electrical wiring,
building materials, cooking utensils, algicides, fungicides, insecticides, fertilizers,
wood preservatives and animal feeds (Landner and Lindestrom 1999; ATSDR
2002; WHO 2004). Dye, wood preservatives, paint pigments, metal coatings, paints
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Table 18.1 Descriptive statistics of parameters analysed in the groundwater, Ramganga sub-basin

Unit Range Mean + STD Kurtosis Skewness

Depth m 6-26 12+ 4 1.5 1.1
EC uS/cm 270-2000 896 £ 392 1 1
pH 7-1.17 74 £0.2 -0.9 —-0.1
TDS mg/l 173-1280 573 £+ 251 1 1
Na 12-233 63 + 45 5 1.8
K 1.3-173 28 + 42 4 2.2
Ca 21-86 52+ 15 -1 0
Mg 14-84 33 +£ 16 3 1.6
Cl 25-355 113 + 61 5.8 2
HCO; 97-678 295 + 129 0.95 0.93
SO, 17-147 72 £ 37 —-0.83 0.26
NO; BDL-38 69 + 11 2.1 1.7
PO, BDL-1.3 0.1 +£0.23 22 44
F 0.05-0.41 0.13 £ 0.08 4.8 2.1
Si 2.9-6.1 3.98 £ 0.96 —-0.61 0.65
Cu ng/l 39-299 122 £ 81 —-0.6 0.8
Mn 55-3592 676 + 762 5 2.1
Fe BDL-2436 603 £+ 614 1.4 1.3
Zn BDL-1188 193 + 244 7.7 2.4
Cr BDL-860 63 £ 152 22 43

STD standard deviation; BDL below detection limit

pigments, paper, cement and rubber contain Cr compounds. These elements are
entered into the aquifer through irrigation return flow and sewage water.

Pearson’s correlation analysis was performed to understand the possible sources,
processes and elements association in the aquifer. pH, Ca, PO,, H4SiO,4, Fe, Mn,
Zn, Cu and Cr do not show correlation with other variables; hence, excluded in
Table 18.2.

Table 18.2 indicates that bicarbonate shows significant positive correlation with
EC, TDS and major ions. Major ions show strong positive correlation with each
other. Fluoride and nitrate have positive correlation but not correlating with other
variables. Chloride shows positive correlation with major ions. Variables corre-
lating with chloride suggest that the water quality is highly affected by surface
contamination sources.

Processes regulating water quality

In the RSB, groundwater quality is regulated by the mineral weathering (carbonates
and silicates), ion exchange reactions and surface sources. lonic ratios are infor-
mative tool to assess geochemical processes in the aquifer. In this study, Na/Cl ratio
ranges from 0.41 to 2.11 with a mean value of 0.85. Higher ratios (Na/Cl >1) shows
silicate weathering/cation exchange whereas lower ratio (<1) expresses reverse ion
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Fig. 18.3 Vertical distribution of EC, pH, major and minor ions and trace metals in the
groundwater
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Fig. 18.4 Role of silicates and carbonates minerals weathering and ion exchange reactions on
water chemistry

exchange reactions. Likewise, Na/Cl = 1 shows halite dissolution or surface input.
As halite is highly undersatured in this region (SI <—6), chloride is derived from
anthropogenic sources. To explain the impact of mineral weathering process on
groundwater quality, Na normalized molar ratios of Ca/Na, Mg/Na and HCO3/Na
are employed (Gaillardet et al. 1999).

Figure 18.4 depicts that most of the samples plotted between silicate and car-
bonate weathering zones, which suggests that the water quality is predominantly
controlled by the carbonate dissolution. In fact, weathering rate of carbonates is
faster (12 times) than silicates (Meybeck 1987). In addition, mHCO3;/mNa + K
ratio is higher than one in most of the samples. Molar Ca/Mg ratio is generally used
to distinguish the impact of dolomite (mCa/Mg = 1), calcite (2 > mCa/Mg > 1)
and silicate (mCa/Mg > 2) weathering processes on water quality (Mayo and
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Fig. 18.5 Saturation state of selected phases in the groundwater
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Table 18.2 Pearson correlation analysis results obtained from groundwater quality data

n=37 |EC |TDS |[Na |K Mg cl HCO; |[SO, |NO; |F
EC 1

TDS 1 1

Na 09 |09 1

K 07 0.7 04 |1

Mg 08 |08 0.6 |05 1

cl 09 |09 07 |06 0.7 1

HCO; |09 |09 09 |05 0.7 06 |1

SO, 08 |08 0.6 |06 0.6 0.6 |06 1

NO; 0.1 |0.1 0 03 |-0.1 01 |01 0 1

F 0.1 |0.1 01 |01 [-02 [-01 o1 0 0.6 1
P <0.05

Loucks 1995; Rajmohan and Elango 2004). In this study, this ratio is generally less
than two, which justify that carbonate dissolution is a major process that regulates
water quality in the RSB.

In order to explain the mineral water interaction, silicate weathering products
and carbonate minerals dissolution in details, aqueous geochemical modelling
(PHREEQC code) is employed. Saturation indices (SI) and ion activities were
calculated using PHREEQC. Dissolution and precipitation of particular mineral
phases are identified using SI values. Figure 18.5 illustrates the saturation state of
Si0,, carbonate, silicates, hydroxides and fluorite phases. The dissolved CO, in the
shallow wells ranges from —2.5 to —1.3 with an average value of —1.9, which is
higher than atmospheric CO, (—3.5). This observation indicates that system is
opened to atmosphere and dissolved CO, is likely derived from organic matter
degradation/root respiration (Appelo and Postma 2005) or vertical leakage of
wastewater (Sinha and Saxena 2006). In the study region, carbonate phases (calcite,
aragonite and dolomite) show saturation and over saturation in the groundwater in
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most of the samples. Hence, dissolution and precipitation of carbonate minerals
largely governed the groundwater quality in the study region. In contrast, sulphate
phases (anhydrite, gypsum, melanterite; SI: —10.3 to —1.6) fluorite (SI < —1.9) and
halite (SI < —5.9) are undersaturated. SI of silicates indicate that phases such as
sepiolite (—7 to —2.7), chrysotile (—7.9 to —1.7), amorphous silica (—1.8 to —1.3)
and chalcedony (—0.5 to —1.0) are undersaturated while quartz (—0.5 to —0.1),
willemite (—3.6 to 1.7) and talc (—5.8 to 0.7) are saturated or near saturation in the
groundwater.

In the case of iron, groundwater shows saturation/oversaturation with hydroxides
(Fe(OH)3(amorphous), Goethite), oxides (Hematite) and carbonates [Siderite
(FeCO3)]. In contrast, manganese oxides (Hausmannite, Pyrolusite) and hydroxides
(Manganite, Pyrochroite) show undersaturation but manganese carbonate [rhodo-
chrosite (MnCO3)] expresses saturation/oversaturation in the groundwater. Biswas
et al. (2012) reported similar observation in the eastern part of the Ganges basin.
Like manganese, smithsonite (ZnCO3) also indicates near saturation in these wells.
Further, near saturation is also observed in the willemite (Zn,SiO,). The saturation
indices of mineral phases evident that the water quality is governed by weathering
of carbonate and silicate minerals along with oxides and hydroxide phases (i.e. Fe)

Ion activities, calculated by the geochemical modeling, are employed to draw
mineral stability diagrams to describe the equilibrium status of silicate weathering
products formed from incongruent dissolution of silicates with groundwater
(Stumm and Morgan 1996). In this aquifer, clay-water interaction is very common
because RSB is formed by the alluvial deposits. Groundwater samples are plotted in
the stability diagram of the partial system Na,O-Al,0;-H,0-SiO, and CaO-
Al,03-H,0-SiO, to explain the reactions governing the system (Nesbitt and
Young 1984; Rogers 1989; Rajmohan and Elango 2004). Groundwater samples
clustered predominantly in the Kaolinite field and few of them in the
Kaolinite-Gibbsite interface (Fig. 18.6). Hence, the water chemistry is influenced
by the kaolinite clay formations and explained below.

2NaAlSi3;Og + 11H,0 4 2CO, « Al»Si,05 (OH)4 + 2Na+ 2HCOj3 + 4H4Si0y4
Albite Kaolinite

6CaA12Si010(OH)2 +2H" + 23H,0 < 7Al,Si,05 (OH)4 + Ca’™ + 8H4Si04(a) + 8H4Si0y4
Ca - smectite Kaolinite

AL Si,05(OH), + 5H,0 < 2Si(OH), + 2Al(OH),
Kaolinite Gibbsite

Based on sediments analysis using XRD, Shah (2014) identified the occurrence
of silicate minerals (feldspar, kaolinite, quartz, montmorillonite, muscovite and
goethite) in the Varanasi, Ganges Basin.

As mentioned earlier, ion exchange reactions are also affected the water quality
in the RSB. The ion exchange reactions are classified into cation exchange
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[Na(K)-Clay + CazJ'(Mgz")aq = 2Na’(K"),q + Ca(Mg)-Clay] and reverse ion
exchange (RIE) [Na*(K"),q + Ca(Mg)-Clay = Na(K)-Clay + Ca**(Mg**),q]. Ton
exchange reactions can be explained by Na/Cl ratio and chloro-alkaline indices
(CA1 and CAZ2; Schoeller 1977). In this study, Na/Cl ratio is less than one in 26
samples (70%) and highlight the role of RIE processes. CAl {CAIl = [C]l —
(Na + K)J/Cl} and CA2 {CAI2 = [C]l — (Na + K)]J/[Cl + HCO; + SO,4 + NO3]}
are calculated in this study. In this calculation, positive and negative values denote
RIE and cation exchange, respectively. Results suggest that 20 wells (54%) show
positive indices (Fig. 18.4). Hence, RIE and cation exchange are contributed well;
however, former is predominant in this aquifer. Besides, Cl corrected Na + K is
plotted against HCO;3; and SO, corrected Ca and Mg to validate the role of ion
exchange reactions in this aquifer (Fisher and Mulican 1997). Figure 18.4 depicts
negative slope (—1.15) with strong correlation (r* = 0.95) and prove that ion
exchange reactions governed the water chemistry in the shallow wells along with
mineral dissolutions.

Impact of land use pattern on shallow aquifer

Groundwater quality in the RSB is affected by the surface contamination sources.
High dissolved CO, value in the shallow wells (average —1.9 > atmospheric CO,)
suggests that the groundwater is contaminated by the vertical leakage of wastewater
from various contamination sources from surface (drainage/sewage lines, domestic
wastewater and other sources) (Sinha and Saxena 2006; Mukherjee et al. 2007).
Sinha and Saxena (2006) also reported high free CO, and low dissolved oxygen in
the shallow aquifer. Similar observations are also stated by the Raju et al. (2009),
Nandimandalam (2012) and Khan et al. (2015).

In this study, dissolved silica is not varying with depth and justify that the depth
wise variation is not due to silicate weathering alone. Figure 18.3 displays that
shallow wells have high Cl, NO;, SO4, HCO3 and K. Further, undersaturation is
observed in the sulphate (gypsum and anhydride) and chloride (halite) minerals in
the groundwater. Hence, shallow wells are more vulnerable to surface pollution
sources. Excessive fertilizers (NPK, muriate of potash, gypsum) application, irri-
gation return flow and domestic sewage water are claimed the enrichment of the
above parameters in the shallow well water. In the Muzaffarnagar district (Uttar
Pradesh), high chloride and sulphate are noticed in the groundwater due to
wastewater derived from chemical fertilizers and sugar factories (Tyagi et al.
(2009). During the fieldwork, it is found that domestic sewage water is directly
discharged into the ground/ditches near to hand pumps/houses and storage of
animal waste by the local populace. Other studies also reported that high nitrate in
the groundwater is derived from these sources (Somasundaram et al. 1993;
Chakraborti et al. 2011; Raju et al. 2009; Tyagi et al. 2009; Nandimandalam 2012;
Khan et al. 2015). Nitrate in the groundwater is governed by the nitrification and
denitrification processes. Nitrification (oxidation of ammonium and organic matter
degradation) results acidic proton, which is neutralized by the carbonates and sil-
icates in the vadose zone. Denitrification observes the acidic proton and increases
pH in the water. In the study region, nitrification is predominant process in the
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shallow aquifer. Vertical infiltration of wastewater from land surface and nitrifi-
cation processes induce mineral weathering and ion exchange reactions in the
vadose zone, which resulted the enrichment of major ions and nitrate in this aquifer.
Water types (CaMgHCOj; (n = 17) > CaMgCl (n = 15)) and correlation between
Cl™ and SO,*~ with major ions justify this argument. Likewise, high fluoride in
these wells are likely derived from surface (evaporated water from surface, clays in
ceramic industries and phosphatic fertilizers) (Datta et al. 1996; Sinha and Saxena
2006; Misra and Mishra 2007; Kundu and Mandal 2009) because F~ shows sig-
nificant positive correlation with CI.

Groundwater management

Groundwater development and management is an immediate task to preserve the
shallow aquifer in the RSB. This study recommends the following options to
preserve groundwater resources.

e Periodic groundwater quality monitoring is a right option to protect and manage
the aquifer.

e (Care should be taken during the hand pumps/tube wells installation to avoid the
vertical leakage from wastewater accumulated in the ground. Wastewater
accumulation is noticed during fieldwork.

e Local populace should be trained for disposal and reuse of animal waste (i.e.
cow dung) to protect the aquifer. Huge heap of animal waste storage is observed
during fieldwork.

e Managed Aquifer Recharge (MAR) and rainwater harvesting methods should be
implemented in the village and household level to improve the water quality and
aquifer storage.

e Unused wells and surface structures (i.e. ponds, pits) can be used as a
groundwater recharge options.

e Village level awareness program will be carried out about water borne diseases,
water demand, water quality and waste management to protect the shallow
aquifer.

e Smart agricultural practices (high production with less water and agrochemicals)
will be introduced in the local populace to save water and protect water quality.

18.6 Conclusions

Groundwater quality in the shallow unconfined aquifer is deteriorated by the natural
and man-made activities. Results of this study suggest that the groundwater quality
is governed by the carbonate and silicate weathering reactions in the RSB. Ion
activity ratios and stability diagrams suggest that kaolinite, formed from silicate
weathering reactions, is governed the water chemistry in this region. In addition, ion
exchange reactions also contributed well in groundwater quality variation.
Saturation indices reveal that carbonate minerals are saturated/over saturated
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whereas fluorite, halite and sulphate minerals are under saturated in this aquifer.
Besides, carbonates, oxides and hydroxides phases have substantial contribution in
trace metals occurrence in the groundwater. In addition to natural processes, high
concentrations of C1~, SO,>~, NO;~, Cu, Mn, Fe and Cr and dissolved CO, justify
that vertical infiltration of wastewater (derived from domestic sewage water, irri-
gation return flow, animal waste accumulation) leads to mineral weathering, ion
exchange reactions and nitrification in the vadose zone, which increases pollutants
load in groundwater. The present study concluded that well planned groundwater
management program is required to secure the shallow aquifer in the RSB.
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