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Fluoride (F–) pollution in groundwater of the Older Alluvial Plain (OAP) of Delhi has been reported as a
major problem. About 34% of the groundwater samples collected for this study had F– level beyond the
permissible limit; with F– concentration in the range of 0.14–3.15 mg/L (average 1.20 mg/L). In this
context, this article for the Brst time attempts on the genesis of major ions chemistry and F– pollution in
groundwater of OAP Delhi by going beyond the statistical analysis to sediment geochemistry, chemical
weathering processes and understanding of the processes using stable environmental isotopes (2H and
18
O). The XRD of the OAP sediments revealed the dominance of Cuor-biotite, albite, calcite, quartz, and
chlorite. Whereas, the separated clay revealed the dominance of chlorite, kaolinite, and illite minerals.
The saturation index (SI) values indicated that the groundwater chemistry is in the process of further F–
enrichment by way of sediment groundwater interaction. With the given mineralogy of the sediments, the
dominance of major ions like Na+, K+, Mg2+, Ca2+, Cl– and F– has been attributed to chemical
weathering of biotites, phlogopites, albite, and calcite during sediment–water interaction. While the
dominance of SO42– has been attributed to anthropogenic sources and conBrmed by its association with
heavier stable isotopes of hydrogen (d2H: 50.44 to 40.02%) and oxygen (d18O: 7.19 to 5.62%)
indicating evaporative enrichment during isotopic fractionation.
Keywords. Delhi; India; Cuoride pollution; major ions chemistry; sediment groundwater interaction;
chemical weathering; isotopic fractionation; evaporative enrichment.

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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1. Introduction
Delhi, the capital of India (Bgure 1) is one of the
fastest-growing metro cities in the world with over
11 million inhabitants (Census of India 2011). The
gap in demand and supply of drinking water is met
by the local groundwater extracted from hand
pumps and tube wells owned by individuals. The
inhabitants drink these groundwater mostly without any treatment. Thus, the groundwater chemistry has been a research interest for academics and
consultants.
Delhi encompasses nine districts and shares its
boundary with two neighbouring states namely;
Haryana towards north, west, and south and Uttar
Pradesh towards the east direction (Sarkar et al.
2016). It is a part of Indo-Gangetic alluvial plains
with River Yamuna Cowing north–south in the
eastern part (Bgure 1).
The major ions chemistry in groundwater of
Delhi has been well documented in the literature
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(Kumar et al. 2006, 2018; Shekhar and Sarkar 2013;
Sarkar et al. 2016, 2017). However, most of the
workers have identiBed the hydrochemical facies
and tried to establish its genetic linkage by using a
set of statistical tools. This article for the Brst time
attempts on the genesis of major ions chemistry in
groundwater of the Older Alluvial Plain (OAP) of
Delhi by going beyond the statistics to sediment
geochemistry, chemical weathering processes and
stable isotop signatures.
Further, the article studies the most common
and reported F– pollution in groundwater of OAP
Delhi (Datta et al. 1996; Kumar et al. 2006, 2018;
Shekhar et al. 2009; Sarkar et al. 2016; Singh et al.
2017). The occurrences of F– in groundwater of the
wells used for drinking purposes above the WHO
limits are observed across the world (Vithanage
and Bhattacharya 2015; Ali et al. 2016, 2018, 2019;
Dehbandi et al. 2018; Li et al. 2018; Podgorski et al.
2018; YouseB et al. 2018; Kashyap et al. 2020). In
South-East Asia, Indian groundwater contains high

Figure 1. Location map of Delhi showing the Older Alluvial Plains (OAP) and the sampling locations.
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level of F– particularly in the arid and semi-arid
regions (Jacks et al. 2005; Mor et al. 2009; Shekhar
and Sarkar 2013; Ali et al. 2016, 2018, 2019; Saha
et al. 2016, 2020; Dissanayake and Chandrajith
2017; Mukherjee and Singh 2018). The sources of
F– in the water are both geogenic and anthropogenic (Ali et al. 2016). The maximum permissible limit (MPL) set by WHO (2011) and the
Bureau of Indian Standards (BIS 2012) for F– in
drinking water is 1.5 mg/L. Excess F– consumption
may lead to dental Cuorosis and in the long term
can cause skeletal Cuorosis.
In this article, the origin of F– in groundwater of
the OAP of Delhi has been rigorously accounted by
going a step beyond the earlier studies, by integrating sediment geochemistry, chemical weathering processes and stable isotope inference to
account for the F– pollution.

2. Geology
The Delhi region is almost Cat, characterized by
long rocky ridges, isolated buttes and sand dunes
clusters and broadly divided into the following
geological units (Thussu 2006).
2.1 Newer and older alluvium
It consists of Bne- to medium-grain grey colour
sand with silt and clay (Bgure 1). These newer
alluviums are present along the banks of River
Yamuna which Cows from north to south. While
the older alluvium dominantly consists of yellowish
clay with admixture of sand, silt and kankars
(Thussu 2006; supplementary table S1). The
Quaternary alluvium comprises intercalated lenses
of stream laden clay, silt and sand deposited on
both Canks of Delhi ridge. Occurrences of kankars
(calcareous nodules) in the alluvium at a depth of
2.4–3 m are also observed (Sett 1964).
2.2 Proterozoic Alwar (Mehrauli) Group
The Proterozoic Alwar Group consists of quartzite rocks with thin bands of quartz mica schist,
muscovite biotite schist, and staurolite–garnet
schist. The quartzite is highly jointed with massive beds (Thussu 2006; Bgure 1). The proterozoic rocks are directly overlain by holocene
deposits and marked major hiatus is observed
(supplementary table S1).

3. Hydrogeology
Based on aquifer characterization, the NCT Delhi
can be broadly divided into four hydrological units,
i.e., newer alluvium in the active Yamuna Cood
plains, older Yamuna Cood plains, older alluvium
on sides of the ridge and in isolated and nearly
closed Chattarpur alluvial basin and Quarzitic
formation of the Delhi ridge (Shekhar et al. 2009;
Sarkar et al. 2016; Kumar et al. 2018) (Bgure 1).
The newer alluvium has a high inBltration rate and
high transmissivity value; while the average
transmissivity of the older alluvium ranges from
130 to 403 m2/day (supplementary table S2). In
OAP, the sediments are more compacted as compared to younger ones and composed predominantly of silty clay and thus the transmissivity
values are relatively lower. In the southern parts,
the quarzitic ridge is exposed at the surface and it
inCuences the groundwater Cow regime (Bgure 1).
Groundwater recharge in the area is mainly during
the monsoon season from rainfall. The groundwater samples for this study were collected from the
OAP.
4. Materials and methods
4.1 Field strategy for groundwater and sediment
sampling
The pre-existing database of Central Ground
Water Board (CGWB), India was used to plan the
sampling campaign by including the stations where
an elevated level of F– was reported. This was
aimed at understanding the genesis of F– pollution
and major ions in the groundwater system of the
area. Some localities in OAP are nomadic inhabitants with no proper shelter and largely depend on
hand pumps installed by the government through
various schemes, while others have their individual
pumps to draw the groundwater.
For this study, a total of 44 groundwater samples
were collected during late February (non-monsoon)
and early October (post-monsoon) months in the
year 2016 for comparing seasonal variations. The
sediments for bulk mineralogy were collected at a
depth of 1.5 m from two localities and analyzed for
probable geogenic sources of F– and major ions
(Bgure 1).
The samples collected during non-monsoon (dry)
and post-monsoon (wet) seasons were analyzed for
major ions and F–. pH and electrical conductivity
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(EC) were measured onsite during the Beld campaign with portable pH and EC meter (Hanna).
The pH and EC meters were calibrated after every
10 samples. EC values were further veriBed in the
laboratory; as the groundwater in some localities
showed very high EC values. The groundwater
samples were collected in polyethylene bottles (in
triplicate) and sealed thereafter and kept in a cold
and dark place. The groundwater samples were
Blled after 2–3 min of running of tube well or hand
pump and rinsed three times with the same water,
which is to be Blled in. For analyses of cations, two
drops of nitric acid were added to the samples to
maintain pH below two in order to avoid precipitation of cations. For anions and isotope analysis,
unacidiBed samples were collected in polylab bottles. The samples were Bltered for the analysis of
cations and anions by Whatman Blter papers of 42
size. The electroneutrality balance error was within
30% except for the Bakoli locality of pre-monsoon
season.

4.2 Laboratory analysis
Major cations (Na+, K+, Ca2+ and Mg2+) of nonmonsoon samples (Bltered and acidiBed) were
analyzed in ICP-AES (Perkin-Elmer, France).
Sulphate (SO42–) concentration was measured by
spectrophotometer (Shimadzu UV-Visible spectrophotometer 160), alkalinity by titration and
chloride (Cl–) by Expandable Ion Analyzer 940A
with a combination electrode Orion ion plus 9817
BN available at IIT Bombay, India. For the postmonsoon season, major cations were analyzed in
AAS (Ca2+ and Mg2+) and Came photometer (Na+
and K+) and anions were measured in Ion Chromatograph at CSSRI, Karnal, India. F– levels were
measured with a Cuoride ion meter at University of
Delhi, India.
For bulk mineralogy of the samples by XRD at
the Department of Earth Sciences, IIT Bombay,
samples were mounted on a sample holder using
backloading technique. The samples were scanned
from 5° to 70° (2h) with a step size of 0.01° and
with a scan speed of 38 s/step, using Cu-Ka radiation from an Empyrean X-ray DiAractometer
(Panalytical) equipped with Pixel 3D detector.
For clay analysis, clay was Brst separated from
the bulk/silt by suspending the sample in water
and then separation of the suspended clay by
decantation and centrifugation. The samples were
then mounted on a glass slide and scanned each
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time after air-drying and treatment with ethylene
glycol (90°C for 1 h) for a scan range of 5° to 70° 2h
(Cu-Ka ) with a step size of 0.01°.
The isotopic measurements for oxygen (d18O)
and hydrogen (d2H ) were analyzed in a Dual Inlet
Isotope Ratio Mass Spectrometer (Isoprime GV
instruments, UK) at National Institute of Hydrology Roorkee, India. The measured values of d18O
and d2H were calculated relative to Vienna Standard Mean Ocean Water standard [(RSAMPLE/
RSTANDARD) – 1] and expressed as mil (%).
4.3 Calculation of saturation index
The saturation index (SI) of some minerals was
calculated using the PHREEQC program with a
visual MINTEQ database of KTH Sweden (http://
vminteq.lwr.kth.se).
SI ¼ log

IAP
;
K eq

where IAP is the product of the eAective concentration of the dissolved species and Keq is equilibrium constant. The negative SI values indicate
mineral dissolution in the water and positive values
show mineral precipitation.
5. Results
5.1 Major ion chemistry
The groundwater chemistry of the area has a wide
variation in concentration of dissolved solutes,
though dominantly the groundwater has a predominance of Na+, Mg2+ and Ca2+ cations and Cl–
and SO42– anions (tables 1 and 2). This is due to
the varied levels of groundwater–sediment interaction and recharges to the aquifer (Chatterjee
et al. 2009). The concentrations of Na+ shows wide
variation and ranges between 44.1 and 1282 mg/L,
Mg2+ between 13.1 and 332 mg/L and Ca2+
between 38.99 and 498 mg/L. The K+ concentration is very low and ranges between 0.6 and 31 mg/
L. Similarly, the concentration of Cl– shows wide
variation and ranges from 6.33 to 3557 mg/L,
SO42– between 9.52 and 3101.4 mg/L (tables 1 and
2). EC in the study area varies widely and ranges
from 360 to 12,640 lS/cm. The groundwater is
neutral to alkaline in nature (pH: 6.7–8.2). The
variation in concentration of the major ions in
groundwater is further summarized with the box
and whisker (BW) diagram (Bgure 2). The BW

Barwala
Bawana
Chhawla
Dichaon Kalan
Dwarka-23
Hareoli
Hauzkhas
Hiran Kudana
Humayun Tomb
India Gate
Ishapur
Janakpuri
Jaunti
Jhuljhuli
Malka Ganj
Mubarakpur Dabas
Nizampur
Piragarhi
Qutubgarh
Ranikhera-2
Rohini–26
Safdarjang Tomb

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

28.7636
28.8025
28.5664
28.6344
28.5660
28.8315
28.5581
28.6662
28.5939
28.6110
28.5818
28.6215
28.7454
28.5389
28.6776
28.7090
28.7164
28.6792
28.8001
28.7090
28.7464
28.5896

Lat.
77.0641
77.0405
77.0003
76.9754
77.0504
77.0078
77.1868
76.9960
77.2456
77.2321
76.8523
77.0897
76.9722
76.9017
77.2079
77.0319
76.9642
77.0986
76.9624
77.0079
77.0961
77.2124

Long.
7.5
7.4
7.2
7.2
7
7.6
8
7.1
7.5
7.3
7.7
7.9
7.4
7.1
8.18
7.3
7.1
6.9
7
7.2
6.9
7.2

pH
3550
1624
4380
9870
6780
1720
440
2896
2549
7450
2462
5300
2670
2660
1310
6460
7000
6110
7440
4170
1750
1710

Conductivity
(lS/cm)
21
NA
24
36
NA
6
NA
9
60
NA
NA
NA
NA
5.1
27
13.5
19.5
12
6
7.5
NA
60

Depth*
(m)
549
103
541
1101
379
108
50
324
379
1280
350
1417
302
659
254
952
977
655
1282
959
206
201

Na+
8.12
6.92
11.17
33.20
10.94
6.25
1.54
8.35
3.55
5.58
3.88
8.75
13.87
15.52
0.95
19.17
12.79
6.48
17.88
7.22
19.09
0.69

K+
73.78
149.24
204.68
323.99
327.56
129.25
38.99
83.82
100.56
429.09
68.76
300.63
105.58
102.58
42.75
164.64
321.64
370.62
128.73
238.36
104.23
146.01

Ca2+
141.36
69.27
154.63
180.26
210.64
145.71
17.50
80.74
110.12
210.66
94.27
210.65
180.35
87.47
13.11
210.52
210.66
210.61
180.37
204.92
106.05
56.21

480
320
1220
3549
2419
310
20
650
390
170
540
2099
910
1470
120
930
2529
905
1620
220
300
480

Mg2+
Cl–
mg/L

NA: Not available.
*Wherever possible the information about depth of the tubewell/handpump was collected from owner of the structure.

Locality

Sl.
no.

Table 1. Fluoride and major ions of groundwater samples (non-monsoon/dry) (Ali 2017).

385
260
230
130
150
160
215
320
335
170
290
215
265
305
275
265
500
235
415
235
380
120

HCO3–
798
215
311
287
111
320
28
241
115
1230
195
2990
93
267
112
2423
469
2082
1678
1394
90
33

SO42–
2.7
0.45
0.92
1.15
0.38
0.51
0.88
1.83
1.52
0.27
2
0.75
0.65
1.54
0.96
2.1
0.56
1.17
2.42
2.05
2.57
0.2

F–
Na–Mg–SO4–Cl
Ca–Mg–Na–Cl–SO4–HCO3
Na–Mg–Ca–Cl
Na–Mg–Ca–Cl
Na–Mg–Ca–Cl
Mg–Ca–Na–Cl–SO4
Na–Ca–Mg–HCO3
Na–Mg–Cl
Na–Mg –Cl–HCO3
Na–SO4
Na–Mg–Cl
Na–SO4–Cl
Mg–Na–Cl
Na–Cl
Na–HCO3– Cl– SO4
Na–Mg–SO4–Cl
Na–Mg –Cl
Na–Ca–Mg– SO4–Cl
Na–Mg–Cl–SO4
Na–Mg–SO4
Na–Mg–Ca–Cl–HCO3
Na–Ca–Mg–Cl

Water type
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Barwala
Bawana
Chhawla
Dichaon Kalan
Dwarka-23
Hareoli
Hauzkhas
Hiran Kudana
Humayun Tomb
India Gate
Ishapur
Janakpuri
Jaunti
Jhuljhuli
Malka Ganj
Mubarakpur Dabas
Nizampur
Piragarhi
Qutubgarh
Ranikhera-1
Rohini-26
Safdarjang Tomb

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

28.7636
28.8025
28.5664
28.6344
28.5660
28.8315
28.5581
28.6662
28.5939
28.6110
28.5818
28.6215
28.7454
28.5389
28.6776
28.7090
28.7164
28.6792
28.8001
28.7090
28.7464
28.5896

Lat.

77.0641
77.0405
77.0003
76.9754
77.0504
77.0078
77.1868
76.9960
77.2456
77.2321
76.8523
77.0897
76.9722
76.9017
77.2079
77.0319
76.9642
77.0986
76.9624
77.0079
77.0961
77.2124

Long.
7.6
7.3
7.2
7.1
7.2
7.4
7.9
7.1
7.3
7.9
7.2
7.4
7.3
7.2
7.3
6.7
6.9
7
7.1
6.9
7.2
7

pH
3080
2700
2420
9860
12640
1780
360
3120
2500
9080
4900
8370
3950
4380
1520
6370
8390
7050
9310
8230
1670
3610

Conductivity
(lS/cm)
21
NA
24
36
NA
6
NA
9
60
NA
NA
NA
NA
5.1
27
13.5
19.5
12
6
6.1
NA
60

Depth*
(m)
386
201
302
642
831
138
44
285
306
938
480
1039
281
441
222
707
695
504
1016
751
100
117

Na+
3.30
6.60
1.80
11.70
5.10
4.60
0.60
6.00
1.10
2.70
5.40
4.50
10.40
27.30
2.40
1.60
13.40
31.00
17.00
5.10
5.40
1.50

K+
88.00
131.00
71.00
344.00
498.00
91.00
41.00
94.00
58.00
333.00
154.00
208.00
154.00
129.00
46.00
153.00
208.00
288.00
231.00
367.00
111.00
187.00

Ca2+
48
74
52
156
332
39
28
49
40
166
69
98
72
51
20
90
128
187
68
165
49
94

229.70
271.65
178.13
2298.00
3557.80
175.10
6.33
407.53
253.25
341.80
790.65
431.10
605.73
664.35
85.30
672.05
1933.80
597.05
1260.10
1042.20
113.33
433.85

Mg2+
Cl–
mg/L
54.92
67.12
42.71
30.51
18.31
36.61
24.41
61.02
48.82
36.61
42.71
73.22
48.82
48.82
61.02
67.12
18.31
61.02
73.22
48.82
61.02
48.82

HCO3–
472.65
228.30
102.78
236.50
419.00
91.78
9.52
134.63
66.05
3101.40
307.75
1981.00
118.83
171.75
113.00
950.45
431.85
1470.75
1512.75
1483.45
85.35
220.80

SO42–
2.71
0.40
1.34
0.45
0.26
0.48
0.66
1.6
0.25
0.19
1
3.15
0.57
1.04
0.87
1.38
0.41
1.05
3.1
1.59
2.65
0.26

F–
Na–SO4–Cl
Na–Ca–Mg–Cl–SO4
Na –Cl–SO4
Na–Ca–Cl
Na–Ca–Mg–Cl
Na–Ca–Mg–Cl–SO4
Mg–Ca–Na–HCO3–SO4–Cl
Na–Cl
Na–Cl
Na–Ca–SO4
Na–Ca–Cl–SO4
Na–SO4–Cl
Na–Ca–Mg–Cl
Na–SO4–Cl
Na –Cl–SO4
Na–SO4–Cl
Na–Ca–Mg–Cl
Na–Mg–SO4–Cl
Na–Cl–SO4
Na–Ca–SO4–Cl
Ca–Mg–Na–Cl–SO4
Ca–Mg–Na–Cl–SO4

Water type
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NA: Not available.
*Wherever possible the information about the depth of the tubewell/handpump was collected from the owner of the structure.

Locality

Sl.
no.

Table 2. Fluoride and major ions of groundwater samples (post-monsoon/wet) (Yadav 2018).
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Figure 2. Box and Whisker (BW) diagram showing major ions concentration in the groundwater for non-monsoon (dry) and
post-monsoon (wet) seasons.

Figure 3. Seasonal variation of Cuoride in the groundwater of OAP in Delhi. The blue line indicates the Cuoride level (mg/L) in
the non-monsoon (dry) season while the brown line shows Cuoride level (mg/L) during the post-monsoon (wet) season. The
maximum permissible limit (MPL) of 1.5 mg/L is shown with the red line.

diagram reveals a high concentration of Cl– and
SO42– anions and Na+ , Mg2+ and Ca2+ cations in
the groundwater of the study area.
5.2 Fluoride level in OAP aquifers
The non-monsoon (dry) season (February 2016)
groundwater samples showed F– concentration
beyond the permissible limit (WHO and BIS) in
many localities. In the post-monsoon (wet) season
(October 2016), the groundwater shows dilution in
the concentration of F– in the majority of the
samples of OAP. However, in a few localities, the
post-monsoon concentration of F– rather increased
(tables 1 and 2; Bgure 3). In these areas, the top
surface was observed to be silty clay. Further,
Bgure 3 also reveals that some localities in the OAP
aquifers are not aAected by F– pollution. They can
be alternative localities for drinking water supply.

The F– level in groundwater for both seasons in
the OAP ranged from 0.14 to 3.15 mg/L (average
1.20 mg/L; Bgure 1). The maximum value of F–
(2.7 mg/L ) during the non-monsoon season was
observed in the sample from Barwala (Bgure 1).
The groundwater samples from OAP of Delhi have
a higher concentration of F–, compared to the
groundwater samples from other lithology of Delhi
(Ali 2017).
5.3 Hydrochemical facies
Piper’s (1944) trilinear diagram was used for the
representation and evaluation of water type.
The majority of the samples of the OAP have
the dominance of Na+–Mg2+–Cl––SO42– water
type in both seasons, while some samples are
mixed type (tables 1 and 2; Bgure 4). The
hydrogeochemical facies of OAP is entirely
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Figure 4. Trilinear plot of the non-monsoon (dry) and post-monsoon (wet) groundwater samples of OAP, NCT Delhi.

different from the adjoining Haryana which shows
Na+–Mg2+–HCO3––Cl– water type (Ali et al.
2018). An exception to the general trend is the
groundwater sample from Hauz Khaz, where the
sampling station was near the Hauz Khaz lake.
Thus, it shows HCO3– facies indicating recharge
from the water body (Datta et al. 1996; Shekhar
and Sarkar 2013; Sarkar and Shekhar 2015). In
contrast, to the water ion chemistry of the nonmonsoon (dry) season, the water ion chemistry of
the post-monsoon (wet) season reveals greater
heterogeneity in the anions chemistry (Bgure 4).
Further, the triangular plot for only the groundwater samples having the value of F– more than
1.5 mg/L were plotted for both seasons to
understand the hydrochemical facies association of
F– polluted groundwater (supplementary Bgure S1).
The F– polluted groundwater in OAP is dominantly
associated with Na+–Cl––SO42– facies.
5.4 The relationship of F with pH and Ca2+
In order to have a better insight into the hydrochemical processes, the relationship of F– with pH
and Ca2+was examined using bivariate plots of F–
with pH and Ca2+ (supplementary Bgure S2). For
the bivariate plots, Ca2+ was chosen because all the
trilinear plots showed a lesser relative concentration of Ca2+ ions, pH was chosen as F– mobilization
in groundwater has a strong control on pH (Ali
et al. 2016).
It emerged from the bivariate plots, that there is
no deBned relationship between Ca2+ and F–
(supplementary Bgure S2), however, a majority of

the groundwater samples polluted with F– have a
pH [ seven. The observation conBrmed the control
of alkalinity on F– mobilization in groundwater of
the study area.

5.5 Statistical analyses
The statistical correlation of groundwater parameters (supplementary table S3) reveals a good
positive correlation of EC with Na+, Ca2+, Mg2+,
and Cl– and moderate positive correlation with K+,
and SO42– during both seasons. Further, Na+
shows a positive correlation with Ca2+, Mg2+, Cl–
and SO42– in both seasons, while K+ shows a positive correlation with Cl– in non-monsoon season.
Ca2+ shows a positive correlation with Mg2+, Na+,
Cl– and SO42– in both seasons. Similarly, Mg2+
shows a positive correlation with Na+, Ca2+, Cl–
and SO42–. Surprisingly, F– does not show a significant positive correlation with any of the ions
except HCO3– (supplementary table S3). The
results of the statistical analysis suggest that the
major cations and anions are syngeneic in origin. It
has also been observed earlier in the trilinear plots
that there is lesser dominance of HCO3– facies in
groundwater (Bgure 4 and supplementary
Bgure S1). The results at this stage require an
explanation for the fact that the F– pollution is
mostly associated with Cl– – SO42– facies (supplementary Bgure S1) but F– concentration in
groundwater shows a positive correlation with
HCO3–. This can only be answered by understanding the sediment geochemistry and the
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related chemical weathering of the sediments
during its interaction with groundwater.
5.6 Bulk sediment and clay mineral analyses
In order to understand the nature of the sediments,
unconsolidated samples were collected from Ranikhera and Mundela localities (Bgure 1) at the depth
of 1.5 m and analyzed by X-ray diAraction (XRD).
The study reveals the presence of Cuor-biotite,
albite, calcite, and quartz as the major minerals in
Ranikhera locality (Bgure 1 and supplementary
Bgure S3a). Further, an attempt was made to
identify clay minerals present in the sediments.
Thus, clay was separated and XRD of clay reveals
the dominance of chlorite, kaolinite, and illite
(supplementary Bgure S3b).
Similarly, XRD of bulk sediments from Mundela
locality (Bgure 1) revealed the presence of biotite,
albite, clinochlore (Mg-rich chlorite) and quartz
(supplementary Bgure S4a). The XRD of clay
shows the dominance of chlorite, illite, and
kaolinite (supplementary Bgure S4b). Naturally
occurring Cuorine-bearing minerals such as Cuorphlogopite and biotite have also been detected by
XRD.
5.7 Saturation index
After a detailed study of groundwater chemistry,
bulk sediment and clay chemistry, it is desired that
the saturation index (SI) based geochemical insight
in the hydrological processes be undertaken to have
a better insight into sediment groundwater interaction. The default mineralogy of PHREEQC
program was used for estimating SI. The estimated
SI values were negative for minerals like aragonite,
calcite, dolomite, Cuorite and gypsum (supplementary table S4(a and b)). It indicates that the
groundwater chemistry has the potential of dissolving these minerals.
The Bndings conBrm with the earlier interpretation where mostly the groundwater had lesser
dominance of Ca2+, HCO3– and CO32– facies. It
also indicates that the groundwater chemistry is in
the process of further F– enrichment by way of
sediments groundwater interaction. There is one
exception, with regard to groundwater samples
from Malkaganj (Bgure 1) which has positive SI for
calcite and aragonite. Except for one sample from
the Malkaganj, all other samples are indicating
under-saturation for the Cuoride and calcite in both
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seasons (Bgure 5). This indicates the possibility of
dissolution of these minerals which tends to leach
the F–, SO42–, Ca2+, and Mg2+ to the groundwater
(Kumar et al. 2015). The relation between the SI of
the Cuorite and calcite indicates the water chemistry of water is under-saturated with respect to
Cuoride and calcite in both seasons (Bgure 5). This
also supports the possibility of dissolution of the
Cuoride-bearing minerals such as biotite and
phlogopite.
6. Discussion on major ion chemistry
and origin of high Cuoride in groundwater
The major ions chemistry and origin of high F– in
groundwater have been studied by understanding
the chemical weathering of the sediments during its
interaction with the groundwater. The bulk sediment geochemistry revealed the predominant
presence of biotite, albite, clinochlore (Mg-rich
chlorite), Cuor-biotite, calcite and quartz. As discussed earlier, the statistical analysis suggested
that the major cations and anions are syngeneic in
origin. The trilinear plots revealed the dominance
of Na+– Cl–– SO42– ions and lesser dominance of
HCO3– ions in groundwater of OAP and it holds
good for groundwater polluted with F–. However,
F– concentration in groundwater shows a positive
correlation with HCO3–, which indicates that there
is some genetic linkage between F– and HCO3–
concentration in groundwater.
In this context, this article attempts on the
genesis of major ions chemistry in groundwater of
OAP Delhi by going beyond the statistics to sediment geochemistry, chemical weathering processes
and understanding of the processes using
stable environmental isotopes.
Further, as mentioned earlier, the F– pollution in
groundwater of OAP Delhi has been identiBed by
many workers (Datta et al. 1996; Kumar et al.
2006, 2018; Shekhar et al. 2009; Sarkar et al. 2016;
Singh et al. 2017). However, the origin of F– in
groundwater has not been rigorously accounted.
Datta et al. (1996) were one of the Brst to investigate this and opined that ‘although there is no Brm
evidence, yet, brick industries appear to be a major
point source for very high levels of Cuoride in
groundwater’. Their (Datta et al. 1996) conclusions
were based on stable isotope Bngerprints. The
article extends their investigation by going a step
ahead and integrating sediment geochemistry,
chemical weathering processes, and stable isotope
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Figure 5. Plot between SIFluorite and SICalcite of both the seasons for identifying its control on Cuoride mobilization (after Kumar
et al. 2015).

inference to account for F– pollution in OAP of
Delhi.
On the basis of sediment geochemistry and the
inferences from statistical analysis, the article
compiles a set of equations for the chemical
weathering of the sediments together with the
hydrochemical processes to account for the syngeneic origin of the observed major ions and F–
pollution in groundwater.
The published literature as of date does not
give a conclusive account for the predominance of
Cl– and SO42– ions in groundwater of OAP.
Eriksson (1976) accounted for high Cl– in
groundwater in Delhi by proposing that the airborne salt deposits from the Arabian Sea had
enough Cl– content to contaminate the groundwater system. This was contested by Das et al.
(1988) by proposing that the enrichment in the
concentration of Cl– in groundwater was mainly
on account of evaporative enrichment, recycling
of irrigation water and non-Cushing of deeper

water in Bner sediments. Recently, Lorenzen
et al. (2012) ruled out the contribution of seawater or evaporites (marine origin) dissolution in
the salinization of groundwater. Besides, their
Cl/Br ratio in groundwater of OAP was too low
and hence, they ruled out salinization of the
groundwater through leachates of massive
halites. In absence of major marine evaporites
units in the study area and in the context of the
above Bndings, Lorenzen et al. (2012) opined that
the salinization of aquifers in the study area is
primarily on account of the heterogeneous process like the dissolution of salt stored in the soil
in geologic past because of anthropogenic forcing.
Datta and Tyagi (1996) hinted towards silicate
weathering as one of the processes controlling
major ions chemistry in Delhi. However, the
enigma remains about the primary source of Cl–
and related major ions.
The article compiles step-wise silicate weathering reactions as primary processes in order to
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Figure 6. Plot of d2H, SO42– and d18O for post-monsoon samples (local meteoric water line (LMWL) after Datta et al. 1991;
groundwater meteoric water line (GMWL) after Craig 1961; groundwater local Bt line (GLFL) drawn from circular red dots).
SO42– concentration on y-axis is the axis value multiplied by 50. MPL stands for Maximum Permissible Limit of SO42– as per BIS.

Figure 7. A schematic drawing explaining the process of SO42– enrichment in groundwater together with the accumulation of
heavier isotopes.
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Figure 8. Schematic diagram explaining the geochemical processes leading to the existing chemistry of groundwater in the OAP
of Delhi.

account for the groundwater chemistry of the
OAP. Further, the article explains that the predominant biotite minerals observed in the geochemistry of the sediments as the primary source of
Cl– in groundwater of OAP. The chemical weathering of Cl– rich biotites to phlogopite (also
observed in sediments) with the release of Cl– is
shown in equation (1). The breakdown of phlogopite to kaolinites (observed in the sediments) with
the addition of K+ and Mg2+ ions in groundwater is
shown as equation (2). Further, equation (3) shows
the chemical weathering of albite (observed in the
sediments) to kaolinite with release of Na+ ion in
groundwater. The equation (4) shows a reversible
reaction where under suitable conditions CaCO3 is
deposited in the sediments as calcareous concretions while at times the calcites disintegrate to
release Ca2+ and HCO3– ions. The Bndings of
Kullerud (2000) that much of the Cl– in groundwater are on account of chemical weathering of Cl–
bearing amphiboles and biotites supports the
arguments presented here. He proposed a general
equation explaining the exchange of Cl– for OH–
during chemical weathering of biotites.
Thus with the set of four equations given below,
the article compiles primary chemical weathering

processes responsible for the major ions chemistry
in groundwater of OAP, Delhi.
KMg3 AlSi3 O10 Cl2 þ 2OH
Biotite

! KðMgAlSi3 O10 Þ ðOH2 Þ þ 2Cl ;

ð1Þ

Phlogophite

2KðMgAlSi3 O10 ÞðOH2 Þ þ 2CO2 þ 11H2 O
Phlogophite

! Al2 Si2 O5 ðOHÞ4 þ 2Kþ þ 2Mg2þ þ 4H4 SiO4
Kaolinite

þ 2HCO
3;

ð2Þ

2NaAlSi3 O8 þ11H2 O þ 2CO2
Albite

! 0:5Al2 Si2 O5 ðOHÞ4 þ2Naþ þ 2H4 SiO4

ð3Þ

Kaolinite

ðEsteller et al: 2017Þ
CaCO3 þ Hþ
Calcite


Caþ
2 þ HCO3 :

ð4Þ

Further, in order to account for the syngenitic
origin of F–, equations (5 and 6) (Guo et al. 2007)
have been used, where chemical weathering of
different kinds of biotite with release of F– together
with K+ and Mg2+ ions are shown.
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KMg3 AlSi3 O10 ðOHÞ2 þ 7CO2 þ 7:5H2 O
Biotite

! 0:5Al2 Si2 O5 ðOHÞ4 þ Kþ þ 3Mg2þ
Kaolinite

þ 2H4 SiO4 þ 7HCO
3;

ð5Þ

KMg3 ðAlSi3 O10 ÞF2 þ 2OH
Biotite

! KMg ðAlSi3 O10 ÞðOHÞ2 þ 2F
Phlogopite

Fluoride

ð6Þ

ðGuo et al: 2007Þ:
The above equations are able to account for the
primary source of cations (Na+, K+, Ca2+ and
Mg2+) and anions (Cl–, F– and HCO3–) in groundwater of OAP. However, at this stage with the given
sediment geochemistry, it is difBcult to account for
the primary source of SO42– in groundwater. The
present sampling locations are mostly from the
agriculture dominant areas where the ground surface was mostly observed as aquitard. In absence of
any SO42– bearing minerals in the sediments, the
one possibility of SO42– enrichment in groundwater

is through anthropogenic sources. It is quite possible
that in relatively shallow water level areas, the
humus of the soils together with organic wastes and
chemical fertilizers enriches the inBltrating rainwater with a higher concentration of SO42– ions. This is
more plausible in areas because of the surBcial
aquitard, the rainwater is forced to stand in the
Belds for a longer time, thereby getting sufBcient
time to dissolve the amenable ions from the surface.
But, if this happens, then such rainwater with a
high SO42– concentration must exhibit signatures of
evaporative enrichment with a higher concentration
of the heavier stable isotopes on account of isotopic
fractionation induced by evaporation. In order to
substantiate this, a limited samples survey was done
by getting the stable isotope analysis of groundwater from four locations where SO42– concentration
was beyond the permissible limit of BIS. The analysis results are shown in Bgure 6 (the location can be
seen in Bgure 1). The groundwater samples in
Bgure 6 are observed to be below the local and
global meteoric water line (LMWL and GMWL),

Figure 9. Plot between corrected [(Ca2++ Mg2+)–(HCO3 + SO42)] vs. corrected [Na+ – Cl] for evaluation of cation exchange
in dry and wet seasons (after Biswas et al. 2012).
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which indicates evaporative enrichment with a
higher concentration of the heavier stable isotopes
of hydrogen and oxygen (Joshi et al. 2018).
The process is best understood with schematic
drawing shown as Bgure 7 where the interplay of
the local hydro-meteorological condition and the
hydrological processes leading to the SO42–
enrichment in groundwater (from anthropogenic
sources) together with the accumulation of the
heavier isotopes is shown.
The geochemical processes responsible for the
existing groundwater hydrochemistry of OAP of
Delhi can best be summarized by the schematic
drawing shown as Bgure 8. It is clear from
Bgure 8, the way, the sediments and water
interact to produce the existing groundwater
chemistry of water in the OAP of Delhi. Further,
the F– anomaly is also explained in the loop of
the overall hydrochemical processes. The interplay of geogenic and anthropogenic processes has
also been depicted in Bgure 8.
Further, in order to conBrm the dominance of
the cation exchange processes in controlling the
groundwater chemistry, an attempt was made
through a bivalent plot between corrected [(Ca2++
2
+

Mg2+)–(HCO
3 + SO4 )] and corrected [Na – Cl ]
for dry and wet seasons (Bgure 9). For a significant
cation exchange process to be operational, the
slope of the bivalent plot must be approximately
\ 1 (i.e., y = –x) (Biswas et al. 2012). The slope
of the bivalent plot in Bgure 9 (\ 1) indicates the
dominance of the cation exchange processes in
controlling the groundwater chemistry of the study
area in both dry and wet seasons.
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forward a set of equations explaining the chemical
weathering of dominant minerals leading to the
release of Cl–, Na+, K+, and Mg2+ ions. Further,
for F– pollution of groundwater has been explained
by weathering of F– rich biotites to phlogopite
leading to release of F–. In absence of a geogenic
source of SO42–, its higher concentration has been
attributed to anthropogenic sources. The mechanism of SO42– enrichment has been explained and
veriBed using stable environmental isotopes as a
proxy. With the given geochemistry of the water
and sediments, it is concluded that except SO42–,
dominantly the major ions chemistry and F– pollution in groundwater of OAP is controlled by the
geogenic processes, mainly silicate weathering,
facilitated by the longer residence time of the
groundwater.
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