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Abstract An extensive study has been carried out to
evaluate the occurrence and spatial distribution of high
nitrate (NO3 ™) concentrations in the groundwater of Mithi
sub-district of district, Tharparkar, Sindh Province, Pak-
istan. Groundwater is the only consistent source of drinking
water in the study area which is available at a depth
between 3 and 125 m and is fetched by domestic animals
from hand-dug wells. A total of 243 groundwater sample
were collected to analyze for nitrate ion along with other
physicochemical parameters. Overall groundwater quality
reflects the influence of evaporation and silicate mineral
weathering. Nitrate concentrations range up to 1610 mg/L
with mean and median values of 240 and 162 mg/L,
respectively, and almost 88.5% (n = 215) of the ground-
water samples contain nitrate concentrations higher than
the limit of 50 mg/L set by WHO for drinking water. The
variations in nitrate contents in the groundwater are illus-
trated on regional map, showing high concentrations across
the entire study area. High nitrate concentrations have been
positively correlated with potassium, sodium and sulfate
ions, indicating their possible genetic affiliations. The
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strength of association of nitrate is moderate with respect to
potassium (r = .416, p = 1.3E—11) and sulfate (r = 419,
p = 9.2E—12) and low with respect to sodium (r = .293,
p = 3.5E—06). Agriculture is very limited in the study area
due to the limited availability of water and is unlikely to be
the source of the nitrate. Livestock manure is an important
and most noticeable source of nitrate as most of the dug-
wells serve as common water source for humans and
livestock. Furthermore, the direct inclusion of manure-
contaminated soil in water source also contributes to fur-
ther exacerbating the problem.
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Introduction

Limits to global water resources have received due atten-
tion in recent years, and water availability is at a real threat,
particularly in desert areas which are characterized by
higher evaporation rates as compared to precipitation.
These regions receive small amount of rainfall at unpre-
dictable frequencies, and due to unreliable recharge rates
and the limited availability of surface water, groundwater
resources have become highly important for sustaining
human population in these areas (Parsons and Abrahams
2009; Scanlon et al. 2006; Walker 2012). Groundwater
aquifers in deserts are often overlain by the highly per-
meable, sandy-textured soils, making them susceptible to
the possible introduction of variety of surface pollutants.
This increases the risk of contaminants from the surface
being flushed into groundwater during recharge events.
Nitrate is one of such pollutants and is prevalent in
groundwater around the world, especially in countries with
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intensive agricultural and large urban centers (Majumdar
and Gupta 2000; Nas and Berktay 2006; Ngatcha and Daira
2010; Spalding and Exner 1993; Stadler et al. 2008; Zhang
et al. 1996). Nitrate is often found in higher concentration
in desert aquifers, possibly due to sparse vegetation, sur-
ficial discharge of livestock and human waste, microbial
activities and aerobic conditions (Gates et al. 2008;
Walvoord et al. 2003). Fixation of biological N and the
nitrification process may also contribute significant amount
of nitrate in the environment (Jones Jr et al. 1995).
Atmospheric deposition is one other source of nitrate that
may accumulate in the regions with little rainfall (Walvo-
ord et al. 2003). Large deposits of nitrate mined from
Atacama Desert, Chile, have been known to have accu-
mulated by long-term deposition of nitrate from the
atmosphere (Michalski et al. 2004), and similar is the case
of high nitrate concentrations in Mojave Desert, California
(Graham et al. 2008). High levels of nitrate have also been
found in the Kalahari Desert in Southern Africa (Heaton
1984; Schwiede et al. 2005; Stadler et al. 2012; Stone and
Edmunds 2014) and Kumtag Desert in China (Qin et al.
2012).

Nitrate is one of the most stable forms of fixed nitrogen
and is an important part of the nitrogen cycle (WHO 2003).
However, at high concentration, this chemical form of
nitrogen may cause adverse health and environmental
effects. The World Health Organization (WHO) considers
a limit of 50 mg/L as the safe limit of nitrate in drinking
water, while the United States Environmental Protection
Agency (USEPA) recommends 10 mg/L nitrate as nitrogen
(44.2 mg/L as nitrate) (EPA 1995; WHO 2003). Nitrate
enters in the water system either by surface runoff or by
leaching through soil surface via percolating water (Gar-
wood and Ryden 1986).

Elevated nitrate concentrations in drinking water may be
harmful to human health, especially for infant babies
causing “blue baby syndrome.” When nitrate is consumed,
it is reduced to nitrite by the endogenous bacteria that
oxidizes Fe>* to Fe’" (ferrous to ferric) in hemoglobin
(Knobeloch et al. 2000), and in its presence, hemoglobin is
called methemoglobin having poor oxygen-binding
capacity (Hatfield and Follett 2007; Knobeloch et al. 2000).
Children under the age of 6 months are most prone to this
problem owing to the non-availability of reductase enzyme
that converts methemoglobin back to hemoglobin (Hatfield
and Follett 2007; Knobeloch et al. 2000). Higher nitrate has
also been found to be related to different types of cancers
(WHO 2003), as around 5% of nitrate in the body is bac-
terially converted to nitrite at different sites (WHO 2003).
Under acidic conditions in the stomach, nitrite reacts with
amines and amides to form N-nitroso compounds (NOCs)
which are known to be animal carcinogens (Hernandez-
Ramirez et al. 2009; Ward 2009). Nitrate has also been
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inferred to cause non-Hodgkin lymphoma and birth defects
(Brender et al. 2013; Kilfoy et al. 2010; Manassaram et al.
2007; Ward et al. 2006). These issues are of concern if
nitrate-contaminated groundwater is the only available
drinking water source as is the case in the Thar Desert in
Pakistan.

Nitrate poisoning in livestock has been intensively
studied confirming livestock losses due to consumption of
elevated nitrate in feed or groundwater (Davidson et al.
1941; Michalski et al. 2010). As in the case of humans,
nitrate reduction to nitrite also causes methemoglobinemia
in ruminants; however, it manifests in the form of cyanosis
and hypoxia, the fatal disorders which may be instantly
life-threatening for ruminants (Cockburn et al. 2013; Lee
and Beauchemin 2014), and pregnant ones have been
reported to abort due to lack of oxygen (CDC 1996;
Manassaram et al. 2007). Drinking water for cattle has
been considered safe for consumption when nitrate is
below 50 mg/L, but is potentially harmful and even lethal
when higher levels are consumed (Beede 1992). Thus, in
regions like Thar Desert where livestock rely on ground-
water for drinking, elevated nitrate in groundwater may
also threaten local economy as local population solely
depend on rearing of cattle and livestock.

In the light of above information, the present work has
been carried out as a reconnaissance study in Mithi sub-
district of Thar Desert in Sindh Province of Pakistan, to
assess the endemic problem of high nitrate concentration in
groundwater. This has become necessary, especially in the
context of recent periods of drought in the study area which
have caused a number of infant deaths (Mansoor 2014,
Samoon 2016).

Study area

The Thar Desert is the ninth largest and one of the most
densely populated arid deserts of the world. According to
the census of 1998, the region has a population of more
than one million with a population density of about 46
people per square kilometer (DCR 2000) that is mainly
concentrated in villages that are scattered throughout the
desert region. The desert extends toward Punjab Province
in the northeast and across the Indo-Pakistan border east-
ward, spreading over an area of about 22,000 km?>.

The Mithi sub-district is approximately located between
N 24° 10" and 25° 00’ and E 69° 24’ and 70° 36’ in the
lower middle part of Thar Desert (Fig. 1). It is spread over
an area of 5340 km? and has a population of 241,548 with
2.7% average annual growth rate and population density of
45.2 people km? according to the census of 1998 (District
Census Report of Tharparkar District 2000). Mithi Town,
situated N 24° 44" and E 69° 51’, is the headquarters of the
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Fig. 1 Map of study area showing iso-concentration map of Nitrate distribution in the groundwater of Mithi Sub-district, Thar Desert, Pakistan

Tharparkar district and the sub-district of the same name.
The sub-district is topographically higher in the north-
eastern part of the Thar Desert, and its elevation ranges
from sea level in the south to more than 120 m above sea
level in the northeast around the Khawaria area.

The livelihoods of the local inhabitants are dependent on
agriculture and livestock rearing. The soil in the interdunal
flat land is highly fertile and supports plant growth and
quite ideal for grazing. Annual rainfall in the region is
between 200 and 250 mm in a wet year (Ahmad et al.
2004). However, the precipitation rate is very variable, and
periods of drought lasting for up to 4 years commonly
occur in the region. This is a limiting factor for all agri-
cultural activities in the area (Zaigham 2003).

Groundwater is the only reliable source of water which
is found at depths ranging from 5 m to more than 150 m
and has mainly been obtained from hand-dug wells, present
throughout the desert. These wells serve as a common
water source for both humans and their livestock. Domestic
animals such as camel and donkey are often used to fetch
water from these wells using ropes and buckets. These dug-
wells are usually improperly lined and also devoid of
casing caps above the ground level that render them prone
to the introduction of contaminants that are washed in from
the surface.

Materials and methods

A total of 243 groundwater samples were collected ran-
domly from the entire study area. The sampling strategy
involved the collection of groundwater samples from wells
primarily used for drinking by the larger population in each
selected village. Groundwater samples were collected from
wells directly above the outlet from the water table using a
stainless steel container attached to a fiber rope. Sample
were filtered and stored in a 1.5-L polyethylene sampling
bottle, pre-washed with 1% dilute nitric acid and subse-
quently rinsed with deionized water (Clesceri et al. 1998).
Groundwater samples were analyzed at the site for pH, Eh,
electrical conductivity (EC), dissolved oxygen (DO) and
temperature, and the depth of wells was determined by a
rope used for fetching groundwater from wells. Most of the
wells in the study area are dug-wells: that is basically a
hole, with a diameter of 1 m and a depth that reaches up to
1.5 m below the water table, but often less. Standard
methods for groundwater analyses recommended by the
American Public Health Association (APHA) were used,
and the concentration of nitrate ion was determined by ion-
selective electrode method (Clesceri et al. 1998). The sta-
tistical interpretation of the results of chemical analyses
was carried out using MS Excel software for data
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interpretation, and groundwater mapping for spatial dis-
tributions has been done with the help of ArcGIS 10.3.1
using an inverse distance weighted (IDW) interpolation
technique.

Results and discussion
TDS content of groundwater

A review of groundwater analysis has shown high con-
centration of major cations and anions (Table 1) which are
probably derived by the combination of different factors
like rock weathering, evaporation saline intrusion and
leaching of animal wastes. For convenience in description,
groundwater samples have been grouped into four cate-
gories according to their TDS content and the extent to
which their TDS levels are within or in excess of the WHO
guideline value of 1000 mg/L. A total of 12.3% (n = 30)
groundwater samples were found to have TDS levels
within WHO maximum permissible limit of 1000 mg/L,
whereas 28.4% (n = 69) had TDS levels in the range
1001—-3000 mg/L; 30.0% (n = 73) had TDS levels in the
range 3001—5000 mg/L; and 29.2% (n = 71) groundwater
samples had TDS levels above 5000 mg/L (Table 2). In
more than 87.7% (n = 213) of groundwater samples, TDS
concentrations were found to be more than 1000 mg/L and
found to be unfit for drinking.

On the basis of TDS values, the entire region may be
characterized as having brackish to moderately saline
groundwater. Figure 2 indicates that the northern part of

Table 1 Basic statistical parameters
(n = 243) of Mithi area

of groundwater samples

Min. Max. Mean Median

EC 512 34,000 6476 6060
pH 6.4 8.6 7.8 7.8
Eh 120 292 207 205
DO 0.6 10.4 4.0 4.0
Na 20 5750 1135 1000
K 1.7 190 37.1 29.0
Ca 6 1924 109 80
Mg 5 1391 115 83
Cl 49 12,415 1679 1326
HCO;3 104 1294 380 323
CO; 12 93 42 38
SO, 27 3069 346 310
PO, 0.01 3.56 0.14 0.04
TDS 350 24,367 4050 3595
NO; 34 1610 240 162

All values are in mg/L, except EC (uS/cm), Eh (mV) and pH

@ Springer

Table 2 Distribution of TDS in all the samples (n = 243)

Range No. of samples %

<1000 30 12.35
1001-3000 69 28.40
3001-5000 73 30.04
>5000 71 29.22
Total 243 100.00

the area is almost entirely dominated by saline water
(TDS = 3000-10,000), whereas groundwater salinity is
generally much lower in the southern part of the region
(TDS = 1000-3000 mg/L). Since the southern part is
much closer to the Arabian Sea, it could be more prone to
salt water intrusion which would result in higher TDS
values. However, the data collected in this study have not
suggested that this is taking place.

The observed distribution of groundwater salinities may
be related to the distribution of rainfall, as the southern part
of the region generally receives more rainfall than the
northern part of the area. This is likely to cause higher
groundwater recharge rates in the southern part of the area,
resulting in lower TDS values. Furthermore, the ground-
water of Thar Desert is likely to be influenced by water—
rock interactions (Naseem et al. 2010; Rafique et al.
2008, 2009, 2013, 2015a, b). Since the southern part of the
area comprises of relatively shallower aquifers, therefore, it
may be under lesser influence of rock weathering due to
lesser residence time, an effect causing low mineral
leaching in the groundwater.

Nitrate content of groundwater

Nitrate concentrations in groundwater in the region range
between 3.4 and 1610 mg/L, with mean and median values
of 240 and 162 mg/L, respectively (Table 1). These results
include some of the highest nitrate concentrations
(>500 mg/L) that have been measured in the region and are
of concern from a human health perspective.

Some of the highest nitrate concentrations that have
been measured in village water supplies include the vil-
lages of: Ukraro #210 (1610 mg/L); Godanghri #204
(1482 mg/L); Lonihar # 43 (958 mg/L); Asabo # 5
(920 mg/L); Mithi Town # 84, 89, 82 (844, 526, 513 mg/
L); Garho # 126 (812 mg/L); Pilro # 166 (751 mg/L),
Islamkot Town # 108 (739 mg/L); Morano # 155 (706 mg/
L); Pabuhar # 117 (674 mg/L); Mokhar Junejo # 92
(661 mg/L); Jindi jo Tar # 87 (609 mg/L); Mithrio Soomro
# 170 (601 mg/L); Veri Bheel # 158 (578 mg/L); Gorano #
180 (566 mg/L); Thare jo Tar # 80 (552 mg/L); Bhave jo
Tar # 98 (552 mg/L); Khario Ghulam Shah # 122 (548 mg/
L); Matto jo Tar # 162 (532 mg/L); Sanghar # 77 (530 mg/
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L); Ade jo Tar # 125 (528 mg/L); and Miro jo Tar # 156
(526 mg/L).

The investigations that were undertaken in this study
have indicated that nitrate levels in more than 88% of the
samples (i.e., in 215 samples) exceeded the WHO recom-
mended limit of 50 mg/L for drinking water (Fig. 3)
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Fig. 3 Frequency distribution of nitrate concentration in groundwa-
ter of Mithi Sub-district

(WHO 1994), and many of these samples also contain more
than 1000 mg/L TDS (Fig. 2). Around 28.4% (n = 69)
samples contain nitrate concentration in the range of
201-400 mg/L (Fig. 3), roughly five times higher than the
WHO maximum recommended limit, a level that is con-
sidered to be unsafe for long-term consumption by humans
and cattle.

The spatial distribution of nitrate concentration indicates
that high nitrate concentrations are widely distributed in
groundwater across the study area (Fig. 1). Rare zones with
low nitrate concentrations (shown in green color in Fig. 1)
are scattered mainly in the northwestern part of the study
area, in the close vicinity of the irrigated Indus flood plains.
Low nitrate concentrations in groundwater in these scat-
tered zones may be due to dilution by irrigation water and/
or uptake of soil nitrate by the plants. A low nitrate region
was also found in the southernmost part of the area and
may be associated with shifting sand dunes which blow
away feces of herds discharged on the surface.

Nitrate concentrations in groundwater were found to
have a modest correlation with potassium ions (r = .416,
p = 1.3E—11), and a weak positive correlation of nitrate
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Table 3 Correlation of nitrate with other cations and anions

Pearson’s correlations matrix

EC pH Eh DO Na K Ca Mg TH Cl TA SO, TDS NO;
EC 1
pH —276 1
Eh —.133 .076 1
DO —.057 285 —.049 1
Na 969 =233 075 —-.059 1
K 365 —.196 005 —.076 324 1
Ca 624 —364 066 —.076 480 307 1
Mg 7200 —.393 002  —.061 .586 416 .889 1
TH .699 —.392 .029 —.069 557 381 961 981 1
Cl 971 -320 —-.032 —-.071 957 .359 .677 152 741 1
TA .269 226 —.054 .027 331 .023 —.139 —.093 —.115 156 1
SO, .805 —.258 020 —-.075 731 .366 755 .850 .833 793 115 1
TDS 986 —-300 —.048 —.069 969 .396 .661 759 139 983 .259 846 1
NO; 342 =205 -—.144 —-.014 293 416 .145 335 .264 213 .140 419 348 1
has been found with sodium (r = .293, p = 3.5E—06)
(Table 3), indicating a possible association among the ions. 320m | n= 0
Potassium is an important constituent of animal manure
and is chiefly present in urine, while sodium is found in T zaom | =77
higher concentration in desert soils (Eghball et al. 2002). %; r6om | ers
Both potassium and sodium ions form saltpeter with nitrate =
ions in the arid environment and are readily dissolved in ® room | n-26
the aqueous media. A similar correlation (r = .419,
p = 9.2E—12) was also observed between nitrate and above 90 m Ne7
sulfate ions in the groundwater. . . . . . . .
0 50 100 150 200 250 300 350

Well depth also plays an important role in nitrate
transport from the surface to the water table. Generally,
shallow wells are more prone to nitrate contamination
than the deep wells because in shallow wells, the water
table is closer to the surface and potential nitrate sources
such as fertilizers and septic systems (Larson and Henley
1966; Spalding and Exner 1993; Townsend and Young
1995; Young 2010). In this study, nitrate concentrations
at different depths of sampling wells have not shown any
significant pattern (Fig. 4). Although groundwater is
much deeper in the northern part of the study area and
much shallower toward the south, yet high nitrate levels
have been found irrespective of depths of sampling
wells. Statistically, no correlation has been found
between nitrate concentration in the groundwater and the
depth of sampling wells, maybe due to higher nitrate
concentration in majority of the samples. In some other
studies which have reported significant correlation
between nitrate and well depth, the proposed sources
have been the agriculture activities, intense use of fer-
tilizers and on-site septic tank system (Babiker et al.
2004; Hudak 1999; Nkotagu 1996). This is not the case
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Nitrate Concentration (mg/L)

Fig. 4 Variation of nitrate concentration in groundwater with depth
of sampling wells

with Mithi sub-district of Thar Desert area where agri-
culture is extremely minimal due to unavailability of
adequate water sources and installation of on-site septic
tank system is not a practice either. Therefore, fertilizer
and septic tanks may be disregarded as sources of nitrate
pollution, and henceforth, no relation has been found
between well depth and nitrate.

Livestock rearing is the major occupation of the local
inhabitants. According to an agricultural census, the
livestock population is more than .35 million (Zaigham
2003). Drinking water for cattle is considered safe for
consumption when nitrate is less than 44 mg/L. A con-
centration of 45-132 mg/L is also assumed to be safe if
diet is low in nitrate (Waldner and Looper 2007). Nitrate
becomes potentially detrimental for livestock at
133-220 ppm level when consumed for long periods, and
cattle are at risk of death when its levels are between 220
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Fig. 5 a A man lifting water by
the help of rope from an unlined
dug-well. b—c Cattle
extinguishing their thirst from
surface pond/hitch being
constructed near dug-well
settings. d Animals are usually
used to fetch water from dug-
wells in the study area

and 661 ppm. Over 661 ppm water is considered unfit for
consumption by cattle as it could cause serious health
effects (Waldner and Looper 2007). Around 28% samples
have shown nitrate levels in the range of 201-400, and
more than 17% of the samples contain highly detrimental
level of nitrate in excess of 400 mg/L. This potentially
threatens livestock viability in the study area which is the
main source of livelihood for Thari people. Livestock
mortality caused by the evapo-concentration of nitrate
produced by nitrification of manure surrounding a desert
watering hole has been previously noted (Michalski et al.
2010).

Nitrate is highly mobile, and soil of the Thar Desert is a
highly permeable, well-sorted sandy soil; therefore,
nitrate can be easily leached to groundwater within per-
colating water. Where nitrate leaching from oxidation of
organic nitrogen in animal manure is important, direct
introduction of animal manure is also as important in this
part of the world as many of the dug-wells have been seen
with no protective casing on top which can cause the
windblown activities to transport contaminated soil to the
water body easily (Fig. Sa—d). It has also been observed
that the rope with which the water is fetched from dug-
wells is highly contaminated with animal excreta and this
also causes the direct inclusion of nitrate to the water
body. Such direct introduction of the pollutants to the
groundwater is possibly the main reason behind no regular
pattern in correlation of nitrate with other water quality
parameters.

Conclusion

The groundwater of study area has been found to be severely
contaminated by the presence of high nitrate concentrations
with a mean value of 240 mg/L, and it threatens the already
limited and sparse resources of drinking water in the area.
About 88.5% (n = 215) of the total of 243 samples have
been shown to have nitrate concentrations greater than the
WHO limit of 50 mg/L for drinking purpose, and in some
samples, it is even greater than 500 mg/L. which indicated
the severity of nitrate contamination in the area. Anthro-
pogenic activities, like utilization of animals to lift water and
improper lining of wells, are considered to be the principal
causes of high nitrate concentrations found in the study area.
As whole area is covered with extensive and thick dunned
sand and cattle discharge plenty of waste near the water
sources, the wind blown activities transport the contami-
nants directly into the wells which further contributes to
aggravating the problem in the area.
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