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Stable isotopes ratios (%o) of Hydrogen (3°H) and Oxygen (8!%0) were used to trace the groundwater
recharge mechanism and geochemistry of arsenic (As) contamination in groundwater from four selected
sites (Larkana, Naudero, Ghari Khuda Buksh and Dokri) of Larkana district. The stable isotope values of
3%H and 3'#0 range from 70.78%o to —56.01%0 and from —10.92%o to —7.35%q, relative to Vienna Standard
for Mean Ocean Water (VSMOW) respectively, in all groundwater samples, thus indicating the recharge
source of groundwater from high-salinity older water. The concentrations of As in all groundwater
samples were ranged from 2 pg/L to 318 ug/L, with 67% of samples exhibited As levels exceeding than
that of World Health Organization (WHO) permissible limit 10 pug/L and 42% of samples expressed the As
level exceeding than that of the National Environmental Quality Standard (NEQS) 50 ug/L. The leaching
and vertical mixing with return irrigation water are probably the main processes controlling the
enrichment of As in groundwater of Larkana, Naudero, Ghari Khuda Buksh and Dokri. The weathering of
minerals mostly controlled the overall groundwater chemistry; rock-water interactions and silicate
weathering generated yielded solutions that were saturated in calcite and dolomite in two areas while

halite dissolution is prominent with high As area.

© 2018 Elsevier Ltd. All rights reserved.

1. .Introduction

Arsenic (As) is one of the most toxic and carcinogenic contam-
inants in groundwater. The WHO and United State Environment
Protection Agency (USEPA) have defined the maximum permissible
limit of As in groundwater as 10 ug/L (Hassan et al., 2009). However,
many developing countries have permissible As contamination
limits of 50 pg/L (Mushtaq et al., 2018; Nickson et al., 2005). The fate
and toxicity of As in different environmental matrices depend on a
multifaceted series of controlling factors, including the biological
processes, chemical speciation and mineralogy of the area (Bowell
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et al, 2014). The As compounds are widely used in the
manufacturing, wood preservation, and glass production in-
dustries. In past, As an As bearing compounds were widely used for
the preparation of insecticides, herbicides, and fungicides, as well
as feed additives (Mandal and Suzuki, 2002). Anthropogenic sour-
ces of As include the disposal of municipal, industrial and domestic
waste into the water system and coal combustion, which also re-
leases As to different environmental matrices (Ali et al., 2018).
There are four geological processes that naturally release As into
various environmental compartments namely, reductive dissolu-
tion, sulfide oxidation, alkali desorption and geothermal activities
(Brammer and Ravenscroft, 2009). In South Asian regions, reductive
dissolution is the most important mechanism that releases As in
groundwater (Shakoor et al., 2018). The Various mechanisms have
been proposed for the release of As in groundwater, among these,
the widely accepted is desorption of As from iron oxyhydroxides
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Fe(OH): in the sediments and as a result of microbial degradation,
the ferric iron (Fe?*) reduces to the soluble form, i.e. ferrous iron
(Fe**) and As releases in groundwater (Nickson et al., 2000). The
other is oxidation of As-bearing sulfide minerals (Farooqi et al.,
2007b).

The change in hydrological conditions along with alterations in
groundwater flow paths play a vital role in controlling arsenic
mobilization in aquifers. For this purpose, isotopic compositions
and comparisons between precipitation and groundwater are used
to understand the recharge mechanism of groundwater, and its
ultimate effect on arsenic release into aquifers (Yeh et al., 2014).

The stable isotopes of Hydrogen (8°H) and Oxygen (3!°0) are
now commonly and widely used for the tracing of flow systems and
the reconstruction of climate (Zhu et al., 2007). The °H and 3'20
isotope compositions of water are also used as tracers to under-
stand the hydrological processes of ground and surface water in-
teractions, precipitation and basin hydrology (Gat, 1996; Mushtaq
et al,, 2018). A number of studies have use the stable 8’H and
380 isotopic compositions of arsenic contaminated water as to
understand groundwater recharge sources and its effect on the
arsenic mobilization in groundwater (Aziz Hasan et al, 2009;
Mladenov et al., 2014; Mukherjee et al., 2007; Xie et al., 2012).

Geographically, Pakistan is categorized by different land cover
and altitudinal settings, including the mountains of Karakoram,
Himalaya and Hindukush ranges located in the North, the Flat-lying
Indus plain in the East, in West the highland Baluchistan plateau
and the costal belt of Arabian sea situated in the Southern region
(Fig. 1a) of the country (Egani et al., 2016). The major land areas in
Pakistan (Sindh and Punjab Provinces) are covered by the Flat-lying
Indus Plain, which contains sediments that are mainly of alluvial
and deltaic origin and predominantly Quaternary (Pleistocene) in
age; the thicknesses of these sediments range from several meters
to hundred meters in various parts of the country (Mushtaq et al.,
2018). The aquifers in these sedimentary areas are contaminated
with high As concentrations (Shakoor et al., 2018). The recent de-
posits of alluvial and deltaic sediments, especially those in Pakistan
(Sindh and Punjab regions), India (West Bengal regions) and
Bangladesh, have very similar geochemical compositions (Ali et al.,
2018). It has thus been predicted that the processes of As mobili-
zation in these areas are almost the same. In Pakistan, oxidizing
conditions and the presence of unconfined aquifers cause lower
concentrations of As in groundwater as compared with those in
India and Bangladesh (Ali et al., 2018). Previous studies have shown
that several areas of Sindh and Punjab provinces were highly
affected by contamination in groundwater derived from both
anthropogenic and natural sources of As (Farooqi et al., 2007a;
Nickson et al.,, 2005). According to (Rahman et al., 1997), the
maximum As concentration in the groundwater of Karachi of 80 pg/
L exceeded the allowable limits (10 & 50 ug/L) of the WHO and the
Pakistan Standards and Quality Control Authority (PSQCA).
Approximately 13 to 16% of the population of Sindh Province and
23% of the population of Punjab Province are severely at risk due to
the consumption of As-contaminated groundwater. A study was
conducted by (Farooqi et al., 2007a) in Kalalanwala, Kasur Lahore
Punjab, reported a maximum concentration of As in groundwater of
2400 pug/L. While, Multan and Muzaffargarh groundwater the
maximum As concentration 400 and 1000 pg/L respectively was
reported by (Nickson et al., 2005). Similarly, in Sindh, the highest
level of As 2580 ug/L has been reported in Tharparkar (Brahman
et al, 2013). Though (Arain et al, 2009), reported that the
maximum concentration of As in groundwater in the adjacent areas
of the Manchar lakes ranged from 23.3 to 96.3 ug/L. According to
the published literature, in other various parts of Pakistan, such as
Jamshoro, Khairpur, Nagar Parker, Rahim Yar Khan, Mailisi, Hasilpur
and Multan adjacent regions, the concentrations of As are as high as

100 ug/L (Baig et al., 2011; Haque et al., 2008; Rafique et al., 2009;
Rasool et al., 2016; Rabbani et al., 2017; Shakoor et al., 2018;
Tabassum et al., 2018). After two decades of the first incidence of As
pollution lot of studies have been done on water characteristics in
relation to As however, up till now there has been no work to
evaluate the effect of return irrigation flow in an extensive irrigated
areas of Indus basin where groundwater is extensively used for the
irrigation purposes.

The main objectives of this study is 1) to understand the effects
of groundwater recharge on the mobilization of As and its con-
centration level in groundwater by using geochemical analysis, 2)
to understand vertical mixing by isotopes of hydrogen and oxygen
and its role in controlling arsenic concentrations, 3) effect of return
irrigation on the mobilization of As and the mineral phases asso-
ciated with high As in groundwater. The significance of this study is
to help with the future development of diverse As mitigation
measures at both regional and national levels and to better adopt
the irrigation practices to control the release of As in the
groundwater.

2. Materials and methods
2.1. Study area

Larkana district is located along the Indus River and contains
five Tehsils, Dokri, Warah, Miro Khan, Larkana, and Ratodero (Fig. 1)
with a total area of 7423 km?. Larkana is the fourth-largest city in
Sindh Province. According to the 2017 census of Pakistan, the
overall population of the district is 1.5 million; about 30% of this
population is urban and the population growth rate is 3.24%
(CENSUS, 2017). The soils of the area are classified as non-saline to
saline (Wagan et al., 2002). The groundwater is the primary source
of drinking water. The groundwater in this district is under con-
stant threat of contamination due to highly saline soils and return
irrigation flow where groundwater is used for the irrigation pur-
pose along with the canal irrigation and poor drainage that has
increased the salinity in the study area (Qureshi et al., 2008).

2.2. Climate

In the study area, the climate is semi-arid to arid and hot
(Rehman et al., 1998). In summer, it is very hot, and the maximum
temperature reaches up to 53 °C; in winter, the temperature drops
down up to 12 °C (Chandio and Anwar, 2009). The average rainfall
in Larkana district is approximately 100—125 mmy/year. Sometimes,
monsoons cause heavy rains that bring floods to nearby areas
(Chandio and Anwar, 2009).

2.3. Sampling and analytical methods

In summer July 2016 a total of 58 groundwater samples were
collected from pre-existing wells (hand pumps and boreholes)
located at various depths ranging from 10 to 24 m from the four
selected sites of Larkana (L), Naudero (ND), Ghari Khuda Buksh (GK)
and Dokri (D) for isotopic and hydro-chemical analysis. Addition-
ally, 4 canal water samples were also collected from a rice canal
following the protocol defined by (Grynkiewicz et al., 2003), and 4
rainwater samples were also collected for hydro-chemical analysis.
Rainwater was collected by placing rainwater gauges at different
locations in the study area to obtain representative precipitation
samples. The gauges were manually operated; they were left open
during rainy periods and covered with a lid during non-rainy days
to reduced evaporation. The locations of sampling sites are shown
in (Fig. 1). The pH and Electrical Conductivity (EC pS/cm) were
measured in the field by using a pH/EC meter (HANNA instrum
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Fig. 1. Sampling location map with spatial distributions of As, groundwater, rainwater and canal water.

ents). Oxidation-Reduction Potential (ORP) was measured using a
meter (pH-7110-Inolab-WTW Intertek); these data were later cor-
rected with respect to standards. Eh calculations were performed
using the following equation (Nordstrom and Wilde, 2005).
Eh (sample) (V) = E obs + E ref (1)
where Eobs is the observed ORP values measured in the field, and
Erefis the Ag/AgCl reference electrode (236 mV) containing 1 M KCI
solution electrodes; the pH/EC and ORP instruments are calibrated
daily before analysis. The contents of total dissolved solids (TDS)
were also measured indirectly by using electrical conductivity
values and using the conversion factor specified by (Moharir et al.,
2002).

TDS (mg/L) = EC (uS/cm) * 0.67 (2)

All samples were collected after purging for 3—5 min, filtered
(0.4 um) at site and stored in 120 ml plastic (propylene) bottles by
following the standard sampling protocols and methods defined by
(APH, 2005). All samples were collected in duplicate for major anion
and cation analysis. Samples collected for major anion (SO+>-, PO,
NOs, COs>, HCOs~, CI) analysis were filtered and preserved, while
samples collected for major cation (Na*, K*, Mg?*, Ca®*) analysis were
acidified with hydrochloric acid (HCl) to pH values of <2 before
preservation. For isotope 3'®0 and 3?H analysis, samples were
collected in glass bottles that were filled up to the mouth and tightly
capped to reduce the effect of water evaporation for their analysis.

To maintain and assure the quality and integrity of samples,
important quality control measures were taken from sample
collection to sample analysis. Replicate of samples ensured that the
cross-contamination was minimized during sampling and instru-
ment was calibrated prior to analyses. In addition, all chemical
reagents used were checked and made sure to be of analytical grade
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to minimize the chance of random errors. All samples were tightly
capped and store at 4°C and were transported to the Pakistan
Institute of Nuclear Science and Technology (PINSTECH) at the
Isotope Application Division (IAD) laboratory for stable isotope 5'20
and 3%H and chemical analysis. The concentrations of PO« and
S0.% were measured using UV—Visible spectrophotometry (APHA,
2005) while the concentration of NOs~ in groundwater was deter-
mined potentiometrically by using an Ion Selective Electrode (ISE)
(Oakton Ion 5, acron series). The ISE was calibrated against a set of
standards with known NOs™ concentrations, and a calibration curve
was made. The NOs~ contents in water samples were determined by
comparing their potential difference values with standard curve
(APHA, 2005). Alkalinity was measured using the acid-base titra-
tion method to determine carbonate and bicarbonate contents;
chloride contents were determined using the argentometric titra-
tion method (Kelly et al., 2005). The cation and trace metal contents
in samples (Na', K*, Mg®, Ca*, and Mn) were analyzed by
Sequential Atomic Absorption Spectroscopy (GTA110 Varian) (Kelly
etal., 2005). The total As contents in samples were analyzed using a
continuous flow hydride generation atomic flame Spectro-
photometer (AI-3200 series, Aurora Instruments). The 3*H and
3'*0 were done by using delta-plus Isotopic Ratio Mass Spectro-
photometer (IRMS) with the continuous flow — Inlet technique. The
analytical precision of 8?H and 3'|0 was +1.2%0 and +0.05%o,
respectively (Clark and Fritz, 1997).

2.4. Statistical and geological analysis

Multivariate statistical analysis was performed using the
computer-based software programs Statistica 7.0 and XLSTAT. The
spatial distribution and investigation of the ionic ratios Na*/Cl,
Mg?*/Ca®* and CI-/HCOs" were calculated by following equations;

Cation or anion mmol/L = Cation or anion mg/L/ Molecular
weight 3)

Ionic ratios = Cation or anion (mmol/L)/Cation or anion
(mmol/L) (4)

The distribution maps, were made using Geographical Infor-
mation System (GIS) techniques and by applying the ordinary
kriging method. The kriging method is one of the best interpolation
techniques in (ArcGIS 10.2). Applying basic geo-statistical tools for
modeling spatial autocorrelation regionalizes semi-variogram var-
iables, which represent the average measure of the degree of
dissimilarity between an unsampled value and the nearest data
values (Deutsch and Journel, 1998).

2.5. Geochemical modeling/saturation indices (SI)

Saturation indices (SI=log [IAP/KT]) were calculated for the
present data to predict themineralogy in the area. IAP is the lon
Activity Product while KT is the equilibrium constant of a specific
mineral phase at room temperature. SI values were calculated using
the computer-based geochemical program PHREEQC (Interactive
2.11) and the WATEQF database.

3. Results and discussions
3.1. Aqueous hydro-geochemistry

The statistical summary of chemical and isotopic composition of
groundwater is given in Table 1. Pearson correlation and summary

of canal and rainwater is provided in the form of supplementary
information (Tables S1 and S2).

The groundwater samples all four sites were neutral to alkaline
in nature with pH ranging from 6.8 to 8.1 (average = 7.4). Naudero
and Larkana groundwater samples having higher pH values as
compare with Ghri Khuda Buksh and Dokri. All groundwater sam-
ples have very high spatial variation within EC (uS/cm) and total
dissolved solids (TDS mg/L) ranging between 600 and 5300 pS/cm
(mean =1293). Highest EC values were reported in Dokri
800—5300 (mean = 2644), 84.6% Samples exceed WHO permissible
limit.

Major cations composition in all groundwater samples of cur-
rent study follow following order based on their abundance values
Na* + K*> Ca®* >Mg?*. Sodium (Na*) is major Cation in Dokri and
Larkana with 92%, 50%, exceeding the WHO limit of 200 mg/L.
While in Nudero and Ghari Khud Buksh in some samples Ca** and
Mg?* exceeded over the Na*. The following order was observed for
Na* concentration in groundwater on the basis of their abundance
Dokri > larkana > Naudero > Ghari Khuda Buksh. While major anions
composition in all groundwater samples follow the following order
on the basis of their high concentration CI- > SO.>- >NOs-, with the
order Dokri > Naudero > Larkana > Ghari Khudabuksh respectively.

The highest CI- concentration in groundwater of present study
was measured at Dokri which ranged from 309 to 5715
(mean=1757 mg/L) 100% samples exceeded exceed WHO
permissible 250 (mg/L), Naudero groundwater samples contain
119—532 (mean = 322 mg/L) with 70% samples exceeded, Larkana
chloride ranged from 111 to 425 (mean =274 mg/L) with 70% of
samples exceeded and in Ghari Khuda Buksh chloride concentra-
tion were measured ranged from 90 to 496 (mean =237 mg/L)
where 20% of the groundwater samples exceed WHO permissible
limit of 250 (mg/L).

The chemical compositions of groundwater was identified by
plotting a Figure as proposed by (Chadha and Ray, 1999) (Fig. 2).
The Figure showed 92% samples from Dokri, 11 73% from Naudero,
50% of Larkana, and 40% of Ghari Khuda Buksh were Na*-Cl- type
with the high EC (uS/cm). While (40%) of Ghari Khuda Buksh, 25%
of Larkana, 20% of Naudero were Ca®*-Mg?-Cl- type. Only 4
samples of Larkana (20%), 2 samples of Ghari Khuda Buksh (20%)
of water is Ca>*- HCOs" type (Fig. 2). The hydrogeochemical evo-
lution of groundwater of an area is mostly controlled by various
cationic and anionic reactions occurring in an aquifer system, the
residence time of groundwater, rock-water interaction and
chemical compositions of recharging water (Mukherjee et al.,
2007). For recognition of groundwater chemistry, sources of sol-
utes and natural process that control groundwater chemistry in
1970 Gibb's proposed a plot between total dissolved solids (TDS)
versus Na* + K*/Na* + Ca*> + K* for cations and TDS versus Cl-/
Cl- + HCOs" for anion. The plot specifies in four fields, 1st evapo-
ration dominance field, 2nd evaporation — precipitation domi-
nance field and 3rd rock dominance field (Gibbs, 1970). In (Figure S
1) 100% groundwater samples of Larkana, Naudero and Ghari
Khuda Buksh fall in rock dominance and 54% of samples of Dokri
also fall in rock dominance field while 46% samples fall in
evaporation-precipitation dominance field. The results show that
the rock weathering process controlling groundwater chemistry.
The highest concentration of major cations Na*, Mg*?and Ca*> may
be due to the weathering of minerals or rock solution mixing in
the aquifer system (Malana and Khosa, 2011). The most dominant
Na*-CI- type of groundwater in all sampling sites (Fig. S1) due to
the high rates of evaporation that causes high ionic strength of
groundwater or groundwater could be the result of mixing of fresh
water with saline water (Ekwere et al., 2012). The hydro-
geochemical facies and Gibbs plots confirm that alkali Na* exceeds
over alkaline Ca*2-Mg*2-Cl- and HCOs- suggesting saline water in
Dokri and Larkana (Mukherjee et al., 2008).
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Table 1

Descriptive statistics of physicochemical parameters of groundwater samples with saturation indices (SI) of current study sampling site wise.

Parameters WHO Larkana (N = 20) Naudero (N =15)

Ghari Khuda Buksh (N=10) Dokri (N=13)

Min Max Mean SD Min Max

Mean SD Min Max Mean SD Min Max Mean SD

Well Depth (m) - 10 24 16 4 10 20
pH 65-92 69 8.1 7.5 04 7.1 8.1
Eh (mV) - -225 -60 150 42 —-155 —110
EC (uS/cm) 1500 600 1310 909 202 710 1200
TDS (mg/L) 600—1000 360 786 545 121 426 720
HCOs"(mg/L) - 260 650 359 84 220 440
T.H eqv. CaCOs(mg/L) 178 375 302 48 264 541
Cl-(mg/L) 250 111 425 274 88 119 532
S0.2-(mg/L) 250 1 39 17 1 13 49
NOs(mg/L) 50 0 7.8 2.7 21 0 5.2
PO.3-(mg/L) 0.1 Bdl BdI Bdl Bdl Bdl Bdl
Na*(mg/L) 200 50 341 191 82 63 351
K*(mg/L) 12 4 13 9 2 7 27
Ca*(mg/L) 100 33 88 57 15 56 104
Mg>(mg/L) 50 23 52 39 9 25 69
Fe (mg/L) 0.3 Bdl BdI Bdl Bdl Bdl Bdl
Mn (pg/L) 500 100 690 340 200 100 760
As (ng/L) 10 5 279 72 76 6 318
3%H (%o) - —69.08 —58.63 —65.86 291 —69.16 —62.04
350 (%) -1092 -7.92 -10.11 069 -10.16 —8.68
SI Calcite - -04 06 0.2 03 -02 03
SI Dolomite - -07 14 0.5 05 -04 06
SI Gypsum - -39 20 -27 04 -26 20
SI Pyrolusite - —245 -187 -221 17 -232 -212
SI Rhodochrosite — -0.3 0.5 0.1 02 -03 0.3

14 4 11 21 16 4 14 24 20 25
7.6 03 69 7.8 7.4 03 638 7.6 7.1 0.23
-131 14 -155 -75 -118 24 -175 -75 -120 27

887 162 710 1430 912 219 800 5300 2644 1755
532 97 426 858 547 131 480 3180 1586 1053
325 56 220 350 272 36 280 800 432 164
352 83 229 511 313 85 206 2218 781 661
322 109 90 496 237 134 309 5715 1757 1878

28 10 6 35 17 1 25 640 175 214
13 19 0 3.8 1.2 16 0 4.5 1.9 1.8
Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl
188 68 51 309 138 80 145 2965 1051 1042
11 7 6 13 9 3 6 80 28 29
78 14 43 91 70 16 29 150 91 35
38 13 24 71 34 15 32 449 135 143
Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl
380 210 0.0 500 200 200 0.0 410 80 110
104 92 0 126 39 45 0 53 10 14

—-66.93 1.75 -68.16 —-64.48 -66.17 1.04 -70.78 -56.01 -66.47 3.90
-9.77 036 -1012 -935 -9.77 025 -1057 -735 -951 0.85
0.1 02 -02 0.4 0.1 02 -03 0.8 0.1 0.3
0.2 03 -04 0.6 0.2 03 -02 1.8 0.7 0.7

-23 01 -29 -22 -2.6 03 27 -14 -2.0 0.4
-223 06 -236 -203 -225 10 -228 -221 -223 03
0.0 02 -13 0.1 -0.5 0.7 -0.1 0.3 0.0 0.2

N= Number of samples, Bdl = Below detection limit, %o Per mill, Detection limits for
Standard for Mean Ocean Water.

As =2 pg/L, PO =0.01 mg/L, Fe =0.01 mg/L, Mn = 0.025 mg/L, VSMOW- Vienna
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Fig. 2. The chemistry of groundwater in the area with As concentrations.

3.2. Spatial distribution of EC and ionic ratios in groundwater

Fig. 3a shows that EC (uS/cm) gradually increases from the
northwest to southwest (i.e., from Naudero towards Dokri); the
highest electrical conductivity is measured in Dokri, this trend of EC
shows that there may be evaporation factor involved which can
increase the EC values (Sheikhy Narany et al., 2014). The water type
in this area is sodium chloride type as shown in Fig. 2. The soils of

this area are highly saline and salinity increases because of the high
evaporation (Wagan et al., 2002).

The molar ratios of cations and anions can determine the source
of these ions in water. In groundwater, Ca®*/Mg>* molar ratio of
equal to one or <1 indicates the dissolution of dolomite rocks
(Mayo and Loucks, 1995). A Ca*/Mg?* ratio of >2 reflects the
dissolution of silicate minerals (Katz et al., 1997). In 50% of all
groundwater samples, the Ca%*/Mg?* ratios ranged from 1 to 2, thus
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Fig. 3. Spatial distribution (Kriging) of (a) EC (uS/cm) (b) Ca**/Mg?* (c), Cl-/HCO=, (d) Na*/Cl- respectively of study area groundwater.

indicating the dissolution of calcite minerals; 17% of groundwater
samples record ratios of <1, thus reflecting the dissolution of
dolomite minerals; and 33% of samples record ratios of >2, thus
reflecting the dissolution of silicate minerals (Fig. 3b).

The spatial distribution of Cl-/HCOs~ molar ratios (Fig. 3c) in-
dicates that the Larkana and Ghari Khuda Buksh samples are char-
acterized by natural water, while high salinization influences Dokri,
near the southwest side of the study area, which is likely exag-
gerated by saline water. A Na*/Cl- ratio of equal to one indicates that
halite dissolution may be responsible for the Na* concentrations in
groundwater; in (Fig. 3d), the spatial distribution map of Na*/Cl-
reveals that in most of the study areas of Larkana and Dokri, these
ratios are higher than 1.5, which indicates that the source of Na* is
silicate weathering. Groundwater salinity also may be due to the
formation of a salt layer through the process of leaching from the
soil surface during high evaporation (Wagan et al., 2002).

3.3. Arsenic distribution and its behavior with manganese and
other redox parameters

The As concentration in all groundwater samples ranged from
below detection limit (Bdl) 2—318 pg/L (mean = 61 pg/L). Over all
67% samples exceeded the WHO permissible limit of 10 pg/L.
Highest concentration is observed in Naudero with 86% samples
exceeding the WHO permissible limit. Whereas, in Larkana, Ghari
Khuda Buksh and Dokri the samples exceeding are 75, 60 and 31%
respectively, pH, Eh, Mn and Fe are the main redox parameters
which control the release of As in groundwater. In the present study
Fe concentrations were within the permissible limits of 0.3 mg/L.

Whereas, the highest Mn concentration was measured in Naudero
ranged from 100 to 760 (mean = 380 pg/L) with 40% groundwater
samples exceeded the WHO permissible limit of 500 (ug/L), while
the Larkana and Ghari Khuda Buksh the Mn concentration ranged
from 100 to 690 (mean = 340 pg/L) and 0 to 500 (mean = 200 ug/L)
with 20% and 10% samples exceeding the WHO permissible limit.
While the lowest Mn concentration was measured in Dokri
groundwater samples ranged from of 0.0—410 (mean = 80 pg/L) all
of the samples within WHO permissible limit (Table 1).

Fig. 4a and b shows the correlation of As, Mn, pH and Eh. It is
clear from Fig. 4a that high As is present at relatively lower pH and
negative Eh values The similar trends of groundwater As and Mn
and pH values were observed at all sites as shown in (Fig. 4b) with
the increase in Mn concentrations the As concentrations increases
with low negative Eh and low pH. In Naudero, elevated ground-
water As concentration were observed at neutral pH (mean = 7.2),
negative Eh (mean=-131mV) and high levels of HCO3
(mean = 325 mg/L) and Mn (mean = 380 ug/L) suggesting reducing
nature of groundwater. This fact is further supported by the pres-
ence of low levels of SOz2 (mean=28mg/L) and NO3
(mean=1mg/L). In (Fig. 5a) slight positive correlation were
observed between NO3 and As (r> = 0.3), while no such relation
was observed between NO3 and Mn (Fig. 5b) in all water samples.
In Larkana, the concentrations of As, Mn and sulphates (SO+>") were
generally lower than that observed in Naudero. A negative corre-
lation of As with pH (1% = —0.34) and Eh (r? = —0.6) was detected
indicating a generally decreasing trend of As values at higher pH
and positive Eh values in all sites (Fig. 5c and d). The similar trend
was observed for Mn with pH and Eh (Fig. 5 e and f). A positive
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100 mV).

correlation between Mn and As was observed as shown in (Fig. 5 g,
Table S2). In all above three sites As release is seemed to be trigged
by reductive dissolution of As from Mn-oxide surfaces. Such type of
As release mechanism has been reported from vast areas of South
and South-East Asia (McArthur et al.,, 2008). Furthermore, the
presence of elevated As and Mn (Fig. 5h and i) levels at shallower
depths (11—18 m) also indicate poor drainage capacity of aquifers
enhances the reducing nature of groundwater (Buschmann et al.,
2007).

In Dokri, overall low groundwater As concentrations were
observed with only 31% of samples having As levels above WHO
limit. High values of pH (7.8) and SO.*- (640 mg/L) along with very
low nitrate (NOs") and moderate Eh (—75mV) values indicate
conditions not completely reducing enough for complete reduction
of SO+*- to occur (Pi et al., 2018). This partial anoxic condition of
groundwater at this site might be one of the possible reasons
behind the existence of low levels of As in the study area. Moreover,
the spatial distribution of As behavior shows a decreasing trend in
its concentrations as we move down along the Indus river flow as
shown earlier in (Fig. 1). The reason for these low concentrations

maybe because At lower basin of Indus river with low river flow,
deep alluvial deposits and partial anoxic conditions may control
release of As in shallow aquifer (Naseem and McArthur, 2018).

3.4. Mineral phases, sources of manganese and its role in arsenic
solubility

Various igneous and metamorphic rocks are significant sources
of Mn, which is released as divalent manganese (Mn?*). Once Mn*?
is released in groundwater through weathering it precipitates as
Mn* oxide when it exposed to the atmosphere. In contrast, dis-
solved Mn is always present in the 2* oxidation state in the natural
water system (Hem, 1972). The saturation indices (SI) of rhodo-
chrosite (MnCOs) range from —1.29 to 0.46. The ranges observed at
each site are listed in (Table 1). The solubility of MnCOs control the
Mn concentrations in the groundwater of the present study area.
The slight positive correlation between As and Mn may contribute
to the release of As into the groundwater system (Vega et al., 2017;
Woo and Choi, 2001). The overall solubility of MnCOs likely control
the concentration of Mn in the groundwater of the present study
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area. The results of the present study support the universal concept
that As occurs in very moderately and typically Mn-rich ground-
water; thus, anaerobic heterotrophic bacteria may be responsible
for the reductive dissolution of Mn minerals and the release of As
into groundwater (Routh and Saraswathy, 2004). The positive cor-
relation As with Mn suggests (Table S2) the As might be adsorbed
onto Mn-hydroxide and As released in groundwater through low
redox conditions (Nath et al., 2008a; Nath et al., 2008b). It has been
extensively known that Mn dissolved in groundwater by reductive
dissolution process from Mn-hydroxide. Through dissolution
mechanism the free As and Mn releases into aquifers (Choudhury
et al., 2015; Saunders et al., 2005; Zheng et al., 2004; Zhu et al.,
2015). The samples above 0 the positive values consider as satu-
rated and below 0 with negative values indicate undersaturated.
The MnCO:s versus As (Fig. 6a), suggest 45%, 40% and 30% of samples
from Larkana, Naudero and Ghari Khuda Buksh respectively satu-
rated with respect to MnCOs. The SI values (Fig. 6b) of Pyrolusite
(MnO,) versus As indicate that all samples are undersaturated; in
the future, further dissolution may cause increased As concentra-
tions in groundwater.

3.5. Vertical mixing and irrigation return is probably the main
process controlling the enrichment of high arsenic in groundwater

The isotopic (3°H and 3'®0) composition of the ground, rain and
river water samples are given in Table 1. For present study, 3*H and
380 relative to VSMOW showed variation between —70.78
and —56.01%0 and —10.92 and —7.35%o respectively. Based on
isotope composition of 3?H and §'#0 in rainwater, the equation of
the local meteoric water line is given as follows:

32H = 7.4581* §'*0 +12.044 (5)

All the groundwater samples in present study fall on the lower
end of the GMWL indicating meteoric origin of recharge. The shift
of samples away from LMWL indicate mixing of vertical recharged
water (precipitation and irrigation water) with evaporated pore
water before infiltration (Clark and Fritz, 1997). The slope of the
resulting evaporation line is 3.2 which is typical for recharging
water which had undergone evaporation through soil-water infil-
tration. Few of the samples for groundwater also had similar iso-
topic composition for 3 *H and & '80 as that of canal water (Fig. 7a
and b) indicating canal water being another source of recharge of
aquifer.

The presence of saline soil and intensive extraction of ground-
water for irrigation purposes also make irrigation return water and
salt flushing another source of groundwater recharge. From the plot
of & 180 against Cl- (Fig. 8a), it can be seen an increase in Cl-
concentration causes little to moderate variation in & 0. The in-
crease in Cl-concentrations could be attributed to vertical infiltra-
tion of irrigation return water carrying significant amounts of salts
from land surface. While the plot between 3 80 against As (Fig. 8b)
shows two distinct trends. All the high As groundwater samples fall
close to the low evaporation but high leaching line while all low As
samples fell close to evaporation line suggesting vertically
recharged water might be playing a role in As mobilization in un-
saturated zone. During infiltration, irrigation return, and salt wash
out gradually occupy the pore spaces of soil causing a shift from
oxic to slightly anoxic conditions. Under such situations, the envi-
ronment become favorable for arsenic release from sediments to
aquifer (Huq et al., 2018; Xiao et al., 2018).

4. Conclusion

The groundwater in the area is sodium chloride dominated with
arsenic >300 pg/L. The saturation indices of rhodochrosite (MnCOs)
indicated a saturated state and may control the Mn concentrations
in the groundwater of the present study area, and the positive
correlation between As and Mn may contribute to the release of As
into the groundwater system. All of the groundwater samples in the
present study fall on the lower end of the GMWL, indicating the
recharge source of groundwater from highly saline water. The iso-
topic composition of groundwater with increasing 8'80 values with
increase of Cl- concentration in the study area groundwater
discharge from the basin. The high Cl- concentration and enriched
3's0 composition could be due to the evaporation, halite dissolu-
tion is the main important source of Cl- along with evaporation. The
groundwater samples shifted away from the local meteoric water
line, representing the mixing of vertical recharge with evaporated
pore water. The site wise distribution of 5'®0 values in the As
contaminated water samples ranging from 2 to 318 ug/L, suggest
vertical mixing water is a significant contributor to the As mobili-
zation in mostly Larkana and Naudero groundwater, which contain
higher As contents than the groundwater in Ghari Khuda Buksh and
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Dokri. The graph between 8'%0 and CI- further supports that fast
leaching and vertical mixing with return irrigation water were the
ontrolling factors that enhanced the As contamination in the study
area. This urgently needs to change the irrigation practices in the
area to further reduce the As problem.
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