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Abstract

The Indus River Basin (IRB) with an area of 139,202 km? is the lifeline river basin of Pakistan. An intensive study was conducted
in six subcatchments of the IRB with five in the Upper Indus Basin (UIB) and one of the Lower Indus Basin (LIB; between
Tarbela Dam and Panjand), i.e., the Gilgit River Basin (UIB-I), Hunza River Basin (UIB-II), UIB-III, UIB-IV and UIB-V, and
LIB. A total of 84 surface water samples were collected from main stream and tributaries from June to August, 2016. The pH,
electric conductivity (EC), and total dissolved solids (TDS) were measured in situ, whereas major ions (Ca**, Mg**, K*, Na*, CI",
SO,*", and NO;") and Si were analyzed in the laboratory. The results exhibited alkaline pH (8.55+0.20) with diverse TDS
(114.69+77.65 mg L") and ion concentrations that were characterized primarily by the Ca-Mg-HCO5 type in the whole basin.
The average TDS in the UIB and LIB were 93.99 +39.73 and 181.67+ 167.82 mg L™, respectively, under the influence of the
arid to semi-arid climatic conditions and relatively higher anthropogenic interference in LIB compared to the UIB. The order of
dominant major cations was different in the UIB and LIB, reflecting the diverse nature of geological formation. Gibbs plot,
mixing diagrams, and ionic ratios were used to identify the controlling mechanism of river geochemistry in the IRB as carbonate
weathering in general with different degrees of silicate weathering and minor contribution by evaporite dissolution. In addition,
principal component/factor analysis also indicated that the major sources of dissolved loads in the basin are carbonates followed
by silicates. Significant influences of silicate minerals were observed in the LIB, and there was a large contribution of evaporites
in the UIB-II, UIB-III, and LIB. The suitability assessment showed that the river water fits the WHO permissible limits for
drinking purposes from the perspective of major ions, whereas for irrigation purposes, most of the samples exhibited excellent
and good levels except for a couple of permissible and doubtful levels from the Sawan and Deratang tributaries in the LIB, which
may deteriorate the quality of soil and degrade the water quality downstream.
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Introduction

The water quantity and quality of the Himalaya are among the
most important and sensitive issues worldwide from the view
of human well-being and ecological integrity (Barnett et al.
2005; Vordsmarty et al. 2010). The bedrock in the Himalaya
is subjected to high weathering rates under the extreme cli-
mate conditions (Ali and De Boer 2007). Despite the fact that
only 4% of the global land surface has been secured by the
Himalaya, 25% of total dissolve loads entering into the oceans
has been generated from the region (Raymo and Ruddiman
1992). Recent investigations of the Himalayan regions that
focus on hydrochemical characteristics have revealed that sur-
face water quality has been deteriorating in the past few de-
cades due to rise in temperature, variable precipitation, poor
land use, urbanization, deforestation, and mineral resources
exploitation (Sun et al. 2012; Wu et al. 2012). Notably, the
rivers and their tributaries that pass through the cities in the
developing countries of South Asia such as Pakistan, Nepal,
India, and Bangladesh receive large amount of contaminants
released from industrial, domestic/sewage, and agricultural
effluents (Karn and Harada 2001; Kambole 2003; Pekey
et al. 2004; Richardson et al. 2015).

Investigations of river basins provide unique insights into
the hydrologic functions of the individual parts of the catch-
ment, because the geochemistry of rivers is regulated by com-
plex interactions among various physical, chemical, and bio-
logical environments (Brezonik and Arnold 2011; Stumm and
Morgan 2012). The notable studies on source identification
and controlling factor of rivers worldwide are underscored
as those of the Amazon (Stallard and Edmond 1987), the
Upper Yangtze (Chen et al. 2002), the Mississippi (Battaglin
et al. 2001), the Yenisei (Kimstach et al. 1998), the Yellow
(Chen et al. 2005), and the Ganga and Yamuna Rivers (Dalai
et al. 2002) and have stated that the major drivers of
hydrochemical characteristics are climate, lithology, hydrolo-
gy, and anthropogenic interferences (Gibbs 1970; Meybeck
1987; Qadir et al. 2008).

A basin-wise study was performed on weathering process-
es in the Indus River Basin (IRB) of Pakistan with a focus on
carbon, sulfur, oxygen, and strontium isotopes (Karim and
Veizer 2000). Some of the major tributaries of the IRB were
studied by Subramanian (1979) and Pande et al. (1994) at a
provincial level from India to Karachi in Pakistan. These stud-
ies used elemental and isotopic data and proposed that
carbonate weathering and evaporite dissolution were
controlling factors. Jacobson and Blum (2000) used major
ions and strontium isotopes to determine disseminated
calcite in Himalayan silicate rocks in order to evaluate the
consumption of CO, from the atmosphere. A subsequent
geochemical study was reported by Qadir et al. (2008) in the
Chenab River in which the spatiotemporal variations of water
quality were explored. Apart from these studies, the water
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quality parameters in the Jamshoro area of Pakistan was eval-
uated by Baig et al. (2009), who found that Na*, K*, and SO,
~ concentrations were elevated because of the semi-arid envi-
ronment and anthropogenic interferences.

The headwater areas in the Third Pole have been consid-
ered as one of the most pristine regions in the world (Paudyal
et al. 2016). However, some recent studies indicated that
South Asian regions with heavy pollution could be the source
of contaminations, which could be long range transported to
the remote Himalayan regions and deposited via wet and dry
deposition through atmospheric circulations in the regions
(Tripathee et al. 2014, 2016b).

It is noted from previous literatures that changing climatic
conditions promote accelerated hydrochemical dynamics. In
addition to the climate and lithology, as well as land use con-
ditions, the IRB is also characterized with partial anthropo-
genic signatures, particularly in the downstream segment.
Systematic studies on geochemical variabilities and implica-
tion of natural and anthropogenic factors are imperative to
elucidate and protect the water quality in the basin.
However, there are very limited published data available,
which represent a significant research gap in understanding
the geochemistry of the river. Therefore, the objective of this
study is to evaluate the spatial variation of hydrochemical
attributes, their sources, and controlling factors in the IRB.
Since the basin is the lifeline of Pakistan and fundamentally
supports economic activities, the suitability of the river water
for human consumptions and irrigation purposes was also
assessed.

Materials and methods
Study area

The Indus River originates from Lake Mansarovar in Tibetan
Plateau, enters India, then flows through Pakistan, and finally
empties into the Arabian Sea (Tahir et al. 2016). The IRB is
located between latitudes 29° 30" N and 37° 10’ N and be-
tween longitudes 70° 15" E and 77° 0" E, covering a total area
of 139,202 km? (with 8, 39, and 53% in China, India, and
Pakistan, respectively). The area is confined between
Kharmong and Panjnad, which is the confluence point of the
Indus River with other rivers of Pakistan (Fig. 1). On the basis
of climate, geology, land use, and topography, the IRB is
classified into the Upper Indus Basin (UIB) (54%) and
Lower Indus Basin (LIB) (46%), which are separated by the
Tarbela Dam, situated at an elevation of 440 m (Ali and De
Boer 2007) (Fig. 1). The LIB specified in this study is actually
the mid-stream part of the whole IRB. The UIB lies between
440 and 8361 m asl, is mainly affected by westerlies, and is
principally fed by glacier/snow melt (Liniger et al. 1998;
Hewitt 2005). In contrast, the LIB lies between 70 and
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Fig. 1 Map of the Indus River 70°0'E
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440 m asl and is mostly characterized by an arid to semi-arid
climate (Fig. A1), in which flow is primarily controlled by dis-
charge from upstream, tributaries, and monsoon precipitation.
The mean annual precipitation and air temperature range be-
tween 200 and 1400 mm and between 5 and 20 °C, respectively,
in the UIB and between 200 and 1200 mm and between 10 and
32 °C, respectively, in the LIB, showing distinct differences be-
tween upper and lower segments (Baloch et al. 2006; Liu et al.
2012; Nadeem Faisal 2015; Lutz et al. 2016).

The UIB extends over parts of the Hindukush, Karakoram,
and Western Himalayan ranges and is subjected to different mi-
croclimate regimes (Young and Hewitt 1990; Dimri and
Chevuturi 2014). Within the UIB, the Gilgit (UIB-I) and
Hunza (UIB-II) River basins are considered separately for de-
tailed study because they are the largest subcatchments of the
IRB. UIB-I originates in the Hindukush region, where the flow
mostly depends upon rainfall (westerlies) and melt water (Hewitt
2005; Tahir et al. 2011). UIB-II originates near Khunjrab and

then passes and flows through the center of the Karakoram
ranges, where a substantial proportion of the flow is derived from
glacial melt. The remainder of the UIB is further divided into
three subcatchments in this study on the basis of their sources
(UIB-III from glacial melt, UIB-IV from snowmelt, and UIB-V
mostly from monsoonal precipitation). Maximum annual precip-
itation was observed at UIB-V and the northern part of LIB,
whereas other parts of the investigation territory have low annual
precipitation (Fig. Al). The land use of the IRB is classified into
eight major classes, including water bodies, forests, shrublands,
grasslands, agricultural areas, built-up area, snow/glaciers, and
barren areas (Loveland et al. 2000). From north to south, the IRB
is geologically split into five lithotectonic divisions (Fig. A2): (1)
the Hindu Kush—Karakoram—Western Tibet Block (HKT), (2)
the Kohistan—Ladakh Arcs (KLA), (3) the Higher Himalayas
(HH), (4) the Lesser Himalayas and the Foothills (LHF), and
(5) the Southern Sedimentary Basin (SSB) (Karim and Veizer
2000). Each division accommodates different rock formations,
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which contributes to the variety of dissolved loads in surface and
groundwater. The details of the land use and geological forma-
tions of the IRB are explained in the supplementary file (Figs. Al
and A2).

Sampling and laboratory analysis

Water samples were collected from main stream and tribu-
taries at 84 different sites (Fig. 1) throughout the IRB from
June to August, 2016. Considering the diversity in climate,
geology, land use, and anthropogenic activities, 17, 14, 15, 17,
10, and 11 water samples were collected from UIB-I, UIB-II,
UIB-III, UIB-1V, UIB-V, and the LIB, respectively
(Table Al), following the standard guideline values (APHA
2005; Duncan et al. 2007). For both the main stream and
tributaries, three water samples were collected from each sam-
pling site at depth of =30 cm beneath the surface (two from
each bank and one from the center) and were thoroughly
mixed. pH, electric conductivity (EC), total dissolved solids
(TDS), and water temperature (Tem.) were measured on-site
by using an Oakton PCSTestr 35. Samples were instantly fil-
tered through a 0.45-pm polytetrafluoroethylene (PTFE) disk
syringe filter and filled in high-density polyethylene (HDPE)
bottles of 30 mL.

The concentrations of the major cations (Ca**, Mg**, Na®,
K*) and Si were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Optima 5300 DV,
PerkinElmer, Waltham, MA, USA) with a limit of detection of
0.01 mg L} and major anions (Cl, NOs ', and SO, ) were
determined using ion chromatography (ICS-2500, Thermo
Fisher Scientific, Waltham, MA, USA) with LOD of
0.01 mg L' (Li et al. 2015; Tian et al. 2016) at the Institute
of Tibetan Plateau Research, Chinese Academy of Sciences.
Special care was taken during the sampling and laboratory
analysis. All of the sample bottles were soaked overnight in
15% HCI and washed with deionized water before using in
order to remove potential contaminants introduced during
packing and shipping (APHA 2005). The sample bottles were
sealed by using Parafilm and stored below 4 °C until labora-
tory analysis. Distilled deionized water was used to clean the
equipment after every sample measurement on site. External
standards for major cations and anions were prepared from the
national standard solutions obtained from the Certified
Reference Material Center, China (Tian et al. 2016).

For quality control and quality assurance, the standard op-
erating procedures were strictly followed during sampling and
laboratory analysis as directed by APHA (2005). In order to
avoid contamination, powder-free nitrile exam gloves and
mask was used during the sample collection and testing. At
each sampling site, three water samples, i.e., at left bank, mid-
dle, and right bank of the river, were taken and mixed before a
composite sample was prepared. The sample bottles were pre-
rinsed three times with the same water before the final sample
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was acquired. Before the in situ measurements, the instruments
were properly calibrated. Triplicate samples were run, and the
average recovery of quality control analysis was 99 + 4%, indicat-
ing the good quality of the data. In addition, four blank samples of
deionized water filtered through 0.45-um polytetrafluoroethylene
(PTFE) disk syringe filter, filled in high-density polyethylene
(HDPE) bottles, sealed with Parafilm were collected in the field
and kept in the same environment with other water samples. The
results of these field blank samples showed negligible contamina-
tion during the sampling, filtering, and storage processes, as the
values of most hydrochemical variables were below the detection
limit (Paudyal et al. 2016). The average analytical precision for
both cations and anions was better than 2%. The alkalinity as
HCOj; was estimated by charge balance (Li et al. 2016). To verify
the accuracy, sums of major ions were calculated and compared to
the TDS values (3ions =1.06 TDS, »=0.97), which illustrated
highly acceptable data quality (Tripathee et al. 2014; Paudyal et al.
2016; Pant et al. 2018).

To interpret the data and develop a conclusive understand-
ing of the geochemistry of the IRB, a series of statistical tests
were performed using an IBM SPSS 22.0 (Xiao et al. 2012;
Pant et al. 2018). These tests include a normality test, descrip-
tive statistics (mean, max, min, SD etc.), Spearman correla-
tion, and principal component analysis and factor analysis
(PCA/FA) (Varol et al. 2013a). The normality test and corre-
lation analysis were performed by considering all of the pa-
rameters to predict the degree of dependent of one variable on
others with a correlation significance level of 0.01. PCA/FA
was applied to group the changing patterns of major ions in
order to explain the fluctuation in dataset with minimum loss
of original information. PCA/FA is attained by analyzing the
correlation matrix and transforming the original variables to
uncorrelated ones, commonly called varifactors (VFs)
(Helena et al. 2000). Additionally, the eigenvalues in PCA/
FA define how much variance is present in associated VFs.
The VF that holds the maximum eigenvalue is found to have
the most covariability (Tripathee et al. 2016a). Suitability of
the dataset for PCA/FA was tested by using the Kaiser—
Meyer—Olkin (KMO) and Bartlett’s sphericity methods which
is run prior to PCA/FA. Furthermore, Gibbs, Piper, mixing
diagrams, and ionic ratios were used for source identification
and controlling factor analysis. The sodium ion percentage
and sodium absorption ratio (SAR) were used to evaluate
the irrigation water quality (Wilcox 1948; Richards 1954;
Bauder et al. 2011; Thomas et al. 2014).

Results and discussion
General geochemical characterizations

The descriptive statistics of major geochemical variables of the
IRB and comparison with other river basins in the surrounding
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region are summarized in Table 1. Arithmetic mean
values, geometric mean values, and median values were
used for normally distributed datasets, log-transformed
normally distributed datasets, and non-normally distrib-
uted datasets, respectively (Wang et al. 2017).

The pH of the IRB was found to be alkaline in nature
(8.57+0.20) and higher than the global mean (i.e., 8),
which revealed the potential impact of carbonate-
dominated lithologies in the basin (Li and Zhang 2008;
Zhang et al. 2009). The degree of mineralization process
in the basin is indicated by EC and TDS, which exhibited
substantial variations with high standard deviations (158.5
+105.24 uS cm ' and 114.69 +77.64 mg L', respective-
ly). The higher TDS values in the IRB than that of the global
mean values for the large rivers (i.e., 120 mg L™") could be
attributed to lithoclimatic settings and anthropogenic inter-
ferences in the basin (Jonnalagadda and Mhere 2001). The
grand mean concentrations of TDS in the IRB were compa-
rable to that of the Yarlung Tsangpo River in Tibet and
global mean value, but were markedly lower than those of
the other rivers in Pakistan and Tibet (Table 1).

Calcium (20.68 + 8.86 mg L") was the most abundant ma-
jor cation in the basin followed by sodium (5.21 +
16.36 mg L"), magnesium (3.77 £ 3.79 mg L"), and potassi-
um (3.56 £2.64 mg L"), and Na* had the most significant
variation. Bicarbonate (60.41 +38.41 mg L") was the most
dominant major anion in the basin followed by sulfate (18.53
+15.50 mg L"), chloride (6.06+ 15.60 mg L"), and nitrate
(146+1.56 mg L"), and CI” had the most significant varia-
tion. The large variation in Na* and CI” concentrations could be
attributed to multiple geogenic and anthropogenic sources
(Tian et al. 2016). The concentrations of major ions in the
IRB were more comparable than those of the Yarlung
Tsangpo River and global mean values than to those of other
rivers in surrounding regions (Table 1). However, the mean
concentration of silica was found to be 1.79+1.13 mg L™,
which was less than the global mean (7.63 mg L™"), indicating
less intense silicate weathering in the IRB. The mean concen-
tration of NO3 approximately two times that of the global
mean and other rivers in the surrounding region, indicating
possible enrichment from anthropogenic activities (Meybeck
2003; Wang et al. 2006; Liu et al. 2015). In summary, the major
ionic concentrations of the IRB are within the range of WHO
limits, and mostly comparable to the global mean values of the
world’s major rivers (Table 1).

Spatial patterns of major ions

The descriptive statistics of major geochemical attributes
at the subcatchment level in the IRB are shown in
Table 2 and Fig. A3. The mean pH values of all
subcatchments were alkaline and did not differ much.
However, EC and TDS displayed a considerable
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variability. Elevated mean concentrations of TDS in the
LIB (181.67+167.82 mg L') compared to the UIB
(93.99+39.73 mg L 1y were chiefly ascribed to the arid
to semi-arid climatic conditions and higher anthropogen-
ic interferences supported by land use variations (Fig.2)
(Gburek and Folmar 1999; Dalai et al. 2002; Chen et al.
2005). Remarkable differences exist in the relative abun-
dance of cations in the UIB and LIB samples, in which
cations in the UIB samples follow the order of Ca**" >
Mg®* > K* > Na* and cations in the LIB water samples
follow the order of Ca?* > Na* > Mg®* > K*. The
concentrations of all of the ions were remarkably higher
in the LIB. Specifically, the Na* and CI” concentrations
were ~ 10-fold higher than those in the UIB, which can
be explained by the semi-arid environment, local sources
of halite, and intensive anthropogenic interferences, par-
ticularly agricultural practices (Xiao et al. 2012).
Remarkably higher concentrations of NO; were ob-
served in the LIB, which is characterized by intensive
agriculture activities. Additionally, there is a strong cor-
relation in the UIB between Ca?*-Mg** (r =0.83), Ca®*-
HCO;™ (r=0.87), and Mg?*-HCO;~ (r=0.91), whereas
there is not a strong correlation between the aforemen-
tioned pairs in the LIB (Table A2), indicating the dom-
inance carbonate weathering in the UIB (Varol et al.
2013b; Shammi et al. 2017).

Within UIB, the two glaciated subcatchment, i.e., UIB-II
and UIB-III, illustrated higher TDS, indicating the high
weathering rate in glaciated areas (Brown et al. 1996) and
dilution by snowmelt and precipitation in UIB-I, UIB-IV,
and UIB-V. Most of the major ions showed similar spatial
patterns within UIB corresponding with the TDS values. For
example, UIB-II and UIB-III represented higher SO, con-
tents than UIB-I, UIB-IV, and UIB-V indicating greater rock—
water interaction time with pyrite dissolution. In contrast, LIB,
UIB-IV, and UIB-V have higher Si concentrations compared
with UIB-I, UIB-II, and UIB-III, indicating potential dissolu-
tion of silicate minerals from pedogenic processes (Reynolds
and Johnson 1972; Xiao et al. 2015).

A strong positive correlation was observed between Ca”*-
SO4* (r=0.83,0.74,0.73, 0.91, and 0.80 for UIB-I, UIB-II,
UIB-III, UIB-IV, and LIB, respectively) and Mg>*-SO,*~
pairs (r=0.88, 0.66, 0.61, and 0.65 for UIB-I, UIB-II, UIB-
IV, and LIB, respectively) (Table A2) indicating sulfate min-
eral dissolution and oxidation of pyrites as the common source
of SO,* in the subcatchments (Xiao et al. 2015). In UIB-I,
there was strong positive correlation between NO; -Ca**,
NO; -Mg**, and NO; -Na* pairs (r=0.66, 0.70, and 0.72,
respectively), which could be resulted from the use of chem-
ical fertilizers and leaching of soil salts due to intensive agri-
cultural practices (Butz 1989; Sharma et al. 2012; Chen et al.
2015). In addition, the higher NO;  values in UIB-V also
indicate more intensive anthropogenic activities supported
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Table 2  Summary statistics of spatial patterns of hydrogeochemical attributes in the IRB
Location P RD pH  TDS Ca** Mg>* K* Na* Si cr NO;~ SO,> HCO,
UIB-I (n=17) Mean/median ~ 301% 803  8.65% 103.13* 18.12%  4.81° 1.57° 147° 1.76° 1.94° 1.72° 17.99* 583°
SD 24 184 024 4076 7.6l 363 063 067 026 167 068 876 327
UIB-II (n = 14) Mean/median 273 705*  8.62% 165.01° 27.333° 6.9%  4.94° 308  146° 132° 125" 4038 77.88"
SD 58 81 0.18  40.81 6.25 350 307 110 036 073 043 1578 245
UIB-III (n = 15) Mean/median ~ 270° 1973* 859" 121.87° 21.43* 351 27°  253° 173 206°  1.19* 2228 58.28°
SD 4348 464 0.6 2845  6.13 254 123 183 029 154 048 1099  19.85
UIB-IV (n=17) Mean/median  408°  821*  851* 106.04° 19.83°  1.67° 2.03* 2.10° 1.80° 193° 1.72° 14.07*° 422°
SD 131 183 0.18 3658  7.62 143 104 107 036 1.17 055 1051 1926
UIB-V (n=10) Mean/median  908° 499" 854 83.01°  1625°  2.52° 242% 254  201° 249 239% 1542° 482°
SD 29421 105 021 3877  7.74 141 127  2.02 129 15 115 623 25.36
Whole UIB Mean/median ~ 432* 1053 8.55° 93.99*  17.81°  3.53° 236° 2.10° 1.74° 2.15° 137° 17.12° 49.40°
(n=73) SD 110 437 018 3973 715 196 118 16 071 139 083 1059 217
Whole LIB (n=11) Mean/median  650* 136 8.49* 181.67° 24.27° 8.08° 598° 2269 447° 22.15° 428 3686 114.9°
SD 241 486 023 167.82 1064 553 442 4103 212 4016 3.04 2267 60.64

All units in milligrams per liter except P (mm), RD (mm), pH, and EC (uS cm ™). RD > P indicates additional water supply from melt water, and RD < P

reflects excess use of water for agricultural practices

SD standard deviation, P annual precipitation extracted from TRMM monthly data product of 2012-2016 (Liu et al. 2012), RD runoff depth calculated
based on available data of discharge measured at different seasons (2003—2007) of the river reach divided by the corresponding catchment area

* Arithmetic mean for normal distribution
® Geometric mean for log-transformed normal distribution

¢ Median value for non-normal distribution

by land use characteristics as compared with other
subcatchments of the UIB (Fig. Al).

Characterization of geochemical facies

Major cations and anions (milli-equivalent %) are plotted in a
Piper diagram (Fig. 2), in which the cations and anions are
illustrated in the bottom left and right triangles, respectively,
and are further projected into the central diamond field to
evaluate geochemical facies (Piper 1944). In the cation trian-
gle, most of the samples lie in the left corner where Ca**
values are higher (> 50%), revealing the dominance of calci-
um. Two samples from the LIB lie towards the right corner of
the cation plot, displaying an increased concentration of sodi-
um and potassium ions, which indicates the influence of local
sources of Na* and K* (Karim and Veizer 2000; Selemani
et al. 2017). In contrast, in the anion triangle, most of the
samples lie on the left side of the triangle, showing a domi-
nance of HCO; over CI” and SO,*". However, two samples
from the LIB and one sample each from UIB-III, UIB IV, and
the LIB showed higher concentrations of CI and SO427,
which could be due to the mixed sources of multiple geogenic
and anthropogenic activities (Xiao et al. 2012). There are six
subfields in the diamond-shaped Piper diagram (Fig. 2): (1)
Ca Mg-HCOs;, (2) NaCl, (3) mixed Ca Mg Cl, (4) mixed
Ca Na HCO3;, (5) Ca SO4-Cl, and (6) Na HCO; (Manoj
et al. 2013). Mostly, the geochemical facies of the IRB are
characterized by the Ca-Mg-HCO; ™ type (91.6%). Apart from
this, two samples from UIB-I, one sample from UIB-III, and
two samples from LIB are the Ca-Na-HCO; type. All of

these samples were taken from river reaches with relatively
low discharge, or more anthropogenic activities. Only one
sample lies in the Na-Cl type (LIB: Deratang tributary), and
one lies in the Ca-SO4-Cl type (UIB-IV: Jaglot tributary). The
Jaglot tributary was influenced by pyrite deposits and mining
activities, whereas the Deratang tributary is recognized to
have halite deposit within the sedimentary rocks as well as
sewage waste from nearby urban land use. The hydrochemical
facies clearly suggested spatial discrimination among different
subcatchments with anthropogenic and geogenic signatures.

Mechanisms controlling the major ion chemistry
of the IRB

Major ions of river water have multiple sources from physical,
chemical, and biological processes in the basin, including the
sea salts that are carried by atmosphere circulation and are
deposited through precipitation, weathering of different types
of rocks such as carbonates, silicates, and evaporites, and an-
thropogenic activities (Patz et al. 2005; Zhang et al. 2007).

Gibbs plot

Surface water chemistry and its controlling mechanisms were
well defined by Gibbs (1970). The Gibbs plot (Fig. 3) ex-
plained three end-members: precipitation, rock dominance,
and evaporation from bottom to top. In general, samples with
low TDS (= 10.0 mg L") and high Na*/(Na* + Ca**) and C1/
(CI' + HCO5 ") (=1.0) fall on the lower right corner, which
reflects the influence of precipitation. Samples with medium
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Fig.2 Piper diagram showing the
hydrochemical facies of the Indus
River Basin

uiB-I
uIB-II
uiB-ll
uiB-IV
uiB-vV
LIB

* 4 A » o n

amount of dissolved salts (70.0-300.0 mg L") with Na*/(Na*
+ Ca®")and CI /(CI” + HCO; ") ratios < 0.5 are located on the
middle left side of the plot near the rock dominance end-mem-
ber. When the TDS increases above 300.0 mg L' and the
ratio of Na*/(Na* + Ca®*) or CI /(Cl” + HCO5") races ap-
proaches 1.0, evapocrystallization is dominant (Stallard and
Edmond 1987). Figure 3 reveals that most of the water sam-
ples from the IRB were dominated by rock weathering. Two
samples from the LIB lie towards the evaporation end-mem-
ber, indicating the impact of arid to semi-arid environmental
conditions.

Mixing diagram

Different combinations of major ions can result from
weathering of different rocks. For instance, carbonate
weathering produces Ca®*, Mg®*, and HCO; , silicate
weathering generates Na*, K*, Si, Ca**, Mg**, and HCO5
and dissolution of evaporites or leaching of soil salts mainly
produces SO4>~, Ca>*, Mg®*, Na*, K*, CI", and NO;~ (Karim
and Veizer 2000; Dalai et al. 2002; Han and Liu 2004; Zhang
et al. 2007). In addition, Na*, CI", and SO427 also occur from
the dissolution of halite, pyrite, and sulfate minerals such as
gypsum and anhydrite (Qadir et al. 2008; Paudyal et al. 2016).
To show the origins of the riverine dissolved load produced by
chemical weathering in a basin with complex lithologies, Na™*-
normalized molar ratios were plotted in the mixing diagram
(Fig. 4) with respect to three representative lithologies
(Gaillardet et al. 1999). The results clearly show that the
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majority of the IRB surface waters were dominated by carbon-
ate weathering with influences of silicate weathering to differ-
ent degrees and a minor contribution of evaporite weathering.
Carbonate weathering is the controlling factor (>90%) for the
major dissolves load in UIB-I and UIB-II, as shown by the
samples that were close to the end-member of carbonate.
Mixing of carbonate (>50%) and silicate weathering in
UIB-II, UIB-1V, and UIB-V can be inferred from the parallel
trend line between two end-members of these minerals,
whereas the larger influence of silicate minerals was observed
in the LIB based on samples near the silicate end-member.
Slight shifting from the line between the carbonate and silicate
end-members towards the evaporite end-member indicated a
minor contribution by evaporite dissolution, especially in
UIB-III, UIB-1V, UIB-V, and the LIB.

lonic ratios

The sources of Ca®*, Mg®*, and HCO5 can be determined
from the Ca®* + Mg?*/HCO; ratio (Fig. 5a). Almost all the
samples lie close to the 1:1 line, indicating that the controlling
mechanism of Ca®*, Mg®*, and HCO; is carbonate
weathering (Varol et al. 2013b). The high correlation between
Ca** and Mg** (Fig. 5b) clearly indicated that both ions are
mostly from same source region (Zhang et al. 2007).

A plot of Na* + K* vs. Si (Fig. 5¢) revealed an increasing
trend of Si with respect to Na* + K* in the LIB indicating
silicate weathering from clastic sedimentary rocks.
However, clustered data points of the UIB samples revealed
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relatively less favorable conditions for dissolving silica. The
mean S¥/(Na* + K*) ratio in UIB-1, UIB-1I, UIB-III, UIB-1V,
UIB-V, and the LIB was 0.70, 0.27, 0.53, 0.62, 0.58, and 0.21,
respectively, indicating less intensive silicate weathering and

Carbonates

+ﬂ
g 1
O('l
QO
==
14 = UIB-I 0.1 5
] * e UIB-I ]
A UIB-II
" Evaporites < UIB-IV
v UIB-V
* LIB
0.1 T 0.01
0.1 10 100

Ca*/Na*

additional input of Na* and K* from multiple sources (Na-bear-

ing salts and anthropogenic activities), particularly in the LIB.
The Ca?* + Mg®*/Na* + K ratio (Fig. 5d) is widely used to

evaluate the relative contribution of different types of rock in a
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Fig.4 aMixing diagram of Na*-normalized Ca>* vs. HCO5~ with background information obtained from Moon et al. (2009). b Mixing diagram of Na*-
normalized Ca®* vs. Mg®* with background information obtained from Gaillardet et al. (1999)
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Fig.5 Scatter diagrams of ions of a Ca®* + Mg2+/HCO37, b Mg2+/Caz+, ¢ Si/Nat +K*, d Ca®* + MgZJ‘/NaJr +K*, and Na* + K*/Cl™ + SO,*" in surface

water of the IRB

basin (Ahmad et al. 1998; Han and Liu 2004; Zhang et al.
2007). For rivers where carbonate is the dominant source,
the ratio is high such as 6.7 in the Yarlung Tsangpo River
(Qu et al. 2017), 6.0 in part of the Indus River in India
(Ahmad et al. 1998), 14.6 in the Upper Han River (Li and
Zhang 2008), and 9.72 in the Tigris River (Varol et al.
2013a). In the evaporite-dominated areas with arid environ-
ments, Ca”* + Mg®*/Na* + K* is low, such as 0.6 in the Ejina
Basin in northwest China (Si et al. 2009). In this study, UIB-I,
UIB-II, UIB-III, UIB-1V, and UIB-V lie in carbonate
weathering zones where Ca>* + Mg>*/Na* + K ratios were
12.24, 8.55, 8.96, 6.83, and 6.18, respectively. In the LIB, the
ratio abruptly decreased to 3.74, affirming that the LIB is
influenced more by evaporite dissolution in an arid to semi-
arid environment (Habib and Kuper 1998; Habib 2006).
Figure 5e shows that Na* + K* was positively correlated
with CI” + SO4*", suggesting a common source of evaporites
for Na*, K*, CI, and SO, . If halite dissolution is responsible
for the Na* concentration in any natural water, then the molar
ratio of Na*/Cl” is approximately 1.0, and if it is > 1.0, then
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the source of Na* is other Na-bearing salts (Xiao et al. 2012).
In this study, all of the subcatchments have Na™/CI ™ ratios that
are much greater than 1.0 (UIB-I=1.89, UIB-I1=3.821, UIB-
I =1.82, UIB-IV =191, UIB-V =2.04, and LIB = 3.55), in-
dicating that Na* was released from the weathering of Na-
bearing salts, especially in UIB-II and the LIB (Meybeck
1987). In addition, the decreasing order of Ca®*/Na* ratio in
different subcatchment is UIB-I > UIB-III > UIB-II > UIB-IV
> UIB-V > LIB (i.e., 14.69, 13.23, 12.94, 9.1, 8.47, and 2.62,
respectively), revealing the substantial enrichment of Na-
bearing salts in the LIB in spite of the dominance of carbonate
weathering in the IRB (Table A3).

Principal component/factor analysis

The mechanism governing the chemical compositions of sur-
face water can be assessed by identifying interrelationships
and co-variations of parameters (Table A4) using different
VFs from PCA/FA (Li and Zhang 2008; Sharma et al.
2016). Factor loading is classified as strong and moderate
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corresponding to absolute loading values > 0.75 and 0.75-0.5,
respectively (Liu et al. 2003).

PCA/FA was firstly applied to the entire normalized
data set (n=84) of 11 parameters. The KMO value
(0.825) validated the applicability of PCA/FA for the
whole data. The analysis evolved two VFs with eigen-
values > 1, explaining about 81.97% of the total vari-
ance in the dataset (Fig. 6). The VF1 accounting for
42.97% of the total variance was strongly correlated
(>0.75) with EC, TDS, Ca’**, Mg>*, S0O,*", and
HCO; . The colocation of VF1 components indicate
their major contribution to the TDS of the basin and
common origin of carbonate rock weathering and sulfate
dissolution. Since limestone and gypsum are widely dis-
tributed in the soils of the basin, pedogenic activities
could also be the potential sources of these components
(Singh et al. 2004; Huang et al. 2009; Tripathee et al.
2016a, 2017). The VF2 accounting for 39% of the total
variance was strongly correlated with Na*, CI", NO;~,
and Si. The colocation of VF2 components indicated

Component 1

‘ Varifactor 1 . Varifactor 2

silicate weathering and breakdown of silicate dominated
clay minerals in the basin as their common sources. K*
is moderately correlated with both VF1 and VF2, with
slightly higher loading with VF2, indicating its affinity
towards carbonate rocks, since the volcanics and pluton-
ic rocks rick with ultrapotassic garnet and gneisses are
widely found in the region (Andrews-Speed and
Brookfield 1982; Ahmad et al. 2001).

The results also showed a good agreement with the PCA/
FA findings of the subcatchment dataset. For instance, each of
the UIB-I, UIB-1I, UIB-III, UIB-1V, UIB-V, and LIB have two
varifactors explaining the different level of the total variance.
In all of the subbasins in the UIB, VF1 had strong loading on
Ca”*, Mg”*,Na*, SO,*", and HCO5, representing the carbon-
ate weathering as a dominant source of dissolved loads in the
basin. The VF2 of most of the subbasins in the UIB had strong
loading on CI", NO;, K*, Na*, and Si, indicating the contri-
bution of silicate weathering. The subbasin-wise analysis of
PCA/FA, corresponding VFs, variable loadings, and ex-
plained variance, are presented in Table AS and Fig. A4.

Table 3 Classification scheme

based on suitability of water for Parameter Thresholds Class UIB-I  UIB-II UIB-II  UIBIIV  UIB-V LIB

irrigation (Wilcox 1948; Richards

1954) Sodium % <20 Excellent 17 12 13 15 10 6
20-40 Good - 2 1 2 1 3
40-60 Permissible - - - - - 1
60-80 Doubtful - - - - - 1
>80 Unsuitable - - - - - -
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Drinking and irrigation water quality

The river waters were suitable for drinking purposes based on
TDS and ionic contents, as a majority of the parameters were
comparable to the global mean and all the parameters fall
within the threshold limit of the World Health Organization
(Table 1) (Han and Liu 2004; WHO 2011; Varol et al. 2013b;
Paudyal et al. 2016).

The high saturation of Na* in soil is due to adsorption
from water by clay particles, displacing Ca** and Mg*",
tends to reduce soil permeability, and eventually results in
poor internal drainage (Collins and Jenkins 1996; Saleh
et al. 1999). The combination of Na* with CO;>~ or with
CI" tends to form more saline soil of both the carbonate
and halite types which are not suitable for cropland
(Wilcox 1948; Oster 1994). The sodium percentage (Na
%) is therefore calculated to assess suitability for irriga-
tion (Eq. 1).

Na% = [(Na* + K*)/(Ca®" + Mg** + Na* + K*)]
x 100 (1)

The classification of irrigation waters with respect to sodi-
um percentage by Richards (1954) and Wilcox (1948) is listed
in Table 3, where all the samples from UIB-I and a majority of
the samples from other subcatchments lie in the “excellent”
category, whereas nine samples lie in the “good” category
(one each from UIB-III and UIB-V, two each from UIB-II
and UIB-IV, and three from the LIB). In the LIB, two samples
from major tributaries (Sawan and Deratang) lie in the
“permissible” and “doubtful” categories, indicating the low
quality of water for irrigation. These tributaries could deterio-
rate the quality of soil and its agrarian path in the future and
could also degrade the agriculture water quality in the down-
stream direction.

If the waters with high Na* and low Ca’* or Mg**
concentration were used for agriculture, the ion exchange
in soil may cause saturation of Na* and increase the sa-
linity which eventually reduces the osmotic activity of
plants and interferes with water and nutrient uptake
(Saleh et al. 1999). The Na'*/alkali hazard, expressed in
terms of sodium adsorption ratio (SAR), has been widely
used to assess water quality for irrigation purposes (Xiao
et al. 2015). Hem (1985) defines SAR as a measure of
cation exchange of irrigation water (Eq. 2):

SAR = Na*/y/(Ca* +Mg>") /2 )

In the IRB, the mean SAR values in UIB-I, UIB-II, UIB-
I, UIB-1V, UIB-V, and the LIB were 0.078 +0.019, 0.12 +
0.04, 0.14+0.08, 0.13£0.05, 0.18+£0.16, and 0.994 +1.58,
respectively. Based on the Bouwer (1978) classification, all of
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the water samples belong to the “no problem category” of
irrigation water quality, i.e., SAR < 6.0. Water samples from
the Deratang tributary in the LIB exhibited higher SAR values
of 5.46, which are close to threshold limit, indicating that the
water quality of the tributary could be a concern in the future
for farmland productivity (Nazeer et al. 2014).

Conclusions

River water in the IRB exhibited an alkaline pH with Ca** and
HCOj; ™ as the dominant cation and anion, respectively. The
concentrations of major ions in the IRB were more compara-
ble to those of the Yarlung Tsangpo River and the global mean
values than those of the other rivers in surrounding regions.
The chemical compositions of the river water exhibited dis-
tinct spatial patterns from upstream to downstream. Elevated
mean concentrations of TDS in the LIB were chiefly ascribed
to the arid to semi-arid climatic conditions and relatively
higher anthropogenic interference compared to the UIB. The
average concentrations of major ions follow the same order of
HCO; > SO427 > Cl >NOj; for anions. However, different
orders of cation contents of Ca** > Mg®* > K* > Na* and Ca”*
>Na*>Mg?* > K" occurred in the UIB and LIB, respectively,
reflecting the diverse nature of geological formation.

Spatial variation patterns and correlation analysis sug-
gested that major ionic concentrations are primarily con-
trolled by the natural processes along with some anthro-
pogenic modifications to NOj . Piper plot showed that
chemical facies of river water in the IRB are primarily
characterized by the Ca-Mg-HCO; type. The Gibb’s
plot revealed that most of the water samples in the
IRB were dominated by rock weathering, whereas a
few samples from the LIB indicated slight evaporation
and crystallization processes under the arid to semi-arid
climate conditions. The mixing plots illustrated that geo-
chemical compositions of river water in the IRB were
dominated by carbonate weathering with the influence of
silicate weathering to different degrees and a minor con-
tribution of evaporite dissolution. PCA/FA also indicated
that the major sources of dissolved loads in the basin
are carbonates followed by silicates in general. In par-
ticular, a significant influence of silicate minerals was
observed in the LIB, and a higher contribution of evap-
orites was observed in UIB-II, UIB-III, and the LIB.
Ionic ratios illustrated that the major geochemical source
is carbonate weathering for Ca®*, Mg?*, and HCO; ,
silicate weathering in general with additional geogenic
and anthropogenic sources in the UIB for Na* and K,
and Na-bearing salts and evaporites (other than halite)
for Cl, and SO427.

From the perspective of major ions, the surface water
quality of the IRB was found to be within the WHO
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permissible limits for drinking purposes except for the high
pH. For irrigation, the river water exhibited excellent to
good levels in the UIB but excellent to doubtful levels in
the LIB. As a result, periodic monitoring of the geochemis-
try of the IRB is important for the sustainability of riverine
ecology and livelihoods of people in the region.
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