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Abstract

Oxidation of pyrites, despite being a trace lithology, plays dominant role in key
continental (acid-alkalinity balance), oceanic (Fe, S and trace elemental supply) and
atmospheric (oxygen and CO> cycling) processes. This thesis work has aimed to investigate
the spatial and temporal variations in the sulfide oxidation pattern of Indian river basins by
using water chemistry and dissolved sulfur (8%4S) and oxygen (5'80) isotopes of sulfate
fractions. The analysed samples for this work include (i) weekly collection of water from the
upper Indus (at Leh) and Mahanadi (at Kusunpura) rivers for one-year duration, and (ii) spatial
collection of water from Indus headwater basin. Forward and inverse modeling of these datasets
were used to apportion the cationic and sulfate sources, which helped to assess their effect on

carbon cycle.

Time-series chemical and isotopic data for the Mahanadi river from the Peninsular India
(from core-monsoon zone) were employed to constrain the seaonality in weathering processes
in a transport-limited basin. Concentrations for most of the elements and also, 5**Ssos values
show significant seasonal changes, with relatively higher values being observed for the lean-
flow stages. The §3*Ssos varies between 8.8 %o and 17 %o, with a discharge-weighted average
of 12 + 4 %o (global riverine value ~ 4.4 + 4.5 %o). Calculations involving 5**Ssos values and
its possible sources compute the relative supply of sulfates from atmospheric deposition (38
%), gypsum (46 %), and sulfides (16 % (a lower limit)) to the river. The minimal contribution
via sulfide oxidation confirms low CO; release (0.1 + 0.1 tC/km?/yr) in this basin through
sulfuric-acid mediated carbonate weathering. Mass balance calculations involving Ca, Mg and
Si values confirm that these seasonal changes are mainly due to increase (by 18 + 9 %) of
groundwater supply to the stream during non-monsoon seasons. The silicate-derived cations
(Cats) for the Mahanadi show minimal changes during monsoon (36 £ 5 %) and non-monsoon
(33 * 8 %) seasons. These data correspond to a CO, consumption rate of 2.4 + 1.6 tC/km?/yr,
which is about two times higher than that reported for global rivers. Low sulfide oxidation in
this supply-limited regime is possibly linked to limited exposure of fresher minerals, whereas
high silicate erosion in the basin is consistent with its silicate-dominated lithology and tropical

climate.

Further, efforts were also made to establish seasonal changes in pyrite oxidation and
related controlling factors using time-series (weekly to biweekly) data of water chemistry and
8%4Ss04 - 8*80s04 values for the Indus headwater at Leh, India. Data on §*Ssos (2.6 to 2.9 %o)

and 5'80so4 (-5.9 to 2.6 %o) exhibit significant variations, with relatively depleted values for

Xiii



the lean-flow samples. Apportionment of the cationic and sulfate sources using an inverse
model also confirms seasonal changes. Fluctuations in Ca/Na* ratio and Cats indicate relatively
higher silicate weathering during the early phase of summer than other seasons. This trend is
different than earlier-reported enhanced carbonate weathering during the whole summer season
for other Himalayan basins, and is linked to strong control of temperature on rock dissolution
in early summer for the Indus basin. Further, the fraction of sulfide-derived sulfates is
systematically higher during lean-flow than high-flow stages, attributable to diffusion of
atmospheric oxygen to deeper weathering fronts with pyrite availability. This diffusion is
promoted via microfractures, possibly produced by tectonic stresses along the shear zone of
the basin, and limited by interflow of groundwater in this highly-elevated catchment. Outcomes
of this study predict increase in subsurface pyrite oxidation and hence, river acidity in response

to any future change (fall) in groundwater table.

We also present new dataset on dissolved major ions, and §3*Ssos and §'80so4 for the
Indus headwater basin. This dataset and its modeling were used to evaluate the net effect of
Himalaya weatheirng on the global Cenozoic cooling event. The §%Sso4 of these samples vary
between - 11 %o and 5 %o, with depleted 3*Ssos values being observed for the mainstream
samples (- 4 + 2 %o; n = 12) than that reported earlier for the Indus outflow (0.8 %o). The 5180
of water samples (- 10 = 3 %o) and their sulfate fractions (- 1 = 5 %o) exhibit strong linear
correlation, with their regression slope being a function of fyy (fraction of sulfide-derived
sulfate). Inversion and Monte-Carlo simulation of the chemical and isotopic datasets were used
to estimate the fraction of silicate-derived cations (0.2 £ 0.1 %; n = 61), and fpy (0.6 £ 0.2; n =
50) values. The low silicate weathering rate ((2.0 + 0.1) x10° mol/km?/yr) for this high-elevated
and low relief terrain (at Batalik) is attributable to strong temperature control, whereas the high
sulfide oxidation ((3.7 + 0.4) x10° mol/km?/yr) for this basin is consistent with the basin
lithology dominated by Palaeozoic carbonates and organic-rich shales, and high glacial
coverage. These rates confirm net release of CO> from the upper Indus basin, whereas modeling
of literature data point to net CO. consumption at the Indus outflow. The net supply of CO>
from the mountainous regions is in clear contrast to previous suggestion of significant CO;
removal during Himalaya weathering and hence, challenges the role of land surface processes
in the NW Himalaya in regulating the Cenozoic cooling event.
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1. Introduction

The habitability of our planet is mainly regulated by the atmospheric CO: level, which
maintains an optimal surface temperature for the occurrence of water in liquid form. Long-term
atmospheric CO> level is regulated by both its natural sources (volcanic input, oxidative
weathering of organic matter (OM) and sulfide minerals, and metamorphic decarbonation) and
sinks (silicate weathering and organic carbon burial) (Berner et al., 1983; Sarin et al., 1989;
Derry and France-Lanord, 1997; France-Lanord and Derry, 1997; Lerman et al., 2007;
Gaillardet and Galy, 2008; Torres et al., 2014; Horan et al., 2019; Hilton and West, 2020; Fig.
1.1.). Any fluctuations in the source/sink contribution have led to severe climatic and chemical

perturbations, and also mass extinction events in the past (Penman et al., 2020).

1.1. Long-term carbon cycle

Among the major COz sources and sinks (Fig. 1.1.), the negative feedback of silicate
weathering on climate has received considerable attention (Walker et al., 1981; Gaillardet et
al., 1999). The CO> consumption during carbonic acid-mediated weathering of silicate minerals
and subsequent removal of alkalinity and cations as oceanic carbonates have been well studied
(Box 1; Gaillardet et al., 1999; Galy and France-Lanord, 1999; Krishnaswami et al., 1999;
Dalai et al., 2002a; Bickle et al., 2005, 2018; Tipper et al., 2006; Tripathy and Singh, 2010;
Jacobson et al., 2015; Samanta et al., 2019). These studies in tropical regions have mainly been
motivated by the suggested uplift-weathering trigger for the global Cenozoic cooling event
(Raymo et al., 1988). A large number of studies have computed the CO; uptake rate via silicate
weathering using source apportionment modeling of river chemistry datasets; these estimates
reveal that the silicate weathering rate (SWR ~ 47 - 72 MtC/yr; Gaillardet et al., 1999) at a
global scale is lower than the organic carbon burial rate (~ 170 MtC/yr; Hilton and West, 2020).
The SWR for different river basins exhibits large spatial variability with disproportionally
higher rates being observed for mountainous and tropical regions (Larsen et al., 2014),
specifically in the South Asian River basins (Hilley and Porder, 2008). These basins are mostly
weathering-limited regimes where the weathering processes are incomplete and the weathered
products are removed faster than their generation in the catchment (Stallard and Edmond,
1983). High SWR in these regimes, therefore, is linked to continuous exposure of fresh
minerals with faster dissolution kinetics, and also, coupled with conducive climate (high runoff,
and temperature; West et al., 2005). In contrast, the weathering processes are nearly complete

in transport-limited basins, due to the slower removal process which allows the accumulation
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of thick soil cover. Although supply-limited basins are largely characterized by low SWR, the
weathering rates in these basins may also be influenced by other factors (glacial cover, and soil
thickness; West et al., 2005).

Long-term atmospheric CO, sources and sinks
(All units in MtC/year)

Silicate
weathering
(47-72)

Organic

carbon
oxidation
(~68)
Solid-Earth
Seafloor weathering degassing
(~20) (~80)
CaCO; Organic
Rock organic burial carbon burial
carhon (130-380) 170
(125 x10°)

Sulfide
oxidation
(~407)

Mid-oceanic

b d\lc‘.“’“ ridge Sup, d"('[i
+14) (82, %0
P ‘g

Figure 1.1. Long-term atmospheric CO2 sources and sinks. Data for carbon fluxes are from
Hilton and West, 2020 and Zondervan et al., 2023.

The burial of biogenic components of the organic matter also consumes the atmospheric
CO2. However, the burial of petrogenic (rock-derived) OM is only relevant for the spatial
transfer of these materials and does not contribute to the long-term CO; cycle (France-Lanord
and Derry, 1997; Galy et al., 2015). The CO> uptake via organic carbon burial is also found
high in the weathering-limited, and climatically-favorable (for high landslides and floods)
basins by increasing burial efficiency through mineral-organic matter association, low transit
time, and high sedimentation rate (West et al., 2005; Hilton and West, 2020). These rates are
more controlled by sediment transport through physical erosion and less sensitive to terrestrial
productivity (Galy et al., 2015).

These COz sinks are often counter-balanced by its release during oxidation of organic
matter (Dalai et al., 2002b; Horan et al., 2017, 2019) and sulfides (e.g. pyrites (FeS>); Spence
and Telmer, 2005; Calmels et al., 2007; Lerman et al., 2007; Das et al., 2012; Torres et al.,
2014; Kemeny et al., 2021a; Hemingway et al., 2020) present in bedrocks, in addition to
volcanic supplies. The oxidation of petrogenic organic matter supplies substantial amount of
CO to the atmosphere (~ 68%18 MtC/yr; Zondervan et al., 2023). These rate estimations for
river basins are largely computed using concentrations of rhenium (Re), which is a reliable
proxy for the weathering of petrogenic-OM (Dalai et al., 2002b; Jaffe et al., 2002). The
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BOX 1: Chemical reactions involved with major weathering pathways

The natural acids that serve as major proton donors for chemical weathering of continental rocks are carbonic,
sulfuric, and organic acids. Ilcre, we restrict our discussion on influcnce of only carbonic and sulfuric acids-
mediated weathering on carbon cycle (Spence and Telmer, 2005 ; Kemeny <t al.,, 2021a).

(i) Carbornic acid-mediated weathering:

The carbonic acid is formed via dissolution of CO»> in soil (where partial pressure is higher (by one 1o two orders
of magnitudc) than the atmosphere due to organic decay) with water.

CO, + H,0 — H,CO; (1.1)

As organic matter fixes atmospheric CO», the soil CO; may reflect atmaspheric CO; level for long-term carbon
cycle.

H>CO;-mediated carbonaie weathering:

On Land: HyCO5 4+ CaC0y — 2HCOT + Cat? (1.2)
In Oceans: 2HCO; + Ca™ —= CaCO; + CO, + H,0 (1.3)

Above two reactions reflect relocation of CaCO5 from land to ocecan and henee, do not influcnce the
atrnospheric CO» for timescales greater than residence time of HCO31 (0.083 Ma} in seawater.

H.CO;-mediated silicate weathering:

On Land: H:CO03 + CaSiOy + Hy0 - 2ZHCOT + Ca*? + H,Si0, (1.4)
In Oceans: 2HCO; + Ca'? = CaC0;+ CO, + H,0 (1.5)
Net: CaSi0; + H,0 + CO, - CaCOy + H,Si0, (1.6)

Above reaction confirms that CO;-mediated silicate weathering serves as a sink for atmospheric CQO- for
timescale between residence time of seawater HCO4™ (0.083 Ma) and sedimentary CaCO» (356 Ma).

(ii) Sulfuric acid-mediated weathering:

Oxidation of sulfide minerals involving reduction of O ; or, Fe*? can produce sulfuric acid, which may promote
weathering of silicate and carbonate minerals.

4FeS, + 150, + 8H,0 — 16H* + 850~ + 2Fe,04 (1.7)
FeS, + 15Fe™® + 9.5H,0 — 19H* + 250} + 0.5Fe,0; + 15Fe™*? (1.8)

H:SO.-mediated carbonate weathering:

81,50, + 16CaC0, - 16HCO; + BSOF + 16Ca*? (1.9)

Above reaction confirms consumption of alkalinity and oxygen during 11,804-mediated carbonate weathering.
Effcct of this weathering pathway on CO- cycle is effective in a timescale of residence of SO 4% in scawater
(~8.7 Ma).

H>804-mediated silicate weathering:
8H,S0, + 8CaSi0; + 8H,0 — 8H,Si0, + 850%™ + 8Ca*? (1.10)
The H>SO.-mediated silicate weathering, therefore, has no effect on the atmospheric pCQ».

In additien to thesc rcactions, oxidation of pctrogenic organic carbon and burial of organic matter also scrve as
source and sink for long-term pCO; level, respectively.,

intensity of the organic oxidation in a basin is controlled by several factors, which include total
OM in bedrocks, abundance of resistant organic phases, availability of oxygen, type of glacial
and periglacial processes, physical erosion and orographic precipitation (Horan et al., 2019).
Typically, these rates are found to be higher in weathering-limited regimes (Horan et al., 2017).
The proportion of exhumed OC that go through weathering varies significantly for mountain
watersheds (10 - 40 %), mountain soils (~ 70 %) and floodplains (> 90 %; Hilton and West,
2020) in tropical river basins (Hilton and West, 2020).
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This thesis work largely focuses on the rate and controlling factors for sulfide oxidation
in river basins, which is another source of atmospheric CO,. Oxidative weathering of sulfide
minerals and related sulfate supply play a dominant role in several oceanic (e.g. iron, sulfur,
and other redox-sensitive elements) and atmospheric (CO2, O) cycles. This chemical reaction,
either by aerobic oxidation of FeS; or, reduction of Fe*3, can produce stronger acid (H2S0.),
which when reacts with carbonates consume alkalinity, and hence, influence the riverine acid-
alkalinity budget and global climate as a transient long-term source of CO2 (~ 10 Ma; Spence
and Telmer., 2005; Relph et al., 2021).

Available studies reveal that the oxidation of pyrite is a complex process with several
intermediate pathways (Druschel and Borda, 2006; Odri et al., 2020), which makes it difficult
to quantify the rate of these processes for river basins. The %S value of sulfates, owing to its
distinct isotopic signatures for the major sources (viz. gypsum (~ 17 %o), pyrites (~ -12 %o)),
serves as a robust proxy for apportioning sulfide-derived sulfates and related CO; release rates
for river basins (Burke et al., 2018). The 5**Ssos values of rivers vary significantly between -
6.3 (Kaoping) and 19.3 %o (Lena), indicating large spatial variation in pyrite oxidation in river
basins (Burke et al., 2018). Mass balance modeling involving §*Ssos of the global river and
major sulfate sources has estimated that about half of the riverine sulfate fluxes to the global
ocean are derived from sulfide oxidation. Earlier studies also show that the amount of CO>
released through this pathway is ~ 40 MtC/yr. (Burke et al., 2018) which is comparable in
magnitude to the CO2 consumption via silicate weathering (~ 70 MtC/yr) and CO: release (~
68 MtC/yr) during organic oxidation (Zondervan et al., 2023; Hilton and West, 2020).

Calmels et al., (2007) have considered available estimates for sulfide oxidation rates as
a lower limit, mainly due to limited data, heterogeneity in rates in different basins, and the
complexity to apportion the sulfide-derived sulfate in rivers. It also shows large variation at an
inter-basinal scale; for instance, only three rivers (covering only 2 % of the global drainage
area) have been observed to account for about one-third of its global flux (Das et al., 2012).
These spatial variations are often linked to areal exposure of sulfides, seasonal changes in the
shallow-to-deeper flow path, and/or intensity of physical erosion in the basin, which facilitates
continuous exposure of fresher pyrite minerals for efficient weathering (Tipper et al., 2006;
Calmels et al., 2007; Torres et al., 2014; Kemeny et al., 2021a). At a basin-wide scale, the
oxidation rates are found higher in mountainous (weathering-limited) than in the floodplain
(transport-limited) regions, attributable to the constant supply of fresher pyrite minerals via

physical erosion (Hilton and West, 2020). These observations, however, are limited by (i)
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snapshot sampling, and (ii) large variability of 84S of pyrites. The wider ranges for pyrites are
largely linked to variable isotopic fractionation, depending on the inventory of sulfate and
reactive iron, basin restriction, and biological uptake rates during the pyrite formation process
(Venugopal et al., 2023). A part of this isotopic limitation has been resolved in recent studies
by using both S and 520 of sulfates.

The seasonality in §**Ssos and 5'0so04 values for rivers may reflect the sensitivity of
pyrite oxidation with flow stages. Available limited studies show that the §**Ssos Of rivers
exhibit both large (5 - 7 %o0) and minimal (< 2 %o) variations over a hydrological cycle
(Killingsworth et al., 2018; Burke et al., 2018; Rout and Tripathy, 2024). These differences in
isotopic spreads are independent of the catchment area, and possibly linked to erosion rate,
channel incision, flow paths of tributaries (Shaughnessy et al., 2023), and anthropogenic
supplies (Otero et al., 2008; Killingsworth et al., 2018). Despite these inter-basinal differences,
these time-series studies show systematically lower §**Ssos values during baseflow (than high
flow) stages, indicating higher intensity of pyrite oxidation (Winnick et al., 2017; Gu et al.,
2020a; Kemeny et al., 2021a). This higher rate during low flow periods has been linked to the
supply of oxidants (O, Fe (I11) and NOs) to deeper pyrite front in the weathering profile, which
is controlled by subsurface diffusion of gases, fracture density, and erosion rates (Gu et al.,
2020b). In particular, intense carbonate dissolution during high flow stages may produce more
fractures, which may promote more oxidation during baseflow seasons (Liao et al., 2022).
Recently, Kemeny et al., (2021a) have also linked the deeper flow paths of reactive fluids in
supplying a higher amount of sulfide-derived sulfates to the Ganga River during baseflow than
during high flow stages. A similar role of fluid paths has earlier been proposed to explain a
relatively higher solute supply from carbonates (than silicates) during monsoon season
(Krishnaswami et al., 1999; Tipper et al., 2006). This increase in carbonate dissolution has been
linked to fast dissolution kinetics, water-rock interaction and shallower groundwater input
(Bickle et al., 2005; Samanta et al., 2019). These observations indicate that a combined study
of silicate and carbonate weathering, and pyrite oxidation rates over a hydrological cycle can

constrain the impact of subsurface weathering processes on the carbon cycle.
1.2. Research gap and objectives

Chemical weathering of exhumed rocks during mountain building processes is one of
the major components of the global carbon cycle (Chamberlin, 1899; Edmond and Huh, 1997;
Hilton and West, 2020). These steep and highly eroding terrains produce about 3 - 4 times
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higher amounts of solutes (~ 40 %) and silicate-driven cations (~ 60 %) compared to their areal
extent (~ 15 % of Earth’s land surface; Larsen et al., 2014) and hence, impart large negative
feedback on global climate (Walker et al., 1981). Consistent with this tectonic-weathering-
climate linkage, Raymo et al., (1988) have proposed intense silicate weathering over young
orogenic belts, such as the Himalayan-Tibetan plateau (HTP) regions, as one of the prime
controllers of the global Cenozoic cooling event. Whilst this proposition draws support from
the steady rise in the oceanic Sr, Os and Li isotopic trends (Krishnaswami et al., 1992; Ravizza
and Zachos, 2003; Mishra and Froelich, 2012), it has also been argued against by (i) weathering
of metamorphosed carbonate and vein calcites (Bickle et al., 2001; Jacobson et al., 2000), (ii)
high burial efficiency of terrestrial organic carbon from basins with high erosion rates (France-
Lanord and Derry, 1997; Galy et al., 2015), (iii) lithological exposure and preferential reactivity
of minerals (Li et al., 2008; Li and Elderfield, 2013), and (iv) clay authigenesis (Mackenzie
and Kump, 1995; Mishra and Froelich, 2012; Tipper et al., 2021). In addition, emerging studies
have also emphasized the importance of release of CO> during the oxidation of petrogenic
carbon (Dalai et al., 2002b; Hilton et al., 2021) and sulfide minerals (Lerman et al., 2007;
Spence and Telmer, 2005; Kemeny et al., 2021a and b) in counterbalancing the CO2 consumed
by silicate weathering in basins (Rout and Tripathy, 2024). These oxidative weathering rates
exhibit a linear relationship with erosion rates (Calmels et al., 2007; Das et al., 2012)
attributable to continuous exposure of fresh materials with fast dissolution kinetics and/or
glacial oxidation of disseminated pyrites (Torres et al., 2014). Consistently, Torres et al.,
(2014), based on discrepancies between 87Sr/2éSr and 18’0s/*%0s trends, have also invoked the
importance of sulfide oxidation in regulating the Cenozoic pCO: level, although the rate and
pattern of sulfide oxidation in the HTP River basins remain understudied (Das et al., 2021,
Kemeny et al., 2021a; Relph et al., 2021; Xu et al., 2024). Further, there exist very limited
studies on sulfide oxidation rates for the Peninsular Indian Rivers, despite their
disproportionally higher importance in global climatic and chemical cycles (Das et al., 2011,
Samanta et al., 2021; Rout and Tripathy, 2024). These river basins mainly flow through silicate-
dominated (mostly, Archean granites; cf. Chapter 2) terrains, and also, strongly influenced by
south-west rainfall. These geohydrological factors are expected to be conducive for intense
silicate weathering in these tropical basins and hence, can play dominant role in global carbon

cycle.

The main objectives of this thesis work are:
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I.  To constrain the intensity of sulfide oxidation and other weathering processes in
the Peninsular Indian River basins using temporal water chemistry and &3S data

for sulfates.

Il.  To investigate the sensitivity of pyrite oxidation with respect to seasonal changes
in flow stages of the Indus headwater using time-series investigation of water

chemistry and §34S-8'80 for sulfates.

I1l.  To quantify the intensity of sulfide oxidation in the northwestern Himalayan region
(Indus headwater) and associated CO- release rate using sulfur and oxygen isotopes of

sulfate fractions.
1.3. Thesis structure

This thesis consists of six chapters; the broad outlines of these chapters are highlighted below.
Chapter 1: This chapter introduces the research topic and reviews the previous literatures.
Details on the existing research gap and objectives of this study are also part of this chapter.
Chapter 2: This chapter provides details on sample collection and geohydrology of the
study area. Further, a detailed description of the analytical methodology adopted during
this work is also included.

Chapter _3: This chapter highlights the intensity of sulfide oxidation and other weathering
processes and their net effect on the carbon cycle in one of the Peninsular Indian River basins
(Mahanadi River, India).

Chapter 4: This chapter emphasizes the sensitivity of pyrite oxidation with flow stage variation
of the Indus mainstream at Leh, India. Here, time-series data (at weekly intervals for one-year
duration) on water chemistry and §**Sso4-'0so4 Were used to establish the seasonal variation
in pyrite oxidation intensity and its regulating factors.

Chapter 5: This chapter focuses on the spatial distribution of pyrite oxidation in the Indus
headwater basin. The pyrite oxidation and other weathering rates for this basin from the
northwestern Himalayan region were estimated using dissolved major ions, silica
concentrations and sulfur-oxygen isotopic ratios of sulfate fraction. These outcomes were

used to evaluate whether these terrains serve as a net CO2 source or sink.

Chapter 6: This chapter summarizes the conclusions from this study and also, highlights

the future scope of research on this topic.
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Chapter 2

The primary goals of this thesis, as mentioned earlier, are i) to quantify the pyrite
oxidation and related CO release rates for the Indus headwater basin, ii) to establish the effect
of water stage fluctuation on pyrite oxidation in the upper Indus, and iii) to constrain the
intensity of sulfide oxidation and other weathering processes in a Peninsular Indian (Mahanadi)
river basin. To fill these research gaps, detailed time-series sampling of water samples from
two river basins (Indus and Mahanadi), and high-resolution spatial sampling in the upper Indus
basin were strategically planned. These samples were carefully analysed for their chemical and
isotopic (8%*Ssos-680s04) compositions. This chapter provides all details related to the
geohydrology of these river basins, sample collection, and analytical methodologies followed

during this work.

2.1. The Indus River

The Indus River originates from the Kailash Mount (elevation ~ 5,486 m) in Tibet on
northern side of the Himalayas (Ahmad et al., 1998; Karim and Veizer, 2000). It initially flows
westward parallel to the geological strike of Indus Shyok Suture Zone for ~ 1,125 km, and
subsequently turns south near the Nanga Parbat and travels about 1,750 km before draining
into the Arabian Sea (Fig. 2.1.). The northern sector of this basin is bordered by the Karakorum
and the Harmosh ranges, whereas the eastern part is covered by the Himalaya. The western part
of it is surrounded by the Sulaiman and the Kirthar ranges, while the southern part is bounded
by the Arabian Sea. It has a total drainage area of 912,000 km?, out of which ~ 24 % (219,830
km?) forms the high-elevated (average elevation ~ 4600 km) upper Indus basin (UIB; Ali and
De Boer, 2010). The UIB is generally considered the part of the basin that is upstream to the
Guddu Barrage (Fig. 2.1.). The present study focuses on the UIB lying in India only. In this
region, the river covers one-third (~ 422 km; Tiwari et al., 2021) length of the upper Indus.

2.1.1. Major tributaries of the upper Indus River

The UIB meets with several tributaries (Shyok, Shigar, Hunza, Gilgit, Kabul, Swat,
Kurram, Zanskar, and Astore) along its course (Fig. 2.1.). Additionally, the Jhelum, Chenab,
Ravi and Sutlej sub-basins also contribute to the upper basin, although they ultimately join the
mainstream in its lower reach (Fig. 2.1.). Table 2.1. lists drainage and annual water discharge

for selected tributaries for the UIB.
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Chapter 2

0 70 140 Kilometers|

Figure 2.1. Drainage map of a part of the upper Indus basin, where this study is conducted.

The background colour contour reflects the average annual temperature during 2021-22
(https://power.larc.nasa.gov/data-access-viewer). The red star marked in the inset figure
shows the location of the Guddu Barrage. The dotted box depicts the study area.

Table 2.1. Drainage area and annual water discharge for the upper Indus and its selected

tributaries.
River Discharge (x10'? L/yr) Area ( km?) Reference
Indus R. 43 44358 [1]
Zanskar R. 9 13962 [1]
Shyok R. 18 40981 [1]
Nubra R. 10 3170 [1]
Suru R. 12 3186 [1]
Dras R. 8 3978 [1]
Jhelum R. 7 12494 [2]
Chenab R. 25 22681 [2]
Ravi R. 8 5703 [2]
Beas R. 16 18274 [2]
Sutlej R. 16 20303 [3]

[1] Bhat et al., 2023; [2] GRDC portal

; [3] Central Pollution Control Board, 2019.
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Chapter 2

2.1.1.1. The Zanskar River

The Zanskar tributary originates from the Zanskar range of the Himalayas (Fig. 2.1.).
It flows for about 150 km, before meeting with the mainstream Indus at Nimoo, Ladakh (Fig.
2.1.). It covers an area of 14,939 km? and is fed by five major streams (Stod, Tsarap, Oma,
Markha and Khurna River). About 8 % of the Zanskar drainage area is covered by glaciers
(Taylor and Mitchell, 2000; Owen, 2011). There are also report of terminal and recessional
moraines in the river valley. The precipitation in this basin is controlled by both the Indian
summer monsoon during summer and westerlies during the winter season (Benn and Owen,
1998). The basin lithology includes the Higher Himalaya, Indus suture zone, and sedimentary
sequences of the Tethyan Himalaya. The major rock types from this terrain are sandstones,

carbonates, dolostones, shales, leucogranites and ophiolitic mélange (Jonell et al., 2017).

2.1.1.2. The Dras River

The Dras River originates from the Machoi glacier near Zojila pass in the Kargil district
of Ladakh, and drains a total length of about 85 km in the Dras valley (Fig. 2.1.). The river
mainly drains through the Higher Himalayan crystalline, Indus suture zone and the Ladakh
batholith.During its course of flow towards the northeast direction, it is fed by numerous glacial
streams. The major tributaries for this river are Shingo, and Suru. The Suru stream has a total
length of 185 km and covers an area of ~ 3187 km?. It originates from the Drang Dung glacier
in the Zanskar region and mainly flows through the Great Himalayan Mountain (Wani et al.,
2020).

2.1.1.3. The Shyok and Nubra River

The Shyok River is one of the major tributaries of the Indus River, which emerges from
the Rimo group of glaciers (Fig. 2.1.). It flows along a longitudinal valley for about 500 km
parallel to the Indus in the northwest direction before meeting Indus at the Keris village,
Ladakh. Snow and glaciers predominantly fed this river (Juyal, 2014). One of the major
tributaries for this stream is the Nubra River, which originates from the Siachin glacier (Fig.
2.1.). The climatology of this “cold desert” catchment is semi-arid to arid with limited
precipitation (Juyal, 2014). The catchment is situated between the central Karakorum and
Ladakh range which is intersected by the Karakorum fault (Dunlap et al., 1998; Chevalier et

al., 2005). Sand dunes and bars are also found in this catchment.
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2.1.1.4. The Jhelum River

The river Jhelum is a major tributary of the Indus River, and is a perennial river. The
source of Jhelum is a deep spring situated in the south-eastern part of the Kashmir valley at
Verinag, Anantnag (Fig. 2.1.). The river takes a U-turn, meets the Wular lake and after passing
through a deep gorge at Uri, Baramulla, it subsequently enters to the lower part of the basin.
This catchment is mainly covered by mountains, forests, alpine meadows and low-lying
alluvial plains. A permanent thick snow covers from the mountainous (with greater than ~ 3500
m asl) region supply water to this river. The climatology of this basin is mainly sub-humid
temperate type. This catchment receives major rainfall during March-May, and heavy snowfall
during November - February (Rather et al., 2016). The basin lithology is comprised of Panjal
Traps, Silurian shale, Syringothris limestone, quartzite, Fenestella shale, Muth quartzite, and
Agglomeratic slate (Middlemiss, 1910). Several snow and glacier fed tributaries also join this
river on both the right and left flanks of the stream. Among these, the Sind is a major tributary
which originates from Machoi glacier near Zojila Pass. It mainly drains through Higher

Himalayan Crystalline and Quaternary alluvium, and joins the Jhelum near the Srinagar city.

2.1.1.5. The Chenab River

The Chenab River is another tributary of the Indus River that originates from the
confluence of two rivers, the Chandra and the Bhaga at Tandi, Himachal Pradesh (Fig. 2.1.).
Large snowfields situated near the southeastern sides of Baralacha Pass are the major water
source for the Chandra River, while the northwestern side is the dominant source for the Bhaga
River. After their confluence, Chenab flows ~ 300 km in Himachal Pradesh and Jammu and
Kashmir, India. It forms an elongated shaped basin that covers 22,200 km? area (till Akhnoor)
with a varying elevation gradient of 305 m to 7,500 m. The Zanskar and the Pirpanjal range
form the upper part of the basin, whereas the lower part is bounded by Dhauladhar and other

outer Himalayan ranges (Singh et al., 1997).

The river Tawi is a major tributary of the Chenab River which emerges from the Kailash
Kund glacier (Fig. 2.1.). It flows ~ 140 km with an aerial extent of 2168 km? (Singh et al.,
2023). The elongated shaped upper part of the basin is covered by rugged mountainous terrain,
whereas the broad circular lower part is covered by low hills and aggradational plains. The
upper part of the catchment is made up of metamorphic terrain and granite intrusions, and the

lower part is covered by sedimentary rocks. The physiographic regions of the basin is divided
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into three parts based on the thrust planes present in the catchment. These are i) the part of the
basin present in the north of the Panjal thrust ii) the middle part laying between the Panjal thrust
and Udhampur thrust and iii) the lower part present between the Udhampur and Jammu region.
The major water source for the basin are snow and the westerlies, whereas the summer
monsoon contributes moisture for the lower reaches. The basin records varying annual rainfall,

ranging from ~ 90 to ~ 190 cm (Verma et al., 2012).

2.1.1.6. The Ravi River

The Ravi River is a tributary of the main Indus which originates near the Rohtang Pass,
Himachal Pradesh (Fig. 2.1.). It has a total length of ~ 720 km with a catchment area of ~
14,442 km?. The basin is surrounded by the Pirpanjal and Dhauladhar ranges. The Ujh and
Baira Nalla streams serve as major tributaries for the Ravi River (Jain et al., 2007).

2.1.1.7. The Sutlej River

The Sutlej River, another tributary of the Indus River, rises from the southern slopes of
the Mount Kailash (Fig. 2.1.). It is one of the major tributaries of the Indus River having a total
length of 1550 km and area of 205,000 km?. The river flows through the Tethyan sedimentary
series then traverses over the Higher Himalayan Crystalline, Lesser Himalaya, Siwaliks
sedimentary facies and the Quaternary plain, before joining the Indus mainstream. The source
region of the basin is covered by permanent snow and ice. One of the major tributaries for this
river is the Beas River, which starts from a glacial lake in Beas Kund near the Rohtang pass. It
has a length of 470 km and an area of 20,303 km?. It also drains through the similar litho-units

as that of the Sutlej River.
2.1.2. Climate

The Indus basin mainly drains through arid to semi-arid regions as it falls in the rain-
shadow zone of the Indian summer monsoon (Fig. 2.1.). It is covered by ~ 13 % of perennial
snow and glaciers, whereas about three-fourth of the area gets covered by snow in winter
seasons. The precipitation and temperature show significant variations throughout the
catchments of the Indus (Fig. 2.2.). A substantial spatial precipitation variability is observed
with more rainfall in the upper part of the basin than in the lower part (Fig. 2.1.). This variability
is largely linked to the occurrence of the mountain ranges within the upper part of the basin.
Average annual rainfall for the UIB is about 115 mm (Lone et al., 2019). About two-third of
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this precipitation occurs as snow during the winter due to moisture supply via westerlies,
whereas the remaining rainfall occurs during the summer via southwest monsoon. The UIB
water flux is mainly contributed by glacier and snow (~ 61 %) melts, and rainfall (~ 38 %).
About 14 % of evapotranspiration and negligible (~ 4 %) groundwater contribution has also
been reported for the UIB (Gupta et al., 2021). Annually about 132 rainy days are observed in
the upper Indus, whereas for the lower Indus it is about 84 days. The Indian summer monsoon
is the dominant source of precipitation for the whole basin and provides about 55 % of total
annual basin precipitation. In contrast, winter precipitation contributes ~ 17 % of the annual
precipitation in the entire basin, and up to 30 % in the upper basin (Shrestha et al., 2015).
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Figure 2.2. Monthly average A) rainfall and B) mean maximum air temperature from 1901 to
2023 at Leh, India. Additionally, the maximum and minimum temperature for the sampling
period is also shown. Data source: IMD portal (https://mausam.imd.gov.in).

18



Chapter 2

The average basinal maximum temperature is approximately 30 °C in summer and 13
°C in winter, while the average minimum temperatures range from 18 °C in summer to - 0.3
°C in winter (Fig. 2.2.). January is the coldest month, and June is considered the warmest
(Shrestha et al., 2015). A cold-arid climate has been observed in the upper part of the basin
near Karakorum and Ladakh region, whereas dry and humid climate prevailed in the lower
catchment near the Punjab region (Fig. 2.1.). At Srinagar, the average monthly temperatures
fluctuate from 1.2 °C to 24.7 °C, with the highest recorded temperature reaching 37 °C and the
lowest falling to -14 °C. In contrast, Leh experiences a broader range of mean monthly
temperatures, spanning from - 8.4 °C to 17.5 °C, with extremes of 35 °C and - 25 °C. The
rainfall for the year 2021-2022 and monthly (1901 - 2023) average temperature at Leh are
presented in Figure 2.2. The region of Ladakh is characterized by exceptionally high pan
evaporation rates, peaking at 521 mm during the summer months (May to September; Rai et
al., 2016).
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Figure 2.3. Average monthly discharge of the main Indus at three different sites (Kharmong,
Dumkar and Nimoo). Data for the Kharmong and Dumkar stations are taken from literature
(Mukhopadhyay and Khan, 2015) whereas, that for Nimoo is taken from Nimoo Bazgo power
station.
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The upper half of the mountainous catchment of the basin is characterized by a severe
winter with massive snowfall, however, the lower reaches of the basin prevail a mild winter
and hot summer. The glacier (18,195 km?) and snow cover (2, 74, 686 km?) area are highest
2020). Earlier model

estimations have suggested the highest meltwater index for the Indus compared to the Ganga

for the Indus basin among the Himalayan River basins (Qazi et al.,

and Brahmaputra River (Qazi et al., 2020; Immerzeel et al., 2010). These observations point to
the dominant role of glacial weathering in the Indus River basin. The discharge of the Indus

mainstream is significantly higher during June to September, than that of during other months

(Fig. 2.3.).
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Figure 2.4. Lithological map showing the sampling sites of the Indus headwater. The basm

lithology is modified after Parsons et al., 2020.
2.1.3. Geology of the study area

The geology of the Indus basin is comprehensively discussed in earlier studies (Karim

and Veizer 2000; Garzanti et al., 2005; Pande et al.,
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presented here (Fig. 2.4.). The upper Indus basin drains over the following litho-units; i)
Karakorum-Lhasa block (granites, andesitic volcanics and meta-sedimentary sequences), ii)
Indo-suture zone (Ladakh batholith with peridotites, granites and trench sediments), iii)
Tethyan sedimentary series (carbonates, sandstones, black shales and gypsum/evaporites), iv)
Higher and Lesser Himalaya [crystallines; (schist, gneiss, granites and calc-silicates),
metapelites; (marbles and quartzites) and sedimentary rocks (shales, sandstones and
carbonates)], and v) Siwaliks (sandstones, shales and conglomerates). Besides, a number of hot
springs (sulfurous; Gupta et al., 1975; Tiwari et al., 2016) and saline/freshwater lakes are also
reported in the UIB. The sediment discharge of the UIB is 250 Mt/yr, which is about 85 % of
total sediment flux (~ 290 Mt/yr; Qazi et al., 2020) for the Indus outflow. The corresponding
erosion rate of the UIB (3.2 mm/yr) has been estimated to be about eight times higher than that
reported as global average for rivers (~ 0.38 mm/yr; Ali and De Boer, 2010). The sediments
produced from these terrains are mainly composed of quartz, feldspar and meta-basite grains,
and are largely supplied from the Karakorum (~ 60 %), Trans-Himalayan arc (~ 21 %) and

Himalayan (~ 19 %) regions (Garzanti et al., 2005).

The northwestern Himalayan zone contains granitic rocks from the Higher Himalaya
(Grazanti et al., 2005), Tethyan sedimentary (shale and carbonates of Cambrian-Eocene age)
sequences (Karim and Veizer, 2000), and metamorphosed granitoids and sedimentary
(fossiliferous carbonate and shale) rocks from the Zanskar Supergroup (Ahmad et al., 1998).
The Indus-Shyok suture zone houses ophiolite sequences, Ladakah plutonic complexes, and
Dras island arcs (Ahmad et al., 1998). In contrast, the Karakorum zone is mainly comprised of
granitoids and sedimentary (shale and carbonates) rocks from Permian-Cretaceous ages.
Further, existing studies have documented the occurrence of sulfide minerals in the different
rock types from the studied basins. In the Mahanadi basin, occurrence of pyrite and galena are
reported in black shale, limestone and pyritiferous feldspathic and quartz arenite from the
Chhattisgarh Group (Sarkar et al., 2010; Sinha et al., 2001). Additionally, chalcopyrite and
sphalerites are also reported in the Singhbhum and Bastar craton of the basin (Dora et al., 2020;
Rai and Changkakoti, 1996). Likely, fresh sulfide minerals (pyrite, chalcopyrite, pyrrohotite,
marcasite, sphalerite and massive sulfides) were also observed in the Western Himalaya,
Kumaun Himalaya and Kohistan-Ladakh Arc rock types in the upper Indus basin (Farhan et
al., 2023; Govil et al., 2021; Stebbins et al., 2019; Sharma et al., 2010). All these sulfide

minerals are expected to serve as sulfate sources for the Indus headwaters.
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2.2. The Mahanadi River

The Mahanadi River, a large tropical river system from peninsular India, originates at
an elevation of 442 m in the central part of India and travels about 850 km before falling into
the Bay of Bengal (Fig. 2.5.). The drainage area of the basin is 141,589 km? (Jain et al., 2007).
The river meets with several major tributaries from the right (e.g. Seonath, Hasdeo, Mand, 1b)
and left (e.g. Jonk, Ong and Tel) sides of the stream. In addition to the major tributaries, it also
constitutes of several distributaries (Kushabhadra, Biluakhai, Devi, Kandala, Luna, Kuakhai,
Daya, Bhargavi, Kathajodi, Birupa, Chitrotpala, Karandia, Paika and Badagenguti), which
ultimately falls into the Bay of Bengal or, the Chilika lagoon. The present time-series study is
conducted in one of the distributaries, the Paika River. It originates from the Tarapur town of
Cuttack district, and travels for about 50 km before draining to the Bay of Bengal (Fig. 2.5.).
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Figure 2.5. Lithological map of the Mahanadi River basin
(https://bhukosh.gsi.gov.in/Bhukosh/Public). The star mark shows the time-series sampling
station.

Figure 2.6. shows the monthly variations in the temperature and humidity for the year 2019-
2020 (present study period) near the study site (Bhubaneswar, Odisha). In the absence of real-
time discharge data, the monthly average discharge from 1965 to 1970 from a nearby site
(Kaimundi, Odisha) was taken from the GRDC portal (Fig. 2.6.) In this region, the temperature

22



Chapter 2

is maximum for May and minimum for January, whereas the humidity is maximum for August
and minimum for the month of February (Fig. 2.6.). The river basin receives an average annual
rainfall of 141.7 cm, with about 80 % of the precipitation occurring during the southwest
monsoon season, from June to September. The annual evaporation rate in the basin, measured
at Cuttack, is 53.8 cm (Jain et al., 2007). On average, it supplies approximately 57 x 10%2 L/yr
of water (Jain et al., 2007) and 12 x 108 tons/yr of sediments (Bastia and Equeenuddin, 2016)
annually to the Bay of Bengal. The discharge is highest for July-August and lowest for the
months of December - January, hints to typical Indian summer monsoon signature over the

basin.
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Figure 2.6. Monthly average A) discharge near the sampling site
(http://www.grdc.sr.unh.edu), B) temperature, and C) humidity for the years 2019-2020 near
the sampling location (Bhubaneswar, Odisha). Data source: https://www.wunderground.com.
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The lithology of the Mahanadi basin is diverse, and comprises of various litho-units. For
instance, the Chhattisgarh Supergroup constitutes ~ 33 % of the basin area and consists mainly
of Precambrian limestone and shales. Archean granite and gneiss account for around 27 % of
the basin, while the Eastern Ghats, composed of khondalite and charnockite rocks, covers about
26 % of the basin. The Gondwana Supergroup, containing sandstone, shale, and conglomerate,
occupies ~ 9 % of the basin area. Additionally, recent alluvial deposits contribute around 5 %
of the geology of basin (Fig. 2.5.). Apart from its geological significance, the Mahanadi basin
also hosts several mineral belts, such as iron ore, coal, bauxite, lead, and copper. The river
basin thus plays a multifaceted role in the ecological, hydrological, and economic landscape of

central and eastern part of India.

2.3. Sampling

2.3.1. Spatial sampling

Sixty-one water samples from the Indus headwater and its tributaries have been
collected during southwest monsoon (July-August, 2021). These samples cover streams
draining through most of the major lithologies present in the upper Indus basin (Fig. 2.4.).
Additionally, few glacier and snow melt, rain, agricultural waste, lake and ground water were
also collected for source characterization. The river samples were collected ina 2 L pre-cleaned
High Density Polyethylene (HDPE) bottles after rinsing it at least three times with the ambient
water. Samples were collected from the middle of the stream either by using local boat or, from
overbridges. Selected samples were also collected from the river bank. The pH and temperature
of the samples were measured on site using a portable sensor (Hanna H198128). All these
samples were filtered using 0.2 um size nylon filter papers within 24 hours of their collection.
Some of these filter papers were also stored, and subsequently dried to quantify the suspended
load. The filtered water samples were spilt into two aliquots, out of which, one aliquot was
acidified by adding distilled HNO3z acid to bring the water pH < 2. The acidified aliquots were
stored and used for isotopic, trace elements and cations analyses, whereas the non-acidified
aliquots were used for the anion analysis. For water oxygen isotopic measurement, an
additional aliquot was also collected on-site in an amber bottle, which was completely filled
with no bubbles. These bottles were tightened and sealed properly to avoid any evaporation

and atmospheric exchange.
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2.3.2. Temporal sampling

We have also carried out detailed investigation of time-series chemical and isotopic
studies of the Indus mainstream and Mahanadi outflow to assess seasonality in the pyrite
oxidation in both weathering- and transport-limited regimes, respectively. For the Indus, water
samples at Leh, India (elevation ~ 3,500 m) have been collected at weekly to biweekly intervals
for a duration of one-year (September, 2021 to September 2022; Fig. 2.7.). This site is located
about five-hundred km downstream to the river source in Tibet (7,502 m), and about thirty km
upstream to the Indus-Zanskar confluence at Nimmo (Fig. 2.7.). In case of the Mahanadi,
surface water samples from one of the distributaries (Paika River at Kusunpura, Odisha
(20.364° N, 86.293°E)) of the Mahanadi River were collected at a weekly time-interval for a
duration of 15 months (August 2019 to October 2020). This site location is downstream of the
Naraj barrage (with design flood discharge of ~ 29,500 m®/s; India WRIS data; Fig. 2.5.) and
hence, can provide a precise estimation of modern-day delivery of chemical and isotopic

constituents from the Mahanadi basin to the Bay of Bengal.
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Figure 2.7. Sampling map of the Indus headwater basin. The time-series sampling is conducted
at Leh, India (shown as a star symbol) between September, 2021 and September, 2022. The
lithological details are from Parsons et al., (2020).

Additionally, few groundwater (n = 9) and rainwater (n = 8) samples were also collected
from the nearby locations for source characterization. These time-series samples from both
these locations were collected and stored in HDPE bottles, after rinsing it few times with the
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ambient water. After completion of sample collection, these samples were brought to IISER
Pune for their isotopic and geochemical analyses. We have also collected few suspended
sediments from about 20 L water volume, after keeping it undisturbed for 24 hours. These

samples were centrifuged, dried after decanting the supernatant, and stored for further analyses.

2.4. Analytical methods

A comprehensive chemical analyses of the collected water and sediment samples, and
isotopic measurement of water samples were conducted during this thesis work. Figure 2.8.

depicts the workflow of these measurements.
2.4.1. Elemental analyses

2.4.1.1. Major ions, alkalinity and silica analyses

The alkalinity, major ions, and silica concentrations were measured following our
established analytical methodology (Samanta et al., 2019 and Tripathy et al., 2019). The
alkalinity of the spatial samples was measured both in the field within 24 hours of their
collection, and in the laboratory (auto-titrator: Metrohm Titrino plus 877) using standard
calibration method. The coefficient of variation (CV) for these two datasets are computed using

the following equation and is found to be ~ 4 % (n = 96).
- — (2
CV (in %) = (u) X 100 2.1)

where, ¢ is the standard deviation and p is the mean of the data sets.

The major ions concentrations were analysed using an lon chromatograph instrument
(Metrohm compact IC plus 882). The anions (Cl, NOz and SO4) were measured using a positive
polarity mode column, whereas the cations (Na, K, Ca and Mg) were analysed in a negative
polarity mode column. The standards of known concentrations were analysed to form the
calibration curve, which is used to estimate the unknown sample concentrations. The accuracy
of these analyses was constrained using reference materials (ICP multi-element standard 1V,
IC multi-element standard V and VI). Comparisons of the measured and recommended values
(Table 2.2. and 2.3.) establish the accuracy (~ 3 %) of these measurements. The precision of

the analysis was 3 %, which was estimated by running samples in replicates.
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Indian river systems
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Figure 2.8. Flow chart of the analytical methodologies on chemical and isotopic analyses adopted during this thesis work.
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The normalized inorganic charge balance (NICB = 100 x [(TZ* — TZ") / ((TZ* +
TZ7)/2)], where TZ* and TZ" stand for total cations and anions in equivalent units) for most of
the samples are found to be less than £ 10 %, which ensures good data quality and/or
insignificant presence of other organic complexes. The silica concentrations of the samples
were measured using a spectrophotometer (Evolution 300, Thermo Scientific and MDT
International). These concentrations were measured by quantifying absorbance of their
molybdenum blue complexes. A standard calibration approach was followed to estimate the
concentration of the silica in the water sample. Table 2.4. compares the measured silica
concentrations for replicate samples. The average accuracy and precision of the analysis were
~+4%.

Table 2.2. Measured and recommended concentrations of major cations of reference materials
used in this study are provided.

IC multi-element standard VI ICP multi-element standard 1V
Cations Measured Recommended Measured Recommended
(mg/L) (mg/L) (mg/L) (mg/L)
Na 98 +2;n=38 100 989+12;n=16 1000
K 50+2;n=236 50 1006 + 14; n=16 1000
Ca 97 +£3;n=40 100 999 +13;n=15 1000
Mg 98+6;n=42 100 1011+13;n=14 1000

Table 2.3. Measured and recommended values of major anions for the reference materials.

IC multi-element standard V

Anions
Measured (mg/L) Recommended (mg/L)
Cl 98 +2;n=>53 100
NO3 50+8;n=42 50
SO4 200+ 8;n=46 200

Table 2.4. Replicate analyses of silica concentrations to check the measurement reproducibility.

SiO2(uM)

Sample 1D Replicate-1 Replicate-2
INDW-21/40 60 59
GW-21/1 368 367
INDL-21/1 40 39
IND-18/2 39 39
INDW-21/26 43 44
GLW-21/1 52 52
INDW-21/2 80 80
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In this thesis, the measured cations and anions concentration for the river water are
symbolized only as elements instead of ionic forms, so as to use the superscript/subscript place
for correction/source related annotations. For example, the concentration of Ca?* is written as

concentration of Ca for river water.

2.4.1.2. Major ions analyses in the sediments

The suspended sediments of time-series site for the Mahanadi River were dissolved
using Microwave digestion (Anton Paar) unit (Samanta et al., 2022, Venugopal et al., 2023).
Briefly, ~ 0.1 g of sediment samples were treated with HF-HNO3-HCI acid in the Microwave
for dissolution. After complete sample dissolution, the representative solution was stored in
0.32 N HNOg for further analyses. The bulk Na, K, Ca and Mg concentrations were measured
using a Q-ICPMS (Thermo Scientific; Model: iICAP Qc) facility at 1ISER Pune. The
exchangeable fraction of sediments is isolated after treating ~ 50 mg of sample with 1M NH4CI
and ultrasonicating it. Concentrations of these solutions were measured using a standard
calibration approach. Samples of standard reference material (BHVO-2 and BCR-2) were also
dissolved and analysed to check the accuracy (Table 2.5.), whereas few samples were also
processed in replicates to constrain the precision. Average accuracy and precision of these
analyses were + 3 %.

Table 2.5. Measured and recommended values for major elements in the standard reference
material (BHVO-2).

Elements  Measured (wt%) Recommended (wt%) Counts
Na 1.62 £+ 0.004 1.64 £ 0.06 2
K 0.40 £ 0.003 0.43+£0.01 2
Ca 8.31+£0.39 8.17+0.12 2
Mg 4.38 + 0.04 4.36 + 0.07 2

The cation exchange capacity (CEC in meqg/100g units) for these samples were computed by
adding these exchangeable cation concentrations. The maximum amount of exchangeable Na
and K in the sediments are computed as (Tipper et al., 2021):

Naxchange = CEC X SPM X By, (2.2)
Kexchange = CEC X SPM X B (2.3)
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Here, SPM stands for the suspended particulate load for the river. The Bna (and Bk) reflects the
fraction of exchangeable Na (and K) present in the exchangeable cationic pool.

2.4.1.3. Rhenium analysis

The analysis of dissolved rhenium concentrations for this study is carried out via isotope
dilution technique using a Quadruple-Inductively Coupled Plasma Mass Spectrometer (Q-
ICPMS, Thermo Scientific; Model: iCAP Qc; Danish et al., 2021). A schematic diagram of
this approach is shown in Figure 2.9. Briefly, about 50 to 100 gm of water samples were spiked
with a known amount of !8°Re (abundance: !8°Re = 96.74 %, 8'Re = 3.26 % and concentration:
4.96 £ 0.04 ng/g) spike solution. The sample and spike solutions are allowed to equilibrate for
24 hours. This equilibrated mixture was completely dried at 100 °C and refluxed with 0.8 N
HNOa. Pure rhenium cut from this solution was extracted using an anion exchange (1 ml of
AG1x8, Bio-Rad, 100 - 200 mesh, CI- form) column. The isotopic signals of these pure rhenium
cut were analysed in the Q-ICPMS. The instrumental mass fractionation and internal precision
of the analysis were continuously monitored by measuring a rhenium standard (Sigma Aldrich).
The measured *®°Re/*8Re ratio (Rm) was corrected for mass fractionation (by comparing ratios
of bracketed standards) and the corrected ratios were used to compute the Re concentrations
using the following isotope dilution equation (Faure and Mensing, 2009):

N _ SwXWy [Abé—RmAbE]
W™ ws IRpAbB-ADA

(2.4)

where,

Nw = Weight of the Re in the mixture
w = Weight of the spike in the mixture

Wy = Atomic weight of Re
Ws = Atomic weight of Re in the spike
Abs” = Abundance of %Re in the spike
AbsB = Abundance of *¥’Re in the spike
Aby* = Natural abundance of ®°Re

Abn® = Natural abundance of ¥'Re
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The analytical reproducibility of the rhenium measurement was obtained by processing and
measuring samples in replicates (Table 2.6.). Few procedural blank samples were processed
and these blank levels were always 2 to 3 orders of magnitude lower than the sample load, and
hence, no blank correction was applied.

50 to 100 gm of
acidified lilered
water

Addition ol
"Re enriched
spike solution

Kept for 24 hrs.
for sample-spike
equilibration

N

Evaporated
and brought
n 0.8N 1INO;

Pure Rhenium
fraction was
collected

| SR e

Column chemistry (1ml of AG1x8, 100-200 msh,
CI form)

Medium changed
10 0.32N HNO;
and analysed 2 .
Q-ICPMS
Rhenium
concentrations

Figure 2.9. Analytical protocols followed for Re analysis using an isotope dilution approach.
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Table 2.6. Replicate analyses of dissolved Re concentrations for the samples constrain the
external precision.

Sample ID - Re (pmol/kg).
Replicate-1 Replicate-2
PKW19/15 3.5 3.4
PKW19/20 1.7 1.9
INDW-21/12 21.4 21.5
INDW-21/41 18.4 18.9
INDW-21/52 15.4 15.7
IND22/25 25.2 24.6
IND22/34 19.9 20.6

Table 2.7. Measured and recommended values of Re concentrations for international reference
materials to establish the accuracy of the analyses.

Sample ID Re (ppb)
Measured (20) Recommended (26)
BHVO-2 1.05+0.12 ~0.54
BCR-2 11.55+0.21 ~12.6

Seven surface Bay of Bengal and Southern Ocean samples were also processed to check
the accuracy of the analysis. The measured Re concentration (39 + 2 pmol/kg; n = 7) for these
samples match well with that reported for the Bay of Bengal waters (Colodner et al., 1993;
Singh et al., 2011). We have also analysed two international standards (BHVO-2 and BCR-2)
to check the accuracy of the analysis. The measured (1.05 £ 0.12; 26, n = 3) and recommended
(0.54 = 5.3; 20, n = 6; Jochum et al., 2016) values for BHVO-2 are found overlapping.
Similarly, the measured (11.55 + 0.21; 20, n = 3) and recommended (12.6 + 15.9; 20, n = 4;
Jochum et al., 2016) Re concentrations for BCR-2 are in good agreement. These observations

confirm good data quality. The details of these values are provided in the Table 2.7.
2.4.2. Isotopic analyses

2.4.2.1. Sulfur and oxygen isotopic analyses of sulfates

The sulfur isotopic composition of the sulfate fraction of the samples were measured
following our established analytical protocol (Rout and Tripathy, 2024). The flow chart of the
analytical methods is also shown in Figure 2.10. About 300 - 400 ml of unacidifed samples
were treated with few drops of 1 M HCI and left for about 5-10 minutes to allow complete

degassing of the carbonates as CO». Then sufficient amount of saturated BaCl2.2H20 (20 wt%)
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solution was added to supersaturate the solution with respect to barite. The precipitated BaSO4
particulates was filtered, dried, and stored in a micro centrifuge tube for further isotopic
analysis. Towards this, about 0.2 mg of the BaSO4 powder was packed in a tin boat which was
combusted at 1120 °C in an Elemental analyser combined with an isotope ratio mass
spectrometer (IRMS; Elementar- isoprime precisION) instrument. The SO released was

measured for their isotopic ratios using the IRMS facility at ISER Pune.

300 to 400 ml of

X‘ unacidified filtered
water
0"Ss04
&
6" 0s04
Treated with
3 to 4 drops
of IM HCI
About 0.2 mg of
BaSO, powder was
packed in a tin
or silver boat
Added 10 to 20 ml BaSO4 powder
of 20 wt% scraped and stored
BaCl; solution in a micro centrifuge
tube
BaSQy filtrate kept

in a hot air oven
at 60 °C overnight

BaSO,

oririitodi Y 2
precipitation N ;1

Filtration through

avacuum pump

Figure 2.10. Schematic diagram showing the sulfur and oxygen isotopic measurement in
sulfate fractions of water samples.

Accuracy of §%Ssos analyses were established through regular measurement of our
in-house laboratory standards (sulfanilamide (-5.66 + 0.4 %o0; n=51), and BaSO4 powders (9.76
+ 0.5 %o; n = 34)). The internal precision for the sulfur isotopic analysis was always better than
+ 0.3 %o (n = 24; Table 2.8.).
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Table 2.8. The table provides the 6*“Ssos of replicate analysis of water samples for the
estimation of internal precision of the analyses.

Sample ID 0°*Sso04 (%0) STDEV (10)

PKW-20/37 17.03 010
PKW-20/37 (Rpt)  17.17 '
INDW-21/41 -6.41 0.04
INDW-21/41 (Rpt)  -6.35 '
INDW-21/43 -6.30 010
INDW-21/43 (Rpt.)  -6.44 '
INDL-21/06 9.51 016
INDL-21/06 (Rpt)  9.29 '
INDW-21/48 -4.58 0.8
INDW-21/48 (Rpt.)  -3.42 '
IND-22/01 -0.70 0.05
IND-22/01 (Rpt.)  -0.77
IND-22/02 -0.61 0.37
IND-22/02 (Rpt)  -0.08 '
IND-22/07 0.37 013
IND-22/07 (Rpt.) 0.19 '
IND-22/19 0.34 016
IND-22/19 (Rpt.) 0.11 '
IND-22/24 2.41 0.04
IND-22/24 (Rpt.) 2.48
CHS-1 6.61
CHS-1 (Rpt.) 6.14 033
BSD-16/09 5.07 0.04

BSD-16/09 (Rpt.) 5.01
Note: here Rpt. refers to the replicate samples

Further, we have also analysed surface water samples (n = 4) from the Bay of Bengal
and compared with available literature data. Average %*Ssos value (21 + 0.5 %o) for these
samples compares well with the reported isotopic ranges for modern-day seawater (21 + 0.1
%o0; Kampschulte and Strauss, 2004; Tostevin et al., 2014). Two samples from a local river
(Mula River, Pune, India) and a groundwater sample from the Deccan traps were also measured
in replicates to check the analytical reproducibility of the 53*Ssos measurements. The average
534Sso4 values of the river (13.4 £ 0.3 %o; n = 2) and groundwater (9.4 = 0.2 %o; n = 3) samples

constrains the external reproducibility of these analyses.
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For §'80so04 measurement, the BaSO4 powder was pyrolyzed at 1420 °C and the isotopic
signal of the released CO (Eqg. 2.5; Kornexl et al., 1999; Bao et al., 2006) was measured in the
IRMS instrument facility at IISER Pune.

Pyrolysis at 1420 °C

BaSO, + 4C BaS + 4CO (2.5)

The accuracy and precision of these analyses were regularly monitored by measuring several
internal laboratory standards (Benzoic acid (23.3 + 0.3 %o; n = 8), Barium sulfate (13.2 £ 0.4
%o; n = 6), Cellulose (28 £ 0.2 %o; n = 4) and Sucrose (32.4 = 0.7 %o; n = 4)) and few primary
standards (IAEA SO6 (-11.35 %o), IAEA-600 (- 3.48 %o), IAEA-601 (23.14 %o) and USGS-
32(25.4 %o)). The internal precision of 5'80so4 analysis was always better than £ 0.5 %o. We
have also analysed §%0sos values for few samples by treating with or, without
Diethylenetriaminepentaacetic acid (DTPA); both these processes yielded overlapping §*20so4
values within analytical uncertainty (Table 2.9.; Bao et al., 2006; Relph et al., 2021).
Additionally, the §'®0so04 values for few surface waters of Bay of Bengal were measured; their
average value (9.2 + 0.5 %o; n = 3) matches well with that reported for the modern-day seawater
(~ 9.3 %o; Relph et al., 2021 and reference therein).

Table 2.9. The DTPA treatment method (before and after) results of few Bay of Bengal
samples are provided.

Sample ID 6'®0sos (non-treated; %) 6'*0sos (DTPA treated; %o)
BB-21/43 9.53 8.42
BB-21/17 9.40 9.26
BB-21/08 8.65 8.52

2.4.2.2. The water oxygen isotopic (8'0) analysis

The water samples collected in amber bottles were equilibrated with known volumes of
COg, and their isotopic abundances are obtained using an isotope ratio mass spectrometer
(Thermo Scientific, MAT 253 Plus) in a continuous flow mode at 11T Roorkee. Additionally,
few samples were also measured in replicates and these results are provided in Table 2.10.
Accuracy of these analyses was continuously monitored by measuring an in-house reference
material. The measured 88020 (-8.39 + 0.05 %o; n = 20) values of this material match well
with its reported (-8.41 + 0.1 %o) values.
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The measured 5180 values for sulfate and water samples were used to compute the A¥0 (Relph
et al., 2021), as follows:

A180 = 6180504 - 61801.120 (26)

Table 2.10. Replicate measurement of water 580 values for the spatial samples of the Indus
headwater.

Sample ID 0020 (%)
Replicate-1 Replicate-2
INDW-21/7 -6.51 -6.53
INDW-21/60 -7.91 -7.89
GWSN21/7 -7.84 -7.82
GWSN21/16 -12.24 -12.25
AGRW-21/5 -6.15 -6.16
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3.1. Introduction

Continental weathering of rocks, involving interaction between geosphere, atmosphere
and biosphere, serve as dominant pathway to supply nutrients and suspended sediments to
global ocean (Berner and Berner, 1996). Any past fluctuation in the rate of these surficial
processes has led to major climatic and chemical excursions (Raymo et al., 1988). Intensity of
chemical weathering is mainly controlled by lithology (Bluth and Kump, 1994; Gaillardet et
al., 1999), climate (runoff and temperature; Dalai et al., 2002a), and vegetation pattern (Stallard
and Edmond, 1983). Specifically, chemical weathering in tropical regions has been found to
supply disproportionally higher chemical fluxes due to conducive climate and lithology
(Krishnaswami and Tripathy, 2012). Earlier studies on the Indian river basins have documented
significant seasonal changes in the weathering rates (Tipper et al., 2006; Samanta et al., 2019),
and have linked it to preferential dissolution of carbonates (over silicates) during monsoon
seasons. In addition to monsoon, researches from the silicate-dominated terrains of the
peninsular region of India have confirmed comparable to higher rates of silicate weathering in
these weathering-limited regions than those from the Himalayan River basins (Gurumurthy et
al., 2012; Jhaetal., 2009; Das et al., 2005; Samanta et al., 2021). These basins are characterized
with high rainfall (via Indian summer monsoon) and also, comprised of Archean granites and
gneisses (Chakrapani and Subramanian, 1993). A recent study using cosmogenic radionuclides
has also emphasized on the importance of basin slope in regulating weathering intensity in the
Peninsular Indian rivers (Mandal et al., 2015). Unlike silicate and carbonate weathering rates,
there have been limited efforts to estimate the sulphide and organic oxidation rates for the
Peninsular Indian rivers to assess the net effect of these basins on carbon cycle, and factors

regulating their intensities in these basins.

This chapter focuses on the temporal variations in water chemistry and sulfur isotopic
compositions of one of the large river systems (Mahanadi River) from the Peninsular India.
This river basin falls in the core monsoon zone and hence, may be used to evaluate the climatic
sensitivity of tropical erosion. We have used these chemical and isotopic datasets to quantify
the silicate weathering and sulfide oxidation rates for this river system and also, established
their temporal changes in response to runoff changes. Further, we have also used available
literature data for rhenium and organic carbon concentrations and isotopic values for this basin
to compute the organic oxidation and burial rates, respectively. These four weathering rates for

this basin is combined to establish the net effect of chemical weathering in this basin on carbon
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cycle. Details on the seasonal variations in datasets, and their souce-apportionment calculations
are presented in this chapter to establish significance of weathering in tropical regions.
3.2. Results

Time-series data of major ions, and silica concentrations, and sulfur isotopic (5**Ssoa)
values for the Paika River (a distributary of the Mahanadi), its possible source waters (rain and
groundwater) are presented in Table 3.1.-3.2., and concentrations data for the exchangeable
cations in the suspended sediments are provided in Table 3.5.

Mg
0

100

20

90 o)
Monsoon
Non-monsoon
100 () Literature data
F4 7

7/ 7

Na*+K 0 10 20 30 40 50 60 70 8 90 100 Ca

10

4 4 4 7 7 i 4 0

Figure 3.1. Ternary diagram for Na*+K, Ca and Mg concentrations of the Mahanadi River
water during monsoon (diamond symbol) and non-monsoon (triangle symbol) periods. The
literature data (Jha et al., 2009; Pattnaik et al., 2013; Dessert et al., 2001; Bastia and
Equeenuddin, 2019; Acharya et al., 2022; Das et al., 2005) for other peninsular rivers are also
shown in open grey circles for reference.

The total dissolved solids (TDS) in the Mahanadi River range between 90 and 305
mg/L, with an average value of 183 + 64 mg/L. Major ion chemistry of the river is of Ca-Mg-
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HCOg type, indicating dominant solute supply via carbonate weathering (Fig. 3.1.). The Caand
Mg concentrations (in Eg. units) together account ~ 70 % of the TZ" load. The (Ca+Mg) values
(in Eq. units) are linearly correlated with HCO3 (r?> = 0.97; n = 65), with a slope of ~ 1 (Fig.
3.2.). On average, the HCO3 concentration (average: 1638 + 467 uM; n = 65) accounts for 73
% of the total anionic (TZ") load, whereas the chlorides contribute to 18 % of TZ content. The
dissolved silica in these samples varies widely from 143 to 505 uM (Table 3.1.). Average silica
concentration of these samples (264 £ 118 uM; n = 65) is about two times higher than the
reported global average Si value for rivers (~ 127 uM; Gaillardet et al., 1999).

® Monsoon A Non-monsoon A

2400 -

=
=
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o
Q
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Figure 3.2. Correlation between Ca+Mg and HCO3 concentrations. The unit slope of the
linear regression line indicates dominancy of the carbonic acid-mediated weathering in the
basin.

The Na concentrations of these samples vary by an order of magnitude (180 - 1514 uM)
with an average value of 568 + 382 uM. About 40 % of the average Na concentration is
associated with the chloride phases (Na* = Na - CI). The average Na* concentration (171 £ 43
K1M) is lower than that reported as global average for rivers (244 uM; Tripathy and Das, 2014).
In contrast to Na, the K (67 £ 14 pM) and NO3 (26 + 13 pM) concentrations show minimal
changes. The sulfate concentrations of the samples vary between 36 and 132 uM; the average
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S04 concentration (93 £ 24 uM) is higher than that observed for the rainwater samples (~ 35
MM; Table 3.2.). Water chemistry of the Mahanadi River shows significant temporal variation.
Figure 3.2. depicts that the concentrations of most of the elements are lower during the
monsoon compared to the non-monsoon season. For instance, the average Ca concentration of
the non-monsoon samples (587 uM) is about 1.4 times higher than that of the monsoon samples
(416 uM). The non-monsoon-to-monsoon concentration ratios are although found different for
Na* (1.3), K (1.2), Mg (1.7), SO4 (1.1), HCO3 (1.5) and SiO2 (1.7), all these constituents are
found to have lower concentrations during high flow stages. Similar seasonal trends have
earlier been reported for several river systems from this sub-continent (Galy and France-
Lanord, 1999; Bickle et al., 2005; Singh et al., 2005; Tipper et al., 2006; Chapman et al., 2015;
Samanta et al., 2019). In contrast to elements, the non-monsoon-to-monsoon ratios for Ca/Na*
(1.1) and Ca/Si (1.1) ratios are found closer to unity. In addition to these general trends, the
Mahanadi water chemistry also shows significant fluctuations during non-monsoon season
(Fig. 3.3.). These changes in low flow stages are often synchronous to the water level at this
site. The studied location is located downstream of a large dam, which influences the river
hydrology of this location. In particular, a significant decline in concentrations is observed
during pre-monsoon season (Feb-Mar, 2020). The water level during February and March
months have also increased significantly (Fig. 3.3. A), which may dilute the elemental
abundances. This high water level is possibly linked to water release from an upstream dam,
as it does not commensurate with high rainfall.
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Table 3.1. Dissolved major ions, and silica concentrations, and sulfur isotopic values for the Mahanadi outflow (Paika; a distributary of

Mahanadi).
Na K Ca Mg Cl NO; SOs HCO; SiO, 6%*Sgos TDS TZ* TZ TZ*/TZ NICB

Sample ID > (M) Gy  (Mg/L) (HEQ) (%)
PKW19/01 11-08-2019 180 53 261 124 95 30 36 867 153 - 90 1003 1065 0.9 -6
PKW19/02 18-08-2019 253 69 385 159 133 11 86 1192 186 10.2 125 1409 1508 0.9 -7
PKW19/03 25-08-2019 257 62 382 161 133 8 84 1185 178 8.8 124 1403 1494 0.9 -6
PKW19/04 01-09-2019 235 64 369 161 122 10 93 1078 173 - 117 1358 1397 1.0 -3
PKW19/05 08-09-2019 206 57 338 145 101 49 77 1001 154 - 108 1229 1306 0.9 -6
PKW19/06 15-09-2019 227 55 403 166 102 37 68 1213 189 -- 125 1421 1488 1.0 -5
PKW19/07 22-09-2019 261 55 421 170 111 11 57 1360 223 11.3 135 1498 1595 0.9 -6
PKW19/08 29-09-2019 279 57 443 194 110 9 50 1610 228 -- 160 1609 1829 0.9 -13
PKW19/09 06-10-2019 251 55 431 175 116 30 80 1294 168 - 132 1517 1601 0.9 -5
PKW19/10 13-10-2019 259 55 432 190 114 8 75 1328 179 12.0 133 1558 1600 1.0 -3
PKW19/11 20-10-2019 303 53 445 203 128 13 61 1520 201 115 148 1652 1783 0.9 -8
PKW19/12 27-10-2019 255 57 389 179 128 23 65 1290 179 - 130 1448 1572 0.9 -8
PKW19/13 03-11-2019 301 57 440 203 130 9 66 1492 193 - 146 1645 1764 0.9 -7
PKW19/14 10-11-2019 405 62 558 260 204 11 69 1895 235 12.5 178 2104 2248 0.9 -7

43



Chapter 3
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Figure 3.3. Time-series variation of (A) hydrological water level and rainfall
(https://indiawris.gov.in/wris), (B) concentrations of Na*, silica, Ca and HCOs3, and (C) sulfate
concentrations and 9**Ssos values are shown. The arrow marks in (C) stand for the typical
rainwater composition (see, Table 3.2. and 3.3. for data source). These trends depict relatively
higher concentrations and enriched 6**Ssos values during low flow stages.

The 8%*Ssos values of the Mahanadi River vary between 8.8 %o and 17 %o, with an average
value of 13 = 2 %o (n = 29). These isotopic values are higher compared to the global average
834Sso4 value reported for rivers (4.4 + 4.5 %o; Burke et al., 2018). Figure 3.4. compares the
534Sso4 of the Mahanadi with earlier reported data for peninsular Indian (Das et al., 2012; Burke
et al., 2018) and Himalayan (Karim and Veizer, 2000; Chakrapani and Veizer, 2006; Kemeny
et al., 2021a; Burke et al., 2018) rivers.
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Table 3.2. Chemical data for rain and groundwater samples from the lower reaches of the Mahanadi basin.

lat Lon Na K Ca Mg CI NO; SO; HCO: SiO;  Re ™S TZ* Tz TZ'TZ
Sample ID Date o .
N CB) (HM) (pmollkg) (mg/L)  (WEQ)

Rainwater

RW20/1  24-04-2020 203711 862947 9 14 11 8 15 35 9 -~ 2 0.5 5 61 70 087
RW20/2  01-05-2020 203711 862947 12 15 19 13 18 57 19 - 4 0.4 8 91 114 08
RW20/3  12-06-2020 203711 862947 2 13 9 3 12 8 2 -~ bdl 02 2 38 24 158
RW20/4  27-07-2020 203711 862947 60 17 24 23 41 24 51 -~ 7 0.9 12 172 167  1.03
RW20/5  13-08-2020 203711 862947 15 12 23 11 26 53 21 - 3 0.5 8 97 121 08
RW20/6  18-08-2020 203711 862947 68 59 28 14 117 72 16 -~ 9 0.5 16 210 222 095
RW20/7 25082020 203711 862947 12 14 17 7 21 25 17 -~ 1 0.1 6 73 80 092
RW20/8  01-10-2020 203711 862947 2 8 10 4 9 1 2 -~ bdl 03 1 36 15 246

Groundwater

GW20/1  11-08-2020 20.3713 86.2955 745 242 438 471 73 0 27 2032 657 14 224 2806 2159 13
GW20/2  11-08-2020 20.3711 86.2998 545 72 459 441 842 223 292 1202 742 19 234 2418 2851  0.85
GW20/3  11-08-2020 20.3687 86.301 252 83 254 167 231 35 62 779 91 26 93 1177 1168  1.01
GW20/4  11-08-2020 20.3685 86.3019 536 31 601 313 167 16 17 2250 631 07 229 2393 2466  0.97
GW20/5  11-08-2020 20.3594 86.2987 4207 60 3264 1924 10946 19 470 3267 459 85 938 14644 15317 0.97
GW20/6  11-08-2020 20.3643 86.294 904 37 1238 485 210 12 28 4155 530 18 380 4388 4433 0.99
GW20/7  11-08-2020 20.3711 86.2947 875 240 553 472 578 20 45 2488 692 09 283 3165 3177 1.0
GW20/8  11-08-2020 20.3699 86.2943 12015 302 191 107 6344 77 44 7635 246 08 1013 12913 1‘214 0.01
GW20/9  11-08-2020 2037 862936 699 58 472 587 327 20 35 2433 637 06 254 2874 2850  1.01

bdl: below detection limit
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These datasets show that the peninsular Indian rivers are systematically higher in §**Sso4 than
the Himalayan Rivers and global average values. The sulfur isotopic values of the Mahanadi
River also exhibit seasonal changes (Fig. 3.3. C). The average §**Ssos for the monsoon samples
(11 £ 1 %o; n = 8) are found lower than the non-monsoon samples (14 + 2 %o; n = 21). This
seasonal 53*Ssos trend is consistent with those reported for Fraser River (Burke et al., 2018).
Further, the seasonal 8%*Ssos variation is also similar to that observed for the sulfate
concentrations, which are also characterized with lower concentrations during high flow (than

low flow) stages (Fig. 3.3. C).
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Figure 3.4. Box plot showing the §**Ssos distribution for the Mahanadi River. For comparison,
literature-available 6**Ssoa data distributions for Himalayan [Indus (Karim and Veizer, 2000),
Ganga (Chakrapani and Veizer, 2006), Nepal Rivers (Kemeny et al., 2021a), Brahmaputra,
Yamuna and Ganga outflow (Burke et al., 2018)] and Peninsular Indian [Narmada and Tapti
(Burke et al., 2018) and Deccan flowing Rivers (Das et al., 2011)] rivers, rainwater (Jacks et

al., 1994), and global rivers (Hemingway et al., 2020) are also presented.

3.3. Discussion

3.3.1. Seasonal variations
Seasonality in the water chemistry is largely regulated by intensity of chemical

weathering in basins, impact of fluid flow path and residence time, water-mineral interaction,

and groundwater contribution to river system (Tipper et al., 2006; Godsey et al., 2009; Maher,
2011; Ibarra et al., 2016; Hilton et al., 2021). Available studies, based on lower fractional

change in solute concentrations than the discharge variations, have suggested intensification of
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chemical weathering (than dilution) during high flow stages (Bickle et al., 2005; Samanta et
al., 2019). Additionally, time-series concentrations data have also indicated relatively higher
silicate (than carbonate) weathering (Galy and France-Lanord, 1999; Krishnaswami et al.,
1999; Tripathy et al., 2010) and/or groundwater input (Tipper et al., 2006) to rivers during low
flow stages. Further, the concentration-discharge (C-Q) relationship has also shown that high
fluid residence time may cause minimal seasonal change in water chemistry by attaining

chemical equilibrium within basins (Maher, 2011).
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Figure 3.5. Concentration-discharge relationship for selected chemical constituents (Na, Ca,
Mg, K, SiO2, SO4 and TDS) of the Mahanadi River.

The C-Q relationships for dissolved constituents are mostly in the form of C = Q®; here,
the constant b value (ranging between 0 and - 1) varies depending on chemostatic (b = 0) and
dilution (b = - 1) effect on water chemistry (Godsey et al., 2009). Figure 3.5. depicts the
monthly-averaged C-Q relationship for the Mahanadi basin. The b-values for all elements are
different than unity, confirming that our time-series data cannot be explained by the dilution
effect alone, and hence, points to change in weathering process during this period. Further,
these values are observed to be different for these elements. The b-values exhibit high
fluctuation for Na (b ~ - 0.56), and minor changes for K (b ~ - 0.13), SO4 (b ~ - 0.15) and Ca
(b ~-0.22; Fig. 3.5.). Concentrations of Si, Mg and TDS show intermediate variability (b ~ -
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0.36 to - 0.30) during the studied period. One possible factor that can cause the observed
chemical changes (Fig. 3.5.) is seasonal changes in relative contributions from solute sources.
These source changes are possible due to different weatherability of minerals, fluid
composition, flow path and residence time. Earlier studies have documented that river system
may attain chemical equilibrium with high residence time during low flow stages, which allows
sufficient time to dissolve resistant (silicate) minerals (Maher, 2011). In contrast, higher
dissolution of silicates (than carbonates) during low flow stages have also been reported for
several river basins (Tipper et al., 2006).
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Figure 3.6. (A) Monthly variations in Ca/Na* (an index for relative silicate-to-carbonate
erosion) show no major change with water level. For reference, typical compositions for
silicate, carbonate (Gailardet et al., 1999) and halites (Moon et al., 2007) are also shown. (B)
Co-variation plot between Si/Ca and Mg/Ca ratio points to impact of groundwater on water
chemistry during low flow stages.
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To evaluate this possibility, we have investigated the temporal change in Ca/Na* ratio of the
river (Fig. 3.6. A). The Ca/Na ratios for silicates (0.65 £ 0.24: cf. section 3.2.2.1.1.) and
carbonates (50 + 20; Gaillardet et al., 1999) are distinctly different and hence, any seasonal
change in solute supply from these sources can be traced using the riverine Ca/Na* ratios.
Additionally, dissolution of evaporites, such as halites and gypsum, may also supply solutes to
the rivers.The Ca/Na* for halites (0.17 + 0.09; Moon et al., 2007) are expected to be lower than
that of gypsum and carbonates (Fig. 3.6. A). Average Ca/Na* ratio for the Mahanadi samples
(3.1 £ 0.9) is intermediate to that of these rock types. This ratio for the monsoon (3.0 + 0.6)
and non-monsoon (3.2 + 1.0) samples show no distinct seasonal change (Fig. 3.6.). It is further
noticed that the Ca/Na* ratio for the December-2019 samples increased significantly. This
excursion is synchronous to a water-level rise, which is likely linked to water release from an
upstream dam. If we exclude samples from this event (December-2019), the Ca/Na* ratios for
monsoon (3.0 £ 0.6; n = 25), non-monsoon (3.0 £ 0.6; n=35) and all (3.0 £ 0.6; n = 60) samples
are found to be indistinguishably same (Fig. 3.6.), confirming minimal change in relative solute
contribution from silicates in response to flow stage. Additional to December, there have been
several episodes of water level rise possibly due to dam release and/or super-cyclonic
disturbances. However, water chemistry of all these episodes do not show a similar rise in
Ca/Na* ratio. This indicates a dynamic response of water chemistry to hydrological changes
and most of these events seem to have a constant Ca/Na* ratio (Fig. 3.6.). The observed near-
constancy in Ca/Na* ratio is in contrast to earlier observation of higher silicate (than carbonate)
weathering during low flow stages in the Himalayas (Tripathy et al., 2010), which has been
linked to efficient dissolution of resistant minerals due to high water-rock interaction time. This
difference may be attributed to high fluid residence time for this supply-limited watershed
(Maher, 2011), which may promote chemical equilibrium in terms of relative mineral
dissolution and may not cause any preferential mineral weathering.

Tipper et al. (2006), based on seasonal changes in water chemistry of the Marsyandi
River, have suggested influence of subsurface flow to the river. Further, a recent study on Sr
isotopes of the Chilika lagoon (connected to the Mahanadi outflow) has also showed
appreciable groundwater discharge during low flow stages compared to the monsoon period
(Danish et al., 2020). A similar subsurface supply may also contribute to the observed chemical
variability of the Mahanadi (Fig. 3.6.). The chemical composition of the groundwater samples
analysed during this study exhibit large variability. For instance, the concentrations of Na, Ca,
Mg, Re and TDS vary by a factor of ~ 4, whereas, the silica and sulfate concentrations vary by
a factor of 8 and 17, respectively (Table 3.2.).
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Table 3.3. Compiled sulfur isotopic data for possible sulfate sources for the Mahanadi River

basin.
34 0,
Sources Location/Rock-types 378 (%o) Ref.
Min  Max Average Std.dev. count
Atmospheric supply  Peninsular India (southern part) 6.0 14 114 2 10 [1]
Mahanadi delta region (Odisha, _ _ 15.9 _ 1 This
Groundwater India) ' study
Groundwater Peninsular India (southern part) 6.4 123 9.1 1.6 16 [1]
Groundwater Gangetic plain region* 49 216 119 5.0 15 [23]
All (Penlnsular_ and Gangetic 49 216 10.4 39 31 [1-3]
Groundwater plain)
Pollution Deccan Traps and Southern India 054 11.5 4.6 3.7 [1,4]
Saline-alkaline Soil Deccan Traps 112 136 128 0.9 [4]
Silicates 1]
(Gneiss/charnockite)  Peninsular India (southern part) 0.1 1 0.6 0.6 2
Gondwana coal [5]
(pyrites) China -6.6 10.5 2.1 5.9 9
Sulfates [1,6]
(Gypsum/barite) Peninsular India 10 17.6 12.4 3 9 ’
Sulfides [7.8]
(Sedimentary) Chhattisgarh Supergroup 18.8  40.7 26.9 5.3 22 ’
i i [6,7,9
Sulfides (Magmatic)  Bastar and Singhbhum Cratons 48 111 0.2 3.2 41 ]

*Excluding one outlier; [1]: Jacks et al., 1994; [2]: Mukherjee and Fryar, 2008; [3]: Stiben et al., 2003; [4]: Das
etal., 2011; [5]: Chmielewski et al., 2002; [6]: Dora et al., 2020; [7]: Sinha et al., 2001; [8]: Sarkar et al., 2010;
[9]: Rai and Changkakoti, 1996.
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Figure 3.7. Linear relationship between 5**Ssos and CI/SO4 concentrations of the Mahanadi
samples. The silica concentrations for these samples and average groundwater compositions
for the basin are also included.
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Two samples yield negative Na* values with high CI concentrations, which are not
included in the subsequent discussion. Despite of these large variabilities, average Ca/Na* ratio
for the groundwater (~ 2.8) samples from this basin overlaps to that of the river (3.0 = 0.6;
excluding outlier December samples (cf. above discussion)) samples, indicating same relative
contribution from silicates and carbonates to both surface and groundwater samples. We have
assessed the Mg/Ca and Si/Ca covariation of these samples to constrain the groundwater supply
(Fig. 3.6. B). These two major constituents were strategically used as proxies for subsurface
flow mainly due to distinctly higher concentrations of Mg (~ 420 uM) and Si (~ 569 uM; Table
3.2.) concentrations for the groundwater than the high flow surface waters (Mg ~ 182; Si ~ 188
UM; Table 3.1.). Figure 3.6. B clearly shows that the Si/Ca and Mg/Ca ratios of non-monsoon
samples are found systematically higher than that of the monsoon samples. Further, the non-
monsoon compositions, when compared with the average groundwater ratios, can be explained
as a mixture of groundwater and monsoon river water (Fig. 3.6. B). However, a closer
inspection of the Si/Ca-Mg/Ca plot indicates that the non-monsoon data fall systematically
towards the left of expected mixing line for average groundwater and monsoon data. Although
this trend can be explained by groundwater composition variability, this deviation may also
arise due to removal of Ca from the system via calcite precipitation during low flow phases
(Acharya et al., 2022). This possibility, however, is less likely as the Ca/Na* of the Mahanadi
samples do not show any seasonal variation (Fig. 3.6. A), confirming insignificant loss of Ca
from the system. These elemental ratios, therefore, indicate an increase in groundwater
contribution during low flow stages (Fig. 3.6. B). The proposed increase in groundwater flow
to the system is consistent with the decline in surface water table during low flow stages,
allowing base flow to enter the river system (Tipper et al., 2006). Consistent with this trend,
the observed enriched 8%*Sso4 ratios for non-monsoon (14 + 2 %o; n = 21) samples than the
monsoon (11 + 1 %o; n = 8) (Fig. 3.3.) also support influx of groundwater during this period.
The §%*Ss04-Cl/SO4 plot (Fig. 3.7.) also depicts that the §**Ssos non-monsoon samples are
characterized with isotopic values which are closer to the groundwater 5**Ssos value (15.9 %o;
Table 3.3.). Further, high silica concentrations and enriched §**Sso4 ratios of these low flow
samples hint at significant groundwater contribution during this season.

Efforts were also made to quantify the groundwater supply to the Mahanadi basin
during low flow stages. For this, we have used the following mass balance equation for Si/Ca

and Mg/Ca ratios:

(g_;)riv - ((s_‘i)mon % (1 B g)) + ((s_cil)cw % g) (31)
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(1), = ((#9),,.xa-9)+((2),, <) 62

where, the subscripts, riv, mon and GW stand for riverine, average monsoon composition, and
groundwater, respectively, whereas g stands for the fractional supply of Ca from the
groundwater. The above equations (3.1-3.2) assume no groundwater supply to the river during
the monsoon season. Also, it has been assumed that the riverine Si/Ca and Mg/Ca ratios during
low flow stages is a mixture of groundwater and surface water compositions only, and these
ratios have not been influenced by any relative change in weathering pattern. For this
computation, average Si/Ca and Mg/Ca ratios for the groundwater (1.3 = 0.9; 0.9 + 0.4
(excluding two outliers with higher concentrations); Table 3.2.) samples and the riverine
samples during monsoon (0.45 + 0.06; 1.0 £ 0.1; Table 3.1.) were used. Calculations using
equation (4-5) estimate that the average Ca fraction supplied through groundwater inflow is 24
+ 12 %. Considering average Ca concentrations for monsoon (416 uM) and groundwater (574
uM) samples (Table 3.1.-3.2.), this fractional Ca value accounts for a water supply of 18 £ 9
% via groundwater to the Mahanadi River during low flow stage. This estimate may only be
considered as a first-order approximation of groundwater supply to this basin, as several
assumption involving seasonality in weathering, minimal groundwater flow during high flow
stage, and water chemistry needs to be ascertained further.

3.3.2. Source apportionment and erosional rate estimations

River water chemistry is controlled by solute supply from atmospheric deposition,
anthropogenic supplies, and bed rock dissolution. The dissolved cations and anions in rivers,
therefore, must be corrected for atmospheric and anthropogenic sources to investigate the
weathering processes. We have adopted the approach of Das et al., (2005) to correct for the
atmospheric contributions. This approach uses Cl concentrations and its elemental ratios for
rainwater correction, as the two major rock-types (silicate and carbonates) are void of chlorides.
The average Cl concentration for the rainwater samples (Table 3.2.), excluding one outlier with
high CI concentration (117 puM), is 20 £ 11 pM. Considering an evapotranspiration factor of ~
0.5, the maximum CI supply from rain (Clritica) to the river system is 40 uM. The remaining
amount of riverine chloride may be derived from halites, saline soils and anthropogenic
sources, if any. These additional sources are also assumed to be of NaCl type (Negrel et al.,
1993). The rain contribution to the concentration of element (X) is computed (Negrel et al.,

1993) using the following equation:

* X
X" = Xriv — Cleriticar X [C_ (3-3)

l]rain
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The subscripts, riv and rain, stand for riverine and rain compositions respectively. The rain-
corrected §34Ssos value is computed as:

534 (8% .
(6345504)* — ( 5504)r1v(1(_f)5504)ramxf (34)

where, f represents the fraction of sulfate supplied by rain. The §**Sr.in stands for the average

rainwater 63*Ssos value (11 = 2 %o), which was constrained using the earlier reported values

for peninsular India (Table 3.3.; Jacks et al., 1994).
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Figure 3.8. Mixing plot between Ca/Na* and Mg/Na* ratios indicates dominant solute supplies
through silicate and carbonate erosion to the basin. For reference, compositions of the global
river waters are also shown (Gaillardet et al., 1999). The end-members for the silicate (see,
Table 3.4.) and carbonates (Gaillardet et al., 1999) are from literature. Error shown for the
groundwater reflects for the data spread.

The rain corrected nitrates in rivers are largely supplied through fertilizers, and
domestic and industrial effluents. Therefore, we have assumed that all the riverine nitrates,
after rain-correction, is expected to be supplied through anthropogenic sources. Computations
involving Eg. (3.3) show that the rain alone can supply nitrate up to 58 uM, which is higher
than the average NOgz for the samples (26 + 13 pM; Table 3.1.) and hence, no additional NO3
source is required. This observation clearly demonstrates that the anthropogenic input to this

large tropical river system is not significant. We, therefore, have used the rain-corrected
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chemical and isotopic data to compute the CO> uptake (via silicate weathering and organic

burial), and release (via oxidation of sulfides and organic matter) rates.

3.3.2.1. Estimation of CO2 uptake rates
3.3.2.1.1. Silicate weathering

Carbonic acid-mediated weathering of silicate minerals is an important sink for
atmospheric CO». This consumption rate for river basins can be quantified using their water
chemistry, after correcting for atmospheric deposition. The Mahanadi basin is comprised of
both silicate and carbonate rock-types (Fig. 2.5.). The silicate rocks present in the basin, as
mentioned in an earlier section (cf. section 2.2.1.), include (i) Archean granite and gneisses,
(if) Charnockite and Khondalites from the Eastern Ghats, and (iii) clastic sedimentary rocks in
the Chhattisgarh and Gondwana basins. The limestone and dolostones from the Chhattisgarh
and Gondwana basins are the major carbonate lithologies from the basin.

Table 3.4. Average chemical compositions for silicate end-members for the basin.

Ca/Na Mg/Na Counts Reference
Endmembers
Min  Max Average Min  Max Average
Singhbhum Granites 0.2 04 030+£01 | 008 0.16 0.12+0.04 3 [1]
Granite (Eastern Ghats) 0.4 1.2 0.7+£0.3 0.3 1.0 06+0.2 9 [2-4]
Charnockite (Eastern
Ghats) 0.3 1.2 08+0.3 0.1 1.0 05+0.3 13 [2-4]
Bed sediments
(Mahanadi) 0.2 5.9 08+1 0.1 2.0 04+05 18 [5]
Average 0.65+0.24 041+0.21 4 This study
[1]: Saha, 1994; [2]: Narayana et al., 1999; [3]: Paul et al., 1990; [4]: Rao and Rao 1988; [5]: Bastia et al.,

2020

A recent study (Acharya et al., 2022), based on spatial data of dissolved major ions and
87Sr/%°Sr ratios of the Mahanadi River, has documented dominancy of carbonate weathering in
supplying cations to the basin (Chakrapani and Subramanian, 1990; Bastia and Equeenuddin,
2019). Consistently, our data also fall closer to the HCOs3 apex in a ternary plot for anions,
which indicates dominant role of carbonic acid-mediated weathering of silicates and
carbonates. Further, the slope (~ 1.0; n = 65; r? = 0.97) of the linear regression trend between
Ca+Mg and HCO3 (Fig. 3.2.) concentrations (in Eg. units) is also closer to the expected (1:1)
line for CO2-mediated silicate and carbonate weathering. We have also investigated the binary
mixing plot between Ca/Na* and Mg/Na* ratios for a qualitative source apportionment (Fig.

3.8.). In this plot, the elemental ratios of the river water are compared with that of their major
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sources. The representative Ca/Na (50 £ 20) and Mg/Na (20 + 8) ratios for the carbonate rocks
have been reported earlier (Gaillardet et al., 1999) and are used in this study. These elemental
ratios for silicate rocks from the Mahanadi River basins, however, show wide variation (Table
3.4.). For instance, average Ca/Na and Mg/Na (molar) ratios for the Singhbhum granites (0.30
+ 0.1, 0.12 + 0.04; Saha, 1994), Charnockites from Eastern Ghats (0.8 + 0.3, 0.5 + 0.3;
Narayana et al., 1999, Paul et al., 1990, Rao and Rao 1988), Gondwana shales (8 + 10, 20 £
12; Ray and Paul, 2021) and Mahanadi bed sediments (0.8 = 1, 0.4 £ 0.5; Bastia et al., 2020)
vary significantly. In this study, mean of these Ca/Na (0.65 = 0.24) and Mg/Na (0.41 £ 0.21)
ratios (cf. Table 3.4.) have been used as end-member composition for the silicate sources.

A forward method approach (Krishnaswami et al., 1999; Galy and France-Lanord,
1999) has been adopted to quantify the solute contribution from weathering of silicates and
carbonates to the Mahanadi River. We have assumed that the rain-corrected K concentrations
are supplied by both cation exchange processes (Tipper et al., 2021) and silicate dissolution.
Further, a part of riverine Na* may also be supplied by saline soils and/or halites with NaCl-
type composition (Rai et al., 2010). Appreciable solute supply from these sources is evident
from low contribution (21 + 13 %) of rain to the CI concentrations, which requires an additional
source for the remaining (~ 79 %) amount of riverine Cl. Recognizing this, we have computed

the silicate-derived Na (Nasilicate) as follows:
Nasilicate = (Nariv - Clriv) - Naexchange (35)
Ksiticate = K™ — Kexchange (3.6)

Table 3.5. Concentrations data for exchangeable cations of suspended sediments.

perp Dot N K co v | GIERIE [ b b ke b
(wt %) (mEq/100g9) (mEQq/1009)
PKSS-20/01 26-07-2020 0.16 0.11 0.60 0.10 48 0.14 0.06 0.62 0.17
PKSS-20/05 28-08-2020 0.17 0.12 0.62 0.10 50 0.15 0.06 0.62 0.16
PKSS-20/06 30-08-2020 0.16 0.11 0.58 0.09 46 0.15 0.06 062 0.17
PKSS-20/07 06-09-2020 0.15 0.11 0.65 0.10 50 0.13 0.06 064 0.17
PKSS-20/10 27-09-2020 0.16 0.10 0.52 0.09 43 0.16 0.06 061 0.17
PKSS-20/11 04-10-2020 0.15 0.10 056 0.10 46 0.14 0.06 0.62 0.19

Marine sedimentary rocks are often characterized with high fraction of exchangeable
amount of Na (Bna~ 0.6) than river sediments (with low Bna~ 0.017 and high Bca ~ 0.81) in
their exchangeable pool, and hence, release Na and K to river water during ion-exchange
processes (Tipper et al., 2021). Our data show that the average CEC (47 + 3 meq/100g; cf.
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Table 3.5.), and Bna (0.15 + 0.01) and Bk (0.06 £ 0.003) values for the Mahanadi suspended
sediments match well with that reported for global rivers (Tipper et al., 2021). Considering
earlier reported SPM (110 = 34 mg/L; Bastia and Equeenuddin, 2016) load, the Naexchage (7.5
+ 0.4 uM) and Kexchange (3.1 + 0.2 uM) values for the Mahanadi River are computed using Eq.
(3.5-3.6). The Naexchange accounts for only 4 % of the average Na* value, which is comparable
to that reported for the Ganga (9 %) and Brahmaputra (8 %) River basins, but lower than that
reported as an average for global rivers (12-28 %; Tipper et al., 2021). The riverine Ca and Mg
can be supplied by both silicate and carbonate weathering. The silicate-derived Ca (Casilicate)

and Mg (Mgsilicate) abundances are computed assuming congruent dissolution of silicate rocks.

Ca
Casiticate = N@siticate X [E] . (3-7)
silicate
Mg
Mgsiticate = N@siticate X [N_] . (3-8)
Alsilicate

The remaining amount of Ca and Mg in these samples are considered to be supplied through
carbonate dissolution. The carbonate-derived Ca (Cacab) and Mg (Mgcam), therefore, are
estimated as:

Cacarp = Ca” — Casyicate (3.9)

MGcary = Mg™ — Msuicate (3.10)
This computation yields relative cationic contributions from silicate (Catsiiicate), Which varies
between 265 and 814 UE, with an average contribution of 34 £ 7 %. The average Catsilicate (in
%) for monsoon (36 + 5 %) and non-monsoon (33 + 8 %) samples are observed to be similar,
indicating minimal seasonal change in the silicate dissolution. The Catsiicate Values are lower
than the carbonate-derived cations (Catcarb), Which range from 487 to 1955 pE, with a
discharge-weighted Catcary Value of 908 + 753 pE. High cation supply from carbonates is
consistent with its faster dissolution kinetics than the silicate minerals. The discharge-weighted
Catsilicate Value of these samples (503 + 319 PE) corresponds to a CO, consumption rate of (2 £
1) x 10° mol/km?/yr, or 2.4 + 1.6 tC/km?/yr. These rate estimates are comparable to those
reported for some of the peninsular Indian Rivers, such as Krishna (3.6 x 10° mol/km?/yr; Das
et al., 2005), Godavari (5.8 x 10° mol/km?/yr; Jha et al., 2009), Nethravati (2.9 x 10°
mol/km?/yr; Gurumurthy et al., 2012), and Kaveri (3.83 x 10° mol/km?/yr; Pattanaik et al.,
2013). The CO2 uptake rate for the Mahanadi basin, however, is about two times higher than
the global average value (0.9 x 10° mol/km?/yr; Gaillardet et al., 1999). High silicate
weathering and related CO; uptake in this basin is consistent with its silicate-dominated

lithology (Fig. 2.5.) and tropical climate with high temperature and runoff.
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3.3.2.1.2. Burial of organic carbon

The organic matter (OM) transported by rivers and their ultimate burial in sedimentary
basins serve as another sink for atmospheric CO> over longer timescales (France-Lanord and
Derry, 1997). The OM in river sediments can either be supplied from sedimentary rocks present
in the basin and/or biogenic components of living/dead organisms (Galy et al., 2015). The
burial of rock-derived organic carbon (OCpetro) mostly reflects relocation of material from the
continents to sea, and does not influence the carbon cycle. In contrast, the burial of biogenic
organic carbon (OCaio) has a negative effect on the atmospheric CO> budget. In this study, we
have used available literature data to compute the carbon burial rate for the Mahanadi basin.

This rate estimation was carried out using the following equation (after Hilton et al., 2008):

SPM
IBuriat = ((TXQ) XTOC X fBio X fBurial) (3-11)

where, SPM and TOC stand for concentrations of suspended sediments and organic carbon,
respectively. The terms, Q and A reflect the water discharge and drainage area of the basin.
The fgio and feuriar Stand for fraction of biogenic component in the TOC, and efficiency of
organic burial in the sedimentary basin respectively. Bastia and Equeenuddin (2016), based on
20-years (2000-2020) sediment load data, have estimated the sediment load ((12 + 5) x10°
tons/yr) and flux (95 * 39 tons/km?/yr) for the Mahanadi outflow, which has been used in the
present calculation. Gupta et al. (2008) have reported the TOC (1.40 - 1.97 wt%) for four
Mahanadi distributaries during the monsoon season. We have used the average TOC (1.7 £ 0.3
wt%) value of these samples for the burial rate estimation.

The fraction of biogenic component (fgio) is calculated using a stable carbon isotopic
balance approach (Hilton et al., 2008), as radiocarbon data for this river sediment are not
available. The Mahanadi distributaries supply sediments to the northern sectors of the Chilika
lagoon (Fig. 2.5.). Mukherjee et al. (2019) have reported an average 5'°C value of (-26.1 + 2.7
%0) for organic fractions of suspended sediments for this sector, which can be used as a
representative value for the Mahanadi sediments (8'3Criv) at its outflow. The &3C for the
vegetation is constrained using &C values reported for surface (soil) litter from the
Chhattisgarh basin (-28.7 + 0.3 %o; Laskar et al., 2016). These regions are mostly dominated
by medium to large sized C3 plants. There exists limited organic carbon isotopic data for the

sedimentary rocks of the Mahanadi basin. The &*3C data for eight (shale/limestone) rock
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samples from the Chhattisgarh Supergroup constrain the average TOC (1.1 + 1.3 wt%) and
S13C (-25.6 = 3.2 %o) value for the rock-derived organic material for the basin (Banerjee et al.,
1992). Assuming that the 8*3C of rivers (~ - 26.1 %o) is controlled by OM supplied by rocks (~
- 25.6 %o0) and biogenic components (~ - 28.7 %o), the fgio for this basin is calculated to be 0.16.
This estimated fgio value, however, is associated with large uncertainty mainly due to 3*3C
variability in rock and riverine sediments. We have also compared the TOC values for the
bedrock (~ 1.1 wt%; Banerjee et al., 1992) and suspended sediments (~ 1.7 %); the difference
between these two (0.6 wt%) values should reflect the TOC enrichment in sediments, which
may be attributed as the biogenic component present in basin (Hilton et al., 2008). This
estimation, although yields a fgio value of ~ 0.35, can only serve as a first-order approximation
as no corrections for size sorting, sediment dilution from different sub-basins and variability in
TOC values have been considered. We have used an average value of the two fgio values (0.26
+ 0.13) computed using isotopic (~ 0.16) and TOC mass balance (~ 0.35) approaches for the
Mahanadi basin. This approximate fgio estimate although fall within the earlier reported range
(0.21 to 0.98; Hilton and West, 2020 and references therein) for global rivers, the average fsio
value for the Mahanadi River (~ 0.35) is lower by two times than the global average (0.71
0.19; Hilton and West, 2020). In absence of proper fgio estimation, we have estimated the
oxidation rate for both fgio for Mahanadi (~ 0.35) and global river (~ 0.71) data.

The burial efficiency of terrestrial organic matter has been reported to be higher in
basins with high physical erosion rates (Galy et al., 2015). The fsuriai Values show significant
spatial variation depending on sedimentation rate and type of organic matter supplied by the
rivers (Emerson and Hedges, 1988; Canfield, 1994). In absence of similar data for the
Mahanadi basin, we have used fguriai Values (30 - 100 %), similar to that used in earlier studies
(Galy et al., 2015; Hilton et al., 2015). Using these data in equation (3.11) and fsio value of
0.35, the amount of biogenic carbon from the Mahanadi basin that gets buried is estimated to
vary between 0.13 % 0.07 (for fauriar ~ 30 %) and 0.42 + 0.22 (for fauriar ~ 100 %) tC/km?/yr.
These estimates correspond to an average burial rate of 0.27 + 0.12 tons/km?/yr (for faio ~ 0.35)
and 0.55 + 0.24 tons/km?/yr (for fgio ~ 0.71) for the Mahanadi. This rate is systematically lower
than the biospheric carbon flux reported for the Ganga-Brahmaputra (1.45-5.90 tC/km?/yr),
Godavari (1.47 tC/km?/yr) and global-average (1.46 tC/km?/yr) for river basins (Galy et al.,
2015 and references therein). Further, this CO2 consumption rate via organic burial is about ~
10 times lower compared to that estimated for silicate weathering (2.4 + 1.6 tons/km?/yr) for
the basin. Our observed organic burial rate, however, is consistent with that reported for river
basins (0.06-1.16; 0.42 + 0.34 (n = 19) tC/km?/yr (excluding one outlier)) with low suspended
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yield (<100 ton/km?/yr; Galy et al., 2015), underscoring importance of physical erosion in
regulating the carbon burial in the basin.

3.3.2.2. Estimates of COz2 release rates
3.3.2.2.1. Sulfide oxidation

Oxidation of sulfide minerals and subsequent dissolution of carbonates through sulfuric
acid releases CO; to the atmosphere. This source influences the long-term CO- cycle on a
timescale (<10 Myrs) within which the seawater sulfate removed as sedimentary sulfide or
gypsum. Quantifying this oxidation pathway requires source apportionment of riverine sulfate,
which may be sourced from multiple sources (rain, pollution and weathering of gypsum/pyrite).
The rain-derived sulfate for the Mahanadi samples have been computed using Eqg. (3.3). These
results show that the fraction of SO4 derived from rain varies between 0.26 and 0.97, with an
average fractional value of 0.41 + 0.13. Rain-corrected 5**Sso4 values are computed using Eq.
(3.4) and earlier reported rain §**Ssos values for locations from the peninsular India (11 £ 2 %o;
Table 3.3.). The §**Ssos* values vary from 7.0 to 19.1 %o, and its average value (14 = 3 %o)
shows no significant change from the measured 5**Ssoa (13 £ 2 %o) values.

The rock-derived component of sulfate concentrations varies between 19 and 93 uM
with an average value of 58 + 23 uM. This SO4 component, on average, accounts for 63 % of
total riverine sulfate of the Mahanadi River. The §**Ssos value reflects the relative sulfur
contributions from the major sulfate sources, viz. gypsum, and pyrites. Typically, the §**S value
of the gypsum minerals are closer (or depleted by ~ 1.6 %o) to the seawater isotopic value
during the mineral formation, whereas the %S of pyrites is heavily (~ 30 %o) lower due to
isotopic fractionation during microbial reduction process. This distinct §%*Ssos value for
gypsum and pyrites allow reliable source apportionment for riverine sulfate (Burke et al.,
2018). Table 3.1. compiles the expected §3*Ssos values for various sources for the Mahanadi
basin. The average %S values for the magmatic pyrites (- 0.2 + 3.2 %o) and the coal deposits
(2 £ 6 %o) are found depleted with respect to the 534S of the gypsum minerals (12 £ 3 %o) from
the peninsular Indian regions (Table 3.3.). However, the §%4S of the sedimentary pyrites for the
basin is found comparable or, enriched than the gypsum &**S values, making it difficult to use
534Sso4 for sulfate source apportionment for this basin. These unexpectedly heavy §%*S values
for the Precambrian sedimentary pyrites have been linked to high pyrite burial in low-sulfate
reducing oceanic basins (Sarkar et al., 2010). In absence of distinct source composition, we

have assumed two sulfate sources: (i) sulfides including the magmatic pyrites and Gondwana
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coal with an average 5**S value of 0.9 =+ 2 %o, (ii) combined source of heavy %S values (20 +
10 %o), including both gypsum and sedimentary pyrites. The former source has only been used
further for sulfide oxidation rate estimation, although we recognize that sedimentary pyrite is
also a major sulfide source for the basin. Hence, our calculation based on sulfur isotopes
computes minimum amount of SO4 derived from sulfide oxidation. With this assumption, we
have computed the fraction of sulfates derived via sulfide oxidation using the following
isotopic balance equation:

(83*S)riv = (>*Spyrite X f + (5>*)gypsum X (1 — ) (312)
where, f stands for the fraction of sulfide-derived sulfates in the sample. This computation
estimates that the sulfide-derived sulfates in the Mahanadi samples vary between 3 and 33 pM
with an average of 15 + 8 uM. Average of these values for monsoon (21 + 10 uM) and non-
monsoon (13 + 6 uM) samples are found overlapping. The discharge-weighted sulfide-derived
sulfate concentrations is found to be 19 £ 19 uM which is about an order of magnitude lower
than the global average for riverine sulfates (~ 100 uM). The CO- release rate through sulfuric-
acid-mediated carbonate weathering (Hilton and West, 2020) is computed using the following

equation:

Catcarp
(Catsiticate+Catearn)

) x Q/A (3.13)

The estimated CO; release rate for the Mahanadi (0.1 + 0.1 tC/km?/yr) is found few times lower

]sulfide = 504sulfide X (

than that reported for other basins (Ganga-Brahmaputra (0.66 tC/km?/yr; Galy and France-
Lanord, 1999), and Mackenzie (0.71 tC/km?/yr; Calmels et al., 2007) and Kaoping (Taiwan)
(28.8 tC/km?/yr; Das et al., 2012)). Low sulfide oxidation in this supply-limited basin is mainly
due to lower fraction of sulfate (~ 16 %) supplied by pyrite oxidation than other river basins,
such as the Mackenzie (~ 85 %; Calmels et al., 2007) and the Kaoping (~ 85 %; Das et al.,
2012). The sulfide oxidation and corresponding CO: release associated with carbonate
dissolution from the Mahanadi (0.02 MtC/yr) is about 0.04 % of the corresponding global flux
(40 MtClyr; Hilton and West, 2020), which is lower by 3-4 times than its fractional area (0.13
%) and water discharge (0.15 %) of global riverine data. In contrast, the sulfide-SOa4 flux from
the Mackenzie River supplies about 20-27 % of global riverine flux from an area of 2 % of
global area. The disproportionally higher sulfide oxidation rate for the Mackenzie basin has
been linked to continuous exposure of reactive phases via physical erosion in the basin
(Calmels et al., 2007). The physical erosion in the Mahanadi basin is low, as evident from low
amount of total suspended sediment (110 + 34 mg/L; 20-year average data (Bastia and

Equeenuddin, 2016)). This sediment data corresponds to annual flux of (12 + 5) x 10° tons/yr,
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which is only ~ 0.1 % of the global riverine sediment flux (18 x 10° tons/yr) from an area of
0.13 % of total global drainage area (Milliman and Syvitski, 1992). Low physical erosion rate
in the basin, therefore, may explain the observed lower sulfide oxidation rate. Further, the basin
lithology for this river (and other from the peninsular Indian regions) mainly drain through
Precambrian silicates (granitic and gneissic rocks), which may also not contribute to sulfide
oxidation. This is evident from higher Si/SO4 (2.87; Table 3.1.) and lower SO4/HCO3 (0.06;
Table 3.1.) ratios for the Mahanadi River compared to that for global rivers (2.83 and 0.18,
respectively; Gaillardet al., 1999). These ratios mostly indicate that the river chemistry is
mainly dominated by silicate dissolution with minimal sulfide oxidation, which is consistent
with its basin lithology.

3.3.2.2.2. Organic oxidation

Oxidation of petrogenic carbon is another long-term source of atmospheric CO». This
release rate for a river basin can be estimated using both direct (Soulet et al., 2018; Roylands
et al., 2022) and indirect (Dalai et al., 2002b) approaches. In the direct approach, the amount
of COz released from a rock chamber is measured in-situ to assess the oxidation rate at a local-
to-regional scale. For a basin-wide estimation, riverine rhenium concentrations have served as
a reliable proxy for organic oxidation (Dalai et al., 2002b; Hilton et al., 2014). The Re
concentrations of organic-rich sedimentary rocks are often found to be high due to its strong
affinity to form organo-metallic complexes during its removal from water columns. During
oxidative weathering processes, this trace element gets mobilized to dissolved phases by
forming perrhenate (ReOys’) ions. The rate of the petrogenic OM, therefore, can directly be
linked to Re abundance in river waters (Dalai et al., 2002b) to compute the CO- release rates.
We have used our earlier reported rhenium data for these samples (Danish et al., 2021) to
estimate the organic oxidation and corresponding CO: release rate for the Mahanadi basin. Re
concentrations at this location vary from 1.7 to 12 pmol/kg, with an average value of 5 = 3
pmol/kg (n = 30). The discharge-weighted Re concentration is 5.1 pmol/kg. The lowest Re
concentration is observed for a low flow sample (December), whereas the highest Re
concentration is observed for a monsoon sample (July). In general, higher rhenium
concentrations are observed for samples with higher water level (Fig. 3.3.). This seasonal trend
is in clear contrast to that observed for Alpine (Hilton et al., 2021) and Himalayan (Rahaman
et al.,, 2012) catchments, where a negative correlation between Re and runoff has been
observed. These earlier reported negative Re-runoff relationships have been attributed to higher

release of rhenium during longer water-rock interaction time during low flow stages (Hilton et
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al., 2021). Although the exact cause for the difference in seasonal Re trend is not known,
groundwater supply with lower Re (1.4 = 0.7 pmol/kg (excluding two outliers with high CI-
value > 6000 uM; Table 3.2.) concentration than the riverine Re data (~ 5.1 pmol/kg) may
contribute to the observed trend for the Mahanadi. These lower concentrations in groundwater
can be linked to subsurface rhenium removal in the prevailing redox (sulfidic and
methanogenic) zones in the aquifers (Mukherjee and Fryer, 2008). These samples with lower
rhenium concentrations are also characterized with high silica and Mg concentrations, further
ascertaining the groundwater influx during the low flow stages. Our concentration-discharge
relationship for major ions with higher concentration during low flow stages also indicates
larger solute supply via groundwater during non-monsoon periods (Fig. 3.6. B). A similar
process with larger groundwater influx during non-monsoon season with lower rhenium
concentration may partly explain the broad seasonal Re trend. Water rhenium concentration is
mainly regulated by weathering of bedrocks.

Table 3.6. Average compositions of possible major sources (silicates (granites), sulfides
(pyrite) and organic-rich shales (OC)) for dissolved rhenium.

End o Re/Na
members Re (pg/g) Na (wt%) S (ppm) (pmol/umol) Re/S (pmol/umol) Ref.
Silicates  148+16  0.7+0.3 621 0.003 + 0.001 004140004  [L23]
Pyrite 4i82§f 0.7+0.1  532000+7,000  0.35+0.23 0.002+0.0005  [45]
76,751 +
oc eois  021%005 21,667+ 16,609 4+6 0.61+0.97 [6,7]

[1]: Danish et al., 2021; [2]: Bastia et al., 2020; [3]: Rudnick et al., 2003; [4]: Tripathy and Singh, 2015; [5]:
Linetal., 2022; [6]: Sheen et al., 2018; [7]: Pandalai et al., 1991.

As mentioned earlier, the lithology of the Mahanadi basin is comprised of silicate (Charnockite
and granite and gneisses) rocks, black shales and coal deposits (cf. section 2.2.1.); all these
rock-types are expected to supply rhenium to the river water. We have employed a forward
approach to apportion the rhenium contribution for these end-members. We have constrained
the end-member compositions by compiling Na/Re and S/Re data for major sources (Table
3.4.). For silicates, the reported Re (Danish et al.,, 2021) and Na (Bastia et al., 2020)
concentrations for Mahanadi sediments, and S concentrations for the upper continental crust
(Rudnick et al., 2003) have been used. For sulfide end-member, the Re and Na concentrations
for the pyrites (Tripathy and Singh, 2015) from the Vindhyan Supergroup and typical S
concentrations for pyrites (Lin et al., 2022) have been used. For OM sources, the average Na
and S concentrations for the Vindhyan shales (Pandalai et al., 1991; Tripathy and Singh, 2015)
and typical rhenium concentrations for ancient organic-rich shales (Sheen et al., 2018) have

been used. Figure 3.9. B compares the Na*/Re and S*/Re ratios of these samples with their
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possible major sources. This clearly depicts that rhenium concentrations in these samples are
regulated by solute supply from all these sources. We have computed the rhenium contributions

from all these sources using the following mass balance equation:

Na/Re Na/Reg; Na/Re,, Na/Re,\ [fsi
( S/Re ) = | S/Resy  S/Rep,  S/Rey. || fov (3.14)
1 riv 1 1 1 foc

where, the subscripts sil, py and oc stand for the silicate, pyrite sources, and organic oxidation
respectively. This computation indicates that 58 - 96 % (average: 85 = 10 %) of rhenium in
these samples are supplied through organic oxidation in the basin. The average supply of
rhenium from other sources, such as silicates (13 + 8 %) and sulfides (2 = 2 %), are found to
be very minimal. The discharge weighted organic oxidation-derived Re concentrations (5.1
pmol/kg) and water discharge (57 x 10* L/yr) at the Mahanadi outflow indicates that 291
mol/yr of rhenium, is being supplied to the Bay of Bengal. We have used this flux to compute
the corresponding CO: release rate (Joc) using the following equation (modified after Hilton et
al., 2014):

Joc = |Reoc X Go)ps X fyetro X fo X (1= fyrapniee) | X 2 (3.15)
Here, the (OC/Re)gs stands for the organic-rich shale composition, whereas fpetro and fgraphite
stand for fraction of rock-derived OC and graphitic OC respectively. The f. reflects the ratio of
OC loss to rhenium loss during weathering of organic-rich rocks. Precise data for these
parameters are expected to vary widely and hence, are not well constrained, which in turn can
introduce large uncertainties in the rate estimates. The (Re/OC)gs ratio (~ 3.5 x 107) is
constrained from Tripathy and Singh (2015). This ratio is comparable to that reported for other
river basins (Horan et al., 2019 (0.4-6.03 x107'); Dalai et al., 2002b (5x108)). There exists no
data for the amount of graphite present in these sediments. In absence of this information, we
have measured the weight loss of river sediment (Danish et al., 2021) due to combustion
between 375 and 950 °C to get a qualitative assessment of resistant organic phases. In this
approach, we assume that the resistant OM get combusted only in 375-950 °C, which may
provide a first-order approximation of graphite present in the sediments. These data yield a
fgraphite Value of 6 £ 3 %, and have been used in this study. We have used an average fc value
(64 + 39 %) based on carbon to rhenium loss observed for a weathering profile developed on
an organic-rich shale (Peucker-Ehrenbrink and Hannigan, 2000) for our calculation. These
values yield a CO; release rate of 0.50 + 0.57 tC/km?/yr via organic oxidation in the Mahanadi
basin. This oxidation rate is although well within reported rates for other river basins (Hilton
and West, 2020), it is lower by a few times than that reported for Ganga and Yamuna (~ 4
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tC/km?/yr) Rivers (Dalai et al., 2002b).The estimated CO- flux through OC oxidation in the
Mahanadi basin, which accounts for ~ 0.13 % of global area, is 0.7 x 10° tons/yr. The
corresponding global flux varies between 40 and 100 MtC/yr. The flux of Mahanadi, therefore,
accounts for 0.07 - 0.18 % of the global flux, which is similar in rate when normalized to its

basin area. This basin is comprised of several coal mines.
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Figure 3.9. (A) Monthly variation of the rhenium concentrations (Danish et al., 2021) and
average water discharge (http://www.grdc.sr.unh.edu) for the Mahanadi River. (B) Source
mixing plot for S*/Re and Na*/Re ratios. See text for details on the data for the three possible
sources.

These Gondwana coals are rich in carbon (70 - 76%) with low sulfur (~ 1 %) contents (Mishra
et al., 2019), and hence, are likely to contribute to the organic oxidation in the basin. Further,

tropical climate with high temperature may also contribute to these rates. The estimated CO>
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release in this basin, although associated with large error, warrants more regional basin studies

for precise estimation of global oxidation rate.

3.3.3. Net COz2 budget for the Mahanadi basin

The dissolved inorganic carbon budget of a river system is controlled by its continental
weathering (silicate and carbonate weathering, sulfide and organic oxidation) and ocean-
atmosphere output (organic carbon burial, reverse weathering and carbonate deposition) fluxes.

Atmospheric C
Petrogenic C Atmosphere and oceans (10° to10° years)
FluxesintCkm2yr! , A
| M) I A 0C... A—
2.4 |12 | 44| | 44 0.1 oxidation | 0.50

Photosynthesis/
respiralion
I

Exposed continental . :
silicates Exposed continental ontinental organicimatter :
H,CO H COcarbonateil SO : s
23043 258 o] 0.87
weathering weathering weathering OCbiosphere : OCPClm !
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" () . 2 7 OCblo.sphvre
122 4.4 0.1 burial
. v ¥
Oceanic storage: CaCO, Oceanic storage: OC,,,

Figure 3.10. Estimated CO: release/uptake rates for silicate and carbonate weathering,
organic carbon burial, organic oxidation and sulfide oxidation for the Mahanadi River basin.
The figure is adopted from Horan et al., (2019).

Among these, reverse weathering scavenges riverine solutes (e.g. Na, K and Si) to form
authigenic clays in ocean and reduces efficiency of silicate weathering by consuming alkalinity
(Isson and Planavsky, 2008). At a global scale, this process removes ~ 20 - 25 % of riverine
silica supplied to ocean (Holland, 2005; Treguer and De La Rocha, 2013). Although we
recognize importance of this ion-exchange process, our data are not suitable to quantify this
ocean alkalinity sink. Further, the H>COgz acid-mediated carbonate weathering also supplies
dissolved inorganic carbon to the ocean-atmosphere system. The transient CO2 consumption
through this process, however, is only relevant in shorter period and does not contribute to the
global carbon cycle on longer timescales. The average CO2 consumption rate via carbonate
weathering for the Mahanadi is 4.4 + 3.7 tC/km?/yr (Fig. 3.9.) with highest (12 + 2 tC/km?/yr)
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for August and lowest (0.44 + 0.01 tC/km?/yr) for the month of December. This observed
consumption rate for the carbonate is expectedly higher than the silicate weathering rate due to
faster dissolution kinetics of carbonate minerals. Figure 3.10. compares the CO> consumption
rate via silicate weathering (2.4 + 1.6 tC/km?/yr) and organic burial (0.27 + 0.12 tC/km?/yr),
and CO release rate via organic (0.50 + 0.57 tC/km?/yr) and sulfide (0.1 + 0.1 tC/km?/yr)
oxidation for the Mahanadi basin. These estimates clearly establish dominant role of two
processes (silicate weathering and organic oxidation) on the carbon cycle for the basin.
Available limited data on four weathering rates for river basins (Hilton and West, 2020) have
shown that basins with high sulfide and organic oxidation serve as a net source of CO,. The
Mahanadi River acts as a net CO> sink mainly due to dominancy of silicate erosion and low
sulfide oxidation (Fig. 3.10.). As discussed earlier, low sulfide oxidation in this supply-limited
basin is possibly linked to low physical erosion. Earlier studies have documented that the
oxidation rates are higher in basins with high physical erosion which promotes continuous
exposure of minerals with faster dissolution kinetics (Calmels et al., 2007; Das et al., 2012). In
contrast to sulfide oxidation, appreciable amount of CO: release via organic oxidation is
observed for the basin. The petrogenic-C oxidation is mainly facilitated by lithological
occurrences of coal deposits from the Gondwana Supergroups. The silicate weathering rate of
the basin is about two times higher than that reported as global average for rivers (Gaillardet et
al., 1999). High silicate weathering in the basin is possibly linked to its silicate-dominant
lithology (Fig. 2.5.), and tropical climate (high temperature and runoff).
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This chapter focuses on seasonal variation in the pyrite oxidation pattern of the Indus
headwater basin. There exist limited studies that focus on sensitivity of flow stage fluctuations
on oxidation rates and related controlling factors. In this study, we collected water samples
from the Indus mainstream at Leh, India at weekly interval for a duration of one-year period
(cf. chapter 2 for details). These samples were measured for their major ions and §**Ssos-
5180s04 isotopic values. Distribution of major ions was used to constrain the solute sources and
their seasonal changes, whereas the isotopic values and their inverse modeling enabled us to
quantify the sulfate source(s) contributions. These results were used to assess the role of
climatic and geological parameters in regulating the seasonality of weathering intensity of
different minerals in this river basin. Outcomes of this study reveal crucial effect of temperature
on silicate weathering and subsurface reactive front on pyrite weathering intensity during flow
stage variations. Details on elemental co-variations, source apportionment modeling and

seasonal changes in weathering type have been discussed here.
4.1. Results

Chemical and §%*Ss04-8*80so4 isotopic data for the Indus headwater at Leh are listed in
Table 4.1. The dominant cation and anion for these samples are Ca and HCOg, respectively.
On average, the Ca concentrations account for 46 + 9 % of TZ*, whereas the HCO3 corresponds
to 68 £ 5 % of TZ (Eqg. units). The discharge-weighted Ca (557 + 71 uM) and HCO3 (1876 +
240 uM) concentrations are a few times higher than that reported as global average for rivers
(297 and 798 uM respectively; Meybeck, 2003). The Na (924 + 192 uM) and Mg (392 £ 62
M) concentrations correspond to about one-fourth of the cationic load (28 % and 24 % of TZ*
respectively). The chloride (CI) concentrations of these samples vary between 252 uM and 579
MM. The average Cl concentrations (384 + 80 uM) of these samples are higher by about an
order of magnitude than that of rain (26 + 13 uM; n = 62; Tiwari et al., 2012) and glacier melt
(8 £ 5 uM; n =5, Bhat et al., 2023) waters reported from the nearby regions. Dissolved sulfate
concentrations at Leh vary between 181 uM and 554 uM, with an average discharge-weighted
value of 293 £+ 38 uM. This average value is significantly higher than the global average of
SOafor rivers (~ 88 uM; Meybeck, 2003). The dissolved load (TDS) of the Indus samples (162
- 371 mg/L) is about two times higher than that of global rivers (92 mg/L; Meybeck, 2003).
The TDS values co-vary linearly with the silica concentrations of these samples (r? = 0.62; p <
0.01; n = 33).
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Table 4.1. Time-series chemical and isotopic (5**Ssos and 6**0so04) data for the Indus headwater (at Leh, India) at weekly intervals for a duration of one-year (Sept.

2021 to Sept. 2022).

sample 1D Sampling Na K Ca Mg ClI NOs SOs HCOs SiO2 0%Ssos  8'%0sos  Asosar0”  TDS TZ* TZ NICB
Date (HM) (%o) (mg/L) (MEQ.) (%)
IND-22/01  25-09-2021 817 53 859 352 308 20 308 2198 119 -0.70 -5.32 7.3 243 3292 3142 5
IND-22/02  01-10-2021 779 49 815 343 310 20 286 2255 119 -0.61 -3.59 9.1 241 3145 3157 0
IND-22/03  11-10-2021 828 51 885 360 333 24 284 2360 126 -1.11 -4.59 8.1 253 3370 3285 3
IND-22/04  18-10-2021 817 49 867 357 337 24 285 2393 130 -1.87 -4.50 8.2 255 3312 3324 0
IND-22/05  23-10-2021 846 58 848 362 349 25 286 2409 123 0.12 -3.88 8.8 256 3325 3355 -1
IND-22/06 ~ 30-10-2021 919 56 932 387 369 25 292 2492 131 0.30 -3.71 8.9 269 3614 3471 4
IND-22/07  13-11-2021 868 56 885 378 352 30 297 2449 137 0.37 -2.01 10.6 263 3449 3424 1
IND-22/08  21-11-2021 894 49 919 382 354 50 305 2462 144 0.84 -1.95 10.7 268 3544 3476 2
IND-22/09  30-11-2021 917 51 917 377 370 40 319 2526 149 -0.30 -2.69 10.0 266 3557 3575 -1
IND-22/10  07-12-2021 904 53 887 372 358 24 299 2469 143 1.25 -1.85 10.8 265 3474 3449 1
IND-22/11  17-12-2021 1016 58 1004 405 391 38 306 2669 165 0.48 -2.46 10.2 289 3891 3711 5
IND-22/12  26-12-2021 1014 60 978 405 408 38 322 2626 164 0.69 -3.55 9.1 287 3841 3716 3
IND-22/13  06-01-2022 951 56 957 371 399 137 318 2584 169 1.06 -2.04 10.6 287 3663 3755 -2
IND-22/14  26-01-2022 884 53 806 337 363 40 288 2222 148 0.83 -4.98 1.7 246 3222 3201 1
IND-22/15  06-02-2022 890 51 812 342 370 40 292 2308 153 0.60 -1.49 11.2 252 3250 3302 -2
IND-22/16 ~ 28-02-2022 917 49 828 354 378 56 301 2350 152 -0.12 -2.42 10.2 258 3332 3385 -2
IND-22/17  11-03-2022 848 49 782 328 360 37 283 2126 147 0.58 -2.61 10.0 237 3117 3088 1
IND-22/18  22-03-2022 781 49 742 339 325 34 273 2040 136 0.13 -4.42 8.2 226 2992 2943 2
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IND-22/19
IND-22/20
IND-22/21
IND-22/22
IND-22/23
IND-22/24
IND-22/25
IND-22/26
IND-22/28
IND-22/29
IND-22/30
IND-22/31
IND-22/32
IND-22/33
IND-22/34

Chapter 4

01-04-2022
13-04-2022
26-04-2022
15-05-2022
25-05-2022
11-06-2022
17-06-2022
26-06-2022
21-07-2022
01-08-2022
11-08-2022
22-08-2022
02-09-2022
10-09-2022
18-09-2022

947 53 848 390
949 62 897 383
1234 135 1284 538
1358 85 854 555
1313 58 509 533
1339 42 363 484
1333 35 432 482
917 56 880 375
913 26 299 364
775 38 379 367
645 60 398 345
730 74 642 413
745 65 658 441
791 72 432 406
605 42 726 297

408
394
579
571
o547
526
540
370
352
308
296
351
366
384
252

42
29
24
17
19
27
22
20
27
27
17
17
16
71
19

319
317
554
458
433
413
434
328
238
181
204
339
336
319
302

2359
2425
3168
2729
2019
1735
1855
2513
1494
1583
1470
1904
2002
1482
1844

148
127
148
148
125
70
59
125
6
18
5
76
20
4
104

0.34
-0.03
-0.19
1.77
2.58
2.41
2.92
0.40
1.15
0.68
1.54
-0.28
0.99
2.47
-2.57

-4.05
-1.78
0.13
-0.05
-0.27
-0.78
2.61
-2.26
-0.04
-1.75
-0.72
-1.74
-2.54
-1.51
-5.88

8.6
10.9
12.8
12.6
12.4
11.9
15.3
10.4
12.6
10.9
11.9
10.9
10.1
111

6.8

263
267
371
318
255
227
238
270
171
170
162
220
226
187
206

3476
3572
5012
4261
3456
3075
3196
3484
2267
2304
2190
2913
3009
2539
2694

3447
3483
4878
4233
3451
3113
3284
3559
2349
2280
2191
2950
3055
2575
2719

*Computed assuming the 6*®*Owzo Of reactive water to be same as the annual (amount-weighted) average 5*®Ownz0 value for rain at Leh (Lone et al., 2019). Here, NICB

stands for Normalized Inorganic Charge Balance.
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The silica concentrations vary widely between 4 and 169 uM, and the corresponding discharge-
weighted average value (63 £ 8 uM) overlaps with the average Si concentration for global

rivers (145 uM; Meybeck, 2003).
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Figure 4.1. Seasonal variation of (A) hydro-climatological (rainfall, temperature, and water
discharge) parameters (data source: India Meteorological Department, India;
https://mausam.imd.gov.in), (B) major ions concentrations, and (C) sulfate concentrations,
and 0**Ssos and 0*0so4 Of riverine sulfates for the Indus River at Leh. The monthly-average
water discharge data shown here depict 26-years (1977-2003) of average measured data for a
nearby location (at Dumkar; Mukhopadhyay and Khan, 2015).
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The observed variations in concentrations also exhibit several inter-elemental
correlations. The Na concentrations co-vary with Mg, Cl and SO, whereas Ca concentrations
show significant correlations with HCO3 and Si. Strong correlations are also observed between
K and SO4, Cl and SO4, and Mg and CI. Principal component analyses of cations (Na, K, Ca,
Mg, Si) and anions (HCO3z, SO4, Cl and NOs) identify three independent factors, with an eigen
value greater than unity. These three components explain 89 % of the observed variation. The
first component, with a weightage of 49 %, is characterized by high (positive) loading for most
of the constituents. The second component is characterized with high loading of Ca, Mg and
HCOs, and accounts for 29 % of the total variance. High positive loadings of K, Ca, SO4 and

HCOg, and negative Na and NOs loadings constitute the third component.

The elemental concentrations (C) of river waters mostly follow a power relation (¢ =
axQ™®; where, a and b are constant values) with water discharge (Q). The b-value depicts the
impact of dilution (b = 1) and chemostatic weathering (b = 0) behavior of elements in a basin
(Godsey et al., 2009). The b-values for Na (0.03), Mg (- 0.02), Cl (0) and SO4 (0.053) point to
their near-chemostatic nature, whereas those for K (0.12), Ca (0.3), HCOs3 (0.15), Si (0.8) and
NOs (0.27) vary between dilution and chemostatic behavior. Except for Si, the b-values for
most of the constituents are found relatively lower than that observed for other Himalayan
Rivers (Samanta et al., 2019). Figure 4.1. depicts significant seasonal fluctuation in the
elemental concentrations of the Indus headwater. Broadly, most of the constituents show higher
concentrations during low flow stages, which is consistent with earlier reported trends for other
river systems from the Himalayas. The relative standard deviation for Na (21 %), Ca (29 %),
Mg (16 %), HCO3 (18 %), Cl (21 %), Si (45 %) and TDS (17 %) datasets show wide variations.
The degree of seasonal changes in elemental concentrations is significantly lower than the
discharge variations (~ 300 %; Mukhopadhyay and Khan, 2015), indicating dilution effect is
not sufficient to explain these concentration changes. In addition to the broad seasonal trend,
the silica concentrations decline to very low (81 £ 56 uUM; n = 16) concentrations during high
flow stages (April-September). The §3*Ssos of the Indus River varies from - 2.9 %o (June) to
2.6 %o (September), with an average value of 0.5 %o. This value is comparable to that reported
for the Indus outflow (0.8 %o), and about 4 %o depleted than that of global rivers (~ 4.4 %o).
Our measured §%*Ssos values fall intermediate to that of the gypsum (15 + 2 %o; Xu et al., 2024),
pyrite (- 6 = 10 %o; Stebbins et al., 2019) and hot springs (9 £ 5 %o; Turchyn et al., 2013)
sources (Table 4.2.). Although the §**Ssos shows limited seasonal variation (1 6 ~ 1.2 %o), the
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834Sso4 value broadly follows the seasonal trends of SO4 concentrations with enriched values

being observed for high flow stages.
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Figure 4.2. Mixing plot between (A) Ca/Na* and Mg/Na*, and (B) SO4/Ca and 6**Ssoa values
for the Indus River. The colorbar represents the SO4 concentrations for the corresponding
samples. The typical compositions for the end-members (Millot et al., 2003; Singh et al., 2005;
Reichardt et al., 2010; Heri et al., 2015) and stoichiometric reactions (Drever, 1997) are from
the literature. For reference, earlier-reported Indus water chemistry for the upper (Pande et
al., 1994; Ahmad et al., 1998; Bhat et al., 2023) and lower (Karim and Veizer, 2000) reaches
are also shown.

78



Chapter 4

This seasonal §**Sso4 trend is consistent with that reported earlier for Marsyandi (Turchyn et
al., 2013), Mahanadi (Rout and Tripathy, 2024) and Ganga (Kemeny et al., 2021a) Rivers.
Likely, the §'80so4 values, which fluctuate between - 6 and 3 %o, also exhibit enriched isotopic
values for the high flow stage. The average 5'80so4 values at Leh for high flow stages (-1.6 %o)
are depleted by ~ 5 %o than that reported for the Indus outflow (4.2 %o; Karim and Veizer,
2000). Considering an amount-weighted §'80w20 Vvalue (-12.65 %o; Lone et al., 2019) for
rainwater at Leh, this average 6'®0so4 in sulfates corresponds to an average A'®0 (= §!80sos -
5180m20) value of 10 £ 2 %o. The A0 for the Indus overlaps with the ranges reported for global
rivers (12 = 7 %o (n = 273); Relph et al., 2021), and the typical A0 values reported for
evaporites (19 %o to 27 %o), and aerobic (~ 6.2 %) and anaerobic (~ 2.9 %o) oxidation of pyrites
(Relph et al., 2021).

4.2. Discussion

The major solute sources for the Indus River are atmospheric deposition, hot springs,
weathering of bedrocks (silicates, carbonates and evaporites), and oxidation of sulfide minerals
(Pande et al., 1994; Bhat et al., 2023). This river flows through a barren and high-elevation
terrain, and hence, is expected to receive insignificant anthropogenic input. The binary mixing
plot between Ca/Na* and Mg/Na* ratios ascertain the dominant cation supply from the
weathering of silicates and carbonates (Fig. 4.2. A). The average Ca/Na* ratios for the Indus
samples (1.5 £ 0.4) is closer to the silicate (~ 0.7; Krishnaswami et al., 1999) than the carbonate
(~ 50; Gaillardet et al., 1999) end-member values, pointing to dominant sodium supply from
the silicates. Likely, the average Mg/Na* ratios (0.7 £ 0.1) also fall closer to the silicate (~ 0.3;
Krishnaswami et al., 1999) end-member than that of the carbonates (~ 20; Gaillardet et al.,
1999). This plot also reveals that the samples mostly follow two broad trends with different
slopes. The samples with relatively higher slopes (Ca/Mg ~ 1.6) mainly belong to the summer
season (high flow stage: Apr.-Sept.), whereas the lower slopes (~ 2.4) belong to the winter
samples (low flow stage: Oct.-Mar.). Further, samples with lower Ca/Mg ratios also found to
have lower Ca/Na* (~ 1.3) and enriched §**Ssos (0.84 %o) values than the other set (1.7; 0.19
%o respectively). This observation hints at appreciable seasonal changes in solute sources,

which are quantified in the subsequent sections.
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In addition to these major lithologies, the SO4/Ca - 5**Sso4 plot establishes the dominant
sulfate sources and their seasonal contributions (Fig. 4.2. B). The SO4/Ca ratio mostly hovers
around 0.3 during low flow stages, whereas it varies significantly between 0.35 and 1.14 during
high flow stages (Fig. 4.2. B). The average SO4/Ca during low (0.34 £ 0.02; n = 17) and high
(0.59 £ 0.24; n = 16) flow stages, however, falls intermediate to the expected stoichiometric
ratio for the H,CO3 and H2SO4-mediated rock dissolution (Drever, 1997; Fig. 4.2. B). Similar
to SO4/Ca, the 5**Ssos for the high (0.8 + 1.4 %o) and low (0.19 £ 0.80 %o; Table 4.1.) flow
stages indicates significant seasonal change with dominant sulfate contribution via pyrite

oxidation than gypsum dissolution.

17.5 1 B /ndus headwater (This study)
Brahmaputra headwater (Tsangpo R.)
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25

Frequency (Indus and Brahmaputra headwaters)
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Si/Na* (molar ratio)

Figure 4.3. Frequency distribution of the Si/Na* values for the Indus headwater at Leh is

compared with that of the Ganga and Brahmaputra (Tsango) headwaters. These data for the

Ganga (Sarin et al., 1992; Dalai et al., 2002a; Oliver et al., 2003; Quade et al., 2003; Tipper

et al., 2006) and Tsangpo (Hren et al., 2007) Rivers are from earlier publications.

Further, the frequency distribution for Si/Na* of the Indus River provides an indirect
evidence for additional sources of sodium and sulfate for this basin (Fig. 4.3.). The average
Si/Na* ratio of these samples (0.2 £ 0.1; Table 4.1.) is about an order of magnitude lower than
that reported for the Ganga headwaters (~ 2.0; Sarin et al., 1992; Dalai et al., 2002a; Oliver et
al., 2003; Quade et al., 2003; Tipper et al., 2006). The average Si/Na* value for the Ganga (~
2.0) is consistent with that expected for weathering of plagioclase to kaolinites (Singh et al.,
2005). These lower values can be attributed to either Si loss or, sodium gain from the system.

Any loss of silica may happen through its adsorption onto clay and Mn-hydroxides, and
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biological uptake (Fontorbe et al., 2013). Here, the Si adsorption onto particulates may also
influence sodium and hence, may not explain the lower Si/Na* values for the Indus. Earlier
studies have shown the removal of Si from water columns via various biological pathways
involving diatoms, sponges and phytoliths (Fontorbe et al., 2013). The removal of biogenic
silica is evident for selected samples from the summer monsoon period with near-zero silica
concentrations (Fig. 4.1. B). Although the summer season are expected to have conducive
temperature for biological growth in these cold-arid regions, the average Si concentration for
the low flow season samples (~ 140 uM) are comparable or, marginally higher than that
observed for the Ganga headwaters (~ 130 uM). This comparison indicates that biological
uptake may not influence the dissolved silica concentrations of the low flow seasons with a
cold climatology. The observed lower Si/Na* values, therefore, have to be driven by an
additional supply of sodium to the Indus headwater, in addition to rain, halite and silicates.
These additional sources for the Indus could be hot springs and/or NaxSOs-type evaporites (e.g.
mirabilite and thernadite; Dutta et al., 2023; Xu et al., 2024). Earlier reported chemical data for
the hot springs from this basin provide a median Si/Na* value of ~ 0.7 (Tiwari et al., 2016),
which matches with that reported for the Nepal Himalaya (~ 0.5; Evans et al., 2004). Whilst
these values are lower than the plagioclase-driven Si/Na* value (~ 2), these values are
systematically higher than the Si/Na* value for the Indus headwater (Fig. 4.3.). We, therefore,
hypothesize significant supply of sodium from the dissolution of mirabilites to this cold and
arid basin. Occurrence of mirabilites or, its dehydrated minerals have been reported from the

Tibetan regions with high evaporation, and can be an important solute source (Xu et al., 2024).

We have assessed the seasonal variation in Ca/Na* to evaluate the relative strength of
silicate and carbonate weathering during different flow stages. Figure 4.4. compares the time-
series fluctuations in Ca/Na* for the Indus mainstream at Leh with that reported earlier for
other Himalayan River systems. The average Ca/Na* for the Indus is 1.5 + 0.4 (n = 33), which
is distinctly lower compared to that for upper (~ 8 at Rishikesh (Tripathy et al., 2010); ~ 11 for
Marsynadi (Tipper et al., 2006)) and lower (2.5 = 0.9; n = 77 at Farakka, Bickle et al., 2018)
Ganga, and Brahmaputra (5.9 £ 1.5; n = 40 at Guwahati, Samanta et al., 2019) Rivers. The
lower Ca/Na* for the Indus points to the dominancy of silicate weathering in this headwater
compared to other river basins and/or, additional supply of Na from other sources (e.g. non-
chloride containing evaporites). In addition to the average value, the temporal trends for
Ca/Na* for the Indus also exhibit a contrasting trend than that for the Ganga and Brahmaputra
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Rivers. The Ca/Na* shows a declining trend between April (~ 1.7) and July (~ 0.5), which

subsequently increases to reach a plateau around September (~ 1.6; Fig. 4.4.).
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— Gangd (at Rishikesh)

Ganga (at Farakka)
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Figure 4.4. Monthly variations of the normalized Ca/Na* ratio for the Indus and other
Himalayan (upper (Tripathy et al., 2010) and lower (Bickle et al., 2018) Ganga, and
Brahmaputra (Samanta et al., 2019)) Rivers. The normalized ratios were computed by dividing
monthly-averaged Ca/Na* data with the annual discharge-weighted ratio for the river. The
data symbols reflect the measured Ca/Na* ratio. The seasonal trends for the Indus are different
than other rivers and depict enhanced silicate weathering during the early part of the summer,
which later shifts to relatively higher carbonate input.

This trend is different than other rivers which show an elevated Ca/Na* ratio during
high flow stages, which is linked to relatively higher dissolution of carbonates than that during
low flow stages (Tipper et al., 2006; Samanta et al., 2019). To better understand the controlling
factors, we have quantified the monthly changes in source contribution for cations for the Indus
using an inverse model (see section 4.3. for computational details). In the model calculation,
we have considered Na>SOs-type evaporites and hot springs as one end-member due to their

chemical similarity.
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4.3. Source-apportionment

4.3.1. Cationic sources

We have adopted the inverse model approach of Tripathy and Singh (2010) to estimate
the solute contributions from different sources for cations. This model relies on the following
mass balance equations which relate the observed data (Table 4.1.) and end-member (Table
4.2.) values.

(%)mf ?:1(%)1,)(]01' (4.1)
1 =% (4.2)

where, the subscripts, riv stands for composition of river samples. The X/Na reflects the Na-
normalized ratios for element, X (Ca, Mg, Cl, and HCO3), whereas fj is the relative contribution
of Na from the source, i (rain/halite, silicate, carbonate and hot springs).The model uses a
Quasi-Newton non-linear optimization algorithm, which iterates from a set of a-priori
compositions for end-members to find the best-fit for all the model parameters which can
explain the above equations with the least residual (Tripathy and Singh, 2010). The result,
therefore, provides a-posteriori data (and associated uncertainties) for end-member values and
the relative contribution of Na from the major sources. The model estimates that the cations at
Leh, on average, are supplied by carbonates (692 uM; 32 + 6 %), silicates (756 pM; 35 £ 9 %),
rain (227 uM; 11 £ 4 %) and hot springs (459 uM; 21 + 8 %; Fig. 4.5. A). Similar to Ca/Na*,
the cationic contribution from silicates and carbonates are also showing significant seasonal
changes (Fig. 4.5. A). The Cats shows an increasing trend between April to July, which
increases subsequently to reach a plateau value in September (Fig. 4.5. B). The initial Cats rise
during early summer season is linked to temperature-sensitive dissolution of silicate rocks,

which is discussed below.

The chemical weathering pattern of river systems is largely controlled by lithology,
relief, runoff and temperature (Drever, 1997). As lithology and relief are not likely to vary at
seasonal scale, runoff and temperature may explain the Ca/Na* variations for the Indus. The
water discharge (Q) at this location starts to increase in April and reaches its maximum value
in July (Fig. 4.1. A). The rise in Q is expected to favor dissolution of carbonates (with fast
dissolution kinetics) than resistant silicates due to limited water-rock interaction time. The

Ca/Na* and Cats trends for the Indus, however, indicate a relative increase in silicate
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weathering from April to July. The Cats values, however, show a declining trend between July

(maximum Q) and September, which clearly shows a runoff-dependent enhancement of

carbonate dissolution in the later part of the summer (Fig. 4.5. B).
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Figure 4.5. (A) Estimated fractional contribution of cations from four major sources. (B) the
cationic supply from silicate (Cats) and carbonate (Catc) weathering shows significant
seasonal change with higher silicate contribution during early part of the summer.
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We hypothesize that the relative rise in silicate weathering during early summer in the
Indus may be controlled by temperature changes in this highly-elevated terrain with
appreciable glacial coverage (White et al., 1999; Dalai et al., 2002a). The temperature at Leh
reaches to sub-zero level and the annual temperature varies from -1.6 to 25.4 °C with an average
of 13+ 10°C (IMD Leh). Earlier studies have documented that a temperature change of similar
range (0 °C to 22 °C) may account for about 50 times increase in dissolved silica fluxes (154
to 8060 mol/ha/yr) for rivers (White et al., 1999). This increase in silicate dissolution with
temperature rise mostly depicts the Arrhenius law relating reaction rate and temperature. The
temperature at this location reaches 13 °C during April which rises to 25 °C during July (Fig.
4.1. A). This increase in temperature during early summer may strongly affect the silicate
dissolution by enhancing reaction rates. As the temperature maxima reaches around July (Fig.
4.1. A), the weathering rates in the subsequent months are majorly controlled by runoff.

4.3.2. Sulfate sources

We have employed an inverse model to compute the sulfate source(s) contributions.
Our approach involves both §**Ssos and 5'®0so4 values to compute these contributions, unlike
earlier studies where only §'®0so4 values were used to find the sulfide-derived sulfates and
pyrite 5**S values (Relph et al., 2021; Xu et al., 2024). The mass balance equations for 5**Ssos
and 5'80so4 for sulfates are as follows:

63455‘04 = frain/halite(634Srain/halite) + fpy (634Spy) + fgy(6345gy) + fhs(6345hs) (4'3)
6180504 = frain/halite (6180rain/halite) + fpy (61801931) + fgy(61809y) + fh5(5180h5) (4'4)
frain/halite + fpy + fgy + fos =1 (4.5)

here, the subscripts rain/halite, py, gy and hs reflect the rain/halite, pyrite, gypsum and hot
spring respectively. The a-priori data for the end-members are listed in Table 4.2. The 5180,y
has been constrained by adopting the Monte-Carlo approach and reported parameter values of
Relph et al., 2021 and Xu et al., 2024. This simulation involves 5'80 values for meteoric water
and atmospheric oxygen, related fractionation factors and relative oxygen contribution for
oxidation. For this calculation, we have assumed that the 58020 for the reactive fluid is same
as the annual (amount-weighted) average 520 value of rain for this region (Lone et al., 2019).
The inverse model, using the observed isotopic data and a-priori values, finds the a-posteriori

source composition and relative sulfate contribution from major sources (Table 4.2.).
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Table 4.2. A-priori end-member compositions for major cations and sulfate sources.

listed for comparison.

The a-posteriori compositions yielded from the inverse model are also

A-priori values A-posteriori values Ref.
Cationic sources
Cl/Na Ca/Na Mg/Na HCOas/Na Cl/Na Ca/Na Mg/Na HCOas/Na
Rain (Halite) 1.17 +0.06 0.02 + 0.001 0.11+0.01 0.01 +0.001 1.29 +0.06 0.02+0.001 0.12+0.01 0.005 + 0.001 [1]
Silicate 0.001 +0.001 0.7+0.3 0.3+0.15 2%1 0.001 +0.001 0.12+0.04 0.4+£0.04 12+0.2 [2]
Carbonate 0.001 + 0.0001 50+ 20 20+8 100 + 40 0.001 + 0.0001 3.6+0.6 1.6+0.2 13+2 [3]
Hot springs 05+04 0.14 £ 0.27 0.10+£0.10 0.8+0.3 0.8+0.1 2x05 0.02 £0.02 12+04 [4]
Sulfate sources
8%S504 (%o) 8180504(%o) 8%Ss04 (%o) 8'80504(%o)
Rain 11.2 11.2 11+0.4 11405 [5]
Hot springs 9+5 32 72 -8+4 [5,6]
Pyrite -6+ 10 -9+ 2% -8+ 12 92 [7]
Gypsum
(Mirabilites) 15+ 2 15+2 10+1 15+2 6]

[1] Roy-Barman and Jeandel, 2016; [2] Krishnaswami et al., 1999; [3] Millot et al., 2003; [4] Tiwari et al., 2016; [5] This study; [6] Turchyn et al., 2013; [7]: Stebbins et al.,

2019, after excluding few data; [8] Xu et al., 2024. * A Monte-Carlo simulation was carried out to estimate the 6**Qso4 Of pyrite.
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Estimates from the inverse modeling show that the supply of the sulfate in the Indus water is

dominated by sulfides (49 + 7 %), with appreciable contribution also from gypsum (20 + 7 %),

and hot springs (23 + 7 %; Table 4.3.).

€ Low flow —————>
1 1 1 1

100 ~ !
A)
/
80 -
3
X
R=i
=i B Rain
8 60 1 | 3 Hor spring
B 0 Pyrite
é I Gypsum
=}
51
L
&
=
w2

\

I

I

058 B) ® f v Sulfate,,/Cat,
Monthly average f, Monthly average Sulfate:_p)/C at,
® - 0.26
* v
¢ L4
*,%9 ® & oY ¢y, 0.8
"\Q 0.52 A vvo ‘
3 S 14
VvwvY? AR v &
L 4 v O
VN3 v Ty|Y e folo
OV ¢ ¥
@ v
v
v v
0.36 o ® & 0.02

Sampling date (2021-22)
Figure 4.6. (A) Estimated fractional contribution of sulfates from four major sources. (B)
Seasonal trends of (i) fraction of sulfide-derived sulfates (foy) and (ii) ratio between sulfide-
derived sulfate associated with carbonates (Sulfatec-py) and silicate-derived cations (Cats) show
an increase in pyrite oxidation during low flow stages.
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The atmospheric deposition of SO4 varies from 16 puM to 41 pM with systematically

higher values during the high flow stages. The fyy for sulfate, however, varies from 0.36 to 0.67

(avg., 0.49 = 0.07) with relatively higher fyy, values being observed for low flow stages (Fig.

4.6.). The observed higher pyrite contribution during baseflow is consistent with earlier-

reported seasonal trends for the Ganga (62 to 101 %; Kemeny et al., 2021a) and Mackenzie (85

+ 5 %; Calmels et al., 2007).
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Table 4.3. The source apportionment results of various sources for cations and sulfates (rain, silicate (s), carbonate (c), hot springs (hs), pyrite (py) and gypsum

(gy)) are provided.
sample ID Date Pf . Source apportionment results for cations - Source apportionment results for sulfate
sampling frain s fe fhs Catrain Cats Catc Caths frain fhs foy foy

IND-22/01 25-09-2021 0.15+0.04 048+0.04 0.14%002 0.23+0.04 0.07+0.01 031+0.02 0.34+0.05 0.27+0.06 0.07+0.07 0.31+0.06 0.54+0.06 0.08 + 0.06
IND-22/02 01-10-2021  0.18+0.04 0.46+0.04 0.16+0.02 0.21+0.04 0.08 £0.01 0.3+£0.02 0.38+0.05 0.25+0.05 0.08+0.08 0.22+0.05 0.55%0.05 0.15+0.07
IND-22/03 11-10-2021  0.17+0.04 045+0.04 015002 0.22+0.05 0.08+0.01 029+0.02 037005 0.26+0.06 0.07+0.07 023+0.05 0.58+0.05 0.11 £0.07
IND-22/04 18-10-2021  0.18+0.04 044+004 0.16+0.02 0.21+0.05 0.08+0.01 0.29+0.02 0.38+0.05 0.25+0.05 0.07+0.07 0.18+0.04 0.63+0.04 0.12 £ 0.06
IND-22/05 23-10-2021  0.19+0.04 046+004 015+0.02 0.2+0.04 0.09+0.01 031+0.02 037+0.05 0.24+0.05 0.08+0.08 0.28 +0.06 0.5+0.06 0.14 £0.07
IND-22/06 30-10-2021  0.17+0.04 047004 014%002 0.22+0.04 0.08+0.01 031+0.02 035+0.05 0.26+0.06 0.08+0.08 0.29+0.06 0.49+0.06 0.14 £ 0.07
IND-22/07 13-11-2021  0.18+0.04 046+0.04 015002 0.21+0.04 0.08 £0.01 0.3+0.02 0.37+0.05 0.25+0.05 0.09 +0.08 0.2 +£0.04 0.5+0.04 0.21 +0.08
IND-22/08 21-11-2021  0.17+0.04 047x0.04 014x0.02 0.22+0.04 0.08+0.01 031+0.02 035+005 0.26+0.06 0.09+0.09 023+0.05 0.47x0.05 0.21 +0.08
IND-22/09 30-11-2021 0.18+0.04 047+0.04 0.14+0.02 0.22+0.04 0.08+0.02 031+0.02 035+005 0.27+0.06 0.08+0.08 0.19+0.04 0.54+0.04 0.19 £0.07
IND-22/10 07-12-2021  0.17+0.04 048+0.04 0.14x0.02 0.21+0.04 0.08+0.01 032+0.02 035+0.05 0.26+0.05 0.09+0.09 025+0.05 0.44x0.05 0.22 +0.08
IND-22/11 17-12-2021  0.16+0.04 049+0.04 0.13+0.02 0.23+0.04 0.07+0.01 033+0.02 032+0.04 0.28+0.06 0.09+0.08 0.23+0.05 0.49+0.05 0.19 +0.08
IND-22/12 26-12-2021 0.17+0.04 048+0.04 0.13+0.02 0.22+0.04 0.08+0.02 0.32+0.02 0.33+0.04 0.27+0.06 0.08+0.08 0.31+0.06 0.47 +£0.06 0.15+£0.07
IND-22/13 06-01-2022  0.18+0.04 045+0.04 0.13x0.02 0.24+0.04 0.08 £0.02 0.3+£0.02 0.33+£0.05 0.29+0.06 0.09+0.09 025+0.05 0.45%0.05 0.21 +0.08
IND-22/14 26-01-2022 0.18+0.04 048+0.04 0.12+0.02 0.21+0.04 0.09+0.02 0.34+0.02 031+0.04 0.28+0.06 0.07 £0.07 0.4 +0.08 0.44 £0.08 0.09 £0.07
IND-22/15 06-02-2022 0.19+0.04 048+0.04 0.12+0.02 0.21+0.04 0.09+0.02 0.33+0.02 0.33+0.04 0.27+0.06 0.09+0.09 0.19+0.04 0.49+0.04 0.23£0.08
IND-22/16 28-02-2022  0.19+0.04 048+0.04 0.12+0.02 0.2+0.04 0.09+0.02 034+0.02 032004 0.26+0.06 0.08+0.08 0.19+0.04 0.53%0.04 0.2 £0.07
IND-22/17 11-03-2022 0.19+0.04 047+0.04 012+0.02 0.21+0.04 0.09+0.02 0.33+0.02 0.32+0.04 0.27+0.06 0.09+0.08 0.25+0.05 0.48+0.05 0.19 £0.08
IND-22/18 22-03-2022  0.2+0.04 047+0.04 014+0.02 0.19%0.04 0.09+0.01 032+0.02 035+0.05 0.23+0.05 0.08+0.07 0.32+0.06 0.49+0.07 0.11 £0.07
IND-22/19 01-04-2022 0.21+0.04 047+0.04 0.13+0.02 0.19+0.04 0.1+£0.02 0.33+0.02 0.33+x0.05 0.24+0.05 0.08+0.08 0.31+0.06 0.48+0.06 0.13+0.07
IND-22/20 13-04-2022 0.19+0.04 047+0.04 0.13+0.02 0.21+0.04 0.09+0.02 0.32+0.02 0.33+0.04 0.26+0.06 0.08+0.08 0.16+0.04 0.53+0.04 0.23£0.08
IND-22/21 26-04-2022 0.22+0.04 042+0.04 0.14x0.02 0.22+0.05 0.1+£0.02 029+0.02 034+005 0.26+0.05 0.06+0.06 0.05+0.05 0.56+0.04 0.33+0.07
IND-22/22 15-05-2022 0.25+£0.03 054+0.03 0.1+0.01 0.11£0.03 0.14+0.02 042+0.02 028+0.04 0.16+0.04 0.09+0.09 0.19+£0.05 0.42+0.05 0.29 £0.08
IND-22/23 25-05-2022 0.28+0.03 0.6+0.03 0.06 £0.01 0.05+0.02 0.18+0.02 052+0.03 0.21+0.03 0.09+0.03 0.09+0.09 0.26+0.06 0.37+0.06 0.28 £0.08
IND-22/24 11-06-2022  0.28+0.03 0.65+0.03 0.04+0.01 0.03+0.02 0.19+0.02 0.61+0.03 0.14+0.03 0.06+0.03 0.09+0.09 0.28+0.06 0.37+0.06 0.26 +0.08
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IND-22/26
IND-22/28
IND-22/29
IND-22/30
IND-22/31
IND-22/32
IND-22/33
IND-22/34
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17-06-2022
26-06-2022
21-07-2022
01-08-2022
11-08-2022
22-08-2022
02-09-2022
10-09-2022
18-09-2022

0.28 +£0.03
0.18 £0.04
0.27 £0.03
0.27 £0.03
0.31+0.03
0.29 £ 0.04
0.3+0.04

0.32+0.03
0.18 + 0.04

0.63+0.03
0.47 £0.04
0.64 £0.03
0.59 +0.03
0.51+£0.03
0.44 +0.04
0.43 £ 0.04
0.52+0.03
0.42 + 0.04

0.05+0.01
0.14 £0.02
0.06 £ 0.01
0.1+0.01

0.13 £0.02
0.16 £0.02
0.17 £0.02
0.1+0.01

0.18 £0.02

0.05+0.02
0.2+0.04

0.03 £0.02
0.05+0.02
0.06 = 0.03
0.11 +0.04
0.1+0.04

0.06 +0.03
0.22 £ 0.05

0.19 £ 0.02
0.09 £0.02
0.18 £0.02
0.15+0.01
0.16 £0.02
0.13+0.02
0.13+0.02
0.17 +0.02
0.07 £0.01

0.57 £0.03
0.32 £0.02
0.57 £0.03
0.47 £0.02
0.39 £0.02
0.3+0.02
0.29 £0.02
0.41+0.02
0.25+0.02

0.17 +0.03
0.35 +£0.05
0.2+0.03
0.3+0.04
0.35+0.05
0.4+0.05
0.42 +0.06
0.29 +0.04
0.4+0.05

0.08 +£0.03
0.25 +£0.05
0.06 +0.02
0.07 £0.03
0.07 £0.03
0.13+0.04
0.11 £ 0.04
0.09+0.03
0.25 +0.05

0.09 £0.09
0.09 £0.08
0.09 £0.09
0.09 £0.09
0.09 £0.09
0.08 +£0.08
0.09 £0.08
0.09 +0.09
0.06 +0.06

0.14 £ 0.06
0.22 £0.04
0.15+0.04
0.21+0.04
0.21 £0.05
0.14 £ 0.04
0.27 £ 0.05
0.32 +0.06
0.2 £0.05

0.37 £0.05
0.5+0.05
0.47 £0.04
0.48 £ 0.05
0.43 £0.05
0.55+0.04
0.45 + 0.06
0.36 +0.07
0.67 £ 0.05

0.41+0.09
0.2+0.08
0.3+0.08
0.22 +0.08
0.26 £ 0.08
0.23+0.07
0.19 £ 0.08
0.22 +0.08
0.07 £ 0.05
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This increase in foy during low flow stages in river basins may largely be linked to the
availability of oxidants and reactive minerals (Gu et al., 2020a; Shaughnessy et al., 2023).
Earlier investigations on weathering profiles from watersheds with variable erosion rates have
confirmed that pyrites are completely oxidized in surface layers, and only occur below a deeper
(3 -10 m) weathering front (Liao et al., 2022; Fig. 4.7.).

High flow stage
4

Low flow stage

Aeration zone

g
*
k= o
L g
& 5 - g
= L y o f o%:b% . g

K s'@ -~ %0 -, [2,)

o v
8
Unweathered bedrocks

Figure 4.7. Schematic diagram showing subsurface processes regulating the seasonal changes
in pyrite oxidation of the Indus headwater basin. This seasonal change is mainly linked to
diffusion of atmospheric oxygen to deeper depths during low water table, enabling oxidation
of available pyrites. The arrow marks stand for different weathering pathways, and width of
these arrows reflects (not to scale) the weathering intensity. In this generalized picture, we
have shown lower silicate weathering during high flow stages, which is valid only in the later
part of the summer at Leh (cf. Fig. 4.5.).

The subsurface pyrite front typically falls below that of the carbonates, and water table
during high discharge periods (Gu et al., 2020a). This front mainly reflects the critical depth of
atmospheric oxygen ingress, which is controlled by microbial degradation and pyrite oxidation
in the aquifer. The oxygen consumption via microbial degradation is largely restricted to top
soil horizon, whereas diffusion of atmospheric oxygen to deeper depths is supported by
favorable porosity (fracture density) and permeability (self-healing property of clay materials;
Gu et al., 2020b). Further, the subsurface oxygen content decreases with the water saturation
level and hence, is negligible below the water table. As the water table falls below the pyrite
front during baseflow stages, the atmospheric oxygen could penetrate through microfractures
into the front and hence, may oxidize the reactive minerals. The density of these microfractures
in the aquifer depends on chemical weathering of primary minerals, and/or, structural

deformation during tectonic stresses (Gu et al., 2020b). We have shown, in an earlier section,
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that mineral dissolution in this basin is largely controlled by temperature than the water level
and hence, the generation of microfractures in this region may largely be linked to regional
tectonism. The Indus River in its upper reaches (Fig. 2.7.) mainly flows along a shear zone,
which may place excessive tectonic stress than the rock strength to develop fractures. In
addition to these processes, the fluid flow path may also contribute to the pyrite oxidation rate
of a basin. The reactive fluids with deeper flow paths are in constant interaction with pyrite
fronts and hence, are characterized by high sulfide-derived sulfates. In case of increased
relative fraction of these deeper and “older” waters to rivers during low flow stages may result
in higher foy values than that during high flow stages (Kemeny et al., 2021a and b). This effect
of fluid path on fy, however, may not be significant for the highly-elevated Indus basin, where
the water infiltration is expected to be one-dimensional vertical flow and not interflow type
(Liao et al., 2022). We, therefore, hypothesize that the increased fyy during baseflow may be
linked to the ability of oxygen ingress via tectonic-induced microfractures to the deeper and
unsaturated fronts where reactive pyrites are present (Fig. 4.7.). Further, earlier studies have
shown that these reactive fronts are narrower in mountainous regions and are wider in river
valleys. As our samples belong to a ridge, the narrower depth of the pyrite zone may explain

the lower degree of fpy seasonality observed at Leh (Fig. 4.6.) than that at other global locations.
4.4. Implications

Our proposed linkage between flow stage variation and oxidation rate has important
implications in understanding the climatic sensitivity of riverine acid-alkalinity budget and net
CO:. effect of continental weathering. In tropical regions, baseflow water stages, characterized
by high pyrite oxidation, are more reflective of the drier climate of the basin. A drier climate,
therefore, may facilitate more H2SO4 (than H.COz3) acid-mediated weathering, which in turn
may increase the amount of CO; released to the atmosphere. Further, the H>SO4-mediated
weathering, owing to its stronger acid strength, is likely to supply more riverine solutes and
nutrients to the ocean. These climatological effects on weathering type are more likely to be
prominent in supply-limited than weathering-limited regions, where exposure of fresher
minerals may not be limited by water levels. Also, any decline in the groundwater table as
predicted for recent climatic changes may also promote subsurface pyrite oxidation (Fig. 4.7.),
which may increase the acidity of river water. These processes, therefore, must be accounted

for understanding past CO2 excursions, and also, predicting the effect of water table changes.
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Chapter 5

5.1. Introduction

The global Cenozoic cooling event has often been linked to intense silicate weathering
over the Himalayan-Tibetan plateau (HTP) river basins. Chemical erosion rates and
elemental fluxes from the Himalayan River basins are found to be disproportionally higher
than that of other global rivers. Intense silicate weathering over this young orogenic belt
has been proposed as a prime trigger for the global Cenozoic cooling (Raymo and
Ruddiman, 1992). This proposition has drawn strong support from observed synchronous
increasing trends for 87Sr/8Sr, 1870s/'80, and §’Li (Fig. 5.1.; Misra and Froliech, 2012),
indicating steady increase in weathering rates. This linkage, however, generally overlooks
the CO> release during organic and sulfide oxidation processes, which (unlike silicates) have a
positive effect on climate. More recent evidence on stable atmospheric CO> trends during
last 20 Myr (Wal et, al., 2011), erosion pattern for last 12 Myr (Willenbring and
Blanckenburg, 2010) and high CO: release/uptake ratio for the Himalayan rivers (Torres
et al., 2014) have challenged this tectonic-weathering-climate linkage. In particular, the
proposition by Torres et al., (2014) show that the CO: release via H>SOs-mediated
carbonate weathering in the Himalayas may counterbalance the CO> uptake rate via silicate
weathering, and hence, may have lesser net impact on the CO2 cycle. The rate and
controlling factors for the sulfide oxidation in the HTP regions, however, still remain
understudied to assess the net effect of Himalaya weathering on the Cenozoic climate (Turchyn
etal., 2013; Relph et al., 2021; Kemeny et al., 2021a; Xu et al., 2024). Available limited studies
for the Himalayan River basins have estimated dominant sulfide contribution to the sulfate of
the Marsyandi (> 62 %; Kemeny et al., 2021a), Teesta (~ 50 %; Das et al., 2021), and GB (~
70 %; Galy and France-Lanord, 1999) river system. Quantitative estimation of these rates is
not available for the Indus basin from the western Himalaya, although dominant pyrite
oxidation for the Indus headwater (Pande et al., 1994; Bhat et al., 2023) and floodplain (Karim

and Veizer, 2000) region has been inferred from chemical and isotopic data.

This chapter presents new spatial data on dissolved major ions and §**Ss04-8'80s04 of
the upper Indus basin. As mentioned earlier, this sample set includes surface water samples
from the Indus mainstream and its major tributaries, and also, potential sulfate sources (rain,
glaciers, ground water, hot springs, and anthropogenic supplies) to this basin. These data were
inspected to constrain the major sources for cations and sulfates for this basin from the

northwestern Himalaya. Further, inverse modeling and Monte-Carlo simulation of these
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datasets were used to quantify these source(s) contributions and related CO> release/uptake
rates. These estimations were further used to assess the net effect of chemical weathering in
this part of the Himalaya on the global Cenozoic cooling event. Details on these data
distribution, source apportionment modeling and significance of the outcomes are discussed

below.

5150 (%o)

30 40 50
Age (Ma)
Figure 5.1. The evolution of Cenozoic (50 Ma) atmospheric CO> (Beerling and Royer, 2011).
The isotopic excursions for 8Sr/®Sr (Veizer et al., 1999), 1870s/*®80s (excluding one outlier;
Peucker-Ehrenbrink and Ravizza, 2012), 6’Li (Misra and Froelich, 2012) and 5*®0 (Zachos et

al., 2008) during this time period are also shown for comparison.
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5.2. Results

Data on major ions concentrations, 53*Ssos and §*80so4, and §'80n20 from the Indus
headwater and its tributaries are provided in Table 5.1. - 5.3. These samples cover about 20-
times variation in elevation (~ 200 and 3900 m) and 6-times variation in water temperature (6
°C and 36 °C). The total dissolved solids (TDS) vary between 58 and 502 mg/L, with an
average value of 153 + 73 mg/L. These TDS values, excluding three polluted samples from the
lower reaches, exhibit significant correlation (r = 0.57; p < 0.01; n = 58) with temperature, with
a slope of 3.5 mg/L per °C. Water chemistry of this basin is typical of that expected for streams
with dominant carbonate weathering (Fig. 5.2.). The pH values are mildly-alkaline (7.0 to 9.6),
with a water composition of Ca-Mg-HCOs type (Fig. 5.2.). The CSI values vary from -1.33 to
1.45 (- 0.02 £ 0.58; n = 61), with the positive CSI values being mostly observed for the lower
reaches (< 1000 m) samples. The HCOz ions, which account for ~ 70 % of the total anions (TZ
, in Eq. units), vary between 364 and 4260 uM. In particular, lower HCO3 concentrations are
observed for the upstream samples from the Chenab and Beas sub-basins. The HCOs
concentrations co-vary linearly with Ca+Mg concentrations with a lower Ca+Mg/HCOs (in Eqg.
units) slope (~ 0.73) than unity. The dominant cation, Ca, varies from 247 to 1178 pM, and
accounts for 70 % of the total cations (TZ*, in Eq. units). The Mg (44 - 578 uM) and Na (2 -
2538 uM) concentrations in these samples also contribute 17 % and 10 % of the TZ* load,
respectively. Upstream samples from selected sub-basins (Suru, Dras, Sind and Chenab) are
composed of lower Na concentrations (13 + 5 pM; n = 8) than that observed for all other
samples (268 + 470 uM; n = 61). The average silica concentration for all the samples (80 + 42
UM; n = 61) overlaps with that reported for the Indus outflow (100 uM; Karim and Veizer,
2000) and global average for rivers (145 puM; Meybeck, 2003). The Cl and NOs concentrations
for upper reaches samples (73 + 89 uM and 22 + 15 uM, respectively) are significantly lower
than those observed for lower reaches (422 + 655 puM and 78 + 37 UM, respectively.)
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Table 5.1. The spatial sampling details (locations, pH, temperature and elevations) of the Indus headwater basin are provided.

River Name Sample ID Locations Latitude Longitude Date of collection pH Tem?oe(l:r;e\ture EIeE/r:;lon
INDW-21/49 Nior Nis 335 78.2 16-08-2021 8.2 13.0 3901
INDW-21/50 Tirido 33.6 78.1 16-08-2021 8.3 14.7 3483
INDW-21/51 Upstream Tunah 33.8 77.9 16-08-2021 8.3 14.8 3502
INDW-21/52 Downstream Karu 34.0 7.7 16-08-2021 8.4 13.9 3309
INDW-21/53 Spituk 34.1 77.6 17-08-2021 8.5 15.2 3216
Indus Mainstream INDW-21/48 Nimoo (Before Zanskar Confluence) 34.2 77.3 13-08-2021 8.2 17.3 3112
INDW-21/46 Nimoo (After confluence with Zanskar) 34.2 77.3 13-08-2021 8.5 135 3115
INDW-21/45 Uleytokpo 34.3 77.1 13-08-2021 8.2 13.0 3044
INDW-21/44 Khalsi 34.3 76.9 12-08-2021 8.3 12.6 2947
INDW-21/43 Skurbuchan 34.4 76.7 12-08-2021 8.3 134 2899
INDW-21/42 3km Upstream Dah 34.6 76.5 12-08-2021 7.9 14.0 2748
INDW-21/41 Upstream Batalik 34.6 76.4 11-08-2021 8.2 14.4 2619
Tributaries
Zanskar R. INDW-21/47 Zanskar (Nimoo) 34.2 77.3 13-08-2021 8.5 12.1 3116
INDW-21/56 Shoyk (Rangudu) 34.4 77.8 19-08-2021 8.4 12.0 3222
Shyok R.
INDW-21/54 Shoyk (Khalsar) 34.5 71.7 18-08-2021 8.4 13.0 3170
Nubra R. INDW-21/55 Nubra (Panamik) 34.8 77.5 19-08-2021 8.6 5.9 3184
Suru R. INDW-21/38 Suru (Kargil) 34.6 76.1 10-08-2021 7.0 11.7 2679
Dras [Karkitchoo (After conflu. with
INDW-21/40 Singho)] 34.6 76.1 10-08-2021 7.8 125 2725
Dras R. Dras [Kaksor (Before confluence with
INDW-21/39 Singho)] 34.6 76.0 10-08-2021 7.6 10.6 2726
INDW-21/37 Dras (Dras) 34.4 75.8 09-08-2021 7.5 7.5 3061
sind R, INDW-21/36 Sind (Gund) 34.3 75.1 09-08-2021 8.0 12.0 3428
- INDW-21/35 Sind (Wayul Bridge) 34.3 74.8 09-08-2021 8.1 14.7 1669
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INDW-21/28 Jhelum (Anantnag) 33.8 75.1 04-08-2021 7.7 19.0 1593
Vaishno [Niana (Before conflu. with
INDW-21/29 Jhelum)] 33.8 75.1 04-08-2021 7.5 21.7 1598
Jhelum [Chechkut (After conflu. with

Jhelum R. INDW-21/30 Vaishno)] 33.9 75.0 04-08-2021 7.5 21.4 1593
INDW-21/34 Jhelum (Sumbal) 34.2 74.7 08-08-2021 7.3 22.2 1582

INDW-21/33 Jhelum (Sopore) 34.3 74.5 07-08-2021 7.2 22.7 1572

INDW-21/32 Jhelum (Gantamulla) 34.2 74.2 07-08-2021 7.3 22.4 1548

INDW-21/31 Jhelum (Dhanisaidan) 34.1 74.1 07-08-2021 8.1 23.2 1309

INDW-21/58 Chenab (Teling) 324 77.2 21-08-2021 8.4 6.4 3071

INDW-21/57 Chenab (Tandi) 325 77.0 21-08-2021 8.7 6.6 2869

INDW-21/25 Chenab (Doda) 331 75.6 03-08-2021 7.7 15.3 848

Chenab R. INDW-21/26 Chenab (Karol Bridge) 33.2 75.3 03-08-2021 7.6 15.9 689
INDW-21/27 Chenab (Seri) 33.2 75.2 03-08-2021 8.0 15.8 675

INDW-21/22 Chenab (Reasi) 331 74.8 01-08-2021 9.1 18.0 376

INDW-21/21 Chenab (Akhnoor) 32.9 74.7 31-07-2021 9.1 18.4 304

INDW-21/24 Tawi (Chenani) 33.0 75.3 02-08-2021 8.9 23.6 1003

Tawi R, INDW-21/23 Tawi (Udhampur) 329 75.2 01-08-2021 9.1 24.4 613
- INDW-21/20 Tawi (Pingar) 32.8 75.1 30-07-2021 9.1 27.8 436
INDW-21/19 Tawi (Jammu) 32.7 74.9 30-07-2021 8.8 28.7 318

Degh Nala INDW-21/18 Degh Nala (Samba) 32.6 75.1 29-07-2021 9.0 31.2 334
INDW-21/15 Ravi (Ranjit Sagar Dam Lake) 324 75.8 28-07-2021 9.1 28.0 506

RaviR. INDW-21/16 Ravi (Lakhanpur) 32.4 75.6 29-07-2021 8.2 25.0 337
INDW-21/17 Ravi River tributary (Forlain) 32.4 75.4 29-07-2021 8.9 30.5 342

Chakki R. INDW-21/13 Chakki (Pathankot) 32.3 75.7 28-07-2021 8.7 25.2 323
INDW-21/61 Beas (Mandi) 31.7 76.9 21-08-2021 9.6 18.2 759

Beas R. INDW-21/60 Beas (Kullu) 32.0 77.1 21-08-2021 9.4 15.1 1230
INDW-21/59 Beas (Manali) 32.3 77.2 21-08-2021 8.9 12.0 2909
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INDW-21/11 Beas (Downstream Pong Dam) 31.9 75.9 27-07-2021 8.0 24.5 317
INDW-21/14 Beas (Bela Mastgarh) 32.1 75.6 28-07-2021 8.4 25.5 262
INDW-21/12 Beas (Kalechpur Kalota) 32.0 75.6 27-07-2021 8.5 23.7 237
INDW-21/10 Beas (Bhoolpur) 31.7 75.5 27-07-2021 8.4 25.3 231
INDW-21/04 Beas (Beas) 315 75.3 24-07-2021 8.1 25.9 218
Beas [Goindwal Sahib (Before conflu. with
INDW-21/09 Sutlej)] 31.4 75.1 25-07-2021 8.1 29.5 220
INDW-21/01 Sutlej (Ropar) 31.0 76.5 22-07-2021 7.9 25.5 270
INDW-21/03 Sutlej (Begouual) 31.0 76.0 23-07-2021 8.1 31.4 246
INDW-21/02 Sutlej (Ludhiana) 31.0 75.8 23-07-2021 7.8 30.9 234
Sutlej R. INDW-21/05 Sutlej (Maddepur) 31.0 75.5 24-07-2021 7.2 35.8 225
INDW-21/06 Sutlej (Thamunwal) 31.0 75.3 24-07-2021 7.6 34.1 220
INDW-21/08  Sutlej [Mandal (Before conflu. with Beas)] 31.1 75.1 25-07-2021 75 35.6 210
INDW-21/07 Sutlej [Harike (After conflu. with Beas)] 31.1 74.9 25-07-2021 7.8 30.4 202
RW-21/01 Katra 33.0 74.9 01-08-2021 8.2 25.6 821
Rainwater RW-21/02 Sri Nagar 34.1 74.8 06-08-2021 7.1 19.2 3607
Rain-22/01 Leh 34.2 77.6 - - - 3524
GLW-21/01 Zozila Pass 34.3 75.4 09-08-2021 7.6 6.3 3423
Glacier water GLW-21/02 Zozila Zero Point 34.3 75.5 09-08-2021 6.0 5.7 3498
GLW-21/03 Chang La pass 34.1 77.9 15-08-2021 9.1 8.2 5060
GLW-21/04 Khardungla Pass 34.3 77.6 19-08-2021 8.7 0.3 3221
AGRW-21/01 Roopar 30.8 76.6 22-07-2021 8.8 335 295
Agriculture water ~ AGRW-21/02 Ludhiana 31.0 75.8 23-07-2021 8.1 31.4 239
AGRW-21/03 Jallowal 313 75.4 24-07-2021 7.9 33.7 230
Hot springs HS-22/01 Chumathang 33.4 78.4 -- - - 3950
GWw21/01 Roopar 30.8 76.6 22-07-2021 7.5 28.0 294
Groundwater GW21/02 Begouual 31.0 76.0 23-07-2021 8.1 31.4 245
GWwW21/03 Jallowal 31.3 75.4 24-07-2021 7.2 26.5 230
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GW21/04
GW21/05
GW21/06
GWw21/07
Gwz21/08
GWw21/09
GWw21/10
Gw21/11
GW21/12
GW21/13
GWw21/14
GW21/15
GW21/16

Harike
Khujala
Manser
Karua
Bali
Batote
Banihal
Naina
Rampur
Kargil
Leh
Diskit
Gondhala

311
31.7
32.7
33.0
33.0
33.1
33.4
33.8
34.1
34.6
34.2
34.5
32.5

74.9
75.1
75.1
74.9
75.2
75.3
75.2
75.1
74.2
76.1
77.6
77.6
77.0

25-07-2021
27-07-2021
30-07-2021
01-08-2021
02-08-2021
03-08-2021
04-08-2021
04-08-2021
07-08-2021
10-08-2021
17-08-2021
19-08-2021
21-08-2021

7.2
7.3
7.5
9.0
8.0
6.9
6.9
6.7
7.3
6.9
7.6
8.2
8.7

26.0
26.0
24.0
24.5
23.3
19.0
16.3
21.7
15.4
10.6
9.5
9.3
6.6

210
238
679
640
803
1318
1658
1596
1461
2713
3493
3150
2869

Table 5.2. The major ions, silica and alkalinity concentrations for the water samples (river, rain, glacier, agriculture, hot springs and

groundwater) of Indus headwater basin.

Na K Ca Mg HCOs ClI NOs SOs F SiO2 TZ* TZ TZTZ NICB
Sample ID
(M) (HEQ) (%)
INDW-21/49 482 43 594 229 1414 223 11 239 33 98 2304 2159 1.1 6
INDW-21/50 459 41 583 228 1360 200 11 229 34 97 2121 2062 1.0 3
INDW-21/51 421 43 555 216 1298 183 16 200 33 93 2007 1931 1.0 4
INDW-21/52 417 43 583 222 1366 172 13 203 33 93 2069 1990 1.0 4
INDW-21/53 494 48 661 250 1585 200 13 236 34 104 2364 2305 1.0 3
INDW-21/48 433 45 633 221 1421 172 7 237 29 101 2186 2103 1.0 4
INDW-21/46 113 29 554 181 937 49 11 299 24 46 1612 1619 1.0 0
INDW-21/45 91 29 587 169 959 43 13 322 24 44 1632 1683 1.0 -3
INDW-21/44 89 29 636 191 1100 38 10 352 24 45 1772 1876 0.9 -6
INDW-21/43 103 31 618 184 1087 41 11 323 24 46 1738 1810 1.0 -4
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INDW-21/42
INDW-21/41
INDW-21/47
INDW-21/56
INDW-21/54
INDW-21/55
INDW-21/38
INDW-21/40
INDW-21/39
INDW-21/37
INDW-21/36
INDW-21/35
INDW-21/28
INDW-21/29
INDW-21/30
INDW-21/34
INDW-21/33
INDW-21/32
INDW-21/31
INDW-21/58
INDW-21/57
INDW-21/25
INDW-21/26
INDW-21/27
INDW-21/22
INDW-21/21
INDW-21/24
INDW-21/23

89
97
25
506
571
75
18
22

12
16
76
115
87
127
83
81
81
12
18
14
26
25
22
53
81
93

29
29
32
82
91
59
45

22

o

25
43
25
31
20

20
34
27
52
61
57
68
75
29
41

620
632
529
695
734
392
667
417
604
717
688
639
587
599
600
778
710
672
687
294
340
448
503
489
529
544
534
549

174
187
197
314
367
81
92
46
136
136
264
195
88
119
92
170
124
118
114
107
115
44
47
99
56
130
55
54

1100
1114
807
1489
1664
773
1145
821
1237
1400
1203
1216
1330
1337
1303
1762
1589
1548
1528
364
405
683
744
696
928
1037
1160
1262

38
44

352
393
12
13

10
10

11
62
127
77
106
68
61
64

20

15
11
11
14
30
36

11
11
10
21
21
11
20
18
20
16
30
12
65
93
69
50

36
13
11
15
26
18
21
28
49
43

102

346
342
309
284
312
72
265
100
163
186
407
287
40
48
40
105
78
78
105
174
220
213
238
232
208
191
55
45
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52
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1707
1765
1509
2607
2864
1079
1580
948
1511
1708
1916
1684
1449
1595
1496
2054
1772
1662
1702
848
955
1049
1188
1257
1259
1476
1288
1338

1865
1877
1463
2454
2728
967
1730
1039
1613
1819
2066
1822
1542
1657
1533
2133
1823
1772
1843
756
898
1141
1269
1199
1383
1470
1355
1438

0.9
0.9
1.0
11
1.0
1.1
0.9
0.9
0.9
0.9
0.9
0.9
0.9
1.0
1.0
1.0
1.0
0.9
0.9
11
1.1
0.9
0.9
1.0
0.9
1.0
1.0
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INDW-21/20
INDW-21/19
INDW-21/18
INDW-21/15
INDW-21/16
INDW-21/17
INDW-21/13
INDW-21/61
INDW-21/60
INDW-21/59
INDW-21/11
INDW-21/14
INDW-21/12
INDW-21/10
INDW-21/04
INDW-21/09
INDW-21/01
INDW-21/03
INDW-21/02
INDW-21/05
INDW-21/06
INDW-21/08
INDW-21/07
RW-21/01
RW-21/02
Rain-22/01
GLW-21/01
GLW-21/02

190 43
252 59
493 75
117 50
182 116
337 63
163 66
86 45
80 45
21 50
362 75
204 70
127 61
228 66
321 70
305 75
206 52
178 61
291 77
2509 227
1296 154
2538 348
319 72
13 20
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Figure 5.2. Ternary diagram of the major ions for the upper Indus samples. For reference,
typical compositions expected for different weathering pathways (Spence and Telmer, 2005)
are also shown.

The SO4 concentrations for the Indus headwater basin vary between 36 and 425 pM.
Average of these concentrations (195 £ 114 uM; n = 61) is comparable to that reported for the
Indus outflow (312 uM; Karim and Veizer, 2000) during high flow stages, and about two times
higher than the Ganga (58 uM; Sarin et al., 1989), Brahmaputra (78 uM; Singh et al., 2005)
and the global average (pre-industrial) SO4 for rivers (~ 88 uM; Meybeck, 2003). Figure 5.3.
compares the sulfur (§**Ssos) and oxygen (5'80so4) isotopic data for the Indus headwater with
those reported for other global rivers (Relph et al., 2021). The §%*Sso4 for our samples fluctuates
between - 11.2 %o (Dras) and 5.5 %o (Sind), with most of the samples (45 out of 50) having
systematically lower values than the global average 63*Ssoa for rivers (~ 4.4 %o, Burke et al.,
2018; Fig. 5.3.).
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Table 5.3. The chemical (TDS, TSS, CSI and DSI) and isotopic (5**Ssos, 5®0s04, 6*®0n20) datasets for the Indus
headwater.

TDS TSS Saturation index 0%Ssos 8'0s0s 8'®Omn20

Sample ID
i (ML) calcite  Dolomite (%0)

INDW-21/49 166 37 -0.1 -0.5 -2.8 -4.6 -13.5
INDW-21/50 160 -- 0.0 -0.3 -1.5 -4.6 -13.9
INDW-21/51 151 -- -0.1 -0.4 -2.0 -6.1 -13.8
INDW-21/52 156 -- 0.1 -0.2 -2.3 -4.4 -13.4
INDW-21/53 180 -- 0.3 0.4 -2.5 -5.4 -13.3
INDW-21/48 165 74 0.0 -0.3 -4.6 -4.8 -13.8
INDW-21/46 122 196 0.0 -0.4 -6.1 -4.2 -14.5
INDW-21/45 126 87 -0.3 -1.0 -5.4 -4.2 -14.3
INDW-21/44 139 60 -0.1 -0.5 -6.3 -4.4 -14.4
INDW-21/43 136 90 -0.1 -0.5 -6.3 -4.3 -14.5
INDW-21/42 138 82 -04 -1.3 -5.7 -3.4 -14.2
INDW-21/41 140 66 -0.1 -0.7 -6.4 -4.6 -14.3
INDW-21/47 110 -- -0.1 -0.5 -6.2 -3.3 -14.7
INDW-21/56 186 -- 0.2 0.2 -0.2 -8.5 -15.6
INDW-21/54 207 218 0.3 0.4 -1.5 -5.7 -15.5
INDW-21/55 80 281 -0.2 -1.1 2.0 -6.5 -16.0
INDW-21/38 131 112 -1.3 -3.4 -3.8 -2.5 -13.4
INDW-21/40 83 -- -0.8 -2.5 -5.4 5.1 -11.7
INDW-21/39 124 44 -0.7 -2.0 -8.3 -2.7 -11.4

INDW-21/37 138 154 -0.8 -2.2 -11.2 -4.1 -12.8
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GW21/01
GW21/02
GW21/03
GW21/04
GW21/05
GW21/06
GW21/07
GW21/08
GW21/09
GW21/10
GW21/11
GW21/12
GW21/13
GW21/14
GW21/15
GW21/16

591
514
569
409
640
894
1124
372
525
624
480
286
315
222
211
127

0.0
1.1
0.1
0.1
0.3
0.6
1.2
0.8
-0.3
-0.2
-0.4
-0.3
-0.9
-0.3
0.3
0.0

-0.2
2.0
0.1
-0.3
0.6
0.8
2.3
0.9
-0.9
-0.7
-1.1
-1.4
-2.1
-1.3
0.0
-0.5

2.2
-15.4

-0.6
7.9

2.0
3.9
3.4

10.0
-6.4
5.8
3.5
4.9

13.6
10.3
3.6

9.1
15.9
21.8
18.3
16.9

6.5
14.0
12.7

0.3
-3.0
-6.7

7.5

-1.2
-7.9
-6.1
-1.4
-5.2
-4.2

-6.2
-71.9
-7.0
-7.0
-7.8
-14.3
-13.3
-13.0
-12.2

109



Chapter 5

Whilst the 5**Ssos values for the Indus fall intermediate to that reported for its major sources
(e.g. pyrite, gypsum, hot springs and pollution), the dataset is more proximal to the pyrite end-
member (Fig. 5.3.). The 50n20 values vary between - 16 %o and - 6 %o. These values are
comparable to that reported earlier for upper Indus basin (Pande et al., 2000; Sharma et al.,
2017), and outflow (~ - 10.5 %o; Karim et al., 2002). The §*80so4 values vary from - 8.5 %o to
10.3 %o, which correspond to an average A®Oso4-r20 value of 11 £ 3 %o. This average A®Osou-
Heo value is depleted with respect to that of the global rivers, and is proximal to the pyrite end-
member value (Fig. 5.3.).

The chemical and isotopic data show strong spatial variation for the Indus mainstream
in the studied region, despite of minimal altitude (3158 + 355 m; n = 12) and temperature (14
+ 1 °C; n =12) variations. The Na (~ 450 uM) and CI (~ 190 uM) concentrations of the Indus
mainstream decrease significantly after its confluence (~ 100 uM and ~ 42 puM, respectively)
with the Zanskar tributary. Likewise, the Silica concentrations also decrease by ~ 2 times. This
decrease in Na, Cl and SiO> concentrations are consistent with the Zanskar water chemistry
which is characterized with lower concentrations for these parameters than those of the
upstream samples. Each of these concentration changes reflects a supply of 75 - 79 % of the
solutes from the Zanskar to the upper Indus mainstream. Average TDS, Ca, Mg and HCO3
concentrations remain near invariant along the course of the Indus headwater. In contrast, the
sulfate concentrations of the Indus (224 + 18 uM; n = 6) increase by about 1.5 times (331 + 20
UM; n = 6) after its confluence with the Zanskar. Consistently, the §3*Ssoa values of the Indus
decrease from - 2.8 %o to - 6.1 %o as a result of its confluence with the Zanskar. The §*0soa (-
4.6 0.7 %o; n = 12) and 58020 (-14.0 £ 0.4 %o; n = 50) show no major spatial variation. In
addition, the 5**Ssoa of the Indus headwater gets enriched by ~ 4.5 %o as it flows through the
floodplain region, and attains a value of 0.8 %o at its outflow (Karim and Veizer, 2000).

5.3. Discussion

5.3.1. Water chemistry and solute sources

Water chemistry of the Indus headwater, like for any river, is controlled by solute
supply from dissolution of bedrocks (carbonates, silicates and evaporites), hot springs, and
atmospheric and anthropogenic supplies. The silicate rocks present in the basin are mainly from
the Higher Himalaya, Trans-Himalaya, and Ladakh and Karakoram batholiths (cf. chapter 2).

The ternary plot for the major ions data (Fig. 5.2.) has been used to constrain the major rock-
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types and also, acids involved for the weathering reaction. These data from the Indus headwater

mainly fall between the carbonate and silicate rocks compositions. Further, most of the dataset

cluster around the zones expected for H2,COz and H2SO4 acid-mediated carbonate weathering,

and also, H.COs-mediated silicate weathering (Fig. 5.2.).
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Figure 5.3. Co-variation plot for (4) A*®0soa-rz0, and (B) 6*®0sos with 6**Ssos for the upper
Indus samples. For reference, the typical end-member values (e.g., pyrite: Stebbins et al., 2019
and evaporites: Relph et al., 2021) and frequency distribution of reported isotopic data for
global rivers (Relph et al., 2021) are also shown.
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Figure 5.4. Mixing plot between Ca/Na* and Mg/Na* for the upper Indus samples. The time-
series data for Leh is also shown for comparison. The average compositions for selected major
sources are also shown for reference. (Data source: Krishnaswami et al., 1999; Karim and
Veizer, 2000; Millot et al., 2003; Singh et al., 2005; Reichardt et al., 2010; Heri et al., 2015;
Tiwari et al., 2016).

0.01

We have also inspected the mixing plot between Ca/Na* and Mg/Na* ratios to assess
the solute source contribution (Fig. 5.4.). The highest Ca/Na* ratio, however, is observed for a
sample from the glacier-dominated Suru (~ 138) River, indicating dominancy of carbonate
dissolution in the basin. Similarly, most of the samples from the high-elevated terrains fall
closer to the silicate end-member in the Ca/Na*- Mg/Na* plot (Fig. 5.4.). In this plot, four
samples with negative Na* values have not been included. Two of these samples are from the
Dras region with near-zero Na concentrations (Table 5.2.), pointing to dominancy of carbonate
dissolution in this glaciated sub-basin; whereas, the other two samples from the lower reaches
(Vaishno and Chenab) possibly hint at influence of anthropogenic supplies. Interestingly,
several samples from the lower reaches (particularly from the Chenab and Jhelum) are
characterized with high Ca/Na* and Mg/Na* ratios and fall closer to the carbonate and
anthropogenic compositions (Fig. 5.4.). As carbonates are often devoid of Na, these high ratios

possibly point to high anthropogenic supplies to these basins with significant agricultural
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activities. This plot, therefore, indicates multiple solute sources (silicate, carbonate and

anthropogenic) to the upper Indus, which must be involved in the source apportionment

calculations.
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Figure 5.5. Co-variation between CI/SO4and 6**Ssos for Indus samples and their sources (rain,
glacier, agriculture, groundwater and hot springs) are shown. The colorbar represents the
elevation of the corresponding sampling locations. The samples from the higher altitude
regions, showing lighter sulfur isotopic signatures point to relatively higher sulfide oxidation
rates in these regions.

The co-variation plot between dissolved CI/SO4 and §%*Ssos values of the upper Indus
also points to multiple sulfate sources to the basin (Fig. 5.5.). Like for cations, samples from
lower reaches, particularly those from the Chenab and Beas, are characterized by high CI/SO4
ratio, attributable to sewage supply from agricultural and other man-made activities. The
534Sso4 for these samples are also found overlapping with that of agricultural wastes (Fig. 5.5.).
Excluding these, the elemental and isotopic values for the upper reaches samples mostly fall
between the end-member compositions expected for major minerals (gypsum and pyrite) and
also, glaciers and hot springs. In particular, the average 8**Ssos value for the samples from
high-elevation (>2500 m; n = 24) is found to be ~ - 3 %o, which is closer to that of the pyrites
(~ - 12 %o; Burke et al., 2018) than the gypsum (~ 17 %o). Further, selected samples from sub-
basins with occurrences of hot springs also show overlapping 53*Ssos and CI1/SO4 values with

that expected for this source (Fig. 5.5.).
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5.3.2. Estimation of weathering rates

5.3.2.1. Cationic sources

We have used an inversion approach involving elemental ratios to quantify the
contributions of cations from major sources. The algorithm used for this modeling is same as
that of Tripathy and Das (2014), which has been successfully used for apportioning sources of
river water (Tripathy and Singh, 2010; Samanta et al., 2021), coastal (Danish et al., 2021) and
open (Goswami et al., 2014) seawater, and oceanic sediments (Tripathy et al., 2014). Briefly,
this model uses a Quasi-Newton non-linear optimization algorithm, which iterates from a-
priori defined end-member compositions to find a best-fit solution for the following set of
equations. These mass balance equations relate observed data with model parameters for the

water samples (Table 5.1.-5.5.) are as follows.

= (N—a)i (5.1)
1=3Z3f; (5:2)

here, the subscripts, riv and i, stand for the sample and end-member compositions. The i value
varies from 1 to 5, reflecting five major sources (rain, silicate, carbonate, hot springs and
pollution) for the Indus headwater basin. The (X/Na);i stands for the Na-normalized ratio for
element, X (= Cl, Ca, Mg and alkalinity), for the source, i. We have assumed that all the rain-
corrected K is derived from silicate sources. The fj value reflects the relative contribution of Na
for source, i. The a-priori source data and outcomes of these model are provided in the Table
5.4.-5.7. The average compositions for the Himalayan silicates (Krishnaswami et al., 1999),
hot springs from the Indus headwater basin (Tiwari et al., 2016), and conventional carbonates
are taken from literature (Millot et al., 2003). We have used average seawater composition as
end-member compositions for rain and halite sources (Roy-Barman and Jeandel, 2016).
Selected samples from the lower reaches, mainly from the Sutlej, Beas, Ravi, Jhelum, and Tawi
sub-basins, are also influenced by agricultural and other anthropogenic sources. We have
analysed three agricultural samples from the Sutlej sub-basin, and average compositions of

these samples have been used as pollution end-member.

Estimated cation supply from rain (4 £ 5 %), silicate (17 = 11 %), carbonate (66 + 17
%), hot springs (6 £ 5 %) and pollution (6 £ 7 %) sources for the Indus samples are shown in
Fig. 5.6.
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Table 5.4. A-priori end-member compositions for major cations sources for sample sets with no pollution end-member from the upper reaches. The a-posteriori

compositions yielded from the inverse model are also listed for comparison.

Apriori data Aposteriori data Ref.
Cationic sources
Cl/Na Ca/Na Mg/Na HCOs/Na Cl/Na Ca/Na Mg/Na HCOs/Na
Rain (halite) 1.17 £ 0.06 0.02+0.001 0.11+£0.01 0.01+0.001 1.40 £ 0.06 0.02+0.001 0.11+£0.01 0.01+0.001 [1]
Silicate 0.001 £ 0.001 0.7+£0.3 0.3+£0.15 2+1 0.001 + 0.001 0.19+0.08 0.07+0.03 1.4+0.2 [2]
Carbonate 0.001 £+ 0.0001 50+ 20 20+8 100 £ 40 0.001£0.0001 202.0+144 213+20 3358243 [3]
Hotspring 05+04 0.14+0.27 0.10+0.10 0.8+0.3 1.68+0.18 0.12+0.23 145+1.8 0.7+£0.3 [4]

[1] Roy-Barman and Jeandel, 2016; [2] Krishnaswami et al., 1999; [3] Millot et al., 2003; [4] Tiwari et al., 2016

Table 5.5. A-priori end-member compositions for major cations sources for sample sets with pollution end-member from the lower reaches. The a-posteriori

compositions yielded from the inverse model are also listed for comparison.

Apriori data Aposteriori data Ref.
Cationic sources
Cl/Na Ca/Na Mg/Na HCOs/Na Cl/Na Ca/Na Mg/Na HCOs/Na

Rain (halite) 117+0.06  002+0.001 0.11+001 0.01+0.001 114+006  002+0.001 0.11+0.01 0608311 [1]

Silicate 0.001 + 0.001 0.7£0.3 0.3+0.15 2+1 0.001 + 0.001 02+£0.1 0.06 £ 0.03 1.0+£0.2 [2]

Carbonate 0.001 + 0.0001 50+ 20 20+ 8 100 £ 40 0.001 + 0.0001 26.4+25 21+04 57.7+53 [3]

Hotspring 05+04 0.14+0.27 0.10+0.10 0.8+0.3 35x05 0.05+0.09 0.05+0.05 0.7+£0.2 [4]
Pollution 0.3+0.3 14+1.2 0.8+0.7 43+29 0.12+0.11 1.0+0.6 27+04 1.4+0.9 This study

[1] Roy-Barman and Jeandel, 2016; [2] Krishnaswami et al., 1999; [3] Millot et al., 2003; [4] Tiwari et al., 2016
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The contribution for the silicate derived cations (Cats) for the Indus headwater basin varies
from 0.1 % to 53 % with highest contribution is observed for the Sutlej sub-basin whereas, the
lowest is observed for Dras River basin. The carbonate-derived cations for these two streams
are estimated to be 97 % (Dras) and 17 % (Sutlej). Samples from the lower reaches (Sutlej,
Beas, Ravi, Tawi and Jhelum) are found to have significant (0 to 26 %) cationic contribution
from anthropogenic sources. These basins are actively influenced by the extensive agricultural
practices in these regions. Further, appreciable supply of hot springs contribution is observed
for selected sub-basins (Indus, Shyok, Chenab and Sutlej River). Highest contribution from
this source is observed for the Shyok sub-basin (~ 15 %). We have used the estimated data for
the Indus mainstream at Batalik (Fig. 2.4.) to compute the representative CO, consumption rate
for the upper Indus basin. At this location, the silicate-derived cation (Cats) is 205 + 12 pEg,
which is about five times lower than that derived by carbonate (1290 + 132 pEq) weathering.
This Cats value corresponds to a CO2 consumption rate of 2 + 0.1 x 10° mol/km?/yr. This rate
is a few times lower than that reported for the headwater of the Ganga (3.8 x 10° mol/km?/yr;
Krishnaswami et al., 1999), and Brahmaputra at eastern syntaxis (19 x 10° mol/km?/yr; Singh
et al., 2005), and about two times higher than that observed for global average for rivers (0.9 x
10° mol/km?/yr; Gaillardet et al., 1999). The Indus River originates from a high elevation (~
5486 m), and its basin relief for the mainstream in the studied region changes by ~ 1300 m for
a traverse of ~ 400 km length. This relief change, however, seem to have minimal effect on
chemical weathering in this region with colder climate, as evident from insignificant correlation
between elevation and TDS of samples. We, therefore, have assessed the role of temperature
in regulating the silicate weathering in this region. For this, co-variation between 1/T (inverse
of water temperature) and logarithm of silica concentrations has been evaluated. A strong anti-
correlation between these two parameters has been observed (Fig. 5.6. B), which is consistent
with the Arrhenius Kinetic equation (White et al., 1999; Dalai et al., 2002a). Samples with lower
temperature are found to have lower silica concentrations, indicating strong control of

temperature on mineral dissolution in this basin.
5.3.2.2. Sulfate sources

The §'80sos of water samples is mainly regulated by the 6*®0sos values of major minerals
(pyrites and gypsum), and other sulfate sources (rain, hot springs, and pollution), and their
relative contributions. The §'0so4 serve as a better proxy (over sulfur isotopes) for source

apportionment as this value for the major sulfur-bearing minerals exhibits limited variations.
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Table 5.6. The source apportionment results of various sources for cations and sulfates (rain, silicate (s), carbonate (c), hot springs (hs), pollution (poll),

pyrite (py) and gypsum (gy)) are provided.

Source apportionment results for cations

Source apportionment results for sulfate

Sample ID
Catrain Cats Cat, Catps Catporn frain fhs Tool Toy foy

INDW-21/49 0.12+0.01 0.33+0.02 0.46%£0.05 0.11+0.02 00 0.04+0 0.01x0 00 0.79+0.06 0.16+0.01
INDW-21/50 0.11+0.01 034+002 046+005 0.12+0.02 00 0.03+£0 0010 00 0.78+£0.06 0.17+0.01
INDW-21/51 0.11+0.01 0.33+0.02 047+£0.05 0.12+0.02 00 0.04+0 0.01+0 00 0.84+0.06 0.11+0.01
INDW-21/52 0.1+£0.01 033+002 048+0.05 0.12+0.02 00 0.03+£0 0010 00 0.79+£0.06 0.17+0.01
INDW-21/53 0.1+£0.01 034+002 048+0.05 0.11+0.02 00 0.03+£0 0010 00 0.83+£0.06 0.12+0.01
INDW-21/48 0.09+0.01 0.33+0.02 0.49%£0.05 0.11+£0.02 00 0.03+0 0.01+0 00 0.79+0.06 0.17%0.01
INDW-21/46 0.03+0 0.14+£0.01 0.66+0.07 0.15+0.03 00 0.01+0 0010 00 0.75+£0.06 0.24+0.02
INDW-21/45 0.03%£0 0.12+0.01 0.7+£0.07 0.13+0.02 00 00 0.01+0 00 0.75+0.06 0.23£0.02
INDW-21/44 0.02+0 0.11+0.01 0.73£0.07 0.14+£0.03 00 00 0.01+0 00 0.76 £0.06 0.23£0.02
INDW-21/43 0.02+0 0.13+£0.01 0.72+£0.07 0.13+£0.02 00 00 0010 00 0.76 £0.06 0.23+£0.02
INDW-21/42 0.02+0 0.11+0.01 0.75%£0.08 0.12+0.02 00 00 0.01+0 00 0.73+0.06 0.26 £0.02
INDW-21/41 0.03+0 0.12+£0.01 0.73+£0.07 0.13+£0.02 00 00 0010 00 0.77+£0.06 0.21+£0.02
INDW-21/47 00 0070 0.75+0.08 0.08+0.01 00 00 00 00 0.71£0.06 0.28+£0.02
INDW-21/56 0.16 £+0.01 0.26+0.02 0.46+0.05 0.14+£0.03 00 0050 0.02+0 00 0.88 £ 0.06 0.06 £0
INDW-21/54 0.16+0.01 0.27+002 045+0.05 0.16+0.03 00 0.05+0 0020 00 0.77+£0.06 0.16+0.01
INDW-21/55 0.01+0 0.23+0.01 0.73£0.07 0.06+0.01 00 00 0.01+0 00 0.8+£0.06 0.19+0.01
INDW-21/38 0.01+0 0.06 £0 0.89+£0.09 0.03+£0.01 00 00 00 00 0.71+0.06 0.29£0.02
INDW-21/40 00 0.05x0 0.97+0.1 0.01x0 00 00 00 00 0.88+0.07 0.11+0.01
INDW-21/39 00 0.03%£0 0.89+£0.09 0.08+0.01 00 00 0.01+0 00 0.78+0.06 0.21+0.02
INDW-21/37 00 00 0.43+£0.04 00 00 00 00 00 0.8 £ 0.06 0.2+0.02
INDW-21/36 00 0010 0.86+0.09 0.05+0.01 00 00 00 00 0.28+£0.08 0.72+£0.21
INDW-21/35 00 0.01+0 091+0.09 0.1+0.02 00 00 0.01+0 00 0.23+0.08 0.76+0.28
INDW-21/28 0.02+0.01 0.06+0.01 0.83+£0.11 0.02+£0.02 0.09+0.02 - - - - -
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INDW-21/29
INDW-21/30
INDW-21/34
INDW-21/33
INDW-21/32
INDW-21/31
INDW-21/58
INDW-21/57
INDW-21/25
INDW-21/26
INDW-21/27
INDW-21/22
INDW-21/21
INDW-21/24
INDW-21/23
INDW-21/20
INDW-21/19
INDW-21/18
INDW-21/15
INDW-21/16
INDW-21/17
INDW-21/13
INDW-21/61
INDW-21/60
INDW-21/59
INDW-21/11
INDW-21/14
INDW-21/12

0.02+0.01
0.02+0.01
0.02+0.01
0.05+0
0.05%+0
0.01+0.01
0+0
0.01+0
0.01+0
0.02+0
0.01+0
0.01+0
0.01+0
0.02+0.01
0.02+0.01
0.02 +£0.01
0.03+0.01
0.02+0.01
0.02+0.01
0.03+0.01
0.02 +£0.01
0.02+0.01
0.1+0.01
0.09+0.01
0.01+0
0.06 £ 0.03
0.04 £0.02
0.02+0.01

0.08 £0.01
0.06 £0.01
0.05+0.01
0.07+0.01
0.05+0.01
0.04+0.01
0.09+0
0.07+0
0.11+0
0.12+0.01
0.11+0
0.12+0.01
0.16 £0.01
0.12+0.01
0.14+0.01
0.1+0.01
0.16 £0.01
0.28 +£0.02
0.12+0.01
0.16 £0.01
0.26 £ 0.02
0.2+0.01
0.22+£0.01
0.22+£0.01
0.14+0.01
0.25+0.02
0.24 £0.02
0.14+0.01

0.73+0.09
0.79+0.1
0.76 £0.1
0.92 +£0.09
094+0.1
0.82+0.1
0.61 +0.06
0.61 +0.06
0.79+£0.08
0.74 +0.08
0.73+0.07
0.82 +£0.08
0.79 +0.08
0.8+01
0.79+0.1
0.77+x0.1
0.7 +£0.09
0.65 +0.08
0.63+0.08
0.65+0.08
0.67 +0.09
0.67 +£0.09
0.6 +0.06
0.61 +0.06
0.67 £0.07
0.55 +0.07
0.59 +£0.08
0.68 +£0.09

0.04 +£0.03
0.02 £0.02
0.02+£0.03
0.05+0.01
0.05+0.01
0.02 £0.02
0.16 £0.03
0.19+£0.03
0.01+0.01
0.01+£0.01
0.08 +0.02
0.01+0.01
0.09 £0.02
0.01+0.01
0.01+0.01
0.01 £0.03
0.01+0.02
0.01 £0.02
0.01+0.03
0.02 £0.02
0+0.02
0.01+0.03
0.09 £ 0.02
0.06 +£0.01
0.14+0.03
0.05+0.02
0.02+£0.03
0.01+0.03

0.13+0.038
0.09 +£0.02
0.15+0.03
0x0
0+0
0.1+0.02
0+0
0+0
0+0
0+0
0+0
0+0
0+0
0.04 £0.03
0.03 +0.03
0.13+0.03
0.11+0.038
0.08 +0.04
0.15+0.03
0.11+0.038
0.07 +£0.03
0.14 +£0.03
00
00
0+0
0.09 +0.04
0.16 £0.04
0.12+£0.03

118

0.01+0
0+0
0+0
0+0
0+0
0+0
0+0
0+0

0.02 +0.01

0.03+0.01
0+0
0.01+0

0.03x0
0.02+x0
0+0
0.05 +0.02

0.01+0

0.07+0.01

0.04+0.01

0010

0010
0+0
0+0
0+0
0+0

0010

0.04 £0.01

0.07 £0.02
0.01+0
0.03+0.01

0010

0010

0.01+0
0.23+0.05

0.01+0

0.05+0.01
0+0
0+0
0+0
0+0
0+0
0+0
0+0

0.03+0.01

0.11+0.02
0.04+£0.01
0.04+£0.01

00

00

0+0
0.08 +0.02

0.04£0.01

0.26 +0.07

0.37 £0.07
0.74 £0.06
0.74 £0.06
0.73+0.06
0.68 £ 0.06
0.72+0.06
0.71+0.06
0.74 £0.06

0.28 £0.08

0.15+0.08
0.66 +0.07
0.58 +0.06

0.64 £ 0.06
0.69 £ 0.07
0.67 £ 0.06
0.42 £0.05

0.71 +0.07

0.57+£0.15

054+0.1
0.25+0.02
0.25+0.02
0.27 £0.02
0.32 £0.038
0.27 £0.02
0.29+0.03
0.25+0.02

0.63 +0.17

0.64+0.34
0.29+0.03
0.34+0.04

0.32£0.038
0.28 £0.03
0.33+0.03
0.21 £0.02

0.23+0.02
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INDW-21/10
INDW-21/04
INDW-21/09
INDW-21/01
INDW-21/03
INDW-21/02
INDW-21/05
INDW-21/06
INDW-21/08
INDW-21/07

0.04 £0.02
0.05+0.02
0.05+0.02
0.03+0.01
0.02+0.01
0.04 £0.02
0.28 £ 0.06
0.15+0.05
0.09+£0.04
0.05+0.02

0.18 £0.02
0.22 £0.02
0.22 +£0.02
0.11+0.01
0.1+0.01
0.18 £0.02
0.37 £0.05
0.36 £ 0.04
0.53+0.04
0.22 £0.02

0.62 +£0.08
0.58 £0.07
0.59£0.08
0.55+0.07
0.57 £0.07
0.51+0.07
0.17 +0.03
0.26 +0.04
0.18+0.04
0.58 +0.08

0.03+0.03
0.05+0.03
0.05+0.03
0.02 +£0.05
0.01+0.05
0.02 +£0.05
0.08 £0.03
0.07 £0.04
0.09+£0.04
0.05+0.03

0.13+0.038
0.11+0.04
0.11+0.038
0.26 £0.05
0.25+0.05
0.23+0.05
0.11 +0.08
0.14 +0.06
0.14 +£0.07
0.12 +0.03

0.02+0.01
0.03£0.02
0.03+0.01
0x0
0+0
0.01+0
0.14 +0.04
0.05 +0.02
0.08 £0.04
0.03 +0.02

0.07 £0.02
0.16 +0.04
0.15+0.03
0.02+0
0.01+0
0.02+0.01
0.23 £0.07
0.13+0.04
0.4 +0.09
0.15+0.03

0.07+£0.01
0.08 £0.01
0.07+£0.01
0.05+0.01
0.05+0.01
0.05+0.01
0.07 +0.01
0.06 +0.01
0.14+0.03
0.09 +0.01

0.57 £ 0.06
0.41+0.05
0.48 +0.05
0.76 £ 0.06
0.76 £ 0.06
0.76 £ 0.06
0.44 £0.04
0.58 £0.05
0.32+0.03
0.42 £0.05

0.27 £0.03
0.31+0.04
0.27 £0.03
0.17+0.01
0.18+£0.01
0.16 £0.01
0.12+0.01
0.19+0.02
0.06 £0.01
0.31+0.04

Table 5.7. The estimated results derived from the Monte-Carlo simulation and the calculated weathering fractions are provided.

Estimated results from Monte-Carlo simulation

Carbonate weathering

Sulfuric acid weathering

Sample ID Estimated foy 518050y (%) 595, (%) fraction (R) fraction (Z)
from OWPsiope

INDW-21/49 0.91+0.15 -947+1.6 -7.35+1.83 0.72+0.04 0.22+0.01
INDW-21/50 0.89+0.15 -9.75+1.62 -5.98+1.78 0.71+£0.04 0.21+£0.01
INDW-21/51 0.97+0.13 -9.69 + 1.61 -5+1.59 0.72+£0.04 0.21+0.01
INDW-21/52 0.9+0.16 -9.3+1.59 -6.84 +1.82 0.73+0.04 0.19+0.01
INDW-21/53 0.95+0.15 -92+16 -5.92+1.7 0.72+0.04 0.2+0.01

INDW-21/48 0.9+0.15 -9.69+ 1.61 -9.76 + 2.04 0.74 £ 0.04 0.21+0.01
INDW-21/46 0.83+0.17 -10.32 £1.64 -13.35+2.39 0.91 +0.05 0.35+0.02
INDW-21/45 0.83+0.17 -10.18 £ 1.63 -12.17+£2.34 0.93+0.05 0.37£0.02
INDW-21/44 0.84+0.16 -10.28 + 1.64 -13.14 £ 2.36 0.94 +0.05 0.36 £ 0.02
INDW-21/43 0.84 £ 0.17 -10.3+1.64 -13.24 £2.38 0.92 +0.05 0.34 +0.02
INDW-21/42 0.8+0.2 -10.09 £ 1.63 -13.67 £2.52 0.94 +0.05 0.35+0.02
INDW-21/41 0.86+0.16 -10.14 + 1.64 -12.8+2.33 0.93+0.05 0.36 £ 0.02
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INDW-21/47
INDW-21/56
INDW-21/54
INDW-21/55
INDW-21/38
INDW-21/40
INDW-21/39
INDW-21/37
INDW-21/36
INDW-21/35
INDW-21/28
INDW-21/29
INDW-21/30
INDW-21/34
INDW-21/33
INDW-21/32
INDW-21/31
INDW-21/58
INDW-21/57
INDW-21/25
INDW-21/26
INDW-21/27
INDW-21/22
INDW-21/21
INDW-21/24
INDW-21/23
INDW-21/20
INDW-21/19

0.78+0.2
1.02+0.11
0.9+0.12
0.89+0.12
0.78 +0.27
0.97 £0.17
0.86 +0.27
0.88+0.19
0.31+0.04
0.26 +0.03

0.34£0.05

0.45+0.08
0.82+0.23
0.82+0.24
0.8+0.35
0.74+0.9
0.79+£0.39
0.77+0.64
0.82+£0.42
0.34+0.05

0.22+0.03

-10.5+1.65
-11.36 £ 1.68
-11.25+1.68
-11.7+1.7
-9.36+1.6
-1.75+1.54
-7.52+1.53
-8.81+1.57
-5.68 + 1.46
-5.44 +£1.45

-457+1.42

-424+14
-9.09 +1.59
-8.9+1.58
-8.07+1.54
-7.92 +£1.55
-7.92 £ 1.55
-1.47 £1.52
-7.11+£1.52
-441+141

-3.23+1.37

-15.02 + 2.66
-2.1+1.29
-6.14£1.72
-1.29+141

-11.73+£2.48
-8.18 +1.88

-15.17 +2.64

-17.84 + 2.67

-19.48 £ 22.17

-10.06 + 6.49
-5.61+1.89
-6.83 £2.03
-3.32+£191
-4.44 +2.16
-3.75+1.93
-4.54 £ 2.07
-6.22 £ 2.05

-25.39+22.5

0.98 £ 0.05
0.79+0.04
0.78+£0.04
0.9+0.05
0.99 +0.05
0.97 £0.05
1+0.05
1+0.04
1+0.05
0.99 +0.05
0.98 £ 0.07
0.97 +0.07
0.98 + 0.07
0.98 £ 0.07
0.97 £ 0.05
0.97£0.05
0.99 £ 0.07
0.99 +0.05
0.99 £0.05
0.99 +0.05
0.98 +0.05
0.98 £0.05
0.98 +0.05
0.95+0.05
0.95+0.06
0.94 +0.06
0.94 £ 0.06
0.9+0.06

0.37 £0.02
0.27+0.01
0.24+£0.01
0.12+0.01
0.26 +0.01
0.18 +£0.01
0.19+0.01
0.4 +£0.02
0.14 £ 0.02
0.09 +0.02

0.05+0.01
0.47 +0.03
0.53+0.03
0.35+0.02
0.33+0.02
0.33+£0.02
0.26 +0.02
0.22+£0.01
0.02+0

0.02+0.01



Chapter 5

INDW-21/18
INDW-21/15
INDW-21/16
INDW-21/17
INDW-21/13
INDW-21/61
INDW-21/60
INDW-21/59
INDW-21/11
INDW-21/14
INDW-21/12
INDW-21/10
INDW-21/04
INDW-21/09
INDW-21/01
INDW-21/03
INDW-21/02
INDW-21/05
INDW-21/06
INDW-21/08
INDW-21/07

0.76 +0.35
0.69 £0.22

0.73 £ 0.67
0.77 £ 0.55
0.73+0.84
0.72+0.25
0.82+15
0.74+0.3
0.63+0.15
0.7+0.21
0.89+0.26
0.89+0.28
0.9+0.28
0.85+0.54
0.82£0.69
0.92 +0.52
0.63+0.15

-3.58 +£1.38
-4.02+1.4

-5.88 +1.47
-431+141
-6 +1.47
-3.38 +1.38
-415+141
-3.66 +1.38
-3.43+1.38
-3.51+1.38
-6.88+15
-6.83 +1.51
-6.44 +1.48
-5.86 £1.47
-6.07 £ 1.47
-4.62+1.42
-3.03+£1.37

056+19
-6.21 + 2.86

-2.63+2.19
-3.54+2.15
-7.01+£249
-6.21+2.78
0.23+1.73
-2.12+2.24
-9.02 £ 3.82
-3.57+£2.59
-13.21+£2.39
-12.94 +2.46
-13.18 +2.43
-14.4+£2.72
-14.84 £2.78
-17.58 £2.91
-12.66 £ 4.24

0.81+0.06
0.94 +0.06
0.94 £ 0.06
0.83 +0.06
0.89 +0.06
0.89 £ 0.05
0.89 +0.05
0.97 £0.05
0.82 £ 0.06
0.86 + 0.06
0.94 £ 0.06
0.89 +0.06
0.85+0.06
0.86 £ 0.06
0.93 +0.07
0.94 £ 0.07
0.87 £0.06
0.46 +0.05
0.58 £ 0.05
0.39+0.05
0.86 + 0.06

0.13+0.01
0.12+0.01

0.19+0.01
0.21+0.01
0.33+£0.02
0.02+0
0.23+0.02
0.08 +0.01
0.04+0
0.08 £0.01
0.35+0.02
0.46 £ 0.03
0.41+0.03
0.24 +0.02
0.29 £0.02
0.12+0.01
0.06+0
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Fractional contribution of cation (%)
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Figure 5.6. Estimates of solute contribution for (A) cations and B) correlation between log Si
with water temperature for the upper Indus samples.

The *80so4 values for gypsum minerals for Phanerozoic Eon vary from 10 %o to 30 %o, with

an average value of ~ 15 %o (Relph et al., 2021; Turchyn and Schrag, 2004; Claypool et al.,

1980). The 5'80so04 of pyrites depends on the oxygen sources for oxidation (meteoric water and

atmospheric oxygen) in a given basin, their isotopic compositions, and related fractionation

factors (cf. Eg. 5.5). Although theoretical observations hint at dominant involvement of
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atmospheric Oz (~ 87.5 %) in sulfide oxidation reactions (Balci et al., 2007), lab-controlled
experiments (Balci et al., 2007) and studies from river basins (Relph et al., 2021; Gu et al.,
2020a) document that these processes are mainly mediated through meteoric water, with
minimal (< 17 %) atmospheric oxygen contribution. Prior to f,, estimation, the 580 values
used in this simulation approach have to be corrected for all other sources (rain, pollution and
hot springs) using the following equation:

+ _ 6%050, ., — (6050, , X fi)

18 —
518050, " = e (5.3)

where subscripts riv and i denotes the river and end-members (rain, hot springs and pollution)
respectively. This correction requires data on relative sulfate contribution from the sources, and
hence, information on average SO4/Na and amount of Na supplied from different sources. The
average SO4/Na ratio used for the oceanic (0.06; Roy-Barman and Jeandel, 2016), hot springs
(0.3; Tiwari et al., 2016), and anthropogenic (0.28; this study) sources have been compiled
from the literature. The estimated sodium contributions for each source using the inverse

modeling (Tripathy and Singh, 2010) are used for this simulation.

In an interesting observation, the corrected §'®0sos and 88020 exhibit linear co-
variation, with the slope of their regression lines being dependent on the fyy values. Further, the
regression lines for different combination of fpy value intersect at a common point, where the
5180s04 value is same as that of the gypsum mineral. This intersection point reflects a unique
condition where &%0sos = &80pyrite= 6'®Ogypsum. This situation arises when 8020
corresponds to 12.8 %o, considering an average 5:30gypsum value of 14 %o. These observations,
therefore, ascertain that the slope of the §*80sos- $*80w20 line, computed as below, co-vary
linearly with the fpy value. This slope (OWPsiope) can be computed using following equation,

which reflects higher degree of sulfide oxidation for a sample with lower slope.

518 _518 sum
OW Py = (Fipi>Jpaum) (5.4)

5180y,0-12.8

This regression equation can be used efficiently to compute the fpy values with given
5180 composition for water and their sulfate fraction. As a sensitivity test, we computed fyy
values for previously-estimated §®0sos and §*30w20 data (Relph et al., 2021; Xu et al., 2024)
using Monte-Carlo simulation (Fig. 5.7. B). The estimated fyy values for these samples using
OWPsiope approach match well with that obtained from the Monte-Carlo simulation, confirming
reliability of our approach (with no iterative algorithm) to estimate the fpy values accurately.
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Further, this additional approach, together with Monte-Carlo simulation, may validate the

reliability of using measured 580n20 as reactive fluid composition for a given basin.
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For ready comparison with available literature data for global rivers, we have adopted
the Monte-Carlo approach of Relph et al., (2021) to compute the sulfate contributions from
major sources to the Indus headwater. This simulation computes the sulfate contribution from
sulfide minerals and gypsum dissolution using 5¥Osos values for major minerals, oxygen

sources, and related fractionation factors:
880504 py = fo, (6800, + €50,-0,) + f11,0(6*80x,0 + €50,-1,0) (5.5)
fo, + fu,0 =1 (5.6)

here, fo2 and f 120 is the atmospheric and meteoric water fractions of oxygen that incorporates
into the sulfate during the oxidation of sulfides, respectively. The §'0w20 is the isotopic values
for the local water samples whereas 8800, is the typical atmospheric value. The gsos - o2 and
€s04 - Heo are the fractionation factors between oxygen - sulfate and water - sulfate respectively.
Further, the 5!80so4 of pyritic sulfate is largely controlled by 5020 of reactive water, as §*80
of atmospheric Oz (~ 23 %o; Xu et al., 2024) and its oxygen contribution (< 0.17) are well
constrained. We have computed the expected §'80sos value by varying 68020 value of water
and fpy value (Fig. 5.6.). Results from the Monte-Carlo approach was further used to calculate

the 5**S value for pyrites using the following equation:

6345*504 - (1-fpy) (6345504 .93’)

foy

6345504 py = (57)

here, subscripts, py and gy stand for pyrite and gypsum respectively.

The fyy for the Indus mainstream varies between 0.73 and 0.84 with an average fyy of
0.78. These values match well with that computed using OWPsiope approach for the Indus
mainstream (0.80 to 0.97). The estimated fyy values from the Monte-Carlo simulation vary from
0.15 to 0.88 with the highest fyy is observed for the Dras sub-basin while the lowest is for Tawi
River. Further, this simulation approach (cf. Eq. 5.7) enables us to compute the §34Spy values,
which range between - 25 %o and 1 %o (avg., - 9 = 6 %o0; n = 47 (Table 5.7.; excluding 3
outliers)). As suspended sediments often do not comprise of pyrite minerals with fast
dissolution kinetics, these data provide a good handle on the source composition. Average
534S,y value for the Indus headwater basin is found overlapping with that reported from the

Tethyan sedimentary sequences (Xu et al., 2024).
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The sulfates are dominantly supplied from major sulfate bearing sources such as pyrite
(64 £ 19 %) and gypsum (27 £ 16 %) with minor contributions from hot springs (~ 4 %), rain
(~ 2 %) and anthropogenic input (~ 2 %; Fig. 5.8.). The hot springs contribution varies between
0.02 % and 40 % with the highest contribution being observed for the Sutlej sub-basin. The
sulfate contribution via anthropogenic supply is mostly higher for the tributaries from lower
reaches (Sutlej, Beas, Ravi, Tawi and Jhelum). As mentioned in the earlier section the
anthropogenic sources are mostly from agricultural land which can provide substantial sulfate
to the stream.
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Figure 5.8. Estimates of solute contribution for sulfates for the Indus headwater.

At Batalik (exit point of Indus mainstream in this study), the relative sulfate
contribution for the rain (0.38 = 0.05 %), hot springs (0.7 + 0.1 %), pyrite (77 £ 6 %) and
gypsum (21 £ 2 %), has been estimated. The sulfide-derived sulfate at this location is ~ 530
MEQ. The sulfate derived from sulfuric acid-mediated carbonate weathering for Indus at Batalik
is 387 + 40 UEQ which corresponds to a CO; release of 3.7 + 0.4 x 10° mol/km?/yr. This rate is
significantly higher than the estimated CO- uptake rate via silicate weathering (2.0 + 0.1 x 10°
mol/km?/yr) at this location. High sulfide oxidation in the upper Indus basin is mostly linked
to conducive lithology and glacial coverage, which has been discussed in detail in the following

section.

126



Chapter 5

5.4. Pyrite oxidation in the Indus headwater and its significance

The H.COz-mediated silicate weathering and sulfide oxidation coupled carbonate
weathering influence the alkalinity and DIC of the ocean-atmosphere system. The silicate
weathering generates alkalinity (ALK), which subsequently get consumed during oceanic
CaCOs deposition. While the conversion from CaSiOz to CaCOs consumes DIC, the sulfide
oxidation consumes alkalinity. Kemeny et al., (2021a) have assessed the effect of parameters,
R (ratio of carbonate to total weathering) and Z (fraction of H.SOs-mediated weathering) on
ALK/DIC of a weathering system. Figure 5.9. depicts the R and Z correlation and compares
CO:- release/uptake rates between the headwater (this study), and entire (estimated using data
from Karim and Veizer (2000)) basin of the Indus. This comparison does not include the
organic oxidation pathway and hence, the present release rate must be considered a lower limit
only. Further, this discussion, focusing on the continental weathering pathways, does not
include the CO2 consumption via organic burial in oceanic settings. The rate comparison
indicates the weathering process in the headwater basin serves as a net CO> source, whereas
the lower reaches of the Indus serve as net CO- sink. Considering the CO> release via sulfide
oxidation (4.5 + 0.5 tC/km?/yr) and consumption via silicate weathering (2.4 + 0.1 tC/km?/yr),
the net effect of the chemical weathering in the headwater basin (at Batalik) on CO2 is 2.1 +
0.5 tC/km?/yr which acts as a source of CO,. In comparison, the net CO; effect for the Indus
outflow is found to be - 0.8 + 0.2 tC/km?/yr. The observed net CO> release from mountainous
regions of the Indus basin is consistent with that reported in a few earlier studies (Peel: 2.80
tC/km?/yr and Liard: 1.70 tC/km?/yr) and higher than Mackenzie (0.75 tC/km?/yr), Peace (0.44
tC/km?/yr), Slave (0.26 tC/km?/yr), Athabasca (0.29 tC/km?/yr) and Ganges and Brahmaputra
(0.66 tC/km?/yr) River system (Galy and France-Lanord, 1999; Calmels et al., 2007; Hilton
and West, 2020). This release from weathering-limited regimes has been linked to continuous
exposure of fresher minerals, and also, presence of disseminated pyrites in the glaciated
terrains. In contrast, this oxidative weathering is less intense in transport-limited (or, lower
reaches) regime of the basin, where intense weathering of silicate minerals may be encountered
due to high water-rock interaction time. Our earlier discussion (cf. section 5.3.2.1.) has
established strong control of temperature in regulating the silicate weathering rate in the upper

Indus basin.

The average temperature for the upper Indus basin (this study) is very low compared to

that observed for the lower reaches (Karim and Veizer, 2000). This temperature gradient may
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explain the estimated lower CO uptake rate for the upper Indus.
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Figure 5.9. The figure depicts A) the sulfuric acid weathering fraction (Z) against the
carbonate weathering fraction (R). Most of our samples fall in the zone of long-term CO;
release and short-term CO2 consumption. The Indus mainstream data are shown in diamond
whereas the tributaries are in triangle symbol. Trends for CO- release/consumption are from
literature (Kemeny et al., 2021a; Xu et al., 2024). The Indus headwater at Batalik (marked as
black square) clusters in the CO> release zone whereas the Indus outflow at Thatta bridge is
presented as red star mark, falls in the consumption zone. For comparison, we have also shown
the estimated R-Z values for other HTP Rivers (Ma et al., 2023; Xu et al., 2024) in open grey
circles. The CO- release/uptake rates for the B) Indus headwater (this study) and C) outflows
(Karim and Veizer, 2000). The chemical weathering in the headwater basin serves as a net
source of COx.

However, the glaciated terrains and a conducive lithology with exposures of pyritic
sedimentary rocks support intense pyrite oxidation in the upper reaches. As a combined effect
of temperature (on silicate weathering) and lithology (on sulfide oxidation), the chemical
weathering in the upper Indus basin serves a net CO> source. Our new observation on net
release of CO> from the northwestern Himalaya is not consistent with earlier suggested role of
Himalaya weathering on the Cenozoic cooling (Raymo et al., 1988). This tectonic-weathering-
climate hypothesis assumes intense silicate weathering in these young orogenic belts which
may trigger a global cooling event (Raymo and Ruddiman, 1992). Our results from the upper
Indus, although restricted to northwestern part of the Himalaya, do not support this proposition
and warrants the need to include the CO, release (sulfide and organic oxidation) pathways in

understanding the past climate and seawater chemistry changes.
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This thesis work presents comprehensive investigation of chemical and isotopic
compositions, both at spatial and temporal scales, for selected Indian River basins. These
datasets and their mass balance modeling have enabled to establish the rates and factors
regulating the pyrite oxidation in weathering- and transport-limited river basins. Towards this,
we have used time-series sampling (at weekly interval for a duration of one-year) of surface
water samples from the Mahanadi River and the Indus headwater regions. Here, the samples
from the Mahanadi represent a transport-limited large river basin from the core-monsoon zone,
whereas the Indus headwater represents a weathering-limited glaciated terrain from the
northwestern Himalaya. Additionally, a detailed spatial sampling in the upper Indus basin (in
India) was also carried out to assess the net effect of chemical weathering in this part of the
Himalaya on CO2 cycle. Some of the key outcomes from this thesis work are summarized

below.
6.1. Net effect of weathering in a large tropical river basin on carbon cycle

Time-series analyses of water chemistry (major ions, silica and rhenium concentrations)
and 5**Ssos values of one of the distributaries of the Mahanadi River (India) have been
investigated to constrain the net feedback of tropical weathering on atmospheric CO: cycle.
Variations in these elemental and isotopic compositions show relatively higher (18 £ 9 %)
groundwater influx to the river during low (than high) flow stages, with no major seasonal
change in relative solute supply from silicate weathering. Our calculations show that the CO>
release/uptake rates in this basin is dominated by silicate weathering (-2.4 + 1.6 tC/km?/yr) and
organic oxidation (0.50 + 0.57 tC/km?/yr), with minimal impact through carbon burial (-0.27 +
0.12 tC/km?/yr) and sulfide oxidation (0.1 + 0.1 tC/km?/yr). The amount of CO, consumed by
silicate dissolution is partly (~ 20 %) counterbalanced by CO- release via organic oxidation.
Our detailed investigation of four continental weathering pathways confirms that considering
only the negative feedback of silicate weathering on carbon budget may overestimate its role
in regulating global cooling events and related chemical cycles, and therefore, warrants the
need to consider all these reactions for a precise geochemical budget. The basin lithology and
tropical climate seem to control high silicate erosion, whereas limited physical erosion in this

supply-limited regime limits the sulfide oxidation in the basin.
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6.2. Pyrite oxidation in the upper Indus basin and its seasonal changes

Time-series data for water chemistry and &**Sso0s-6'%0sos Of the (upper) Indus
mainstream at Leh, India have been investigated at weekly intervals for one-year duration
(2021-22). This data distribution and their inverse modeling were used to quantify the seasonal
changes in cationic and sulfate source(s) contributions, and related controlling factors.
Concentrations of most of these elements show lower concentrations during high (than low)
flow stages, which cannot be attributed to water dilution alone. The near-zero silica
concentrations for some of the summer samples, and lower Si/Na* ratios for all the samples
(compared to that for other Himalayan Rivers) indicate the impact of biological uptake and
contribution from NaxSOs-type evaporites (mirabilites). Inverse modeling of the elemental
ratios estimates that the solutes are largely supplied by silicate (35 £ 9 %) and carbonate (32 £
6 %) weathering. Unlike earlier studies, the estimated Cats values were found higher during
early part of the high flow stage, attributable to impact of temperature on silicate dissolution at
this site. The §**Sso4 (-2.6 %o t0 2.9 %o) and 530so4 (-5.9 %o to 2.6 %o) values exhibit significant
seasonal variation with depleted values for the baseflow samples. Source apportionment
calculations indicate that the fpy values for the high flow stages are lower than that for baseflow
stages. This fpy increase during low flow stages is largely linked to the diffusion of atmospheric
oxygen via tectonic-induced microfractures to deep reactive pyrite fronts during the fall of the
water table. Whilst the oxidation rate is linked to subsurface oxygen availability, the degree of
foy change at Leh is lower than that for other global basins, which may be linked to narrow
depth of reactive front at this ridge than that for river valley. Our suggested coupling between
flow stages and pyrite oxidation will have significance in understanding past CO2 changes and

riverine acidity in response to climatic changes.
6.3. Pyrite oxidation in the upper Indus basin and its spatial distribution

Spatial distribution of water chemistry and §**Ssos- 6'30so4 from the Indus mainstream
and its tributaries were investigated to establish the rate and controls for pyrite oxidation in the
northwestern Himalaya. The observed chemical and isotopic compositions for the (upper)
Indus mainstream confirm dominant solute supply from the Zanskar tributary. Average sulfate
concentrations for these samples (~ 200 pM) was about two times higher than that reported for
global rivers (88 uM). Ternary plot for the major ions and §**Ssoa variability (-11 %o to 5 %o)
points to intense sulfide oxidation in the basin. The AOsos-H20 for these samples (7 %o to 19

%0; mean: 11 = 3 %o) are systematically depleted than that reported for the lower Indus basin
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(~ 15 %o) and overlap with that of global rivers (12 = 7 %o), and also, fall intermediate to that
expected for sedimentary sulfide (~ 3 to 6 %o) and gypsum (~ 19 to 27 %o). The slope of the
5180r20-680s04 linear trend reflects the fyy value for a basin. Further, source apportionment
modeling estimates the sulfide-derived sulfate (0.6 + 0.2), and silicate-derived cations (0.2 +
0.1). These estimates establish intense sulfide oxidation in the basin, facilitated by conducive
lithology and glacial coverage. Comparison of silicate weathering (2 x 10° mol/km?/yr) and
sulfide oxidation (4 x 10° mol/km?/yr) rates confirms net release of CO2 from these
mountainous regions. This observation, therefore, rules out the importance of chemical

weathering in the northwestern Himalaya in triggering the global Cenozoic cooling event.
6.4. Future scope of work

Outcomes of this study have provided better insights on the release of CO> from the
northwestern Himalayan regions via pyrite oxidation, which counterbalances the CO:
consumed by silicate weathering. This observation confirms a net release of CO, from the
mountainous and glaciated regions, and hence, challenges the previously-suggested linkage
between Himalaya weathering and Cenozoic cooling. This study, however, is restricted to a
specific region of the Himalaya with conducive lithologies for sulfide oxidation, and may not
be extended to the entire HTP region. Future studies, therefore, must focus in establishing the
spatial and seasonal distribution of this oxidative weathering processes for central and eastern
Himalaya and also, Tibetan River basins. This comprehensive dataset, together with the silicate
weathering rates, can be used to estimate the net effect of Himalaya weathering on the carbon
cycle. A net negative effect of these processes on CO> budget for the entire HTP River basins
is required to establish the tectonic-weathering-climate hypothesis. In addition to sulfide
oxidation, oxidation of petrogenic carbon may also supply CO> to the atmosphere. A thorough
assessment of the net CO2 budget during Himalaya weathering must also include this CO>

supply pathway.

Another important aspect of pyrite oxidation in the Himalayan basins is to assess the
effect of sulfate supply on the seawater 5**Ssos evolution during the Cenozoic period. Earlier
studies have established the significance of Himalaya weathering in regulating the seawater
87Sr/88Sr, 1870s/1880s and &Li trends. A similar effort to evaluate the role of oxidative
weathering in this young orogenic belt on the Cenozoic §**Ssos trend can be useful in

constraining its global impact. For this, a mass balance calculation involving elemental and
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isotopic values for HTP and non-HTP Rivers, along with other sources and sinks, during

different time-bins will be useful.

This thesis work establishes the effect of subsurface diffusion of atmospheric oxygen
and availability of microfractures in aquifers in regulating the intensity of pyrite oxidation in a
given basin. Further, the direction of groundwater flow (vertical versus interflow type) and its
composition also contribute to these oxidation processes. Considering global significance of
this trace lithology, future studies must focus on gaining details on these subsurface weathering
processes. A comprehensive study must be attempted to track the availability and dissolution
of pyrites in basins by investigating (i) fracture density data for aquifers, (ii) borehole and
geophysical data for lithological imaging, (iii) §**Ssos data for groundwater from different
depths/seasons, and (iv) concentration of aqueous and gaseous oxygen. These subsurface data
should be used to provide a 3-D subsurface map to trace the sulfate formation and its dispersion
in river basins. Further, the process of pyrite oxidation varies significantly depending on basin
lithology and glacial extent. Focused studies from basins with significant variation in these two
parameters may provide clues on sensitivity of pyrite oxidation for these two variables. At
present, it is assumed that the oxygen for these oxidation reactions mainly comes from
atmosphere than the meteoric water- an assumption which must also be confirmed in future

studies.

The observed water chemistry of the Indus headwater hints at appreciable influence of
biological uptake and sulfate-rich evaporites. These solute sources and their influence on river
chemistry have not been explored in earlier studies. The near-zero silica concentrations for
some of the streams during summer season is very intriguing. The exact causes for this
observation may be explored in future studies using silicon isotopes of these samples. These
data will be useful in quantifying the influence of silicate weathering, hot springs, biological
uptake and ion-exchange process. Further, studies on formation and solute contribution from
sulfate-rich evaporites will be crucial in better understanding the riverine sulfate inventory for

arid regions, and also, to quantify the pyrite oxidation rates for these basins more accurately.
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