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Résumeé

Les eaux souterraines forment un systeme dynamique avec une grande hétérogéneité spatiale
et temporelle, et agissent en tant qu'intermédiaire entre les processus de surface dans la zone
critique et les fleuves qui apportent les solutés vers I'océan. Des études récentes révélent que la
décharge sous-marine d'eaux souterraines (SGD) est une voie dominante pour l'apport de
nutriments aux cotes, dépassant souvent les flux de nutriments fluviaux, formant ainsi une
composante importante des cycles biogéochimiques marins. Cependant, les SGD restent
négligées dans les bilans de nutriments et sont difficiles a quantifier. Parmi ceux-ci, le silicium
(Si) est un nutriment essentiel pour les diatomées, I'un des principaux producteurs primaires des
écosystemes aquatiques. Les bassins versants tropicaux humides avec précipitations
saisonnieres de mousson, genéeralement trouves en Inde, favorisent une altération intense des
silicates, ce qui entraine des flux élevés de Si vers les eaux. Cependant, I'agriculture peut
moduler le cycle de Si ce qui nécessite une évaluation plus poussée, notamment dans les eaux
souterraines. Cette thése étudie trois aspects majeurs du cycle de Si dans les eaux souterraines
: i) I'impact des modifications de l'utilisation des terres et des précipitations de mousson sur Si
dissous (DSi) et la signature isotopique de Si (5%°Si) des eaux souterraines en comparant un
bassin versant agricole (Berambadi) et un bassin versant forestier (Mule Hole) a deux saisons,
ii) élucider les interactions entre eaux souterraines et eaux de surface dans le plus grand systeme
estuarien de mousson en Inde (Godavari) et, iii) quantifier les flux de Si apportés par la
contribution en eaux douces des SGD vers I'Océan Indien grace & une série d’échantillons
d'eaux souterraines cétieres. Pour cela, nous utilisons des traceurs isotopiques : isotopes de I'eau
et 87Sr/88Sr pour identifier les sources et les mélanges, §°°Si et rapports Ge/Si pour tracer le
cycle du Si, et §*4/*°Ca pour déterminer l'altération des carbonates.

Ce travail a permis d'augmenter la moyenne des 5°°Si des eaux souterraines mondiales de
0,49+0,9%o (1SD, n=66) 4 0,81+0,9%o (1SD, n=224), inférieure aux 5°°Si des eaux de riviére et
de I’océan. Nous montrons que les signatures 5*°Si des eaux souterraines ne sont pas impactées
par les modifications de l'utilisation des terres ni la saisonnalité, et sont principalement
contrlées par l'altération des silicates et la formation d'argiles secondaires. Les eaux
souterraines présentent généralement un comportement stable avec un équilibre dynamique
entre l'apport de Si et la formation de phases secondaires. Les 5%°Si issus de l'altération, de
I'adsorption et de I'absorption par les plantes qui se produisent dans les horizons peu profonds
du sol et du saprolite sont partiellement homogénéisés par I'altération du régolithe dans la zone

profonde. Les §%°Si de I'estuaire de Godavari présentent une variabilité saisonniére importante,
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principalement due aux diatomées et parfois a un apport hétérogene issus des eaux souterraines
pendant la saison seche, alors que I'altération des silicates et la formation d'argiles secondaires
dominent pendant la saison humide. L’estuaire est un filtre important pour I’apport en Si a
l'océan, en retirant ~15% du DSi total apporté par le fleuve Godavari. Les §**°Ca dans
l'estuaire (1,34+0,5%o, 1SD, n=16) et Ses eaux souterraines (1,6+0,7%o, 1SD, n=15) sont tres
hétérogenes. Le fractionnement isotopique du Ca, tant dans l'estuaire que dans les eaux
souterraines, est principalement dd a la précipitation des carbonates secondaires, un processus
qui nécessiterait une étude plus approfondie. Enfin, DSi et §°°Si des eaux souterraines cotiéres
indiennes indiquent que les apports d’eaux douces par SGD contribuent a <1% du flux total de
Si apporté par les fleuves ce qui est considéré comme ayant un impact insignifiant sur les

budgets océaniques de Si et d'isotopes dans I'Océan Indien Nord.

Résumeé de these vulgarisé pour le grand public

La décharge sous-marine d’eaux souterraines (GW), bien que trés hétérogéne, serait une voie
dominante pour l'apport de nutriments aux c6tes, formant une composante importante des
cycles biogéochimiques marins. Parmi ces éléments, le silicium (Si) est un nutriment clé pour
la productivité primaire, jouant également un rdéle dans la limitation de I'eutrophisation. En
utilisant les isotopes, nous étudions le cycle de Si dans les GW en Inde, et montrons que : i) les
signatures isotopiques des GW sont dominées par l'altération des silicates, et ne sont pas
affectées par les modifications de l'utilisation des terres ni par la mousson, ii) 1’estuaire de
Godavari est dominé par la croissance des algues diatomées et la décharge de GW pendant la
saison seche et, par l'altération des silicates pendant la mousson, iii) I'apport d'eau douce par
GW le long de la céte indienne est <1% du Si délivré par les fleuves et est insignifiant pour le

bilan du Si et des isotopes dans I'Océan Indien Nord.

Mots clés: Isotopes silicium, décharge sous-marine d'eaux souterraines, alteration, estuaires,

usage des sols
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Abstract

Groundwater forms a dynamic system exhibiting spatial and temporal heterogeneity, and acts
as an intermediate between surface processes occurring in critical zone and the riverine systems,
which ultimately delivers solutes from continents to ocean. Recent studies reveal that the
submarine groundwater discharge (SGD) is a dominant pathway for nutrient delivery to the
coastal ocean, often exceeding riverine nutrient fluxes, thus forming a significant component
of oceanic biogeochemical cycling. However, SGD remains overlooked in coastal nutrient
budgets and is difficult to quantify given large spatial and temporal variability. Among the
elements delivered to the coast through SGD, silicon (Si) forms a key nutrient for diatoms, one
of the dominant primary producers in freshwaters, estuary and coastal ecosystems. Tropical
humid watersheds with seasonal monsoonal precipitation, commonly found in Indian
subcontinent, favors intense silicate weathering resulting in high Si fluxes to surface and
groundwaters. However, anthropogenic activities including agriculture and damming can
significantly modulate Si cycling and requires further evaluation, particularly in groundwater.
The present research investigates three major aspects of groundwater Si cycling: i) the impact
of land use changes (such as agriculture) and monsoon precipitation in groundwater dissolved
silicon (DSi) and silicon isotopic signature (8%°Si) by comparing an agricultural (Berambadi)
and forested (Mule Hole) watersheds across two seasons, ii) elucidating groundwater-surface
water interactions in the largest monsoonal estuarine system in India (Godavari) and, iii)
quantify the fresh submarine groundwater derived Si fluxes to Indian Ocean using a series of
coastal groundwaters along Indian coastline. We employ multiple isotopic tracers to understand
biogeochemical processes in groundwater including water isotopes and 8’Sr/%Sr to understand
sources and mixing, 5°°Si and Ge/Si ratios to trace Si cycling, and §*#4°Ca to decipher carbonate
weathering in critical zone.

The present work increased the §%°Si average of global groundwater from 0.49+0.9%o (1SD,
N=66) to 0.81+0.9%o. (1SD, n=224), lower than the river water and seawater 5°°Si. We show
that the 5°°Si signatures of groundwater are not impacted by land use changes and seasonal
monsoon, and are primarily driven by silicate weathering and secondary clay formation in soil
and saprolite. Groundwater system generally exhibits a steady state behaviour with a dynamic
equilibrium between Si supply and formation of secondary phases. We conclude that Si isotopic
signatures of weathering, adsorption, and plant uptake occurring in the shallow soil and
saprolite horizons are partly overprinted and homogenized by the regolith weathering in the

deep critical zone. In the second part of the thesis, we study Godavari estuary and adjacent
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groundwater to discern sources vs. mixing vs. processes along this land-to-ocean interface. The
53°Si signatures of estuary exhibit significant temporal variability, primarily driven by diatom
uptake and some heterogeneous groundwater discharge during dry season while silicate
weathering and secondary clay formation in the basin dominate during wet season. We note
that estuaries can act as significant filters for Si supply to ocean, removing ~15% of the total
DSi supplied by the Godavari river. The §*/#°Ca composition in Godavari estuary (1.3£0.5%o,
1SD, n=16) and groundwaters (1.6+£0.7%o, 1SD, n=15) are highly heterogenous. The Ca
isotopic fractionation in both estuary and groundwater are primarily driven by precipitation of
secondary carbonates, a process that would require further study. Finally, the dissolved silicon
and &%°Si of coastal groundwater all over India indicates that fresh SGD discharge contributes
to <1% of the total Si flux of the rivers and is considered to have insignificant impact on oceanic

Si and isotopic budgets in North Indian Ocean.

Popularized thesis summary for general public

Groundwater (GW) forms a dynamic system with high spatial heterogeneity. Recent studies
reveal that submarine groundwater discharge (SGD) is a dominant pathway for nutrient delivery
to the coastal ocean, thus forming a significant component of oceanic biogeochemical cycles.
Among those elements, silicon (Si) is a key nutrient for riverine, estuarine and coastal primary
productivity, also playing a role in limiting eutrophication. Using isotopic tools we investigate
GW Si cycling in India, and we conclude: i) Si isotopic signatures of GW are heterogenous,
primarily driven by silicate weathering, and are not impacted by anthropogenic land use
changes nor seasonal monsoon, ii) estuarine systems are impacted by growth of diatom algae
and groundwater discharge during dry season and silicate weathering during monsoon, iii)
direct input of fresh groundwater along Indian coast is <1% of the total Si delivered by rivers

and are insignificant for Si and isotopic budget in North Indian Ocean.

Keywords: Silicon isotopes, submarine groundwater discharge, weathering, estuary, land use.
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1. Critical zone: The living skin of planet Earth

Critical zone (CZ) is an integral part of continental surfaces, from tree-top to lower limits of
groundwater, where atmosphere, biosphere, lithosphere, and atmosphere actively interact
(NRC, 2001). Processes occurring within the critical zone, such as mass and energy exchange,
soil formation, generation of stream flow and therefore, landscape evolution is crucial for
sustaining terrestrial life (Field et al., 2015). A wide array of biogeochemical reactions
occurring in the CZ are responsible for the supply of nutrients and energy, that helps to sustain
life on continents. In short, CZ can be considered as a weathering engine or a reactor where
rocks containing minerals formed under high temperature encounter with the fluids in the
surface and are weathered into transportable materials and dissolved load, ultimately shaping
the composition of both the atmosphere and ocean at geological time scales (Fig. 1, Anderson
etal., 2004; Brantley et al., 2007). Understanding the extend and functioning of the critical zone
requires extensive information of the surface processes as well as subsurface processes. The
challenges get complex as we look into the belowground processes, where ambiguity starts even
in the very definition of critical zone: what do you define as the lower limit of groundwater?
To start with, in National Research Council (NRC, 2001) definition of critical zone clearly
states top of canopy as upper limit but proposing groundwater as a bottom limit is problematic.
Groundwater is a dynamic system exhibiting heterogeneity spatially and temporally and can
circulate within the critical zone depending on the existing climate (Riebe et al., 2016). To make
it more transparent, Brantley et al. (2011) suggested to set the lower limit of CZ boundary to
the subsurface layer where weathered material grades into rock and are no longer affected by
meteoric fluids. Fan et al. (2015) considered base of active groundwater as the bottom of CZ,
while Guo and Lin (2016) proposed a zone ranging from top of the vegetation canopy to the
bottom of weathering zone. Recently a more refined definition considered base of the modern
groundwater (<50 years old) as lower limit of critical zone (Xu and Liu, 2017). Such ambiguity
exists due to the challenges in characterizing belowground processes and require further
research to answer first order questions such as i) how thick is the critical zone? ii) how critical
zone compartments interact, iii) Finally, to assess the impact of human activities in critical zone

processes.
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Figure 1. A simple schematic of critical zone and the processes as the rainwater percolates through the
unsaturated zone reaching groundwater, rivers and ultimately ocean. The figure modified from
Chorover et al. (2007).

Over geological timescales, CZ evolved in response to climatic and tectonic forcing, and more
recently perturbed by human activities in Anthropocene (Steffen et al., 2007; White et al.,
2015). To simplify, we can consider CZ as three co-evolving surfaces; the top of the vegetation
canopy, the ground surface, and the deeper subsurface with weathered and unweathered
materials (Brantley et al., 2017). Understanding the link between surface and subsurface
processes is crucial to assess the sustainability of soil and water. Assessing the above ground
and surface processes are increasingly efficient due to rapid development of remote sensing
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techniques (Harpold, 2014). Evaluating deep critical zone processes are commonly shielded by
meters of thick overlaying regolith and rock, limiting the access to sample, and thus received
little attention in the past (Zanner and Graham, 2005; Riebe et al., 2016). However, the
subsurface processes have profound implications in the overall functioning of critical zone and
requires more attention. Water is considered as the thread that stiches the different components
of critical zone, traveling from atmosphere to the lithosphere, interacting with both lithosphere
and biosphere and entering soil water, groundwater, surface water and finally ocean (Brantley
et al., 2007). Groundwater is by far the largest reservoir of water in critical zone and an active
component of the hydrological cycle, but its role is often simplified or even ignored in studies
related to climate change and land surface processes due to its inherent slow response time
(Yang, 2004). Recent works have demonstrated that more than half of the global groundwater
are sensitive to recharge variations related to climate change and can equilibrate within human
time scales (Cuthbert et al., 2019).

2. Groundwater

2.1. Groundwater as a major hydrological compartment

Groundwater is fundamental part of hydrogeochemical system, a boundary in Earth’s CZ and
sustains stream flow, supports vegetation, dissolves solutes through water rock interactions in
regolith and influence energy fluxes between land-atmosphere interface (Singha and Navarre-
Sitchler, 2022). An estimated 1.4 billion km® of water is present on the Earth, but just 3%
accounts for freshwater. Out of the 3% of the global freshwater volume, almost 69% is trapped
as ice and snow, 30% as groundwater and remaining 1% in surface water systems including
rivers, streams, lakes, and swamps (Gleick, 1993). Thus, almost 97% of the available freshwater
for sustaining life on Earth is present in groundwater (Gleeson et al., 2016). Groundwater
resources can be considered either in terms of water stocks or recharge (Do6ll, 2009). The first
question to answer would be how deep is the groundwater and how much is accessible to surface
ecosystems? A global compilation of the groundwater table depth by Fan et al. (2013) has
shown that almost a third of the global land area is underlain by shallow groundwater, at an
average depth of less than 5 meter. Groundwater table levels are often decoupled with the local
rainfall and follow a delayed or even no response to precipitation events (Weider and Boultt,
2010; Fan et al., 2015). Even though the groundwater is ultimately sourced from precipitation,
the patterns of recharge spatially and temporally depend on topography of the terrain (Fan et

al., 2015). Shallow groundwaters sustain river base flow and other surface water components
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such as springs, wetlands, riparian and estuarine ecosystems, act as source of water for deep
rooted trees, and are shallow enough to contribute to land energy fluxes (Fan et al., 2015;
Maxwell and Condon, 2016). Recent estimate by Gleeson et al. (2016) suggests that the volume
of groundwater in the upper 2 km of the continental crust is approximately 23 million km?, out
of which between 0.1 to 5 million km? is modern (<50 years old). The age of groundwater is
also important in terms of chemical weathering fluxes, ocean discharge, and climate change
which are impacted by recharge-discharge balance and also in terms of vulnerability above
surface changes (Gleeson et al., 2016). Even though the total groundwater storage dwarfs all
other components of hydrological cycle, modern groundwater which can be replenished within
human lifespan are limited in quantity and spatially heterogenous (Gleeson et al., 2016). When
compared to surface waters, groundwaters are spatially more extensive, making it more
available source of water supply and also less likely to be affected by surface pollutants. But
the difficulty to access the groundwater, costs related to pumping and the inherent slowness (in
terms of active flow) when compared to other CZ components makes groundwater
understudied. There is growing evidence that the groundwater levels are depleting in many
aquifers globally, especially in arid and semi-arid regions (Famiglietti et al., 2014). Depletion
of groundwater table depth increases the cost of abstraction, reduces the groundwater discharge
to small streams and can even lead to land subsidence (Amananbu et al., 2020). To achieve a
sustainable groundwater use, withdrawal/pumping of groundwater should not exceed the long-
term aquifer recharge, which requires extensive understanding of the climate, lithology, and

aquifer characteristics of the region.

2.2. Groundwater system and climate change

Groundwater is one of the largest sources of freshwater in the world and 1.5 to 3 billion people
all over the globe depends on groundwater for drinking purposes, along with other animals and
plants (Taylor et al., 2013). Understanding the intricate relationship between climate and
groundwater is critical, especially since the surface water resources are becoming unsustainable
under the threat of climate change and anthropogenic activities. Groundwater systems exist in
a delicate balance with the climate system, where the recharge, storage and discharge depend
on the climatic feedback and acts as a coupled system. As climate varies the patterns of
discharge, storage and discharge can change over different spatial and temporal scales
depending on the sensitivity of the couple systems (Cuthbert et al., 2019). Projected changes in
climate such as intensification of hydrological cycle, increased evaporation and

evapotranspiration, extreme precipitation events, lesser snowfall and quick melting which
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increases stream flow are all likely to impact the groundwater resources, but the complex
interactions and feedbacks are difficult to characterize (Amananbu et al., 2020 and references
therein). Groundwater resources are more difficult to identify, recover, assess and monitor, and
the nature and characteristics of water below the Earth surface remains largely unknown.
Interactions and responses of hydrological systems to climate change is subjected to
complicated feedback networks. For example, even with intensification of hydrological
processes, groundwater recharge is found to be decreasing in both temperate and tropical
climate regions due to shift in precipitation patterns and increased evapotranspiration associated
to climate change (Amananbu et al.,, 2020). Land use/land cover changes linked rapid
urbanization can also modify the water balance by altering the runoff, evaporation-
transpiration, and infiltration (Kundu et al., 2017). Due to projected increase in global air
temperatures and subsurface temperatures, the discharging groundwater to the streams and
rivers can have elevated temperatures which can lead to detrimental effects on temperature

sensitive aquatic ecosystems (Kurylyk et al., 2014).

2.3. Groundwater in India

India is one of the most densely populated countries in the world, with just 4% of total world’s
land area supporting almost 24% of the global population (FAO, 2013). The country receives
majority of the rainfall during southeast monsoon from June and September, and exhibit
significant spatial variability in rainfall, from <150 mm/year in the northwestern regions and
>2500 mm/year in certain places in northeast and southwest coast of India (Fig. 2, CGWB,
2012). Every year, India receives almost 4000 km? of fresh precipitation and half of it escapes
the critical zone through overland flow, discharge into rivers, submarine groundwater
discharge, and evapotranspiration (Fig. 2, Verma and Phansalkar, 2007). The aquifer systems
in India are related to the river basins, comprising of highly productive alluvium aquifers in
Indus-Ganges-Brahmaputra (IGB) systems to fractured aquifer systems in peninsular India with
limited groundwater availability (Fig. 2, Mukherjee et al., 2015). The country is under regular
water stress and the majority of the increasing demand is met from groundwater, which is
considered as the backbone of India’s agricultural as well as drinking water security (Vijay
Shankar et al., 2011). Presently, groundwater contributes to 62% of agricultural irrigation, 85%
rural and 62% urban domestic use water supply in India (Rodell et al., 2009; Saha and Ray,
2018). Annual groundwater withdrawal from aquifers in Indian subcontinent exceeds 340x10°
m?, one of the highest groundwater consumptions in the world (FAO, 2013). Rapid rise in

population, water use and demand as well as intense pollution of surface water resources forces
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people to switch to groundwater in order to meet the drinking water as well as agricultural water
needs. Spatial and temporal variability of groundwater storage is related to uneven rainfall
distribution and mismanagement of water resources (Mukherjee et al., 2015). India is one of
the most intensively cultivated country in the world and occupies almost 30% of the total
irrigated land area globally, which increased from 58.8% to 60.4% from early 1960s to 2016
(World Bank, 2017). At the same time India also contributed to 23% of the global increase in
groundwater depletion from 2000 to 2010 (Dalin et al., 2017). Rapid groundwater depletion is
one of the major sustainability challenges for India and many of the aquifers are under stress
(Gleeson et al., 2012). For example, aquifers in Northwestern regions of India with a high
abstraction rate led to declining groundwater levels at a rate of ~1m/year, with several aquifers
with water levels decreased beyond 20 m (MacDonald et al., 2016). Groundwater abstraction
considerably higher than annual rainfall in north and central India to support non-monsoon
crops lead to rapid decline of groundwater storage and levels (Mishra et al., 2018). Rodell et al.
(2018) estimated that the abstraction rate in North India is at 19.2+1.1 km®/yr during 2000-
2016, higher than the groundwater recharge during annual monsoon. Unsustainable abstraction
of groundwater will negatively impact India’s food production and threatening food security.
Changes in monsoon intensity and also climatic extremes which are projected under the climate
change scenario will exacerbate the problem and will put India under tremendous stress related
to water availability. Groundwater depletion also leads to decreased discharge to streams and
rivers to support base flow, which lead to decline in surface water, putting groundwater under
further stress of pumping (Mukherjee et al., 2018). Irrigated agriculture and pumping with
extensive use of fertilizers and manures can lead to salinization of the aquifers, alter the
hydrogeochemistry of the groundwater and also pollutes the nearby streams, as documented in
cultivated regions of Southern India (Buvaneshwari et al., 2017; Buvaneshwari et al., 2020).
Increased pumping and decline in water table can also lead to seawater intrusion in coastal areas
decreasing the availability of fresh drinking water and also can impact the submarine
groundwater discharge patterns which supports coastal ecosystems (Moore et al., 2010).
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Figure 2. Maps of Indian subcontinent distinguishing &) annual precipitation, b) aquifer recharge, c)
aquifer lithology and, d) land use, with major rivers identified. The figure is modified from Mukherjee
et al. (2015), India water portal, National Institute of Hydrology, India, and CGWB, (2012). Please note
that the scale and borders are for illustrative purpose only.

3. Coastal critical zone

Coastal zones are defined as the land are within 100 km of the shoreline, that are influenced by
marine as well as terrestrial processes (Crossland, 2005; Lange, 2010). Coastal zones cover
almost 2.3% of the total land area but supports almost 11% of the global population (Jiao and
Post, 2019). Around 2 billion people living in coastal areas directly depends on groundwater as
a fresh water source (Ferguson and Gleeson, 2012). The geology, geomorphology and climate

vary considerably along the coastlines and lead to development of wide variety of coastal zones.
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Coasts are the interface between continental freshwater and marine saline ecosystems,
harboring high biological diversity. Rapid population growth along the coastlines followed by
land use changes and urbanization can significantly alter the coastal ecosystems (Shi and Jiao,
2014). Increased water demand and food production lead to significant water withdrawal from
coastal aquifers making them vulnerable to seawater intrusion (Poore and Nemecek, 2018). In
addition to increased water use, freshwater resources are threatened by pollution caused by
anthropogenic contaminants from agriculture, landfills, wastewater, and spills from industries
(Michael et al., 2017).

3.1. Coastal aquifer processes

Coastal aquifers are generally defined as permeable geological units in the subsurface areas that
can support significant water flow and are connected to the sea (Duque et al., 2020). They have
unique characteristics compared to other aquifers and generally consist of unconsolidated
surficial deposits (deriving from alluvial, lacustrine, deltaic, glacial or eolian processes),
permeable rocks (e.g., limestones, shield, sandstone) or fractured systems such as karstified
rocks. The waterflow is driven by variable density flow and mixing between freshwater and
seawater with water table fluctuations induced by tidal actions (Jiao and Post, 2019). Deep in
the subsurface, fresh groundwater meets seawater forming a freshwater-seawater interface.
Because of the high salinity, seawater is denser than the freshwater by almost 2.5%, giving rise
to a wedge-shaped body at the bottom of the freshwater. A dynamic equilibrium exists between
the seawater and freshwater where the position of the wedge does not change, and seawater
protrudes inland from coastline depending on the density differences between the two water
bodies (Fig. 3). Such dynamic equilibrium indicates that the groundwater is not stagnant,
freshwater flows towards the sea and a circulatory flow exists between fresh and saline
groundwater. The boundary separating the freshwater and seawater is a gradual zone with
varying salinity, which can be described as transition zone, mixing zone, zone of diffusion or
subterranean estuary (STE) (Burnett et al., 2003; Moore et al., 2010).

3.2. Submarine groundwater discharge (SGD)

Long term chemical composition of global ocean is controlled by the balance between the input
of solutes from continents and burial into deep ocean sediments (Broecker and Peng, 1982;
Berner and Berner, 1987). Up until recently, riverine discharge and dust input from continents
were thought to be the primary source of elemental flux to the ocean. Rivers, considered as the

arteries of the continents, are known to supply 90-99% of the freshwater to the coasts and the
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remaining 1-10% resulting from direct discharge of the coastal aquifers (Burnett et al., 2003).
However, recent evidence suggests that submarine groundwater discharge (SGD), comprising
of fresh and saline SGD discharge, accounts for 300-400% of the riverine discharge and can be
amajor driver of biogeochemical cycling in coastal ocean (Burnett et al., 2003; Taniguchi 2002;
Moore et al., 2010). Submarine groundwater discharge is defined as the seaward flow of water
across the land-sea interface, which includes both fresh terrestrial groundwater and recycled
saline groundwater (Taniguchi et al., 2002; Burnett et al., 2003). The scale of SGD can be
broadly described into three: nearshore scale, with a range of 1-10 m; the embayment scale
ranging from 10m to 10 km offshore; and the continental shelf scale extending till the shelf
region (Fig. 3, Bratton, 2010). Submarine groundwater discharge is the dominant pathway of
the dissolved nutrient export to the coastal oceans and accounts for a total flux of 12+3*10*
km®/yr in Atlantic and Indo-Pacific Oceans (Kwon et al., 2014). Integrated SGD fluxes to
Atlantic and Indian Ocean is almost 3-4 times greater than the total riverine freshwater
discharge (3 to 3.5%10* km®/yr, Milliman, 2001) and Indo-Pacific Oceans account for almost
70% of the total SGD (Kwon et al., 2014). Tropical coasts are known to export 56% of the fresh
SGD to the ocean (Zhou et al., 2019). The mixture of fresh and saline SGD from coastal
aquifers, significantly enriched in nutrients, and trace metals, can transport dissolved materials
to coastal oceans and impact the biogeochemistry. Santos et al. (2021) observed in a recent
compilation that SGD nutrient fluxes to coastal ocean exceeds riverine discharge in almost 60%
of the studied regions, with median total SGD flux of 6 mmol m-2day for dissolved inorganic
nitrogen (DIN), 0.1 mmol m2day® for dissolved inorganic phosphorus (DIP) and
6.5 mmol m~2day for dissolved silicon (DSi). Estimated SGD derived fluxes DIN, DIP and
DSi is approximately 1.4-, 1.6-, and 0.7-fold of the river fluxes to the global ocean
(Atlantic+Indo-Pacific Oceans) (Cho et al., 2018). However, the fresh SGD component
constrained by the global hydrological cycle typically accounts for only 0.01 to 10% of the
riverine fluxes, consistent with the observation that salty groundwater is the dominant source
of SGD flux into coastal ocean (Burnett et al., 2003; Taniguchi et al., 2002). Even though fresh
SGD contribution to ocean is limited, they are critical as they have high concentration of land-
derived nutrients (Rad et al., 2007; Rahman et al., 2019). Flow of fresh SGD to the ocean also
buffers seawater intrusion in coastal aquifers, where a delicate balance is maintained between
dense saline groundwater and fresh groundwater (Elango and Manivannan, 2019). Globally,
climate, topography and soil properties exert first order control over the fresh SGD to the coasts
(Zhou et al., 2019). However, intense groundwater extraction by coastal communities can lead

to intrusion of the saline front and salinization of the aquifers, thereby reducing the fresh SGD
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fluxes. Despite recognizing the potential importance of SGD in global biogeochemical cycles,
highly heterogenous nature spatially and temporally along with difficultly in direct

measurement make the estimate uncertain.
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Figure. 3. a) A Schematic diagram of near shore scale submarine groundwater flow and discharge in
the transition zones, the width and thickness can vary depending on the basin, b) the submarine
groundwater discharge can happen also in embayment and continental shelf scale (see text for details).
The figure is taken from Moore et al. (2010).
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4. Tracing biogeochemical cycling in critical zone

Isotope geochemistry has applications in almost every field or geoscience and more,
particularly as a tracer to understand biogeochemical cycling in atmosphere, lithosphere,
biosphere, and hydrosphere. Advancement in the field of mass spectrometry techniques and
new analytical methods have increased the number of elements and their isotope ratio that can
be measured precisely which enable us to investigate more about the properties of isotope
distributions (Eiler et al., 2014). In the subsequent sections we will look into various tracers
used in the thesis to decipher biogeochemical processes.

4.1. Si and Si isotopes

Silicon (Si) is the second most abundant non-volatile element in the solar system, third most
abundant element on the Earth, and the second most abundant element in the upper crust
(Wedepohl 1995). Silicon has three naturally occurring stable isotopes; 2Si (92.23%), 2°Si
(4.67%), and *Si (3.10%) (Debievre and Taylor 1993). The combination of widespread
abundance and large mass-dependent isotopic variation makes Si a very suitable element to
understand fundamental processes occurring in Earth system (Reynolds and Verhoogen, 1953,
Douthitt, 1982, Savage et al 2010, Opfergelt and Delmelle 2012). Silicon commonly occurs in
tetravalent oxidation state, combining with oxygen forming silicate minerals or amorphous Si

in solids and occurs as orthosilicic acid (H4SiO4) in aqueous systems.

4.1.1. Si isotope systematics

We can now define the nomenclature related to stable isotope systematic which we will be using
throughout the thesis. Stable isotope geochemistry involves precise measurement of isotopic
ratios which are very small and stable isotopic composition are commonly reported relative to

a reference standard, known as d-notation:

53052 _ (3082"/2882")8(1771])1:6
(30 Sll”/28 Si’)standard

- 1) % 1000 (1.1)

Similar definition can be applied to 2°Si isotope instead of 3°Si and can be reported as §2°Si. In
the case of Si, NIST RM-8546 (NBS28) was used as reference standard to report the isotope
values. J-value are expressed in per mill (%o). A positive d-value indicates enrichment of heavy
isotope relative to reference standard and a negative value indicates enrichment in lighter

isotope. The partitioning of isotopes between two substances or phases is called “isotope
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fractionation”. Isotopic fractionation factor (o) denotes partitioning of stable isotopes of the
same element between a compound A and a compound B, is defined as:

(05i/8i)
ap_a = (95i/550) (1.2)

Since a is very close to unity, we define enrichment factor (¢) as:
€ = (g4 — 1) % 1000 (1.3)

We also define isotopic differences between 2 compounds or phases at isotopic equilibrium A
and B as A value:
; _ $30Q; £30G;
ASig_A =0"8ip — 0> Sia (1.4)
The o- and A- value indicates isotopic compositions, and a- and ¢- and A- notation for two
compounds A and B are related by:

Ap_ 4 ~ 1000Ina ~ 1000(a — 1) =~ € (1.5)

The physiochemical differences in the isotopes of the same element arises due to slight
differences in the mass of the isotopes, and processes where the isotope abundances deviate
according to masses of the isotopes are generally called mass-dependent fractionation. Mass
dependent fractionation occurring during terrestrial processes can be described in §°Si vs. §2°Si
dual isotope plot, with slope depending on the fractionation types; kinetic fractionation and
equilibrium fractionation (Young et al., 2002). Mass dependent fractionation in elements with

more than two stable isotopes (like Si), can be related to fractionation factor by equation:

29(1 — (30(1)[3 (16)

The B is defined as a function of atomic mass of Si, with a value of 0.517 for equilibrium
fractionation and 0.509 for kinetic fractionation (Young et al., 2002). Equilibrium isotope
fractionation occurs due to vibrational, rotational, and translational energy associated with
different phases and depends on mass alone, whereas kinetic fractionation results from

incomplete unidirectional processes, such as evaporation and biologically mediated reactions.

31



4.1.2. Continental Si cycle

Silicon cycle begins as weathering solubilizes Si from the primary minerals, following which a
fraction of the solubilized Si is incorporated into secondary phases and the rest is mobilized as
dissolved silicon (DSi). The chemical weathering of silicate minerals forms a major sink for
atmospheric CO- and regulates long term climate of the Earth through a negative feedback loop
(Walker ,1981; Berner et al., 1983). The long term weathering thermostat of the Earth is thought
to be responsible for creating habitable conditions following ubiquitous geological
perturbations in the Earth’s history (Kasting and Catling, 2003). A simplified reaction for the
weathering of crustal silicate minerals by reaction with carbonic acid (formed by dissolution of
atmospheric CO: in water) and can be written as:
CaSiOs(s) + 2C0Oz(g) + H20 2 HiSiOs(aq) + 2HCO3 +Ca?*

The precipitation of calcium carbonates by calcifiers in the ocean can lead to burial and
subsequent preservation of carbonates. The reaction also delivers dissolved silicon (H4SiO4),
dissolved inorganic carbon (HCO3) and solubilized cations to the ocean through fluvial systems
(Gaillardet et al., 1999). The §°°Si of the solubilized Si in solution represent a weighted average
of primary mineral phases in the bulk bedrock and soil (assuming there is no isotopic
fractionation during dissolution, see below), which is further fractionated by subsequent
processes. The silicon isotopic composition of bulk silicate earth (BSE) is estimated to be -
0.29+0.07%o, and the weighted lithological average of upper continental crust at -0.2540.16%e,
which is also identical to the granitic average (Savage et al., 2013, 2014). The mineral specific
variability of 5%°Si depends on the degree of polymerization, vibrational frequency of Si-O bond
and the presence of cations (Méheut et al., 2009; Savage et al 2014). This explains why quartz
grains are typically heavier in §%°Si than the plagioclase and olivine, and biotite forms more
fractionated lighter 5°°Si component in bulk rock (Savage et al., 2014; Frings et al., 2021a).
Even though a kinetically controlled release of lighter 28Si is documented during early stages
of dissolution, the effects are transient as progressive dissolution will release the residual heavy
surface layers (Demarest et al., 2009; Sun et al., 2014; Wetzel et al., 2015).

The dissolved silicon can further undergo biotic uptake, by vascular plants from soil water and
siliceous organisms in lakes, rivers and finally in ocean. Both abiotic and biotic process of Si
uptake is associated with significant fractionation, both favouring preferential incorporation of
lighter 28Si into the solid phase making the residual solution enriched in §%°Si (Ziegler et al.,
2005; Opfergelt and Delmelle, 2012; Frings et al., 2016). The §°°Si of the remaining solution

depends on the fractionation factor (¢) associated with the processes, ranging from -1.1 to -
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3.3%o for secondary mineral precipitation, +0.3 to -1.9%o. for plant uptake, and -1.1 to -3%. for
Fe-Al oxyhydroxides (Fig. 4, Delstanche et al., 2009; Oelze et al., 2014; Frings et al., 2021a).
Globally, terrestrial plants can take up to 84+29 TmolSi/yr, and the accumulation of Si by plants
can range from 0.1 to 10% of the biomass (Epstein, 2009; Carey and Fulweiler, 2012). The
biogenic silica (BSi) formed by plants (mainly as phytoliths) can further undergo recycling
through litterfall, which also adds a human dimension to Si cycling through landscape
cultivation and Si export as food crops (Struyf et al., 2010; Carey and Fulweiler, 2012).

Silicon cycling
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Figure 4. A simplified schematic of silicon cycling with primary silicate rocks as the source, various
abiotic and biotic processes affecting the Si biogeochemistry with fractionation factors and major
hydrological compartments. The isotopic endmember compositions are taken from Savage et al. (2014),
Frings et a. (2016), (2021a), Sutton et al. (2018).

4.1.3. Modern ocean Si budget

The fluvial transport forms the largest source of DSi to the global ocean, supplying almost
14.8+2.6 TmolSi/yr (Tréguer et al., 2021). Riverine Si delivery contributes to 54% of the total
Si supply to the ocean, and constitutes of 6.1+1.8 TmolSi/yr as dissolved silicon and 1.9+1.0
TmolSi/yr as soluble particulate Si in amorphous phases (Frings et al., 2016; Tréguer et al.,
2021). The amorphous Si (ASi) phases includes BSi (phytoliths, silicates shells of diatoms,
radiolarians, amoeba etc.) and also minerogenic Si phases such as pedogenic oxides (Saccone
et al., 2007). Before entering the ocean system, Si passes through fluvial filters such as estuary,
wetlands, and marshes, where biogeochemical alterations and sedimentation can modify the

elemental fluxes and isotopic composition (Weiss et al., 2015; Zhang et al., 2020). Estuaries
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and continental shelf regions are highly productive and can act as a permanent or atleast
transient storage system for Si reaching the ocean. For example, diatom growth in the deltaic
environment of Amazon river consumes significant amount of DSi and burial of the biogenic
silica is followed by rapid conversion and preservation into authigenic silicates through a
process known as reverse weathering (Michalopoulos and Aller, 1995, 2004; DeMaster, 2002).
Reverse weathering fluxes of Si forms a significant sink of Si in continental margins, and
recently was recalculated to be 4.7+£2.3 TmolSi/yr (Tréguer et al., 2021). Recent estimates from
Amazon river indicates that isotopic effects of diatoms growth in estuarine environments are
known to increase the 5%°Si of the riverine supply to 0.2-0.3%. (Zhang et al., 2020). Biotic
uptake, diagenetic processes along with dissolution of labile amorphous phases in the estuary
due to salinity gradient can alter the oceanic Si isotope budget (Jones et al., 2012). Submarine
groundwater discharge (SGD) forms the second largest source of Si delivery to the global
ocean, allegedly supplying almost 3.8+1.0 TmolSi/yr (Cho et al., 2018; Tréguer et al., 2021).
Unlike river systems, fresh groundwater DSi and %°Si is mainly controlled by local weathering
regime and can undergo biogeochemical modification as they mix with recycled saline
groundwater in subterranean mixing zones (Ehlert et al., 2016). The fresh SGD typically contain
high DSi, but contributes only 0.7+£0.1 TmolSi/yr, which is almost 10% of the total riverine
flux. (Rahman et al., 2019). However, the fresh SGD fluxes are poorly constrained with recent
estimate using numerical modelling of density dependednt groundwater flow putting global
fresh SGD Si flux at 0.08 Tmol/yr, almost an order of magnitude lower than proposed earlier
(Luijendijk et al., 2020). Groundwater 5%°Si range from -1.5%o to 2.6%., with source of Si from
primary silicate minerals to secondary clays and silcretes (Frings et al., 2016; Martin et al.,
2021). As a result of additional sources from SGD, the geochemical residence time of Si in
global ocean has been recently re-evaluated to be 8000 years (instead of 12-15 kyr previously),
and perturbations that occur in the input fluxes over similar time scales, e.g. glacial-interglacial
cycles can alter oceanic cycling (Tréguer et al., 2021).

Open ocean represents the largest reservoir of dissolved silicon (in the form of orthosilicic acid),
with concentration ranging from <0.1 to 180 uM and &%°Si from 0.5 to 4.4%. (de Souza et al.,
2014; Poitrasson et al., 2017; Sutton et al., 2018). The DSi is a critical macronutrient for
silicifying organisms such as diatoms, radiolarians, siliceous sponges and silicoflagellates. The
global oceanic biogenic silicon (BSi) production by silicifying organisms, predominantly
diatoms, is estimated to be 255+52 TmolSi/yr (Tréguer et al., 2021). Diatoms are the key drivers
of silicon cycle in ocean and are estimated to contribute about 20% and 40% of the global and

oceanic primary production of organic carbon respectively (Field et al., 1998; Tréguer et al.,
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2017). The diatom uptake and export from surface ocean thus links marine Si and C cycling
through biologic carbon pump, where the efficiency of C export depends on the type of diatom
and their traits (Tréguer et al., 2017). The diatoms preferentially take up lighter silicon isotopes
during silicification of the frustules, resulting in a heavier §°°Si of DSi from surface ocean
euphotic zone (De La Rocha et al., 1997). The observed fractionation factor (*%) for diatom
uptake range from -0.54 to -2.1%o with an average of -1.1%o for seawater (De La Rocha et al.,
1997; Sutton et al., 2013) and -1.1+0.2 %o for freshwaters (Alleman et al., 2005). The
distribution of 5%°Si in the global ocean is primarily controlled by surface fractionation by

diatoms and other siliceous organism, and the oceanic circulation.
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Figure 5. A schematic of recently updated modern ocean Si cycle by Tréguer et al. (2021). The Si input
and sink fluxes are given in TmolSi/yr and are represented as white and orange arrows respectively.
The internal biological Si cycling and fluxes are given in green arrows. The figure taken from Tréguer
et al. (2021).

4.2. Germanium and Ge/Si ratio

Germanium (Ge) is trace metalloid whose chemical behavior in natural environment closely
resembles that of silicon. Germanium and Si are both group 1V elements and have the same
outer electronic structure (ns? np?, n=3 for Si and n=4 for Ge), atomic radii and lithophilic
tendencies, allowing Ge substitution within silicate minerals (Goldschmidt, 1926). Given the
coupled behavior, Ge is often considered as a pseudo isotope of Si, partitioning with respect to
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silicon in natural processes which can be traced using Ge/Si ratio (Kurtz et al., 2002). However,
Ge can also display octahedral valence state (six-fold coordination) and can exhibit distinct
siderophilic, chalcophilic and organophilic tendencies in different environments (Bernstein,
1985). In aqueous system Ge mainly exists in two forms: inorganic Ge(OH)a similar to silicic
acid (Si (OH)4) and organometallic Ge species such as methyl-(MMGe) and dimethyl-(DMGe)
forms (Rouxel et al., 2017). In crustal rocks, the average Ge concentration is 1.6 ppm with a
Ge/Si ratio in silicate rocks varying between 1-3 pumol/mol (Bernstein, 1985, Lugolobi et al.,
2010). During incongruent weathering, precipitation of secondary phases can lead to
preferential removal of Ge relative to Si from dissolved phases, leading to a Ge/Si ratio varying
between 0.1 to 3 umol/mol in natural waters (Fig. 5, Mortlock and Froelich, 1987; Froelich et
al., 1992; Kurtz et al., 2002; Lugolobi et al., 2010; Baronas et al., 2017, 2018). The Ge/Si ratio
in streams and rivers are predominantly controlled by weathering intensity, where highly
weathered terrains under transport limited conditions can lead to leaching of secondary phases
such as clays and oxyhydroxides with high Ge/Si (>4 umol/mol, Froelich et al., 1992, Kurtz et
al., 2002, Lugolobi et al., 2010). Plants are generally thought to discriminate against Ge, with
phytoliths exhibiting a low Ge/Si ratio (typically <1 pmol/mol) compared to soil solutions and
bedrock (Derry et al., 2005; Cornelis et al., 2010; Lugolobi et al., 2010; White et al., 2012;
Meek et al., 2016). However, some studies suggest that plant discrimination against Ge relative
to Si is not widespread and some plants do indeed prefer Ge or not discriminate at all, and most
of the Ge pool is associated with non-phytolith plant biomass, e.g., in roots, due to its high
affinity with carbon contrary to Si (Delvigne et al., 2009; Frings et al., 2021b).

Rivers represent one of the main sources of Ge to the ocean and the Ge concentration in pristine
rivers generally depends on the rock composition of the river basin, weathering intensity,
atmospheric deposition, and biotic controls (Baronas et al., 2020). Due to preferential uptake
of Ge relative to Si in secondary phases, global pristine river water Ge/Si is estimated to be
0.68+0.05 umol/mol, significantly lower than the average continental crustal composition of
1.3 umol/mol (Mortlock and Froelich, 1987; Baronas et al., 2020). Ge behavior in natural waters
can be strongly modified by organic matter dynamics and pollution, causing significant shift in
Ge/Si ratio (Mortlock and Froelich, 1987; Pokrovski et al., 2000). Ge uptake by diatoms can be
viewed under two different mechanisms: i) at low Si concentration (<10 uM DSi) the uptake is
mediated by active Si transporters which discriminate against Ge, ii) at high Si content the
uptake is controlled by diffusion based on gradient between intra- and extracellular Ge
concentration (Ellwood and Maher, 2003; Sutton et al., 2010). Riverine supply and

hydrothermal fluid discharge together contribute to almost 70% of Ge in the ocean and the rest
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is attributed to aeolian dust input, basalt weathering, biogenic silica, and groundwater input
(Hammond et al., 2000; Wheat and McManus, 2008). The Ge fluxes from groundwater
discharge remains poorly constrained and only known sink of Ge in ocean is biogenic opal
snow which leaves a huge missing sink of 4.1x10° mol/y to compensate for inputs (Hammond
et al., 2000; King et al.,, 2000; McManus et al., 2003). Despite the high potential Ge
biogeochemical cycling remains poorly constrained due to missing sinks and complex

geochemical behavior.
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Figure 6. A schematic of weathering control of Ge/Si fractionation in terrestrial systems. During low
intensity weathering, Ge is preferentially taken up by secondary clays, which results in low Ge/Si ratio
in residual soil solution. Intense weathering can leach the Ge from the secondary phases which can
result in higher Ge/Si in streams and rivers. The figure adapted from Froelich et al (1992) and Kurtz et
al (2002) and the scales are approximate with modifications based on recent measurements (Rouxel et
al., 2017, Frings et al., 2021b).

4.3. Ca and Ca isotopes

Calcium (Ca) is the fifth most abundant element and most abundant alkaline earth metal in the
Earth’s crust. Calcium occurs as a major element in igneous, metamorphic, and sedimentary
rocks, and are major constituents of minerals including carbonates, silicates, sulfates,
phosphates, halides as well as organo-minerals. Weathering mobilizes the Ca, which moves
readily through hydrosphere and biosphere, taking part in variety of Earth surface processes.
Ca is one of the most abundant dissolved cations in seawater (present abundance of ~400 ppm)
and river water (~20 ppm) (Broecker, 1971; Gibbs, 1972; Drever, 1997). Rivers are the primary

source of Ca in seawater. Ca reaching the ocean is removed from seawater and accumulated as
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Ca rich carbonates (CaCOs) in organisms, acting as the dominant sink for Ca which is orders
of magnitude larger than atmosphere-ocean reservoir (Ridgwell and Edwards, 2007). Global
biogeochemical cycling of carbon is also linked with Ca cycling as weathering of Ca rich
primary minerals consumes CO, followed by formation of CaCOs in the ocean, providing
negative feedback for climate over geological time (Berner et al., 1983). Weathering reactions
mobilizing one mole of Ca into the hydrosphere sequesters one mole of CO> from the
atmosphere, mediating CO: levels in the Earth’s history (Walker, 1981).

Ca?* + 2HCO 3+ HaSiO4 > CaCOs+ SiO2 + 3H20 + CO;

In total, Ca has 24 isotopes, out of which 6 are stable, naturally occurring isotopes. The
abundant isotopes include, *°Ca (96.94%), “?Ca (0.65%), “*Ca (0.13%), **Ca (2.09%) and *¢Ca
(0.19%), spanning a mass range of 8 atomic mass unit (Amos et al., 2011). Previously,
radiogenic Sr isotope ratio (87Sr/%®Sr) was applied in combination with Ca concentration to
understand Ca cycling and its behavior in the ecosystem. However, recent studies found that Sr
and Ca are decoupled in many terrestrial ecosystems (Schmitt et al., 2003, 2017; Cenki-Tok et
al., 2009; Holmden and Bélanger, 2010). Mass dependent isotopic variations in the Ca are
driven by a variety of abiotic and biological processes. Variability in Ca isotopic composition
arising from mass dependent fractionation is commonly expressed relative to a standard

reference material in ¢ notation, similar to Si isotopes (Coplen, 2011).

A4 o~ 740
{5.4_4_/’4{}(:” . ( (4“/ (’“)mmpfe l
(¥ Ca/*Ca)

o-values are typically expressed in per mill (%o), with positive values indicating enrichment in

(1.6)

standard

heavy isotopes relative to light isotopes and negative values vice versa. Due to the prevalence
of multiple stable isotopes, Ca isotopic composition is commonly denoted with both numerator
and denominator displayed, §*“°Ca rather than §*Ca. Throughout the thesis we will be
following 5*/4°Ca with reference standard SRM915a. The definition of fractionation factor and
related notations remain the same as those of Si, described in detail section 1.4.1.

Ca isotopic composition in the Earth’s surface is controlled by chemical weathering, secondary
mineral formation, biological cycling, and adsorption/desorption on phyllosilicate/phyllo
manganese minerals (Schmitt et al., 2016). High temperature processes such as igneous
differentiation and crystallization are known to fractionate stable Ca isotopes and preferential

weathering of such isotopically distinct mineral phases can alter the dissolved isotopic
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composition compared to bedrock (Huang et al., 2010). The §*/°Ca of continental silicate rocks
is 0.94+0.5%0 and carbonate rocks exhibit a 3%o range with an average of 0.60+0.7%. (Fantle
and Tipper, 2014). Weathering of both silicate and carbonate rocks mobilizes aqueous Ca?* as
well as particulate Ca, which is transferred to soil solution, groundwater, rivers and finally reach
the ocean. Subsequently marine calcifiers form Ca-rich shells and skeletons made of calcium
carbonates, which act as the dominant sink for Ca and C in seafloor. In critical zone, Ca cycles
through pedogenic processes such as precipitation/dissolution of secondary clays and
carbonates and also uptake by biosphere. Calcium is an essential nutrient for biological tissues
of plants and animals, forming biomineralized products including calcite, aragonite, apatite,
and several organic complexes (Weiner and Dove, 2004). They also take part in metabolic
pathways including cell signaling, cell wall stability, and membrane functioning (Taiz and
Zeiger, 2010). Among the continental reservoirs, vegetation exhibits the largest §***°Ca
variability (~ 4%o), ranging from -2.2 to +1.76%., with an average of 0.01%. (Fantle and Tipper,
2014). Plants preferentially take up lighter Ca isotopes and dictates the Ca isotopic composition
of the Ca soil pool reservoir under Ca limiting conditions (Cenki-Tok et al., 2009; Schmitt et
al., 2013). The soil Ca pool exhibits the second highest variability, ranging from -0.74 to 2.77 %o
(Schmitt, 2016). Precipitation of secondary minerals also takes up lighter “°Ca in the solid
phase, leaving the residual solution enriched in heavier isotopes. The magnitude of the
fractionation depends on the precipitation rate, dissolved phase, and precipitated minerals
(Gussone et al., 2005, 2011; Tang et al., 2012). lon exchange reactions involving adsorption of
Ca onto secondary clays and phyllosilicates, such as montmorillonites, fractionate against
heavier Ca isotopes (Brazier et al., 2019). Thus, both secondary mineral precipitation and biotic
uptake leave the residual solution enriched, which is reflected in enrichment of **Ca isotope in
waters (0.96+0.6%o), groundwaters (0.86+0.8%o0) and rivers (0.88+0.5%0) enriched in *‘Ca
isotope (Fantle and Tipper 2014). Riverine Ca delivery is the major source of Ca flux to the
ocean, and accounts for almost 50 TgCa/yr, with an average 5*/“°Ca of 0.88+0.5%. closer to
silicate rock endmember composition (Berner and Berner, 1996; Griffith et al., 2020). However,
silicates only contribute to 10-26 % of the global Ca flux generated by weathering, reflecting
considerable fractionation associated with formation of secondary carbonates and clays, and
biotic uptake in continental Ca cycling (Gaillardet et al., 1999; Hindshaw et al., 2011).
Assuming steady state, oceanic Ca budgets lacks a significant source of Ca, between 210 to 530
TgCalyr, potentially from submarine groundwater discharge and diffuse flux from the flanks of
mid-ocean ridges (Berner and Berner 1996; Holmden et al 2012; Fantle and Tipper, 2014).

Modern seawater is quite homogenous in §*#4°Ca composition with an average of 1.89+0.16%o
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(2SD, n=62) (Holmden et al., 2012; Fantle and Tipper, 2014; Tipper et al., 2016). The residence
time of Ca in seawater is ~1 Myr, owing to the small input and output fluxes and high Ca
concentration in the ocean (Griffith et al., 2020).
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Figure 6. The variability of Ca isotopes in continental reservoirs. The average 0*¥**Casrmoisa,
2SE and number of samples are given for each reservoir. The figure modified from Tipper et

al. (2016) (see section 4.3 for details and references).

4.4, Sr and 8'Sr/%8Sr ratio

Strontium (Sr) is an alkaline earth element with similar chemical properties as those of Ca,
substituting for Ca in carbonates, sulfates, feldspars, and other rock forming minerals.
Strontium has four naturally occurring stable isotopes, 8Sr (<1%), 86Sr (10%), &'Sr (7%) and
8Sr (83%). Out of the four, 8Sr is formed by the radioactive beta decay of 8’Rb with a half-life
of 48.8 Ga (Faure, 1991). The &7Sr/®Sr ratio of the different mineral assemblages thus depends
on the initial &Sr/2eSr ratio, Rb/Sr ratio and the age (Faure, 1991). Rubidium substitutes for
Potassium (K) in K bearing minerals, thus alkaline rocks with abundant K will be more
radiogenic than basic rocks such as basalts. Mineral phases with more K and high Rb/Sr ratio
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such as biotite and muscovite have higher 8’Sr/%Sr ratio compared to low Rb/Sr minerals such
as plagioclase, while Sr in Ca-rich minerals such as calcite or gypsum will have even lower
87Sr/8®Sr that will remain stable over time (Faure, 1991; McNutt, 2000). Differences in parent
rock mineralogy translates to variable 8’Sr/%Sr ratio in fluvial systems. Unlike Si and Ca
isotopes, mineral precipitation and dissolution reaction will not fractionate 8’Sr/%Sr ratio in the
mineral phases and aqueous systems, making this isotopic ratio a possible indicator of the
sources and pathways of dissolved ions in hydrological cycling (Wadleigh et al., 1985; Palmer
and Edmond, 1992; Pett-Ridge et al 2009; Meek et al 2016). Weathering reactions solubilize
Sr as Sr?* from silicates, carbonates and evaporites, and Sr closely follows Ca in critical zone
(Goldstein and Jacobsen, 1987). At watershed or aquifer scales, 8Sr/®Sr compositions of
natural waters reflect first order control of weathered rock type and age. For example, rivers
draining Proterozoic and Archean crust in Greenland and Australia exhibits a high 87Sr/%éSr
ratio as do metamorphic rocks from Himalayas, while the rivers draining the volcanic terrains
of Japan and Philippines exhibits 8’Sr/8®Sr ratio of 0.704 to 0.708, consistent with young mantle-
derived rock dissolution (Palmer and Edmond, 1992). The effect of water rock interactions is
more pronounced in groundwater due to increased residence time and mineral surface to volume
ratio compared to surface water and can be used to identify mixing between groundwaters from
variable sources, such as silicate vs. carbonate (Banner et al., 1994; Négrel et al., 2001;
Cartwright et al., 2007). Recent estimates of global average riverine Sr concentration and
87Sr/8Sr from half of global runoff is 1.2 uM (4.7*10° molSr/yr) and 0.7111, respectively
(Peucker-Ehrenbrink and Fiske, 2019). Submarine groundwater discharge could supply less
radiogenic 8'Sr/®°Sr to seawater with fluxes ranging from 0.7 to 2.8*10'° molSr/yr, with an
average 8/Sr/%Sr ratio of 0.7089 (Beck et al., 2013). The oceanic Sr isotope composition reflects
the relative fluxes of riverine, SGD, hydrothermal and diagenetic Sr fluxes, and displays a
homogenous 8Sr/%8Sr ratio of 0.70918 (Davis, 2003). The homogenous 8'Sr/%8Sr ratio of the
ocean reflects the higher residence time of Sr in the ocean (5*10° years) compared to the
interocean mixing time (Broecker, 1997; Banner 2004).
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5. General objectives and thesis framework

The research presented in this thesis was inspired by the remarkable variability and distinct
nature of 6%°Si signatures observed in groundwater and their potential ability to trace submarine
groundwater discharge (Frings et al., 2016; Moore et al., 2010). The thesis focusses on
biogeochemical cycling in groundwater systems using multiple tracers, focusing mainly on DSi
and Si isotopes in India. Groundwater forms a dynamic system exhibiting spatial and temporal
heterogeneity, and acts as an intermediate between subsurface processes occurring in the critical
zone and riverine systems, which ultimately delivers solutes from continents to ocean.
Complexity in understanding groundwater systems arises from: i) difficulty to access, ii)
geogenic and climatic heterogeneity, iii) influence from multiple surfaces as well as subsurface
processes, and to add on to all, iv) anthropogenic influence. As water flows through the critical
zone, biogeochemical transformations solubilize elements and transport the dissolved products
which can be affected by both biotic and abiotic processes before reaching groundwater and
then riverine systems. In the thesis we try to address few of the complexities using various
elemental and isotopic tracers including 5%°Si, &7Sr/%Sr, §*440Ca, §2H, 5180 and Ge. Given the
broad scope of the topic, we divided the thesis into three major sections, each tackling a specific

question/problem in groundwater biogeochemistry using appropriate tracers.

= The first question was to address the impact of land-use and seasonal monsoon
precipitation in groundwater Si cycling, which is detailed in Chapter I1. To achieve the
objective, we did extensive groundwater, soil solution and surface water sampling
during dry and wet seasons from two contrasting but adjacent watersheds in South India:
the intensely cultivated Berambadi watershed and the pristine forested Mule Hole
watershed which are part of the French Service National d’Observation (SNO) M-
TROPICS observatory. The chapter also touches upon human dimension of Si cycling,
and how aboveground agricultural practices impact the groundwater biogeochemistry.
We employed different tracers such as §%°Si, 8/Sr/%°Sr, §2H, and 5120 to delineate abiotic
and biotic processes (including anthropogenic) that control the water signatures during

the transit through regolith before reaching the saturated zone.
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Figure 7. The field pictures from Berambadi (a, b) and Mule Hole (bottom panel) during March and
August sampling 2019.

Following the results and understanding we gained from the first question, we discuss
the second question pertinent with groundwater complexity in a coastal setting. The
broad objective of Chapter 111 was to identify the controls of groundwater and river
water biogeochemical cycling in an estuarine region affected by seasonal monsoon
precipitation and effect of surface water-groundwater mixing in transition zones. We
conducted seasonal sampling during 2019 March (dry season) and August (wet season)
from Godavari estuary in India, including river water and groundwater from open wells,
handpumps and piezometers next to the estuary. The idea was to assess the spatial
variability of groundwaters along the estuarine transect, trying to identify the
groundwater discharge patterns in the estuary. In order to tackle the complexity arising
from various sources, mixing and processes, we divided the chapter into two sub-

chapters based on the tracers we used.
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Figure 8. The field pictures of Godavari river at upstream location during dry season (left) and wet
season (right).

Chapter Il1a emphasis on tracing Si cycling in estuary and groundwater using silicon
isotopic composition. Previous works have documented intense phytoplankton blooms
and diatoms growth in the estuary during moderate and low discharge periods, which
would make %°Si an ideal proxy to understand the diatom uptake and its impact on Si
delivery to the coast. The work aims to refine our understanding of the role of estuaries
in modulating the riverine Si supply and to compare with the behaviour of groundwater

in the same environment.

However, attempts to decipher sources vs. processes is complicated when source
signatures are heavily overwritten by biotic as well as abiotic processes. In Chapter
I11b we attempt to remedy this issue using source-specific 8’Sr/%Sr ratio in conjunction
with §*/4°Ca, which can be affected by both source and processes. Since Sr closely
follows Ca in biogeochemical cycling, together they provide an ideal toolbox to
understand how the fresh river water carrying the signatures from upstream sources
traced by 8'Sr/8Sr is impacted by mixing with seawater which affects both 5*/“°Ca and

87Sr/88Sr and also by processes which only impact §*44°Ca.

= So far, we have been focusing on local hydrologic systems where the lithology and
climate remain fairly similar across all the spatial sampling while including seasonal
sampling to understand the impact of monsoon. Finally, in Chapter IV we focus on a
regional study of groundwater systems, where we collected more than 80 coastal
groundwater samples from the coastline of Indian subcontinent spanning almost 5500
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km. Near coast submarine groundwater discharge (SGD) is documented to be a major
source of nutrient transfer to coastal ocean, including dissolved silicon, nitrates and
phosphates, which support phytoplankton growth. The chapter attempts to answer two
preliminary queries related to silicon cycling groundwater:

i) Can we identify the major processes controlling the Si and §°°Si behaviour in
groundwater by comparing our dataset so far with available database for Si isotopes?
Can coupling with Ge/Si ratio help us to disentangle biotic vs abiotic processes?

i) How does groundwater Si discharge compare with the riverine discharge documented
in the Indian subcontinent? Can groundwater discharge modify the isotopic composition

of total Si discharge?

Chapter V summarizes overall findings from the research, drawing conclusions related to
general patterns of Si behavior in groundwater, associated variability and most importantly, the
role in oceanic elemental as well as isotopic budget. This chapter also presents particular
perspectives we gained from overall research, problems encountered on the way and

recommendations for future research in the field of Si cycling in groundwater and surface water.
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Abstract

Land use changes are known to alter terrestrial silicon cycling and the export of dissolved
silicon from soil to fluvial systems. However, the impact of agricultural practices on
groundwater silicon cycle and its isotopic composition remains unclear. In order to assess
impact of agricultural processes, we examined multiple isotopic tracers (5*°Si, 8’Sr/®Sr, 5180
and 8°H) in groundwater and surface water from forested watershed and agricultural watershed.
For the present study we choose two contrasting watersheds in South India: Mule Hole
(forested) and Berambadi (cultivated with groundwater irrigation). Berambadi groundwater
exhibits high Cl and NOs™ concentrations indicative of fertilizer inputs and evaporative
enrichment from multiple groundwater pumping/recharge cycles, evident from water isotopes.
While dissolved silicon (DSi) in groundwater is significantly more concentrated in Berambadi
(980+313 M) than in Mule Hole (711+154 pM), the §%°Si of groundwater ranged from 0.41
to 3.45%o, with no significant differences in average 5°°Si between Berambadi (1.09+0.5%o)
and Mule Hole (0.98+0.2%o), indicating limited impact by above-ground land-use patterns. The
higher DSi content in groundwater under agricultural land-use mostly results from more intense
evapotranspiration during irrigation cycles. The groundwaters also exhibit no seasonal
differences, indicating a significant buffer to South West monsoon during wet season. Surface
water (1.60+0.3%o) and soil porewater (1.6+0.2%0) exhibit 5°°Si significantly heavier than
groundwater. Compared to soil solution, groundwaters in both watersheds displayed
significantly lighter 5°Si signatures and higher DSi, reflecting a lighter silicon source resulting
from water rock interaction as soil water percolates through the unsaturated zone. The &%°Si
values of groundwater is primarily driven by silicate weathering and formation of secondary
clay minerals such as kaolinite and smectite. The evolution of §°°Si in most groundwater
samples fits a steady state system with fractionation factor (*%) between -1.0%o and -2.0%o,
indicative of a system receiving a steady input of DSi and a dynamic equilibrium between
supply and precipitation of secondary phases. We assign the input to weathering of primary
silicate minerals such as plagioclase, biotite and hornblende, with formation of kaolinite and
smectites in deeper regolith layers as additional Si fluxes to groundwater, consistent with
radiogenic 87Sr/%®Sr composition of some groundwater. A simple isotopic mass balance
suggests that deep regolith weathering contributes on average to 43% and 32% of the total Si
concentration in the groundwater of Mule Hole and Berambadi, respectively. We conclude that
if silicon cycling in soil porewaters and surface waters are directly impacted by land use, the

isotopic composition of groundwater remains unaffected. Our results indicate that Si isotopic
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signatures of weathering, adsorption, and plant uptake occurring in the shallow soil and
saprolite horizons are partly overprinted and homogenized by the regolith weathering in the
deep critical zone, irrespective of land use and seasonality.

Keywords: groundwater, weathering, silicon cycle, forest, agriculture, critical zone.

1. Introduction

Human activities alter the biogeochemical cycling of several elements including carbon (C),
nitrogen (N), phosphorus (P), and silicon (Si) thus creating imbalances in the nutrient
distribution in aquatic systems (Humborg et al., 1997; Smil, 2000; Galloway et al., 2003).
Silicon is one of the essential nutrients in aquatic ecosystems and plays critical role in the
growth and distribution of highly productive autotrophs, such as diatoms in both freshwater and
marine ecosystems (Street-Perrott and Baker, 2008; Tréguer et al., 2021). It is the second most
abundant element in Earth’s crust and terrestrial weathering mobilizes Si as dissolved silicon
in the form of silicic acid (H4SiOs, thereinafter referred to as DSi), which is transported to the
ocean majorly through rivers (8.1 Tmol Si yrt, Tréguer et al., 2021). Land cover and land use
changes are one of the major drivers of Si cycling at the global scale (Conley et al., 2008; Struyf
et al., 2010; Carey and Fulweiler, 2016). Silicon is considered as a quasi-essential element for
many plants and can be found in all photosynthetic plants, with concentration ranging from 0.1
to over 10% by dry weight (Epstein, 2009). Plants can take up DSi from soil solution and
precipitate as biogenic silica (amorphous SiO2.nH20, hereafter referred to as BSi), in the form
of siliceous bodies in cell walls known as phytoliths, which protects the plant from various
abiotic and biotic stresses (Alexandre et al., 1997; Epstein, 2009). Globally, terrestrial plants
produce 84+29 Tmol Si yr! as BSi and agricultural plants accounts for almost 35% of the BSi
created by land plants (Carey and Fulweiler, 2016). Agricultural crops typically contain
elevated levels of BSi, thus agricultural land use can significantly modify the BSi accumulated
in soils, resulting in changes in Si export rates (Struyf et al., 2010; Carey and Fulweiler, 2012).
Although agricultural Si export through crop harvesting are known to deplete BSi pools in soil,
the extent to which agriculture impacts the export of Si from soil to hydrosystems remains to
be understood (Ding et al., 2008; VVandevenne et al., 2015).

Agriculture-related land use changes can significantly impact the surface and subsurface
hydrogeochemical properties, enhance chemical weathering and erosion (Quinton et al., 2010;
Ameijeiras-Marifio et al., 2017). The stable isotopic composition of Si (5%°Si) is a useful tool to

evaluate sources of Si and processes controlling Si biogeochemical cycling (Cornelis et al.,
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2011; Opfergelt and Delmelle 2012; Frings et al., 2016 and references therein). Silicon
solubilized by chemical weathering of the source bedrock (bulk upper continental crust §*°Si of
-0.25+0.16%o, Savage et al., 2014) undergo fractionation during incorporation into secondary
phases, which favour lighter 28Si, thereby making the residual solutions (soil waters,
groundwaters and rivers) enriched in *°Si (Frings et al., 2016). Silicon uptake by plants is also
associated with preferential incorporation of the light isotope, 28Si, followed by further
fractionation during translocation, depleting the 28Si from root to leaves (Opfergelt et al., 2006;
Frick et al., 2020; Frings et al., 2021). Thus, careful evaluation of pathways and Si interaction
with lithosphere, biosphere and hydrosphere is essential to understand output fluxes of Si in a
watershed scale, and its subsequent transfer to the oceans. One such evaluation across a land
use gradient in a temperate climate showed a significant enrichment in §%°Si in soil water
samples from older intensive cropland cultivated for almost 240 years, compared to those from
a forested landscape (Vandevenne et al., 2015) and this isotopic difference was also reflected
by difference in 5%°Si of DSi exported to the estuary by sub-watersheds in the same region
(Delvaux et al., 2013). High %°Si in residual soil solution along with concurrent depletion in
the BSi pool of the cropland soil, provides compelling evidence for imprint of land cover
changes and related process on silicon isotopic signature on surface a shallow water. However,
the chemical composition of streams and rivers do not directly reflect the composition of the
water draining below the soil zone as this water does not always directly recharge the
groundwater, in particular where deep unsaturated regolith acts as a subsurface reservoir (Ruiz
et al., 2010). In deeper aquifers, groundwater underflow plays a significant role in sustaining
baseflow in large rivers, especially during dry seasons (Ruiz et al., 2010). The fate of Si in pore
water as it travels through the unsaturated zone, often with long residence time, before reaching
groundwater is critical in understanding the output fluxes from the watershed. Previously
published globally distributed groundwater 3%°Si values exhibits a wide variability, ranging
from -1.5 to +2.6%o (n=66), which is attributed to silicate weathering and dissolution of lighter
sources of Si such as secondary minerals (Georg et al., 2009a, 2009b; Strandmann et al., 2014;
Frings et al., 2016; Ehlert et al., 2016; Martin et al., 2021). However, the impact of land use
changes, anthropogenic activities, and soil processes on groundwater Si cycling and the
response to seasonal precipitation changes remains unclear.

In India, the development of intensive agriculture in the past decades is likely to have largely
affected Si cycle. India accounts for one third of the world’s total irrigated area and about 60%
of irrigation results from direct groundwater pumping, leading to rapid decline of the
groundwater (Thenkabail et al., 2009; Fishman et al., 2011; Bhaduri et al., 2012). Aquifers in
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peninsular India are unconfined and composed of fractured granitic bedrock having a
decreasing transmissivity with depth (Dewandel et al., 2006), which limits the area under
irrigation from a well to <1 ha (Fishman et al., 2011). Such tube wells are ideal for small farmers
dominating Indian agriculture with diverse land use throughout the year, leading to a high
density of farming tube wells in the past few decades. Acute pumping for agricultural as well
as domestic purposes has led to deterioration of the groundwater quality and lowering of water
table (Rodell et al., 2009; Buvaneshwari et al., 2017). Intense pumping and irrigation from
borewells and handpumps can lead to multiple groundwater recycling through return flow in
cultivated landscapes. This along with excessive use of fertilizers and organic manures can
significantly alter the hydrogeochemistry of groundwater (Buvaneshwari et al., 2017, 2020;
Robert et al., 2017).

The objective of the present study is to investigate the impacts of contrasting landcover and
land use, i.e., forest vs. agriculture, on the evolution of groundwater Si isotopic signature from
two tropical watersheds. Specifically, we used §°°Si to understand the Si dynamics and the
influence of weathering and biotic controls in groundwater and further utilized groundwater
geochemistry to identify geogenic and anthropogenic elemental sources and evaluate their
contributions, and water isotopes and 87Sr/%Sr to trace the origin and mixing of groundwater in

the aquifers.

2. Materials and Methods

2.1. Study area, lithology, and climate

We studied two contrasting watersheds in Southern India: the agricultural watershed of
Berambadi (84 km?) and the pristine forested watershed of Mule Hole (4.1 km?), both belonging
to the Kabini Critical Zone Observatory, the Indian site of M-TROPICS (Sekhar et al., 2016;
Riotte et al., 2021), part of OZCAR research infrastructure (Gaillardet et al., 2018) (Fig. 1). The
region experiences tropical humid climate and is influenced by both South-West monsoon
(June-September) and North-East monsoon (October-December). The bedrock of the region is
dominated by the Precambrian peninsular gneiss (85%) and relatively minor (15%) mafic to
ultramafic rocks (hornblendite, amphibolite and serpentinite) (Naqvi and Rogers, 1987). Major
minerals in granitic-gneiss includes quartz, oligoclase, sericite, biotite and chlorite with
accessory minerals such as apatite, epidote, allanite titanite, magnetite, ilmenite, pyrite and
zircon (Braun et al., 2009). The average depth of the regolith in Mule Hole region is estimated

to be 17 m, comprising 15 m of immature saprolite and a 2 m thick ferralsol (88%) or -vertisol
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(12%) system (Barbiero et al., 2007, 2010; Braun et al., 2009). Primary minerals such as
oligoclase, biotite and chlorite predominate the saprolite minerology with kaolinite, smectite
and Fe-oxyhydroxides occurring as secondary phases (Braun et al., 2009; Violette et al., 2010b).
The regolith is underlaid by fissured bedrock, forming the hard rock aquifer typical of aquifers

the region (Soumya et al., 2011).

In the semi-arid Berambadi watershed, 60% of the total area is used for agriculture with some
reserved forest on the western end (Buvaneshwari et al., 2017). The region receives lower
rainfall (800-900 mm/yr) and groundwater undergo continuous pumping which causes
depletion of the water table depth and large seasonal and interannual fluctuations depending
rainfall and the intensity of pumping. Most of the groundwater sampled for the present study
was from actively pumped tube wells in agricultural fields. Increase in the number of tube wells
from 1990s led to a shift from low water demand rainfed crops like finger millet, sorghum and
pulses to groundwater irrigated agriculture with high water demand cash crops such as
sugarcane, banana, turmeric and vegetables (Sekhar et al., 2016; Fischer et al., 2022).
Groundwater exhibits an enhanced groundwater hydraulic gradient, with upstream (western
side) having shallow groundwater levels and deeper groundwater on the downstream end
(eastern side) of the watershed (Buvaneshwari et al., 2017). The Mule Hole watershed is located
in sub-humid zone, receiving a mean annual rainfall of 1200 mm distributed from March to
October (Gunnell and Bourgeon, 1997). The temperature ranges between 37°C during summer
and 17°C during the peak winter, typically in January. The watershed has been preserved from
any human activities and belongs since 1974 to the Bandipur national park (Marechal et al.,
2009).

2.2. Sampling and measurements

We sampled groundwater and surface water twice in 2019, in March for the dry season and
August for the monsoon season. In Mule Hole, groundwater samples were collected from 9
observation wells drilled in 2003 and 2004 (Fig. 1). Three wells P3, P5 and P6 are located along
the watershed boundary (300-400 m to the nearest stream) to monitor the background
characteristics of the aquifer, far from the stream. The remaining six wells lie in a straight line
perpendicular to the stream axis at its outlet with P1 and P7 very near to the stream. In
Berambadi, groundwater samples were collected from borewells and handpumps at 17 locations
within the watershed. Surface water sample for both watersheds are collected, including Nugu

river (a tributary of Kabini almost 1.2 km from Mule Hole watershed, draining mostly the
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humid zone of the Kabini Basin and then flowing permanently), few ephemeral streams and a
tank very close to the groundwater sampling locations. Prior to sample collection, all sampled
wells were purged until the pH and conductivity was stabilised. All water samples were filtered
just after collection using 0.4 um SUPOR PES filters, made aliquots for various analysis and
subsequently stored in pre-cleaned containers. The aliquot for major cation and Sr isotope
analysis was acidified using few drops of double distilled HNO3 and aliquot for water isotopes
were stored in 10 ml glass tubes. pH and conductivity were measured in the field. Groundwater
levels (depth to water table) were measured manually before the groundwater collection using
a manual piezometric level sensor (skinny dipper device, Haron instruments), except for
handpumps, where such measurement is impossible, and for which water table depth was

assumed to lie between 5 m.
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Figure 1. Kabini watershed map with precipitation levels (mm/yr) and climatic zones marked and the
two watersheds sampled for the current study: the cultivated Berambadi watershed and forested Mule
Hole watershed. The sampling locations of groundwater and surface water samples are marked in Mule
Hole and Berambadi.

2.3. Elemental concentrations

Major cation and anion concentrations were measured with an lon Chromatograph (Metrohm
COMPACT 861) at IFCWS, I1Sc, India. The accuracy of measurements was monitored using
multiple certified reference materials (AnionWS, ION-96.4, ION 915, SUPER-05 and BIG
MOOSE 02) and external reproducibility was better than 5%. Alkalinity was determined with
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a titrator Mettler Toledo-DL50 Rondolino. Usual precision obtained on major dissolved species
determination was about 5%. Trace elemental concentration (Al, Sr, Fe, Mn) were determined
by quadrupole inductively coupled plasma mass spectrometry (ICPMS, 7500cx Agilent) at
Alyses analytical platform (IRD-Sorbonne Université, Bondy, France). Samples and standards
were diluted and measured in 2% HNO3. The accuracy of the measured elements was assessed
by the measuring certified natural water reference standard, SLRS 6 and the average precision

for trace element analysis was within 10%.

2.4 Water isotopes and Sr isotope analysis

Stable isotope (5?H and §'80) compositions were determined by a stable isotope ratio mass
spectrometer (Picarro L2130-i Isotopic Water Analyzer, IEES, Paris, France). Results are
reported in %o with respect to the Vienna Standard Mean Ocean Water (VSMOW?2). The
analytical uncertainty, estimated from the repeated measurements of the Picarro MID standard,
is £0.1%o for 8'80 and +0.5%o for 5%H.

Strontium was separated from the water samples using a two-stage cation-exchange
chromatography technique using BioRad AG50W X8 (100-200 mesh) resin following
established protocols (Banerjee et al., 2016). Strontium was eluted in 3N HCI and ~1 ug the
purified Sr was loaded on a single degassed Ta filament using phosphoric acid and tantalum
oxide. Strontium isotope ratios were and measured using a thermal ionization mass
spectrometer (TIMS, Thermo Scientific Triton Plus) at CEaS, IISc. Instrument mass
fractionation was corrected using #Sr/%Sr = 0.1194 using exponential law. The internal
precision for 8/Sr/%Sr was better than 10 ppm (1 SE). The NIST SRM987 Sr isotopic standard
analyzed during this study yielded 8'Sr/®Sr=0.710277+24 ppm (1SD, n=10).

2.5. Dissolved silicon and silicon isotope analysis

Silicon concentration (DSi) was measured by spectrophotometer following the Grasshoff et al.
(1999) protocol. Analytical quality was assessed using certified reference material, PERADE
09 (supplied by Environment Canada, lot no:0314, with DSi = 110.0+6.8 uM), during each
measurement and mean reproducibility was 109.9+3 pM (n=25). We followed a slightly
modified two-step pre-concentration method adapted from MAGIC- MAGnesium Co-
precipitation technique (Karl and Tien, 1992; Reynolds, 2006; Hughes et al., 2011). To an initial
volume of 10 ml of groundwater and surface water samples, we added 0.5 ml of MgCl. solution
to match the seawater Mg concentration and were treated with 2% (v/v) of 1 M NaOH and was

shaken and kept undisturbed overnight. The brucite (Mg(OH).) formed at high pH scavenges
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Si which gets adsorbed onto precipitated brucite. The supernatant from the first step was again
subjected to second addition of 1% NaOH following, and the precipitate was recovered by
centrifugation after 1-2 hrs. Both brucite precipitates were also re-dissolved with 1M HCI and
merged. The DSi concentration of the supernatant was analyzed by spectrophotometer
(Grasshoff et al., 1999) and found negligible (on average <2%), confirming that all the Si was
adsorbed onto the brucite precipitate.

Separation of Si from other cations was carried out using cation exchange resin (BioRad
DOWEX 50W-X12, 200 to 400 mesh, in H+ form) following the procedure of Georg et al.
(2006). After the purification process, an aliquot was analyzed for major elements analysis (Na,
Mg, Ca, K) by ICP-MS (Agilent 7500a) to ensure that the Si/X (Where X= Na, K, Ca or Mg)
weight ratio is always >50 to minimize the matrix effects in the plasma. The organic matrix is
removed by treatment with 50 pL of 30% H.O: since it has been shown to potentially induce a
matrix bias during MC-ICP-MS analyses (Hughes et al., 2011). Analyses performed on a series
of 35 groundwater and surface water samples, shows that the preconcentration and H>O>
treatment increased the DSi/DOC ratio from 18 to 7000 times, with DSi/DOC ratio > 10 in the
final aliquot (Annexe 2). This indicates <0.2%o shift in Si isotope ratio from isotopic mass bias
due to DOC matrix (Hughes et al., 2011). The possible remaining potential matrix effect
resulting mainly from CI-, NO3 and SO4> was corrected by the artificial doping of anions
(Merck, Suprapur grade H.SO4, HNO3z and HCI) in all the samples and standards (Hughes et al.,
2011). The measurements were performed on MC-ICP-MS (Thermo Neptune+, LSCE-IPSL,
Gif-sur-Yvette) in dry plasma mode with Mg doping as described by Closset et al. (2016).
Samples were injected into the plasma with an ApexQ2 HF desolvating nebulization system
connected with a PFA nebulizer (100 pL/min uptake rate) and without additional gas. The §*°Si
values were expressed as the permil deviation of the °Si/?Si ratio from the quartz standard
NBS28 (RM8546), expressed as:

SSOSisample: [(308i/ZSSi)sample/(3OSi/285i)NBSZB'l] *1000 (qu)

Blank levels were below 1% of the main signal and were subtracted from each sample and
standard analysis. All measurements were carried out in a matrix composed of 0.5 M HNOs,
0.5 M HCI, 1 mM H2SO4 and in medium-resolution mode (m/Am > 6000) to optimize the
separation of *°Si peak and *N*°Q interference and were performed on the interference-free left
side of the peak (Abraham et al., 2008). The 5?°Si and §%°Si values were compared to the mass-
dependent fractionation line and samples falling outside of its analytical error were excluded

from the final dataset. Typical analytical conditions are provided in Table S1. Laboratory
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protocol has been intercalibrated for seawater as part as the GEOTRACES intercalibration
exercise generated over the entire procedure (Grasse et al., 2017). The analytical precision and
accuracy were monitored by the long-term measurements of secondary reference material
diatomite (5°°Si = 1.26%o, Reynolds et al., 2007) indicated an average precision and a long-
term analytical reproducibility on &%°Si values of 1.19£0.18%o (2SD, n=100). Diatomite
solutions processed with MAGIC give average 5°°Si values of 1.07+0.11%o (2SD, n=12) which
is slightly lighter than unprocessed diatomite, but the difference remains within our analytical
reproducibility. All samples measured in the present study are chemically replicated at least
once (average variability of 0.05+0.15%o), and 23 samples were triplicated (average 2SD of
+0.20 %o).

2.6. Silicon isotope evolution in water samples

To estimate the fraction of Si released as dissolved phase during weathering, we adopted the
normalization proposed by Hughes et al. (2013), where Si to selected elemental ratio (Na*,
rainwater corrected) in groundwater and bedrock (Si and Na corrected for inert quartz and
sericite) was used as a proxy for weathering congruency (Braun et al., 2009).

fsi=Si/(Na*) groundwater/ Si/(Na) bedrock (Eq. 2)

A fsi of 1 corresponds to congruent dissolution of bedrock, i.e. all Si mobilized into dissolved
phase with a &°°Si identical to that of the bedrock. The fsi decrease corresponds to the

progressive incorporation of Si into secondary phases, such as clay minerals (Ziegler et al.,
2005).

Si isotopic fractionation associated with a removal of DSi from a system can be described using
two simple models; i) the Rayleigh model for distillation of isotopes describes a closed system
with no further DSi input from external sources, ii) steady state model with continuous supply
of DSi and dynamic equilibrium between supply and removal (Bouchez et al., 2013; Frings et
al., 2015).

Rayleigh: §*°Simea = 5*°Sio + £*In(fsi) (Eq. 3)
Steady state: 5*°Simea= 5%Sio - £*(1-fsi) (Eq. 4)

fsi indicates the fraction of DSi remaining in the groundwater, obtained using E1. Here °Simea
denotes the measured 5°Si values of groundwater and surface water samples and 5*°Si, denotes
the initial 5%°Si values before fractionation which is assumed the granitic gneiss bedrock value
of -0.34+0.08%. (Riotte et al., 2018a).
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3. Results

3.1. General characteristics and chemical composition

Details of the groundwater and surface water sampling along with the geochemical data are
provided in Table 1. Depth to groundwater table ranged from 1.5 to 46 m. The pH of the
groundwater varied between 5.8 and 7.8, with Berambadi groundwater showing a slightly
alkaline nature. Average groundwater conductivity in Berambadi groundwater was 1500+£578
uS/cm (n=33), almost twice as that of Mule Hole (553+201 uS/cm) owing to excess fertilizer
input and evapotranspiration. There was no significant seasonal difference observed in
conductivity between dry and wet season sampling of the same groundwater (t-test, Table 1).
The groundwater table depth fluctuated inconsistently in both watersheds with some wells
showing an increase in water table depth between dry and wet and others vice versa. Berambadi
groundwater exhibited an average Cl concentration of 4700+3800 uM, one order of magnitude
higher than in Mule Hole, indicating chances of fertilizer contamination and also evaporative
enrichment. In a plot of Na/Cl vs. Cl concentration, the Berambadi samples exhibited a negative
correlation with Na/Cl ratio in certain groundwater samples even lower than the rainwater ratio
of ~0.81 (Fig 2), as already observed by Buvaneshwari et al. (2020). To estimate Cl contribution
from fertilizers such as potash (KCI), which is routinely applied in Berambadi, we followed the
deconvolution method proposed by Buvaneshwari et al, (2020), based on relative proportions
of Na and ClI using pristine Mule Hole as a reference. Following which the atmospheric inputs
to major cations in groundwater were corrected using the normalization to fertilizer corrected
Cl (CI*) (Stallard and Edmond, 1981) using rainwater composition reported for Mule Hole
(Riotte et al., 2014a). For Berambadi groundwater samples, fertilizer inputs accounted on
average for 75+25% of the CI content. On molar basis the concentration of anions in
groundwater of both watersheds decreased in the order, [HCOs] > [CIT] > [SO4*].
Concentrations of anions such as CI~, NOsz", PO4* and SO4> increased with conductivity, with
Berambadi groundwater exhibiting significantly higher nitrate concentration compared to Mule
Hole. The cationic load in both watersheds was dominated by Na followed by Ca and Mg,
covarying with measured conductivity. Potassium accounted for only a small part of the cationic
load despite higher content in fertilizers, suggesting that most of it was exported with crop
harvest. Atmospheric input accounted for less than 20% of the cation load in both watersheds.
Surface water from small streams exhibited solute concentration similar to the groundwater
next to it, while the Nugu river, which partly drains the humid zone of the Kabini basin,

exhibited a much more diluted elemental load. The concentration of Sr in groundwater varied
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from 1 to 30 uM, with Berambadi groundwater having a higher average of 13 uM compared to
Mule Hole (3.9+1.4 uM). Most of the groundwater samples exhibited Al, Fe, and Mn

concentrations <1 uM with a few handpumps and piezometers showing extreme Fe enrichment

of up to 91uM.
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Figure 2. Plot between Na/Cl and CI in #M, showing increasing Cl concentration and a concurrent
reduction in Na/Cl ratio below rainwater ratio of 0.81 (blue dotted line, Riotte et al., 2014). This trend
indicates contamination of Berambadi samples (yellow circles) from fertilizers such as potash, with no
such pattern evident in pristine Mule Hole groundwater (green square).

3.2. Water and Sr isotopes

The results of the isotopic analyses from groundwater and surface water in Berambadi and Mule
Hole are given in Table 2. Stable water isotopic composition of Berambadi groundwater ranged
from -1.7 to -3.8 %o for 80 -8.9 to -21.6 %o for 8D. In Mule Hole groundwater 0 ranged
from -1.7 to -3.7 %o and 8D from -2.1 to -18.1%o. On a 580 vs. 3D plot, all the samples plotted
close, but slightly right to the local meteoric water line (LMWL) derived from meteoric water
of Mule Hole (Fig 3a, Fig. S1, details of rainwater in Table S2), which itself is superimposed
on the global meteoric water line (GMWL, Craig 1961). The deuterium excess (d-excess= 6D-
8*5180) calculated showed consistently lower values in Berambadi compared to Mule Hole and
exhibited a general negative trend with conductivity (Fig 3b). No seasonal variability was
observed in water isotopic signature of groundwater suggesting significant buffer to seasonal
variations in monsoonal rainfall isotopic signature previously documented by Warrier et al.
(2010).
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Table 1. The sample details, depth to water table (m), conductivity and elemental composition of groundwater and surface water from Berambadi and Mule Hole. The
# denote the Cl concentration corrected for fertilizer input in Berambadi based on Buvaneshwari et al. (2020).

Depth  Conductivity DSi Na* K* Ca* Mg* Sr Al Mn Fe (¢]] Cl# NO3 PO4 SO
m uS/cm UM UM UM UM UM uM uM uM uM uM uM uM uM uM

Berambadi

Dry season
ABW Piezometer 6.5 786 111 2577 102 542 2054 2.3 0.2 5.0 <dl 773 529 13 25 294
ABW2 Piezometer 6.0 1423 1150 3402 0 1504 3762 125 0.2 <dl 0.1 2196 698 1995 51 511
B100 Borewell 45 1890 1000 9858 31 1640 1305 11.8 0.2 <dl 0.1 7580 2024 1779 n.a 378
B132 Borewell 10 2030 1054 2543 138 3976 5348 25.3 0.2 <dl <dl 7999 522 2664 80 712
B156 Borewell 5.1 1501 995 2863 96 1658 3294 11.7 0.4 0.1 0.2 4312 588 1847 47 503
B167 Borewell 9.4 1011 966 1503 42 2330 2124 6.7 0.2 0.0 0.1 1428 309 1503 45 258
B30 Borewell 46 2310 1301 3591 1055 5747 3489 17.2 0.4 0.0 0.1 8267 737 6085 82 1603
B35 Piezometer 36.3 892 1435 2262 156 1832 1555 6.0 0.4 0.2 <dl 464 464 759 34 190
B70 Borewell 345 2460 1060 6640 163 6287 2169 18.7 0.3 0.0 <dl 12219 1363 2688 72 1845
M29 Handpump 5 1336 583 4129 280 2981 1743 10.6 0.2 6.0 254 5707 848 102 44 291
M30 Handpump 5 1847 865 8606 131 3437 1314 115 0.2 4.0 3.1 7848 1767 2766 44 714
M6 Handpump 5 1098 987 1314 1032 2892 1679 10.2 0.4 13.0 16.1 2060 270 479 35 292
NB-M29 Handpump 5 1200 974 3672 81 2056 1433 10.9 0.1 0.1 0.1 3573 754 1125 43 406
NB126 Borewell 9.5 1170 1088 1093 59 2332 2575 9.1 3.6 <dl 0.2 2390 225 2684 47 474
NB30 Borewell 427 1796 1487 1393 357 4607 3904 21.3 0.5 <dl 0.1 5325 286 4928 76 1033
B162 Borewell 9.1 1100 1119 1586 46 3002 1784 10.9 0.2 <dl 0.1 1662 326 1739 47 320
Stream 1 Surface water 1148 868 2471 32 1460 2807 9.33 0.21 2.45 0.12 507 507 711 35 244

Wet season
ABW Piezometer 6.0 663 67 1779 88 351 1343 1.04 0.21 0.69 0.52 512 365 25 16 185
ABW2 Piezometer 6.8 1423 958 2135 13 2022 3674 17.72 0.14 1.01 3.80 1858 438 1147 31 500
B100 Borewell 45 2050 1037 10689 38 2800 1202 11.81 0.25 0.02 0.10 9084 2195 1751 29 393
B132 Borewell 10 2180 1002 3028 139 4202 5955 29.65 0.27 0.07 0.59 10492 622 2195 62 715
B156 Borewell 4 1362 1040 3618 52 2466 2479 10.19 0.23 0.02 0.31 3391 743 1747 31 438
B167 Borewell 8 1022 933 1636 43 2305 2227 9.09 0.17 0.10 0.20 1424 336 1290 28 239
B30 Borewell 40.8 2500 1299 3985 1235 6483 3457 18.48 0.24 0.06 0.37 8440 818 3662 51 1783
B35 Piezometer 36.5 934 1396 2296 169 1897 1713 6.76 0.16 0.08 0.16 384 472 631 33 178
B70 Borewell 14.3 2750 1042 10157 45 5291 2254 20.93 0.22 0.09 0.68 14266 2086 1133 66 3305
M29 Handpump 5 1235 672 3296 278 2447 1598 12.12 0.92 5.52 46.36 4947 677 1 28 289
M30 Handpump 5 1808 891 8428 142 2944 956 17.11 0.23 0.66 16.72 7365 1731 1377 41 1044
M6 Handpump 5 984 704 1234 1606 2537 1532 9.72 0.21 17.61 91.16 1620 253 0 28 212
NB-M29 Handpump 5 1162 891 3716 76 2343 1351 n.a n.a n.a n.a 3791 763 773 22 439



Depth  Conductivity DSi Na* K* Ca* Mg* Sr Al Mn Fe Cl Cl# NO3 PO4 SOy
m uS/cm UM UM UM UM UM uM uM uM uM uM uM uM uM uM
NB126 Borewell 10 964 1010 990 45 2657 2189 7.88 0.30 0.04 0.09 1963 203 2143 27 394
NB30 Borewell 40 2580 1259 2267 409 6815 4992 27.24 0.24 0.03 0.16 10628 465 8313 67 2116
B162 Borewell 10 1116 1117 1446 41 3085 1867 n.a n.a n.a n.a 2115 297 1979 29 319
ABWS3 Borewell 6.5 1248 893 2119 20 1913 3626 17.98 1.16 1.08 0.19 1905 435 1167 30 502
Streaml Surface water 1000 597 1275 66 1836 1812 8.18 0.32 1.50 0.08 1576 1576 350 26 235
Stream2 Surface water 530 321 881 51 851 363 3.94 0.23 0.49 0.30 1702 1702 13 16 121
Tank Surface water 262 179 374 105 504 299 2.35 0.25 0.02 0.25 440 440 1 13 93
Spring Surface water 72 458 441 4 23 8 0.15 1.11 0.07 0.25 153 153 11 12 36
Mule Hole
Dry season
P1 Piezometer 7.62 399 588 140 83 1393 798 3.29 0.36 3.74 9.10 198 198 2 19 26
P10 Piezometer 14.13 624 881 1349 83 1512 952 4.83 0.20 9.91 1.69 533 533 1 22 87
P12 Piezometer 10.75 467 477 674 116 1179 837 3.35 0.21 12.28 0.75 268 268 1 19 156
P13 Piezometer 9.77 400 671 696 112 953 805 n.a n.a n.a n.a 240 240 1 17 59
P3 Piezometer 22.48 806 889 721 202 1967 1497 5.46 0.28 7.76 24.48 745 745 1 32 87
P5 Piezometer 31.73 592 759 1145 172 1347 1006 3.75 0.47 0.47 0.10 505 505 1 26 74
P6 Piezometer 33.62 751 689 823 126 1317 1637 3.19 0.43 9.91 1.63 214 214 1 30 180
P7 Piezometer 8.61 584 868 422 40 1677 1346 5.71 0.22 1.60 4.55 173 173 2 28 78
P9 Piezometer 13.26 702 860 1335 128 1798 990 5.42 0.29 13.69 19.25 602 602 2 29 11
Nugu River  Surface water 138 417 257 54 250 237 1.13 0.23 1.65 0.91 156 156 5 10 8
Wet season
P1 Piezometer 15 172 639 151 37 393 275 1.49 0.55 0.27 0.16 87 87 1 14 32
P10 Piezometer 14.1 624 886 1242 83 1253 819 4,52 0.93 5.26 0.68 595 595 1 27 107
P12 Piezometer 9.2 467 483 546 109 1192 876 4.18 0.85 16.70 0.51 462 462 1 17 188
P13 Piezometer 8.9 452 617 657 118 904 804 2.72 1.06 6.40 0.31 230 230 1 19 69
P3 Piezometer 21.7 150 410 136 122 350 180 1.30 0.74 1.54 1.82 81 81 1 12 16
P5 Piezometer 31.9 722 886 1088 180 1283 1000 3.77 0.29 0.03 0.06 513 513 1 23 71
P6 Piezometer 34.4 910 677 756 121 2081 1584 3.12 0.15 13.04 3.89 212 212 0 26 150
P7 Piezometer 2.4 647 739 416 46 1753 1524 6.55 0.82 0.24 0.24 123 123 0 24 156
P9 Piezometer 13.2 485 776 760 105 1192 655 431 0.83 8.09 4.18 373 373 1 20 120
Nugu River  Surface water 107 256 87 64 199 117 0.94 0.30 0.03 0.36 206 206 37 11 20
MH Stream  Surface water 169 453 294 115 336 210 1.20 1.40 0.05 0.50 225 225 1 13 7
Stream 3 Surface water n.a 299 n.a n.a n.a n.a 1.08 1.19 0.11 0.63 313 313 0 14 21
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The 8Sr/®Sr ratio showed significant differences in water samples from Berambadi and Mule
Hole, ranging from 0.70972 to 0.73077 (Table 2, Fig. S1, Fig 4). 8’Sr/%®Sr and other isotopic
signatures of the water compartments measured in the present study and also compiled from a
previous study in the region are given in Table 3. Groundwater samples from Berambadi
exhibited less radiogenic &Sr/®Sr with an average of 0.71480 compared to Mule Hole
(0.71756) (Table 2, Fig. 4). The gneiss bedrock from Mule Hole is reported to have an 8'Sr/%Sr
value of 0.713174, but the composition of the parent gneiss can vary locally from felsic
(oligoclase/quartz) to mafic (biotite/chlorite) endmembers (0.713174 to 0.783180, Janardhan
and Vidal, 1982; Violette et al., 2010a; Braun et al., 2009).

3.3. Dissolved silicon (DSi) and §%°Si

The average DSi of groundwater water samples was significantly higher in Berambadi (980 +
313 uM, 1SD, n=33) than in Mule Hole (711+£154 uM, 1SD, n=18), with dry season having a
higher DSi compared to the wet season for both watersheds (Table 1, 2, Fig. 5). The surface
water from both watersheds, including the Nugu river showed a lower DSi compared to
groundwater with an average of 427+194 uM (1SD, n=8). The groundwater DSi of the region
was generally higher than the previously published terrestrial global average for extrusive
igneous (604+192 uM) and granitic (334255 uM) bedrocks (Rahman et al., 2019). Dissolved
5%°Si of the groundwater ranged from 0.59 to 3.45 %, enriched compared to bulk upper
continental crust value (—0.25+0.16%o, Savage et al., 2013) and to the local gneiss value
reported in Mule Hole (-0.34+0.08%o, Riotte et al., 2018a). Both Berambadi (1.15+0.64%o0) and
Mule Hole (0.98 = 0.24 %o) exhibited comparable 5%°Si, and in the higher side of the compiled
global groundwater average of 0.5+0.9%0 (n=66) (Figure 5, Ziegler et al., 2005; Georg et al.,
2009a; 2009b; Opfergelt et al., 2013; Pokrovsky et al., 2013; Strandmann et al., 2014; Ehlert
etal., 2016; Riotte et al., 2018a; Martin et al., 2020). The 5%Si values of surface water samples
collected from small streams close to the groundwater samples and of Nugu river (part of
Kabini river a tributary of Kaveri) showed an average value of 1.69+0.54%., which was
significantly heavier than the groundwater values in the watershed (p value <0.05, Fig 5). We
do not observe any seasonal differences in §3°Si values measured in groundwater samples from
both watersheds. A weak negative correlation was found between DSi and %°Si, with heavier
5°Si corresponding to a loss of DSi from the system (R?=0.42, p value<0.05, Fig 6). The
average 5%°Si of soil solution from Berambadi was 1.55+0.3%o, significantly higher than

groundwater (p-value<0.005).



Table 2. The isotope ratios of the H, O, Sr and Si from Berambadi and Mule Hole during dry and wet
season. The ‘*’ denotes the standard deviation of triplicated samples and the rest is only duplicated
and denote variability.

810 &°H 875y /%Sy 5%Si 1SD
%o %o %o %o
Berambadi- Dry season
ABW -3.8 -21.6 0.716358 2.959 0.04
ABW2 -2.9 -17.7 0.711203 1.133 0.13*
B100 -2.6 -13.1 n.a 0.681 0.06*
B132 -3.0 -18.6 0.71276 0.973 0.02
B156 -3.2 -18.4 0.712819 0.736 0.08
B167 -3.5 -20.6 0.715044 1.096 0.14
B30 -2.6 -14.2 n.a 0.763 0.09
B35 -34 -19.5 0.725742 1.060 0.03
B70 -1.7 -10.8 0.709721 0.927 0.05
M29 -3.0 -16.2 0.715262 1.490 0.10*
M30 -24 -12.5 n.a 1.478 0.10*
M6 -2.4 -11.8 n.a 0.694 0.08*
NB-M29 -2.0 -9.8 0.713611 1.020 0.11*
NB126 -3.2 -19.0 0.718218 1.022 0.13*
NB30 -3.2 -18.1 0.713255 0.630 0.05
B162 -35 -21.1 n.a 0.844 0.08
Stream 1 -34 -19.6 0.715256 1.636 0.04
Berambadi- Wet season
ABW -3.8 -19.7 0.716354 3.451 0.01
ABW?2 -3.1 -17.7 0.711222 1414 0.10*
B100 -2.7 -12.7 0.713536 0.877 0.04
B132 -3.4 -19.8 0.712892 0.702 0.12*
B156 -34 -18.8 n.a 0.593 0.06
B167 -3.6 -20.8 n.a 1.204 0.08*
B30 -2.2 -9.6 0.714732 0.833 0.05
B35 -35 -19.0 0.730778 0.893 0.10*
B70 -1.8 -8.9 0.710274 1.080 0.09*
M29 -3.2 -16.0 0.713521 1.815 0.11*
M30 -3.0 -13.0 0.71242 1.585 0.12*
M6 -2.7 -12.4 n.a 1.440 0.07
NB-M29 -1.9 -9.3 n.a 0.749 0.02
NB126 -3.3 -19.1 0.714888 0.847 0.08
NB30 -2.6 -14.9 0.714703 0.795 0.02
B162 -35 -20.4 n.a 0.903 0.10*
ABW3 -3.1 -17.6 0.711163 1.198 0.04
Streaml1 -3.1 -16.1 0.715242 1.780 0.15
Stream?2 -2.5 -10.5 n.a 1.891 0.08*
Tank -2.3 -10.1 0.713966 1.596 0.06
Spring -3.1 -12.8 n.a 0.967 0.06
Mule Hole-Dry season
P1 -2.4 -6.8 0.716582 1.465 0.15
P10 -3.3 -14.8 n.a 1.061 0.02
P12 -2.5 -9.2 n.a 1.071 0.18*
P13 -2.9 -12.9 n.a 1.142 0.13
P3 -34 -16.4 0.717517 0.589 0.11
P5 -3.6 -16.7 0.719834 0.970 0.12
P6 -2.8 -16.9 0.714836 0.851 0.10
P7 -2.7 -9.4 0.716777 1.225 0.10*
P9 -3.6 -17.0 0.718167 1.033 0.03
Nugu River -1.8 -6.9 0.711591 2.186 0.09*
Mule Hole-Wet season
P1 -2.2 -4.9 0.716500 1.307 0.13
P10 -3.3 -14.1 n.a 0.878 0.04
P12 -1.7 2.1 0.718185 0.965 0.04
P13 -3.3 -13.8 n.a 0.752 0.03
P3 -3.2 -13.8 0.715977 0.928 0.07
P5 -3.7 -17 0.720013 0.651 0.06
P6 -3.3 -18.1 0.718298 0.602 0.01
P7 -2.5 -6.4 0.716795 1.087 0.09*
P9 -2.7 -8.3 0.718823 1.077 0.01
Nugu River -2.8 -10.1 0.71089 1.469 0.08*
MH Stream -2.5 -7.9 0.721681 1.524 0.06
Stream 3 -2.1 -6.3 1.507 0.11
NIST SRM987 - 0.710277 (24 ppm, 1SD, n=10) -
Diatomite - - - 1.19 0.09 (n=100)
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4. Discussion

4.1 Groundwater geochemistry: weathering vs. anthropogenic sources

The chemistry of water in aquifer is influenced by the rainfall, throughfall, water-rock
interactions when infiltrating through vadose zone and aquifer, and the contributions from
direct and indirect anthropogenic inputs. Weathering reactions in soil and saprolite layers
occurring during infiltration is the major source of DSi in the groundwater, with negligible
input from throughfall in Mule Hole (Soumya et al., 2011, 2013; Riotte et al. 2014a). In the
case of Mule Hole, most of the DSi in the soil- infiltrating solution and overland flow is
controlled by amorphous silica (ASi) dissolution (Riotte et al., 2014a; Riotte et al., 2018a). In
absence of human activities, water-rock interactions in the regolith and fractured zone
contribute to much of the DSi, Na*, Ca?*, Mg?*, and alkalinity in groundwater with very limited
S04> and NO3 (Soumya et al., 2013) This is evident in Mule Hole with low concentration and
limited variability of sulphate and nitrate in the groundwater (Table 1). Na* in groundwater can
originate from atmospheric inputs and from the Na-plagioclase weathering, while Ca and Mg
primarily comes from water rock interactions (e.g., biotite, apatite, hornblende, chlorite and
calcite weathering, Braun et al., 2009). The presence of pedogenic carbonates, previously
documented in Mule Hole, is also a potential source for Ca and Mg in the groundwater (Violette
et al., 2010b; Braun et al., 2009). Potassium-bearing minerals such as biotite and chlorite are
the likely sources of K* in groundwater and are heavily recycled through vegetation. In
Berambadi, solutes in groundwater can originate from atmospheric input, weathering, and
anthropogenic inputs as fertilizers, which can further be concentrated through processes such
as evapotranspiration due to successive pumping (Buvaneshwari et al., 2017, 2020). Additional
anthropogenic input was evident from the drastic increase in all the cations and anions in
groundwater for both seasons compared to Mule Hole (Table 1). Groundwater from Berambadi
exhibits a decrease in Na/Cl ratio with increasing ClI concentration, even below the rainwater
ratio, consistent with a input of fertilizers such as Potash (KCI) (Figure 2) as already discussed
by Buvaneshwari et al. (2020). Groundwater in Berambadi exhibited high nitrate
concentrations compared to negligible amounts in Mule Hole, indicating the effect of excessive
fertilizers usage for irrigated agriculture in the region (Buvaneshwari et al., 2017). More
detailed studies and modelling frameworks of geochemistry of groundwater samples from
Mule Hole and Berambadi can be found elsewhere (Soumya et al., 2013; Riotte et al., 2014a;
Buvaneshwari et al., 2017, 2020).
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4.2 Stable isotopes of water: evaporation, recharge, and irrigation

Stable water isotopes in groundwater primarily reflect the average isotopic signature of local
precipitations and recharge occurring in the aquifer. The differences in water isotopic
signatures in groundwater arise due to variability in isotopic signatures of local rainfall,
evaporation during percolation through vadose zone, and from mixing with pre-existing water
mass (Clark, 2015). In Mule Hole forested watershed with an average rainfall of 1100 mm/year,
evapotranspiration accounts for about 900 mm/year, including about 100 mm/year resulting
from deciduous tree uptake from the deep saprolite layers (Ruiz et al., 2010). Meteoric water
undergoing such high rates of evapotranspiration during the transit in the deep vadose zone
leads to a groundwater underflow of just 80 mm/year, and a buffered response to precipitation
events (Ruiz et al., 2010). The §?H and &80 of groundwaters plotted close to the local meteoric
water line (LMWL) indicating that source of groundwater can be considered within the domain
of modern precipitation and recharge (Figure 3a). The weighted average value of 580 reported
for annual precipitation in Mule Hole was -4.3+0.28 %o (n=23), which is lighter than the
weighted mean of South-West monsoon value of -2.9 %o (Table S2, Warrier et al., 2010). Based
on the water level fluctuations and distance from the stream in Mule Hole, Marechal et al.,
(2009) partitioned the groundwater into two major groups; direct discharge dominated (group
1), and indirect discharge dominated (group 2). Direct recharge from precipitation dominates
the wells in group 1 (P3, P5, P6), since they are far away from the stream (Marechal et al.,
2009). Observed deficit in recharge is attributed to high evapotranspiration in the watershed,
and the groundwater exhibits a heavier 380 compared to rainwater, which can be attributed to
evaporative enrichment (Barnes and Allison, 1983; Marechal et al., 2009; Wenninger et al.,
2010). Group 2 piezometers (P1 and P7) are shallow aquifers located in close vicinity of the
stream with high seasonal water level fluctuations due to indirect recharge from the ephemeral
stream during wet season (>7 m water table fluctuation, Marechal et al., 2009). 5°H and §'80
are distinctly heavier in the group 2 piezometers and they lie very close to the Mule Hole stream
during monsoon in dual isotope plot, indicating direct signatures of local precipitation (Figure
3a). Almost all the groundwater exhibits a low conductivity and d-excess value between 10.4

and 13.6, except P6 which is the deepest piezometer close to watershed boundary (Fig. 3b).

In the intensely cultivated Berambadi watershed, the recharge process is not straightforward
due to irrigation return flows, which can vary in different areas depending on the water

requirements for specific crops (Dewandel et al., 2008; Négrel et al., 2011). As pumped water
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Figure 3. a) 6"*0 and 6°H bivariate plots for groundwater and surface water from Mule Hole and
Berambadi along with the local meteoric water line (LMWL, black dashed line) from local precipitation
signal and global meteoric water line (GMWL, orange dashed line) from Craig (1961). Equations for
linear relationship between §**0 and 6°H for each watershed during both seasons are: Berambadi-Dry
(0°H=6.4 (+0.4)*5"0+ 2.3 (+1.3)), Berambadi-Wet (6°H=6.6 (+0.6)*¢'®0+ 3.8 (+1.8)), Mule Hole-
Dry (6°H=7.3 (*1.6)*6"0+ 8.7 (#5.1)), Mule Hole-Wet (6°H=8.4 (+0.9)*¢"0+ 13.3 (+2.6)) and
surface water-wet (0°H=7.1 (+1.9)*6'%0+ 8.1 (¢5.1)) (note that surface water during dry season was
omitted since only two data points are available), b) d-excess vs. conductivity measured on site of
groundwater and surface water from Mule Hole and Berambadi.

returns to the aquifer, the 8D and §'80 vary depending on the source of irrigation water, depth
of unsaturated zone and evapotranspiration rates (Négrel et al., 2011). In Berambadi watershed,

the deepest groundwater levels, below the saprolite layer (typically >17m) are located in areas
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with low hydraulic gradient and the recharge is mostly vertical with negligible lateral flow
(Buvaneshwari et al., 2017). Berambadi groundwater from both season plots on the right of
LMWL in dual isotope plot indicating larger influence of evaporation and intercepts the
LMWL between -4.5 and -5%o, comparable with the weighted §'0 of modern precipitation in
the region (Figure 3a). This is further shown by the plot of d-excess vs. conductivity, with
Berambadi groundwater exhibiting consistently low d-excess (between 2.9 and 11) compared
to Mule Hole (11.5 to 13.6) and shows a weak negative correlation with conductivity (R?= 0.3,
p<0.05, Fig. 3b). Increased conductivity associated with lower d-excess indicates evaporative
enrichment associated with irrigation return flow in Berambadi. To summarize, contrasting
land-use with anthropogenic involvement significantly impact the geochemical signatures of
the groundwater, where multiple cycles of pumping and return flow in Berambadi watershed
lead to intense leaching of solutes with additional human inputs and/or significant evaporative
enrichment. On the other hand, water isotopes in forested Mule Hole are consistent with
different recharge processes of the watershed estimated by earlier studies using geochemistry
and modelling (Marechal et al., 2009; Ruiz et al., 2010).

4.3 Lithological and anthropogenic controls on 8’Sr/®%Sr of groundwater

87Sr/%3r is used as a tracer in hydrologic systems to understand water rock interactions, source
delineation and mixing (Blum et al., 1993; Brantley et al., 1998; Négrel et al., 2018). Strontium-
bearing primary (rock-forming) minerals such as plagioclase, apatite, amphibolites, micas and
secondary weathering products such as carbonates, evaporates, are the major sources of Sr in
groundwater with minor inputs from rainwater and anthropogenic activities (Blum et al., 1994;
Pett-Ridge et al 2009; Négrel et al., 2018). A plot of Ca/Sr molar ratio versus &Sr/2®Sr is used
to decipher contributions rock/mineral weathering endmembers and anthropogenic sources of
Sr to groundwater (Fig 4a). Observed variations in 8Sr/®Sr of groundwater samples of this
study can be explained by contributions from three endmembers: i) a low Ca/Sr and less
radiogenic 8/Sr/%Sr source, ii) high Ca/Sr and less radiogenic &Sr/®Sr source, and iii) more
radiogenic 8/Sr/8Sr bearing source with high/intermediate Ca/Sr (Figure 4a). The only reported
87Sr/%Sr value for Precambrian gneiss from Mule Hole is 0.7132 with a Ca/Sr molar ratio of
~250, which can be the bulk silicate rock weathering endmember (E1) and labile pedogenic
carbonates with 87Sr/2®Sr of 0.7145 (+0.0014, n=23) and Ca/Sr>1000 (Violette et al., 2010a)
can be carbonate weathering endmember (E2). One possibility for a radiogenic endmember is
increased contribution from weathering of primary phases such as biotite and/or K-feldspars
(8Sr/®Sr of 0.72 to 4.3, MeiBner et al., 2002; Pett-Ridge et al., 2009). Abundance of highly
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radiogenic primary mineral phase such as biotite (~10% on average but extremely variable
laterally) in bedrock can be a potential third endmember (E3) (Braun et al., 2009). Significantly
radiogenic 8'Sr/%Sr of 0.725 and 0.730 was observed in a deep piezometer sample B35 (>35
m) in Berambadi during both dry and wet seasons, suggesting contribution from a local
lithology containing higher proportions of radiogenic 8’Sr/%Sr-bearing phases such as biotite
and K-feldspars. Deeper groundwater such as B35 with higher fluid residence time and water-
rock interaction time within the bedrock aquifer along with negligible lateral flow can capture
more intense signatures of radiogenic silicate phases. Interestingly, several Berambadi
groundwaters exhibit less radiogenic 87Sr/%°Sr relative to the parent gneiss endmember (E1),
which can be due to two factors, i) heterogeneity in whole rock composition locally (0.7027 to
0.7573, Meiliner et al., 2002), ii) additional input of Sr from fertilizers. We measure a Sr
concentration of 350 ppm with a less radiogenic 8’Sr/%Sr (0.7085) and Ca/Sr of 2500 in a
fertilizer mixture routinely applied in Berambadi. Thus, fertilizer input can also explain
relatively lower 8/Sr/%Sr and higher Sr concentration in Berambadi compared to Mule Hole.
Similar observation was previously documented in groundwaters from heavily cultivated
Maheshwaram catchment in India and other watersheds (Négrel et al., 2004, 2018). Finally,
combining 8D-8*80 and 87Sr/%Sr compositions, we also observe that the groundwater with
lower d-excess values are associated with a less radiogenic &Sr/®Sr, except the deep
piezometer sample B35 (Fig. 4, Fig S2). Such a pattern in Berambadi points towards aquifer
systems undergoing intense pumping and return flow, leading to lower d-excess values due to
evaporative enrichment and accumulating fertilizer leachate through successive cycles.
Overall, in both watersheds, whole rock weathering dominated by non-radiogenic 8’Sr/2éSr
bearing phases such as Na-plagioclase, controls 8/Sr/®%Sr ratio in groundwater, along with
minor contribution from weathering of residual radiogenic primary minerals such as micas and
less radiogenic carbonates. In addition to such water rock interactions, Berambadi groundwater

is also influenced by extensive anthropogenic inputs through fertilizers application.
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Figure 4. Plot between Ca/Sr ratio and 8’Sr/%Sr of the groundwater and surface water samples from
Berambadi and Mule Hole. The data for potential endmembers (E1-E3) and rainwater water data are
from published in Meil3ner et al, (2002) and Violette et al. (2010a). The fertilizer sample from
Berambadi analysed exhibits an Sr/%Sr of 0.7085 (Table 2).

4.4. 5%Si signatures in groundwater and surface water
4.4.1 Climatic and land use controls of groundwater &3°Si

The journey of Si to groundwater starts as it is solubilized during primary mineral weathering
in the regolith, but soon to encounter various processes that can immobilize the element
throughout the weathering zone. Processes such as precipitation/dissolution reactions of
secondary clay minerals, adsorption/desorption kinetics of oxy-hydroxides and biotic uptake
forming biogenic silica (BSi, primarily phytoliths in our case) can alter the fate of solubilized
silicon in the regolith (Frings et al., 2016 and the references therein). The remaining fraction
of dissolved silicon (DSi) is transferred to fluvial systems through (sub-)surface flow or
groundwater. One should note here that the timescales of such processes are very different:
clay mineral formation happens over a long period of time (decades to millions of years), but
the adsorption and biologic uptake can happen in a span of few days (Cornelis et al., 2011;
Thiry, 2000; Price et al., 2005). Tracing the source of such dissolved silicon in groundwater is
further complicated by water rock interaction that happens in deep regolith, which is
necessarily independent of the aboveground and shallow soil processes. Incongruent

weathering signature is evident in both watersheds, with heavier average groundwater &*°Si
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value in both Berambadi and Mule Hole compared to the granitic gneiss bedrock value of -
0.34%o reported previously (Figure 5 and Riotte et al., 2018a). Overall, based on the watershed
level 5°°Si of different hydro compartments, three major inferences can be reached. Firstly, the
absence of seasonal differences in groundwater &*°Si composition despite variable and
significant differences in DSi contents with season, both in Mule Hole and Berambadi. This
indicates that the immediate monsoonal precipitation imparts very little influence on the abiotic
as well as biotic processes controlling the dynamics of Si in groundwater (Fig. 5). This can be
contrasted with nearby Nugu river, showing cation dilution and a lower silicon isotopic
composition during the wet season owing to excess runoff from monsoonal precipitation. High
discharge in surface waters also limits diatom growth due to high turbidity, fitting the overall
trend observed earlier in the Kaveri river basin (Meunier et al., 2015; Sarath et al., 2022).
Secondly and rather surprisingly, two watersheds under strong contrasting land use and land
cover exhibits no differences in groundwater §°°Si signatures (Fig. 5). Such a behaviour of
groundwater can be contrasted to the observation from soil solution and rivers in temperate
land use gradients, where 5*°Si was significantly heavier in old cropland compared to forested
landscapes, owing to efficient harvest in cropland and subsequent reduction in soil biogenic Si
(BSi) turnover (Ding et al. 2004; Delvaux et al., 2013; Vandevenne et al., 2015). Despite more
than 30 years of irrigated agriculture and continuous cultivation of Si accumulating crops such
as sugarcane, banana and maize, with significant changes in geochemistry due to fertilizer use,
Si isotopic signature in Berambadi groundwater remains unaltered. One possible explanation
is that the impact of such land use changes, evident in the soil solution, is overwritten by water
rock interactions in the deep regolith and in the subsequent sections we look in detail to the
processes that can impact the Si cycling in groundwater in both watersheds. Thirdly,
groundwater 5%°Si values are on average lighter than the surface water samples (1.60+0.33%o)
and soil solutions (1.60£0.21%o), hinting towards a differential controls of silicon isotopic
fractionation processes in the two hydrosystems (Riotte et al., 2018a). The ephemeral nature of
the streams prevents diatom growth and can be neglected, with amorphous silica (ASi) fraction
in the suspended loads dominated by phytoliths (Riotte et al., 2018a). During the dry season,
most streams are dried up except the Nugu river, which drains the humid part of the Kabini

Basin, with §*°Si of 2.2%., indicating impacts of upstream agriculture in the upper Kabini basin.
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Figure 5. Box plot showing the variability of a) dissolved silicon (DSi), b) silicon isotopic composition
of groundwater and surface water from the present study and also the published DSi values of
groundwater globally (Rahman et al., 2019) and 6®Si (Frings et al., 2016, Ehlert et al., 2016 and
Martin et al., 2020) with different compartments in Mule Hole published by Riotte et al. (2018a). The
* represent the level of significance and DSi was significantly high for Berambadi compared to Mule
Hole and surface water. Significance differences in 6*Si between surface water and groundwater was
only found between during Mule Hole in wet season.

4.4.2 First order weathering controls: Si incorporation into secondary phases

Previous studies have reported that the majority of the soil silicon pool in the region is still
located in primary minerals (86-95%) and a small proportion in secondary minerals (4-13%),
mainly as kaolinites (Braun et al., 2009, Riotte et al., 2018a). Elemental mass balance inferred
from isotopes confirms that Si infiltrating the soil from overland flow and seepage is
originating from dissolution of ASi fraction (1.25%.), primarily phytolith due to the high
solubility and dissolution rates (Fraysse et al., 2009; Riotte et al., 2018a). During transit through
shallow soil and saprolite, the water incorporates signatures from Na-plagioclase weathering
leading to kaolinite formation and subsequent plant uptake both favouring light 2Si, leaving
soil solution heavier in §%°Si in Mule Hole (1.64+0.15%., Riotte et al., 2018a). However, as
observed in Fig. 6a, relationship between §%°Si and DSi in groundwater is not straightforward,

due to multiple processes, such as formation and dissolution of secondary minerals, plant
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uptake, and adsorption impacting silicon isotopic composition in Berambadi and Mule Hole.
This can be contrasted with the study of surface water from Kaveri and Netravathi river basins,
where the &%°Si was positively correlated with DSi, in agreement with what is generally
observed in rivers, indicating prominent weathering control of silicon isotopic composition
(Sarath et al., 2022). Based on the assumption and normalization procedure based on equation
Eq. 2 detailed in section 2.4, we estimate that on average 80+£25% of the Si mobilized from the
parent gneiss is incorporated into secondary minerals, similar to the estimate by Frings et al.
(2016) for global river water and groundwater compilation. We employed two simple
conceptual models: Rayleigh distillation and steady state or batch equilibrium system, to
understand the evolution of the groundwater silicon isotopic composition due to removal of
DSi from the solution Eg. 3 and Eq. 4 (Bouchez et al., 2013; Frings et al., 2015). Interestingly,
most of the groundwater samples fit a steady state system with fractionation factors (g) between
-1.0%0 and -2.0%o, which can be contrasted with Rayleigh or mixed behaviour commonly
observed in surface waters (Frings et al., 2014, 2016) (Fig 6b). The fractionation factors are
consistent with the reported values of &prec fOr precipitation of kaolinite type clays (-1%o. to -
2%o, Riotte et al., 2018a; Frings et al., 2021) and smectite type clays (-0.1 to -0.7%., Opfergelt
et al., 2012, Frings et al., 2021), which are the dominant clay types in the watershed (Braun et
al., 2009). Groundwater receives steady supply of Si from weathering reactions in regolith, a
fraction of which is immobilized by precipitation of secondary phases, incorporating a
unidirectional kinetic signature (Geilert et al., 2014; Oelze et al., 2015). However, water rock
interactions can re-equilibrate precipitated amorphous phases, depending on the surface area
of the precipitated phase and the extend of interaction with the groundwater and/or soil solution
(Fernandez et al., 2019). In order to attain a steady state behaviour, a dynamic equilibrium must
be established through balancing silicon supply to the groundwater and Si removal through
precipitation of the secondary phases. Few groundwaters and surface waters fit more to a
Rayleigh model in Fig. 6b, including hyporheic piezometers receiving stream water input
during wet season in Mule Hole (P1 and P7) and previously reported Kaveri and Netravathi
river water signatures (Fig 6b; Sarath et al., 2022). Exceptionally heavy §°°Si found in an
abandoned bore well in Berambadi (3.0 and 3.4%. respectively for both dry and wet season)
shows an intermediate behaviour fitting neither Rayleigh nor steady state model with the
chosen fractionation factors (discussed in the section 4.4.4). However, it may be noted that

such simple conceptual models, taking into consideration a single process (secondary clay
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precipitation) and also a single fractionation factor for the whole watershed, only provides a

crude picture of §%°Si distribution in groundwater.
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Figure 6. The relationship between 6*°Si and a) dissolved silicon in groundwater and surface water
from Mule Hole and Berambadi, (the error bar indicates 1SD or the variability range when n=2 based
on full chemical replicate), b) Evolution of 5*°Si with fraction of Si mobilized into dissolved phase (fs))
during weathering (see section 4.4.2 for more details). Dashed and dotted lines represent the evolution
of 5*°Si expected from Si removal under two model scenarios: i) Rayleigh distillation from a finite Si

pool, ii) steady state or open system. The Kaveri and Netravathi data from Sarath et al. (2022).
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Table 3. The Si and Sr isotope ratio of various endmembers from the present study and from Violette et
al 2010a (#) and Riotte 2018a (*), both from the same region. The soil pore water collection for
Berambadi was performed earlier in 2015 March.

Compartments Location 5%Si 87Sr/88Sr Reference
%o
Granitic gneiss Mule Hole -0.34+0.08 0.713174 #*
) Berambadi 1.55+0.26 (n=8) - Present study
Soil pore water
Mule Hole 1.64+0.15 (n=9) - *
Clay fraction Mule Hole -1.3£0.03 (n=3) - *
] Berambadi and
Pedogenic Carbonate - 0.714469 (n=23) #
Mule Hole
Rainwater Mule Hole - 0.713945 (n=8) #
Fertilizer Berambadi - 0.708518 (n=2) Present study

4.4.3 Evolution of §3°Si from pore water to groundwater

Given the comparable lithology and climate of Berambadi and Mule Hole, we expect the
abiotic weathering processes to be similar but crop harvest can severely disrupt the biological
Si feedback loop (Struyf et al., 2010; Keller et al., 2012; Vandevenne et al., 2012). However,
as discussed earlier, the groundwater signature is unable to capture any such land cover changes
in terms of Si isotopes. 5°°Si values of groundwater in both watersheds were similar and
consistently lower than the reported porewater values, with groundwater exhibiting a higher
DSi concentration (Table 1, Riotte et al., 2018a, 2018b). Such a pattern in groundwater from
both watersheds indicates that soil water undergoes further water-rock interactions as it
percolates through the unsaturated zone before reaching groundwater. In Mule Hole, even with
average rainfall input of 1100 mm/year, intense evapotranspiration during the percolation up
to deep vadose zone limits the groundwater recharge, leading to the disconnection of
groundwater with the surface runoff (Ruiz et al., 2010; Marechal et al., 2009). A significant lag
in water table response to the precipitation events is also observed in Mule Hole, indicating
long vertical travel time through vadose zone, up to 20 years according to the COMFORT
model (Riotte et al., 2014b). A longer residence time of water in the unsaturated zone implies
that different abiotic as well as biotic processes can affect the transit of Si from the upper soil
to the groundwater table in the fractured bedrock. The thick vadose zone also constitutes a
major water stock for the deep-rooted deciduous trees in the watershed (Ruiz et al., 2010;

Chitra-Tarak et al., 2018). One possible explanation is deep root uptake by deciduous trees, but
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it can be discarded here, as plants preferentially take up lighter silicon isotope leading to an
enrichment in §%°Si as well as loss of Si from the soil solution, which is not coherent with a Si
source and lower groundwater Si isotopic composition (Linden and Delvaux, 2019). Moreover,
this would hold true only in Mule Hole, since deep rooted trees are marginal in the Berambadi
watershed. Therefore, we propose that long water-rock interactions in the deeper regolith
layers, involving particularly plagioclase, biotite and hornblende weathering with formation of
secondary products such as kaolinites and smectites, can explain the observed DSi and isotopic
composition of groundwater. This interpretation is also in accordance with steady-state
behaviour in groundwater (Fig. 6b), with the Na-plagioclase, hornblende and biotite
abundances in parent gneiss (Braun et al., 2009) and from Sr isotopic signatures discussed in
section 4.3. In order to estimate the 5%°Si of DSi released by weathering of plagioclase and

formation of kaolinite/smectite, we used a simple mass balance (Bouchez et al., 2013);

63OSireIeased:63OSiprim. siIi.*fSiprim. sili. = SSOSicIay*fSiclay/(l' fSicIay) (Eq 5)

Here, we assume Si isotopic composition of primary silicate minerals (5*°Siprim. sili) to be
similar to that of the whole gneissic bedrock (-0.340.08%o). The 5*°Siciay Of kaolinite in Mule
Hole is also known (-1.3+0.03%o; Riotte et al., 2018a). However, the §**Sicay of sSmectites was
not available for the study region and we opted published A%°Sismectite-becrock t0 recalculate
530Sismectite, Which ranged from -1.05 (volcanic soils of Guadeloupe, Opfergelt et al., 2012) to -
0.44 (Central Swiss Alps Frings et al 2021). We assign the fSicay values to the typical
weathering reaction stoichiometry at equilibrium for; i) Na-plagioclase to kaolinite weathering
(Eq. 6), ii) biotite to smectite (Eq. 7), and, iv) hornblende to smectite (Eq. 8) (Table S3).

2*Nao.92Ca0 08Al107Si2930s +2H" +9H,0 > 1.07Si2Al,0O5(OH)s +1.84Na‘*+ 0.16Ca**+
3.72H4Si0s  (Eq. 6)

1.67*KMg1 sFe15AISiz010(OH)2 + 6.7H" + 3.5H20 > Sis010(OH)2Mgo.33Al1.67Mgo.165 +
2Mg?* + 2.5Fe(OH)3 + 1.01H4SiO4 (Eq. 7)

1.67*(Ca1.76Nao.20Ko0.07) (Mg2.66Fe1.99Al0.33Ti0.11Mn0.09) (Si7.21Al0.79) O22(OH)2 + 18.16H" +
3.58H,0 > 1.12*Si;010(OH)2Mgo.33Al167Mgo.165 + 8.29Mg?* + 0.15Mn?* + 0.48Na*+
0.12K* + 2.93Ca2"+ 3.32Fe(OH)s + 7.56H4SiO4 (Eq. 8)
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The estimated 8% Sireleased Of the DSi produced by plagioclase weathering is estimated using Eq.
5 as 0.21%o. The estimate using 8 Sismecite OF -1.05%o Yield a §°Sireteased OF +2.5%o for biotite
to smectite transformation, which cannot account for a lighter 5°Si for groundwater (Table
S3). This can be due to two possibilities, i) the A*°Sismectite-bedrock approximation does hold true
for our study site and volcanic soils of Guadeloupe, ii) biotite to smectite transformation plays
minor role in groundwater DSi concentration. Using a A%°Sismectite-bedrock Value from Frings et
al, (2021), we obtain a 5*°Sireleased OF 0.06%0 and -0.24 for biotite to smectite and hornblende to
smectite respectively (Table S3). From these signatures, we can estimate the fraction of Si
potentially released from each primary mineral weathering to groundwater DSi using a simple
isotopic balance:

freleased*5308ireleased+(1' freleased)*Sgosiporewater: SSOSigroundwater (EQ- 9)

In Mule Hole, considering that the §*°Sigroundwater Of 0.98+0.2%o results from a mixing between
an infiltrating soil solution at 1.64+0.15%o (n=9) and &°°Sireleasea from primary silicates
weathering, the primary silicate weathering would contribute from 34 to 46% of the total DSi
(and the rest is coming from of the upper soil porewater; Table S3). We must be cautious here
regarding possible deep root uptake, which is not yet quantified and could take up DSi from
soil solution as well as shallow groundwaters (Ding et al., 2008; Frings et al., 2021). In
Berambadi, such calculations are complicated by the fact that groundwater is routinely used
for crop irrigation, which can undergo subsequent Si uptake in the shallow soil depending on
crop type. We measured 8%°Si of soil porewater from Berambadi under cultivation of cabbage
and garlic which was 1.55+0.25%. (n=8), i.e. significantly lighter than reported soil water
values from paddy fields irrigated with groundwater in similar gneiss bedrock complex (ranged
from 2.1 to 3.3%o, Riotte et al., 2018b). Riotte et al, (2018b) attributed such heavy §°Si values
in soil solution and stagnant water in paddy fields to active DSi uptake by rice with a
fractionation factor close to -1%o. Unlike Mule Hole, the soil porewater in Berambadi fits the
steady state model with low fsj values, indicative of groundwater origin through multiple cycles
of irrigation and return flow (Fig. 6b). Using similar §*°Sireleases from primary silicates
weathering, and average groundwater and porewater values from Berambadi in Equation Eq.
9, we estimate an average Si contribution ranging from 25 to 34% resulting from deeper layers
of regolith. Such deeper silicate weathering contributions are enhanced by greater extend of

water-rock interaction in unsaturated zone, which is also evident from the higher DSi
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concentration in deeper groundwater (1285+163 uM) compared to shallow groundwater
(884+275 uM) in Berambadi and Mule Hole (710£150 uM) (Table 2). Overall, given the
consistently low &%°Si in groundwater compared to soil waters in both Berambadi and Mule
Hole reflects that the signatures of weathering, adsorption and biotic uptake in the shallow soil
horizons is partly overwritten and homogenized by the weathering Si fluxes in the deep critical

Zone.

4.4.4. Deep vs. shallow groundwater processes

In shallow regolith, groundwater is susceptible to be influenced by local recharge which
includes rainfall, regolith weathering processes which are governed by local lithology and plant
uptake (Opfergelt and Delmelle, 2012). In both Mule Hole and Berambadi, 5*°Si shows more
variability in the shallow groundwaters (<10m), from 0.5 to 3.5%o, arising from multiple
shallow aquifer processes controlling the isotopic composition (Fig.7). Shallow groundwaters
in Mule Hole (P1 and P7) located close to the stream are ~0.4% heavier than the rest of the
groundwater. Shallow regolith layers within hyporheic zones are recharged by stream water
during flow period and indicate surface water signatures. In Berambadi, ABW is a shallow
abandoned borewell (water level at 6m) in a field (maize at the time of sampling) which exhibits
both the highest 8%°Si during both seasons, and lowest DSi concentration. Such consistent
peculiar behaviour can indicate a primary control of Si plant uptake in the recharge water,
comparable with stagnant surface water and porewater values in agricultural lands reported
earlier (Vandevenne et al 2015; Riotte et al., 2018b). We can estimate the fractionation factor
(*%) for plant uptake assuming that groundwater composition results from an excess DSi

uptake from shallow soil solution. The fraction of Si remaining can be estimated by as

fsicaw)=DSiasw/ D Sisoil solution (Eq. 10)

Assuming plant uptake follows a Rayleigh, model and applying equation Eq. 3, we can obtain
a %% value of -0.84%. for dry season and -0.87%o for wet season, within the reported
fractionation factors of crop uptake (Sun et al., 2017; Frick et al., 2020; Frings et al., 2021).
Thus, ABW represents an isolated or stratified aquifer with negligible lateral flow, which has
accumulated signatures from soil solution impacted by plant uptake through irrigation cycles
and has not been overwritten by local weathering. However, the exact reason why the

signatures of plant uptake from shallow soil layers dominates ABW remains unclear.

76



On the other hand, deep groundwaters (>10 m), with water table at deeper layers of saprolite
and fracture/hard bedrock zone exhibit a higher DSi (~1300 uM in Berambadi) and relatively
lighter with restricted range of §°°Si (0.86+0.17%), which can be indicative of equilibration of
water-rock interaction due to long residence time in deep aquifers. Higher residence time of
the water in the deeper regolith layers lead to dominant control of deep weathering Si fluxes,
diminishing the impact from the overlaying local heterogeneity and processes and a higher Si
input to groundwater (Calmels et al., 2011). Such a pattern in both watersheds is coherent with
our earlier interpretation of plagioclase weathering in deep regolith layers controlling the 5%°Si
of groundwater. Previous works in groundwater 3°°Si also noted an evolution towards lighter
silicon isotopic composition in deeper and older groundwater, even below the bedrock values,
which they attributed to shift from primary to secondary Si sources such as clays and silcretes
(Georg et al., 2009a, 2009b, Strandmann et al., 2014). However, we note that such extreme
cases of dissolution of shift from primary to secondary sources of Si is recorded in groundwater
with a depth greater than 100 m. Future work could seek to validate such a trend by extending
the sampling to deep fissured aquifers, as the factors controlling such shifts in weathering
pattern remain unclear.
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Figure 7. Variations in a) 5*Si in groundwater from Mule Hole and Berambadi collected from different
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5. Conclusion

We assessed the impact of land use changes on silicon isotopic composition of groundwater by
comparing two contrasting watersheds, forested Mule Hole watershed and intensely cultivated
Berambadi watershed. Contrary to dissolved Si concentration, 8%°Si signatures of groundwater
indicates no significant impact of land use changes, despite continuous cultivation for more
than 30 years in Berambadi. Moreover, groundwater also exhibits no seasonal differences in
terms of §3°Si and 8’Sr/®Sr, indicating that immediate monsoonal precipitation imparts very
little influence on the groundwater composition. Silicate weathering and formation of
secondary minerals exerts dominant control over the silicon isotopic composition of
groundwater, fitting the steady state model proposed for weathering zone. Apart from
weathering controls, shallow aquifers are impacted by plant uptake, adsorption/desorption of
oxyhydroxides and dissolution of amorphous and secondary phases and exhibits variable §*°Si.
53°Si values of groundwater were consistently lighter than the soil pore water composition
(1.6£0.2%0), reflecting contribution from deep weathering Si fluxes homogenizing the Si
isotopic composition. Overall, weathering of silicate minerals and formation of kaolinite and
smectite type clay minerals in deeper layers of regolith contributes to 34 to 46% of total Si flux
in the forested Mule Hole and 25 to 34% in Berambadi under intensive agriculture. The much
higher variability in Si concentration and Si isotopes is reflected by higher errors in our Si
budget in Berambadi compared to Mule Hole. This results from high spatio-temporal
variability in agricultural practices, which was also evident from nitrate concentrations.
Groundwater support baseflow of rivers, especially during dry season, with a chemical
composition and isotopic signature very different from shallow surface and subsurface runoff.
Such different isotopic signature could be used in future studies to track the fate of groundwater
DSi with surface water interaction downstream. Our results highlight the importance of deep
regolith weathering in determining groundwater silicon isotopic composition, overwriting the

signatures of aboveground land use, human alterations and shallow regolith processes.
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Supplementary tables

Table S1. Analytical settings for the measurement of Si isotopic composition in MC-ICPMS.

Parameters Settings
Resolution Medium
Forward Power 1100-1300 W
Accelerating voltage 10 kV
Plasma Mode Dry plasma
Plasma Ar Flow Rate 16 L/min
Auxiliary Ar Flow Rate 0.8-1.9 L/min
Ar carrier gas flow rate 0.8-0.95 L/min
Nickel X-Skimmer cone + Jet Ni-
Cones type S
ample cone
Desolvator Apex Q / Apex Q HF (ESI)
. Apex MicroFlow PFA-ST nebulizer
Nebulizer .
100ul/min
Running Concentrations Si=1-2 ppm, Mg = 0.5-1 ppm
Sensitivity 10-35 V/ppm
Blank Level < 1% signal
%0Sj Interference <100 mV
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Table S2. The H and O isotopic composition of rainwater samples from the Mule Hole region collected
and analyzed as a part of previous field campaign supported by INSU EC2CO.

ID Date Location Rainfall  §'30 8H d-excess
mm %0 %0 %0
886 15-04-05 Mule Hole 23.2 -0.02 145 14.6
899 28-07-05 Mule Hole 10.6 -1.50 -5.1 6.8
897 30-07-05 Mule Hole 26.4 -1.78 -4.2 10.1
883 02-08-05 Mule Hole 7.6 -0.90 -6.2 1.0
896 03-08-05 Mule Hole 7.4 -0.92 35 10.9
902 04-08-05 Mule Hole 9.6 -0.63 4.0 9.0
900 07-10-05 Mule Hole 21 -1.98 -5.0 10.8
893 12-10-05 Mule Hole 10.5 -6.71 -41.9 11.8
901 14-10-05 Mule Hole 335 -13.03 -93.0 11.3
892 20-10-05 Mule Hole 24 -0.24 11.3 13.2
884 21-10-05 Mule Hole 43.46 -4.17 -28.0 54
894 05-03-06 Mule Hole 16.5 -11.14 -717.5 11.7
898 07-03-06 Mule Hole 5.2 -7.36 -48.5 10.4
889 10-03-06 Mule Hole 14.5 -6.82 -42.3 122
887 31-03-06 Mule Hole 12.5 -2.71 -10.7 11.0
895 14-04-06 Mule Hole 13 -0.81 6.7 13.2
888 16-04-06 Mule Hole 6.2 -1.62 -0.8 121
904 03-05-06 Mule Hole 18 0.25 7.1 51
903 17-05-06 Mule Hole 18.5 0.91 135 6.2
890 19-05-06 Mule Hole 26.5 -0.79 5.2 115
891 28-05-06 Mule Hole 224 -6.19 -36.7 12.8
885 29-05-06 Mule Hole 34.6 -9.14 -64.3 8.8
905 30-05-06 Mule Hole 11.4 -5.74 -34.7 11.2

Table S3. The weathering reaction that can contribute to deep regolith Si fluxes and the associated
0 Sirereased. The percentage contribution for Mule Hole and Berambadi is from a simple isotopic mass
balance described in section 4.4.3 (* denote value from Riotte et al., 2018a, * from Opfergelt et al.,
2012 and *’ from Frings et al., 2021.

Weathering reaction

Plagioclase to kaolinite

Biotite to smectite

Hornblende to smectite

fSiclay
6308ic|ay
63OSireleased

% weathering (Mule Hole)

% weathering (Berambadi)

0.36
-1%o0®
0.21%o

46%
34%

0.8

-1%o*
2.5%o

-0.4%o"
0.06%o

42%
31%

-1%0*
-0.08%o

42%
31%

0.37

-0.4%o"
-0.28%o

34%
25%
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Figure S1. Box plots of #’Sr/%Sr, 6®0 and &°H of groundwater and surface water from Mule Hole and
Berambadi plotted for both dry and wet season.
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Abstract

Riverine supply is the primary source of dissolved silicon (DSi) to the ocean and is crucial in
determining diatom productivity in coastal regions. The objective of this study is to identify
the major drivers of Si cycling in the Godavari estuary, and their implications for Si delivery
to the Bay of Bengal (BoB). For this we analysed the DSi and §*°Si composition from the
Godavari estuary and adjacent groundwater during dry (pre-monsoon) and wet (monsoon)
seasons. The DSi and §°°Si exhibit non-conservative mixing during the dry season, with a
significant removal of Si (65+6%) and an enrichment in §%°Si (1.0+0.4%o) compared to the
theoretical mixing line. Based on correlation with diatom marker pigment, fucoxanthin, and
Scanning Electron Microscope (SEM) observation of diatoms in suspended matter we
confirmed that the diatom uptake imparts major control over the §%°Si composition of the
estuary during dry season. River flow retention by dams limits the discharge during dry season,
forming a stable water column with high residence time, favouring diatom growth. On the other
hand, monsoonal precipitation and the opening of dam gates lead to high river water influx
during the wet season, resulting in low salinity (<0.2) throughout the estuary. High suspended
matter (17550 mg/l) in the water column limits diatom growth during the wet season. During
wet period, the 5%°Si signature in the estuary reflect the silicate weathering and formation of
secondary clays that occurred in the river basin. Overall, the Godavari river supplies 21.5+0.3
GmolSi/yr with a weighted §°Si isotopic composition of 0.92+0.2%o to the Bay of Bengal.
Almost 3.4+£0.4 GmolSi/yr (~15%) is sequestered within estuary as biogenic silica by diatoms
during low discharge periods. The groundwater exhibits no seasonal variability in DSi and
5%0Si with an average of 570+160 puM and 0.99+0.82%o respectively. The Si cycling in
groundwater is primarily controlled by weathering and formation of secondary clays such as
smectites, with minor impact from plant uptake by agriculture and adsorption onto Fe
oxyhydroxides. Based on the previous estimate of SGD rates, annual groundwater discharge

into the Godavari estuary accounts for 3.5% of the riverine Si flux to the Bay of Bengal.

Keywords: §%Si, dissolved silicon, diatoms, riverine Si supply, submarine groundwater

discharge.
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1. Introduction

Rivers transport essential nutrients released during terrestrial silicate weathering as dissolved
and particulate load into the ocean (Chester and Jickells, 2012). Continental silicate weathering
and land-to-ocean silicon flux are of great interest since, i) it is a major sink for atmospheric
CO2 and regulates the long-term climate of the Earth through a negative feedback loop (Walker,
1981, Berner et al., 1983) and ii) dissolved silicon is an essential macronutrient for marine
diatoms which accounts for 40% of the oceanic primary productivity (Field et al., 1998,
Tréguer et al., 2018). Terrestrial Si fluxes through rivers contribute almost 8.1+2 Tmol Si/yr,
forming 55% of the annual total dissolved silicon (DSi) flux to the global coastal ocean
(Treéguer et al. 2021). Estuary serves as an interface between terrestrial and marine systems,
where the solutes and reactive solids can undergo significant biogeochemical modifications
(Meybeck and Vorosmarty, 2005, Bianchi, 2007), and have been often referred to as the
estuarine filter for the geochemical fluxes along the land-to-ocean continuum (Meybeck and
Vorosmarty, 2005). Indeed, before entering the oceanic systems, Si passes through fluvial
filters such as estuaries, wetlands, and marshes, where biogeochemical alterations and
sedimentation can modify both the elemental fluxes and isotopic composition (Weiss et al.,
2015, Zhang et al., 2020). Estuaries and continental shelf regions are highly productive and can
act as a permanent or at least transient storage system for Si reaching the ocean (Struyf et al.,
2007, Carey and Fulweiler, 2014, Zhang et al., 2015). Through biogenic silica (BSi) production
by diatoms, burial, and subsequent formation of authigenic clay minerals (referred to as
‘reverse weathering’), deltaic and estuarine environments can form a significant sink for DSi
transported by rivers (Michalopoulos & Aller 2004; Presti & Michalopoulos 2008, Tréguer et
al., 2013). Groundwater-derived solute fluxes are now identified as a major source of nutrients
to the coastal ocean, which can significantly enhance the productivity and impact the water and
elemental budgets of the global ocean (Taniguchi et al 2002; Moore et al 2010). Recent
estimates suggest that submarine groundwater-derived Si fluxes can account for 4 to 25% of
the total annual Si flux to the ocean (Cho et al., 2018, Rahman et al., 2019, Tréguer et al.,
2021). In addition to these natural processes being poorly constrained, anthropogenic activities
disturb the natural silicon cycle: cultivation and Si export through food crops can reduce DSi
fluxes from land to ocean (Struyf et al., 2010, Carey and Fulweiler, 2012) as well as, dams and
reservoirs that can alter the water, sediment, and nutrient discharge to the sea, and are known
to reduce the Si flux and disrupt the Si: N and Si:P ratio in estuaries and coastal sea (Humborg
etal., 1997, Garnier et al., 2010, Maavara et al 2015).
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Indian estuaries exhibit spatial and temporal variability in biogeochemical parameters, with Si
cycling driven by land use, weathering and lithogenic supply during the wet season and
dominated by diatom uptake during the dry season (Mangalaa et al., 2017, Bharathi et al.,
2022). In the present work, we evaluated the spatial and temporal variability of the elemental
and isotopic composition of Godavari estuary and coastal groundwater to understand the
impacts of estuarine processes on marine isotope budgets. Godavari estuary-the largest
monsoonal river in peninsular India, exhibits significant intra-annual variability in nutrient
concentrations (Sarma et al., 2010), seasonal phytoplankton blooms (Acharyya et al., 2012),
and significant submarine groundwater discharge (Rengarajan and Sarma, 2015, Damodararao
and Singh, 2022). The riverine discharge to Godavari estuary is regulated by both seasonal
monsoon precipitation and dams, providing a suitable setting to understand the impact of
discharge dynamics on estuarine biogeochemistry (Sarma et al., 2010, Acharyya et al., 2012).
Recently, submarine groundwater discharge through the major estuaries on the east coast of
India was estimated to be 11000 m%/s (Damodararao and Singh, 2022). The Si fluxes by
groundwater discharge to the Bay of Bengal was estimated to be almost 40% of the Ganga-
Brahmaputra Si flux, which may modify the silicon isotopic signature of the rivers up to 0.4%o
(Georg et al 2009b). However, the submarine groundwater fluxes are poorly constrained and
exhibit significant spatial and temporal variability (Rengarajan and Sarma 2015, Cho et al
2018). Understanding the temporal variability associated with groundwater and riverine fluxes
is essential to interpret the past changes in elemental biogeochemical cycling. Through the
study of the Godavari estuary, we aim to understand i) the seasonal variability and associated
drivers of Si cycling in Godavari estuary and coastal groundwater, ii) the impact of variability

in Si fluxes and isotopic composition of Godavari river to the Bay of Bengal.

2. Materials and Methods

2.1. Godavari estuary

Godavari is the second largest river and largest peninsular river in India, originating from the
Western Ghats mountain ranges and flowing eastwards through the Indian peninsular shield.
The river drains successively Deccan basalts (48% of the drainage area), peninsular gneiss
(39%), and sedimentary rocks (11%) before discharging into the Bay of Bengal (Biksham and
Subramanian 1988). Climate evolves from semi-arid in the rain shadow region of Western
Ghats to sub-humid in the lower basin. The river water levels are largely monsoon-driven: the

basin receives rainfall from both Southwest and Northeast monsoons, with the majority of the
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rainfall occurring from July to September (Sarma et al., 2010). Godavari estuarine system
covers an area of 330 km?. The river flow to the estuary is regulated by a century-old dam in
Dowleiswaram (~80 km upstream of the river mouth) and after the dam the river splits into two
branches, Gautami and Vasista Godavari, both flow towards the east to the Bay of Bengal (Fig.
1). The annual discharge of Godavari river is 111 km?, with 93-96% of the annual flow
occurring during monsoon season (Gupta et al., 1997, Mangalaa et al 2017). Based on the
discharge patterns driven by monsoon and opening and closing of the dams, Sarma et al. (2010)
classified annual discharge into three main periods: i) peak flow (typically>2000 m?/s) between
June and September, ii) moderate discharge (between 0 and 2000 m®/s) from October to
December and iii) limited or no discharge when the dam is closed from January to May. The
tides in the estuary are semi-diurnal in nature with an amplitude of 1.5 m, and an average
current speed of 1-2 m/s (Acharyya et al., 2012). Estuary has an average depth and width of 8
m and 1200 m respectively (Sridevi et al., 2015). The deltaic plains surrounding the estuary
region are intensely cultivated, dominantly by rice and rain-dependent crops, with extensive

fertilizer application.

Estuary samples

Groundwater
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Figure 1. Google Earth image of Godavari estuary region with sampling locations marked on the
Gautami Godavari branch. The estuary samples are marked as blue circles and the groundwaters as
red triangles, the location of the Dowleiswaram dam and Bay of Bengal is also marked in the figure
(Google Earth version 6, 2022, Godavari).
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2.2. Sampling

Estuary samples were collected from ten locations in the Gautami branch of the Godavari river,
downstream of the damming site during March (dry season) and August (wet season) 2019.
Sampling was carried out from both boat and direct sampling from the river using a 5 L Niskin
bottle connected to a plastic rope. Surface and bottom water samples were collected whenever
possible from the same location. Groundwater samples were collected from borewells and
handpumps at seven locations adjacent to the estuary on the northern bank during both March
and August. We collected nine additional groundwater from piezometers and handpumps
exclusively during August (Fig. 1, Table 1). Temperature, pH, conductivity, and salinity (for
estuary) were measured on-site using portable sensors (CTD; SBE-19plus, Sea-Bird
Electronics, USA). The error in salinity and temperature measurement was 0.001 and 0.001 °C
respectively. Groundwater depth for open wells and borewells was estimated as depth below
ground level using a skinny dipper device and the depth for hand pumps was assumed to be
5m. Almost 100mL of water samples were filtered through 0.4 um SUPOR PES filters and
stored. The chlorophyll-a and fucoxanthin concentrations were measured for estuary samples
for both seasons. The details of sampling, storage and analysis for chlorophyll and pigment
analysis were already published elsewhere (methods detailed in Roy et al., 2015). Scanning
electron microscope (SEM, EVO LS15, ZEISS) observations were made on selected samples,
with suspended matter filtrate available, at ALYSES facility (IRD-SU), IRD Bondy.

2.3. Elemental analysis

The concentrations of major cations (Na, K, Mg, Ca) were measured by quadrupole inductively
coupled plasma mass spectrometry (ICPMS Agilent 7500) at IRD, at Alysés analytical platform
(IRD-Sorbonne Universite, Bondy, France) and ICPMS (Thermo Scientific X-Series 1) at
CEaS, I1Sc. Trace elemental concentrations (Al, Fe, Mn) were determined by ICPMS (7500
Agilent) at Alysés analytical platform (IRD-Sorbonne Université, Bondy, France). The
accuracy of the cation analyses was checked using certified river water reference material,
SLRS-6 (NRC-CNRC, Canada) and rock standard AGV-2 (Guano-valley Andesite), and the
obtained precision was better than 10%. Major anion concentrations were measured with an
lon Chromatograph (Metrohm COMPACT 861) at the Indo-Fench Cell for Water Sciences
(IFCWS, 1ISc, Bangalore, India). The accuracy of measurements was monitored using multiple
certified reference materials (AnionWS, ION-96.4, ION 915, SUPER-05 and BIG MOOSE
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02). The saturation indices were estimated using PHREEQC software with lInl.dat

thermodynamic database (Parkhurst and Appelo, 1999).

2.4. DSi and Si isotope analyses

Dissolved silicon concentration (DSi) was measured by spectrophotometer following the
Grasshoff et al. (1999) protocol. Analytical quality was assessed using certified reference
material, PERADE 09 (supplied by Environment Canada, lot no:0314, with DSi = 110.0+6.8
MM), during each measurement and mean reproducibility was 109.9+3 uM (n=25). We
followed a slightly modified two-step pre-concentration method adapted from MAGIC-
MAGnesium Co-precipitation technique (Karl and Tien, 1992; Reynolds, 2006; Hughes et al.,
2011). To an initial volume of 10 ml of groundwater and surface water samples, we added 0.5
ml of MgCl> solution to match the seawater Mg concentration and were treated with 2% (v/v)
of 1 M NaOH and was shaken and kept undisturbed overnight. The brucite (Mg(OH)2) formed
at high pH scavenges Si which gets adsorbed onto precipitated brucite. The supernatant from
the first step was again subjected to second addition of 1% NaOH following, and the precipitate
was recovered by centrifugation after 1-2 hrs. Both brucite precipitates were also re-dissolved
with 1M HCI and merged. The DSi concentration of the supernatant was analyzed by
spectrophotometer (Grasshoff et al., 1999) and found negligible (on average <2%), confirming

that all the Si was adsorbed onto the brucite precipitate.

Separation of Si from other cations was carried out using cation exchange resin (BioRad
DOWEX 50W-X12, 200 to 400 mesh, in H+ form) following the procedure of Georg et al.
(2006). After the purification process, an aliquot was analyzed for major elements analysis (Na,
Mg, Ca, K) by ICP-MS (Agilent 7500a) to ensure that the Si/X (Where X= Na, K, Ca or Mg)
weight ratio is always >50 to minimize the matrix effects in the plasma. The organic matrix is
removed by treatment with 50 pL of 30% H.O: since it has been shown to potentially induce a
matrix bias during MC-ICP-MS analyses (Hughes et al., 2011). Analyses performed on a series
of 35 groundwater and surface water samples, shows that the preconcentration and H>O>
treatment increased the DSi/DOC ratio from 18 to 7000 times, with DSi/DOC ratio > 10 in the
final aliquot (Annexe 2). This indicates <0.2%o shift in Si isotope ratio from isotopic mass bias
due to DOC matrix (Hughes et al., 2011). The possible remaining potential matrix effect
resulting mainly from CI, NO and SO4+% was corrected by the artificial doping of anions
(Merck, Suprapur grade H.SO4, HNO3 and HCI) in all the samples and standards (Hughes et
al., 2011). The measurements were performed on MC-ICP-MS (Thermo Neptune+, LSCE-
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IPSL, Gif-sur-Yvette) in dry plasma mode with Mg doping as described by Closset et al.
(2016). Samples were injected into the plasma with an ApexQ HF desolvating nebulization
system connected with a PFA nebulizer (100 uL/min uptake rate) and without additional gas.
The 5°Si values were expressed as the permil deviation of the 3°Si/?8Si ratio from the quartz
standard NBS28 (RM8546), expressed as

asosisample: [(308i/zssi)sample/(gosilzssi)NBSZS‘l] *1000 E(l)

Blank levels were below 1% of the main signal and were subtracted from each sample and
standard analysis. All measurements were carried out in a matrix composed of 0.5 M HNO3,
0.5 M HCI, 1 mM H2SO4 and in medium-resolution mode (m/Am > 6000) to optimize the
separation of *°Si peak and N*®Q interference and were performed on the interference-free
left side of the peak (Abraham et al., 2008). The §?°Si and 5*°Si values were compared to the
mass-dependent fractionation line and samples falling outside of its analytical error were
excluded from the final dataset. Typical analytical conditions are provided in Table S1(Chapter
I1). Laboratory protocol has been intercalibrated for seawater as part as the GEOTRACES
intercalibration exercise generated over the entire procedure (Grasse et al., 2017). The
analytical precision and accuracy were monitored by the long-term measurements of secondary
reference material diatomite (8°°Si = 1.26%o, Reynolds et al., 2007) indicated an average
precision and a long-term analytical reproducibility on §*°Si values of 1.19+0.18%o (2SD,
n=100). Diatomite solutions processed with MAGIC give average 5*°Si values of 1.07+0.11%o
(2SD, n=12) which is slightly lighter than unprocessed diatomite, but the difference remains
within our analytical reproducibility. All samples measured in the present study are chemically
or analytically replicated at least once (average variability of 0.05£0.15), and 9 samples were
triplicated with an average 2SD of +0.20%..

3. Results

The results of all the chemical and isotopic measurements for the Godavari estuary and

groundwater is displayed in Table 1.
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Tablel. The results from various chemical and isotopic measurements estuary and Groundwater during
dry and wet season.

Feature  Salinity pH TSM Fucoxanthin Chla  DSi  8%Si 1SD Na K Ca Mg
mg/I ug/l mg/m®  uM %o %o UM UM M UM
Godavari estuary- Dry season (March 2019)
ES1 Surface 0.4 748 59 1.443 208 2763 188 0.1 3234 155 817 1046
ES2 Surface 0.9 7.64 145 0.167 5.7 2564 1.08 00 12475 272 1065 1686
ES3 Surface 9.3 724 281 0.068 1.2 758 169 0.1 139888 3171 4129 15935
ES3 Bottom 9.9 731 97 0.267 2.8 655 1.77 0.0 159419 3573 4384 18177
ES4 Surface 11.7 7.36 10.0 0.079 0.3 63.0 177 0.0 162986 3622 4440 18383
ES4 Bottom 11.7 739 438 0.095 15 61.0 179 0.1 169684 3790 4533 19214
ES5 Surface 20.3 743 85 1.152 7.0 382 220 01 278167 6274 6576 31952
ES5 Bottom 20.2 741 104 1.564 9.3 38.8 - - 277819 6348 6654 31816
ES6 Surface 24.7 728 125 5.010 215 188 229 0.1 344414 7704 7864 39630
ES7 Surface 255 733 112 2.265 12.9 164 244 0.1 345458 7727 8038 39918
ES7 Bottom 27.3 7.45 202 4.066 20.7 130 265 0.2 359290 7988 8148 41638
ES8 Surface 27.3 751 321 1.745 11 7.3 - - 371948 8381 8540 43036
ES8 Bottom 28.0 750 426 1.874 6.8 73 222 01 374683 8361 8549 43366
ES9 Surface 28.4 771 324 2.394 17.0 6.7 245 0.1 383910 8581 8844 44518
ES9 Bottom 28.7 774 440 2.694 14.3 6.1 250 0.1 392696 8783 9002 44970
ES10 Surface 29.6 7.61 288 1.668 12.9 6.1 3.03 00 396959 8801 8975 45094
ES10 Bottom 29.6 753 70.0 1.525 16.0 55 268 0.1 400874 8957 9296 46040
Groundwater- Dry season (March 2019)
GW1 Open Well 33 6.90 - - - 501 071 00 4243 20 1283 1478
GW2 Borewell 23 6.97 - - - 586 042 00 3185 76 1112 1632
GW3 Open Well 4 7.02 - - - 847 107 0.0 1924 1010 1392 549
GW4 Open Well 7.11 - - - 474 118 0.0 20880 1837 504 5296
GW5 Handpump 6.93 - - - 439 038 01 21023 253 250 549
GW7 Open Well 33 6.92 - - - 479 101 00 7425 752 1436 1678
GW6 Open Well - 7.02 - - - 438 106 0.0 1598 76 384 1087
Godavari estuary-Wet season (August 2019)
ES1 Surface 0.181 - 150 0.315 404 2028 114 01 3867 61.0 488.6 2069
ES2 Surface 0.087 6.7 54 0.154 6.10 2039 1.02 0.0 3506 548 4726 199.3
ES3 Surface 0.014 6.6 212 0.088 214 1995 086 00 2936 50.0 4250 1749
ES3 Bottom 0.075 6.6 - 0.730 410 199.0 0.72 0.1 2674 486 408.2 1689
ES4 Surface 0.014 6.8 148 0.459 310 2003 0.78 0.0 2655 47.3 4072 168.0
ES5 Surface 0.014 6.6 236 0.079 230 1985 081 00 2958 50.1 4250 175.6
ES6 Surface 0.014 6.8 180 0.126 311 1972 081 00 2916 479 4016 1685
ES7 Surface 0.014 6.7 168 0.058 - 1621 0.81 0.2 2927 485 4061 170.8
ES7 Surface 0.077 - - - - 1564 0.85 0.0 3338 50.9 4266 180.4
ES8 Surface 0.014 - 190 0.182 134 1528 081 00 3378 509 4336 1831
ES8 Surface 0.082 - - - 322 1697 090 0.0 3319 50.0 4198 1795
ES9 Surface 0.014 6.6 200 0.061 1.06 1696 081 01 3276 498 4155 178.6
ES10 Surface 0.014 - 212 0.060 187 1515 092 01 7520 516 4316 184.0
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Feature Depth pH TSM Fuco. Chla DSi &%Si SD Na K Ca Mg
mb.g.l mg/I ug/l mg/m®  uM %o %o UM UM UM UM
Wet season (August 2019)

GW1 Open Well 1.3 7.12 - - - 522 050 01 4753 72 1900 1387
GW3 Open Well 13 6.97 - - - 881 074 01 2208 1240 2250 839
GW4 Open Well 1.07 7.46 - - - 549 0.61 0.1 42168 4963 3213 8183
GW5 Handpump 5 7.35 - - - 545 020 0.1 20928 260 277 582
GW6 Open Well 1.9 7.25 - - - 540 1.08 01 2295 98 1659 1442
GW7 Open Well 0.53 7.12 - - - 614 058 0.0 3428 1173 2717 903
PZ1 Piezometer 431 7.55 - - - 602 106 0.1 17701 470 4979 5046
NBPZ1 Handpump 5 7.02 - - - 704 111 0.0 4434 119 1252 3122
Pz2 Piezometer 7.69 6.84 - - - 498 115 0.1 1688 152 1501 1103
NBPZ2 Open Well 1.98 7.55 - - - 796 094 0.0 23886 22 1011 3010
PZ3 Piezometer 3.93 7.38 - - - 226 405 0.0 5914 5354 419 2064
Pz4 Piezometer 7.2 7.02 - - - 739 0.62 0.0 1504 184 1446 1251
NBPZ4 Handpump 20 6.99 - - - 674 075 0.1 6608 531 2110 1893
PZ5 Piezometer 4.86 6.87 - - - 303 227 0.0 1410 60 1636 1180
NBPZ5 Handpump 5 6.8 - - - 590 065 0.1 2226 103 1898 1188

3.1. Chemical characterization of Godavari estuary and groundwater

Godavari estuary samples exhibited a salinity gradient during the dry season ranging from 0.4
in the most upstream sampling location to 29.6 in the most downstream location. Wet season
estuary exhibited very low salinity across the estuary with an average of 0.05+0.05. The pH in
the estuary ranged from 7.24 to 7.74 during the dry season and 6.56 to 6.78 during the wet
season. Groundwater samples exhibited a pH range from 6.83 to 7.53 with no significant
seasonal differences (t-test, Table 1). Obviously, the major cation (Na, K, Mg, Ca)
concentrations in the estuary increased with the salinity gradient during the dry season, while
the wet season chemical composition remained relatively homogenous throughout the estuary
(Table 1). During the wet season, the dominant major cation was Ca?*, followed by Na*, Mg?*
and K*. The cation concentration in groundwater reduced in the order Na* > Mg?*>Ca?*>K*
(Table 1). The total suspended matter (TSM) in the estuary was higher during the wet season
(170£50 mg/l) compared to the dry season (22+17 mg/l). The mean Chlorophyll-a was
10.1+7.5 mg/m?® during the dry season and 2.9+1.4 mg/m? for the wet season. The fucoxanthin
also exhibited a higher value during the dry season, 1.6+1.4 ug/l, than during the wet season,
0.2£0.2 pg/l. The highest fucoxanthin and chlorophyll-a concentrations were observed at

salinity of 24.7 during the dry period.
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3.2. Variability of DSi and ¢%°Si in estuary and groundwater

The DSi concentration in the estuary ranged from 5.5 to 275 puM, with a decreasing trend along
the salinity gradient during the dry season while it was homogenous during the wet season,
181+21 puM. No significant differences exist between surface and bottom water DSi for dry
and wet season. The §°°Si values in Godavari estuary during the dry season ranged from 1.08
to 3.0%o with the lowest 5*°Si located at an upstream location with a salinity of 0.9 (ES2) and
the highest in the most downstream location at a salinity of 29.6 (ES10) (Fig. 2). The rationale
behind choosing ES2 instead of ES1 is described in discussion. During the wet season, the
estuary exhibited uniformly lower 5%°Si, which was comparable with the upstream estuarine
value during the dry season, with an average 5°Si of 0.86+0.1%.. Overall, groundwater
exhibited higher DSi concentration (570+160 uM) and a highly variable §*°Si ranging from -
0.21 to 4.05%o, with an average of 0.99+0.82%. (Table 1). Groundwater exhibited no significant
differences in 5°°Si between dry (0.83+0.3%o0) and wet (1.1+1.0%o) seasons (t-test).
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Figure 2. Variability of DSi (a) and 5°°Si (b) with salinity in the Godavari estuary during dry and wet
seasons. The black lines represent the theoretical mixing between fresh water and seawater and the
dashed line of 6°°Si vs. salinity plot represents the sensitivity for mixing based on the error of 0*°Si
(seawater data from Singh et al. (2015))

4. Discussion

Estuaries play a crucial role in determining the fluxes and composition of elements entering
the coastal ocean. Godavari estuary exhibited significant spatial and temporal variability with
reference to discharge: strong salinity gradient was observed during the dry period due to
weak/no discharge, whereas freshwater dominated during the wet period due to high discharge
(Table 1). Previous works have also documented substantial temporal variability in nutrient
fluxes (Sarma et al., 2010), phytoplankton growth (Bharathi et al., 2018, Acharyya et al., 2012)
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and submarine groundwater discharge (Rengarajan and Sarma, 2015, Damodararao and Sarma,
2022) in Godavari estuary. The variability of DSi and §%°Si signatures in the estuary can result
from the cumulative effects of source variability, mixing of water masses and abiotic as well
as biotic processes in the estuary. The discussion of the results will broadly emphasize on i)
seasonal distributions in concentration and isotopic composition of DSi in the estuary (sections
4.1 and 4.2), ii) factors controlling DSi distribution in the groundwater (section 4.2), and iii)

implications for riverine transport and groundwater discharge (section 4.3).

4.1. Diatom uptake during the dry season

The estuary exhibited a salinity gradient ranging from 0.4 upstream to 29.6 downstream
indicating the occurrence of active freshwater-seawater mixing. However, DSi and &%Si
displayed non-conservative behaviour between low salinity fresh river water and Bay of Bengal
seawater (Singh et al. 2015) end-members, with significant removal of DSi accompanied by
enrichment in *°Si in the dissolved load (Fig. 2). The most upstream sample with the lowest
salinity was impacted by significant diatom growth, as evidenced from high §%°Si (1.9%o),
fucoxanthin content and abundance of diatoms from SEM imaging of suspended matter (Fig.
4). Therefore, we used the ES2 as the fresh river water endmember with low §*°Si (1.1%o) and
low fucoxanthin content, similar to upstream river water 6°°Si during the wet season and fresh
groundwater (Fig. 2 and Table 1). We observed an increase in diatom marker pigment,
fucoxanthin (normalized to DSi, Fig 3) and Chl-a concentration (upto 21 mg/m?®, Fig 3) with
5%0Si in dry period, suggesting DSi uptake by diatoms in the estuary. During the low discharge
period, the closure of the Dowaleiswaram dam gates limits the fresh river flow resulting in an
increase of water residence time in the estuary to >30 days (Fig. 1; Sridevi et al 2015). The
high residence time, controlled by tidal influence, leads to the formation of a stable shallow
water column with low turbidity that promotes the growth of diatoms and other phytoplanktons
in the Godavari estuary (Acharyya et al 2012, Bharati et al., 2018). Diatom communities in the
estuary are dominated by Melosira sp., Fragellaria sp., Navicula sp., Amphiprora sp., Synedra
sp., Amprora sp., Pinnularia sp., Thalassionema sp., Coscinodiscus sp., and Nitzschia sp.
(Acharyya et al 2012; Bharathi et al 2018) and SEM observations on our samples confirm the
presence of diatoms (Fig. 4). Thus, diatom uptake imparts significant control over the DSi loss
and subsequent heavier §°°Si. The Si isotopic fractionation associated with the removal of DSi
from a system can be described using two simple models; a Rayleigh model for distillation of

isotopes describing a closed system with no further DSi exchange with the source and a steady
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state model describing an open system where there is a continuous input of DSi from external

sources (Fripiat et al., 2011 and references therein).

Rayleigh: §%Sigiss = 5°Simix + £*In(f) (E2)
Steady state: 5%°Sigiss= 5°°Simix — £*(1-f) (E3)
fsi =D Simea/DSimix (E4)

Here fsi indicates the fraction of DSi remaining in the estuary after diatom uptake, relative to
the DSi expected from simple two-endmember mixing between freshwater and seawater for a
given sample. 5%°Sigiss denotes the 5°°Si of the dissolved phase resulting from Si removal and
5%0Simix denotes the expected Si isotopic composition by two endmember mixing model.
Applying equation E4, we estimated the fraction of DSi remaining in the system after diatom
uptake to be 35+£6% and exhibited no trend with salinity gradient (Table 2). Using equations
E2 and E3, we can estimate the 5*°Sigiss for each estuary location using calculated fsi (E4),
assuming a constant fractionation factor (3%) of -1.1%o and a 5*°Simix obtained from a two-
endmember isotope mixing (Table 2). The assumption is based on the average *’c reported in
the literature, -1.1%o, for diatoms assemblage in seawater (Fripiat et al 2011) and freshwaters
(Alleman et al., 2005). Comparing the results of §*°Sigiss from Rayleigh and steady-state models
with the measured §*°Simea, We conclude that diatom uptake explains a part of the deviation
from binary mixing, and there remains some unaccounted deviation. We can also argue that
the Rayleigh fractionation behaviour during diatom uptake is appropriate in Godavari estuary
during dry season given that steady state fractionation with * of -1.1%o cannot explain any of
the 5%°Simea greater than 2.36%.. The unexplained deviations based on Rayleigh fractionation
are heterogeneous spatially, with values generally lighter than expected at low salinity and few
samples heavier than expected at high salinity (Table S1).

We hypothesize that such deviations may result from three possible causes: i) groundwater
contribution to the estuary during the dry season which can lead to an underestimation of fs;
and also depletion in §*°Si (due to consistently lighter §*°Si of adjacent groundwater; Fig. 2),
i) the assumption of a single *°¢ throughout the estuary and, iii) dissolution of precipitated

biogenic silica (BSi) and/or lithogenic particles in sediment.
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Table 2. The results of calculation for mixing and diatom uptake described in section 4.1. The subscript
‘mea’ indicate measured values in estuary, ‘mix’ indicates expected values from two endmember mixing
and ‘diss’ indicates the values obtained for dissolved phase from Rayleigh and steady state models with
a constant fractionation factor of -1.1%o for diatom uptake. *The seawater endmember is Bay of Bengal
(BoB) surface water average from Singh et al (2015).

N , , _ %SG 8%Sigs 0 oSt~
Sample Salinity DSimea DSimix  fsi  8%¥Simea  8%Simix ) 8% Simix 8% Sy
Rayleigh  Steady Rayleigh Steady
UM UM %0 %0 %0 %0 %o %o
ES1 Surface 0.4 276.3 - - 1.88 - - - - -
ES2 Surface 0.9 256.4 256.4 1.00 1.08 - - - - -
ES3 Surface 9.3 75.8 1858 041 1.69 1.09 2.07 1.74 -0.38 -0.04
ES3 Bottom 9.9 65.5 180.6 0.36 1.77 1.09 2.20 1.79 -0.43 -0.02
ES4 Surface 11.7 63.0 165.3 0.38 1.77 1.09 2.15 1.77 -0.38 0.00
ES4 Bottom 11.7 61.0 1655 0.37 1.79 1.09 2.19 1.78 -0.39 0.01
ES5 Surface 20.3 38.2 92.8 0.41 2.20 111 2.09 1.76 0.11 0.44
ES6 Surface 24.7 18.8 56.0 0.34 2.29 1.14 2.34 1.87 -0.05 0.42
ES7 Surface 255 16.4 48.7 0.34 2.44 1.15 2.35 1.88 0.09 0.56
ES7 Bottom 27.3 13.0 33.3 0.39 2.65 1.19 2.22 1.86 0.43 0.79
ES8 Surface 28.0 7.3 275 0.26 2.22 1.22 2.68 2.02 -0.46 0.19
ES9 Surface 28.4 6.7 24.3 0.27 2.45 1.23 2.66 2.03 -0.21 0.42
ES9 Bottom 28.7 6.1 21.6 0.28 2.50 1.26 2.65 2.05 -0.15 0.45
ES10  Surface 29.6 6.1 142 0.43 3.03 1.35 2.29 1.98 0.74 1.05
ES10  Bottom 29.6 5.5 14.0 0.39 2.68 1.36 2.39 2.03 0.28 0.65
BoB#
Surface 30.9 29 29 - 2.48 - - - - -

Firstly, to check for groundwater mixing, we considered the §°Si of groundwater adjacent to
estuarine location in the dry season and estimated the proportion of groundwater contribution
to estuary using a isotopic balance (Table S1). Here note that all the adjacent groundwater
exhibit a 8%Si lighter than estuary, thus cannot account for heavier than expected §°°Si.
Therefore, we restrict our calculation to samples with 3%°Si lighter than expected after
correcting for mixing and diatom uptake, and having deviation larger than our analytical
uncertainty of £0.2%.. Our estimate suggest that groundwater contribution to DSi in estuary
ranges from 9 to 36%, with higher contribution in low salinity samples (Table S1). The
estimates are within the dry season submarine groundwater discharge (SGD) Si flux calculated
for the Gautami Godavari branch using Radium isotopes but lower than the groundwater

discharge calculated using Sr isotopes (Chapter I1lb, Rengarajan and Sarma 2015).
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However, mixing with a lighter source of Si (i.e. groundwater) cannot explain the heavier than
expected 3*°Simea Observed in ES7 and ES10 (Table S1). Species-dependent differences in
fractionation factors are documented for marine diatoms, ranging from -0.54 to -2.09%. (Sutton
et al., 2013). Given that such overestimation of §*°Simea is confined to the high salinity region,
one possibility is change in diatom species with more negative *°¢ (Fripiat et al., 2012).
However, we have no real evidences to support the argument and the previous literatures
suggest a possible inverse relationship between fractionation factor and DSi in marine diatoms
and sponges (Cardinal et al., 2007, Hendry and Robinson, 2012). Thus variable *% is unlikely
to explain the heavy Si isotopic signature. We can also neglect a benthic source of Si from
biogenic silica and sediment dissolution, given the water column is stable with a salinity
gradient and hence it is unlikely to be contributing during dry season. In addition biogenic
silica dissolution in sediment can lead to the formation of authigenic clay minerals
(Michalopoulos and Aller 2004, Tatzel et al 2015), and can increase the pore water §*°Si up to
2%o (Ehlert et al 2016; Rahman et al 2016). Abiotic removal of Si from the sediments is
favoured under high productivity and burial, but the DSi fluxes from the sediment to the water
column remain questionable given we don’t observe significant differences in DSi and §%Si
between surface and bottom (Table 1). Overall, in Godavari estuary diatom uptake and
formation of biogenic silica drive the Si dynamics during the dry period, when fresh river water

discharge is minimal with contribution from groundwater at low salinity.
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Figure 3. 0*°Si plotted against a) fucoxanthin/DSi and b) chlorophyll-a, indicating the increase in
phytoplankton and diatom blooms at high ¢*°Si in estuary during dry season. Wet season exhibits low
fucoxanthin and chlorophyll-a.
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Figure 4. Scanning electron microscopy (SEM) images of diatom frustules found in suspended fraction
of Godavari estuary during dry season.

4.2. Weathering controls on Si cycling
4.2.1. Weathering signatures recorded in wet season estuary

Unlike the dry season, the estuary during the wet season exhibited a homogenous signature in
DSi (181+21 uM) and §*°Si (0.87+0.1%o), resulting from a huge influx of fresh river water
(salinity<0.5), due to heavy monsoonal precipitation and weak tidal mixing. During months of
South West monsoon, the dam gates are open and the residence time of water in the estuary is
typically less than a day (Sridevi et al., 2015). High suspended particulate load (175£50 mg/l)
resulting from increased river discharge significantly reduces the light penetration depth,
limiting phytoplankton growth (Sarma et al., 2009). This is evidenced by a low Chl-a and
fucoxanthin content and light 3°Si signatures comparable to groundwater (Table 1 and Fig 3).
SEM observations confirm also the absence of well-preserved diatoms frustules in wet season
(Fig. S1). Given the absence of diatoms and dominant fresh river water influx, 5*°Si signatures
during the wet season can be driven by; i) dissolution of amorphous phases (ASi, dominated
by biogenic silica and Al-rich amorphous phases) and suspended as well as resuspended matter
that can dissolve within the estuary (Ronchi et al., 2013), ii) soil weathering signatures in the
Godavari basin resulting from the surface and subsurface runoff. During the Southwest
monsoon, the water mass leaching superficial soil layers dominate the river flow, carrying a
higher load of soil derived ASi and other lithogenic components (primary and secondary
minerals) compared to the dry season (Frings et al 2014; Mangalaa et al 2017). The ASi fraction
in the soils and suspended matter can be subdivided into, i) BSi (biogenic silica) originating
from phytoliths as well as diatoms, ii) non-crystalline inorganic fraction formed by pedogenic

processes (Saccone et al., 2007, Ronchi et al., 2015). The total flux of particulate silica to the
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ocean is estimated to be 147+44 TmolSi/yr with a fairly soluble ASi flux of 1.9+1 TmolSi/yr
(Durr et al., 2011, Frings et al., 2016). Moreover, the ASi fraction can be a readily available
source of DSi to the rivers due to its high solubility compared to primary minerals and
undersaturation in river water (Table S2, Fraysse et al., 2009). Only available soil ASi §*Si
data from the Indian subcontinent puts 5*°Siasi at 1.25+0.28%. (Riotte et al., 2018), which is
heavier than the reported §°°Si values of the estuary water during wet season (Table 1). In the
absence of any measured %°Si of diatoms, we can recalculate the §*°Sigiatom grown during the
dry season using the Rayleigh fractionation equation given by:

5%Sigiatom = 6Simix — Le*F*In(f)/(1-f) (E5)

An estimate shows that §%°Sigiatom could have accumulated in the estuarine sediments during
the dry season which can range between 0.41 and 0.71%o. Previous studies reported an overall
fractionation during the dissolution of diatoms, with a fractionation factor ranging from -0.55
t0 -0.12%o (Demarest et al., 2009, Sun et al., 2016). Moreover, the fractionation associated with
dissolution must be transient and is unlikely to have any significance. Thus, DSi resulting from
the dissolution of diatoms also cannot account for the observed §°Si values in the estuary

during the high discharge season.

The geology of the Godavari basin mainly consists of Deccan trap basalts (55%, upstream) and
Precambrian granitic gneiss (28%, downstream), with clay mineral distribution dominated by
smectites (~68% in the shelf sediments, Biksham and Subramanian, 1988, Raman et al., 1995).
The 5%°Si of the Godavari river during the wet season (0.87+0.1%o) was lighter than reported
values of the Kaveri river (1.98%., also east flowing river), but more similar to intensely
weathered Netravathi river (0.98%o, west-flowing river of the peninsula), reflecting differences
in weathering regimes and land use (Sarath et al., 2022). We can use the similar Rayleigh and
steady state models (Equations E2 and E3) to understand the evolution of §*°Si signatures in
the estuary during the wet season because of weathering and incorporation of Si into secondary
precipitates. The initial 5%°Si is assumed to be the peninsular gneiss value (-0.34+0.1%o, Riotte
et al 2018a). The fraction of weathering solubilized Si remaining in the solution (fsi) is
calculated using the equation:
fsi= (DSi/Na)mea/(Si/Na)bedrock (E6)
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Here we assume that silicate weathering stoichiometrically releases Si and Na, and Na behaves
conservatively in the solution after solubilization. The Si/Na ratio of the bedrock was obtained
from peninsular gneiss and corrected for quartz content (Braun et al., 2009). A fsi value of 1
indicates all the solubilized Si remains in the solution and decreases as Si is immobilized into
secondary phases. For the sake of simplicity, we assume the Si in the river water is sourced
from the integration of multiple flow paths, with a single fractionation factor associated with
the dominant clay mineral, i.e., smectite and kaolinites in the Godavari basin. As shown in Fig
5, the wet season estuary plots at a high fsi, between the fractionation factor (3) of -1.75 and -
1.1%o fitting more to a steady state or open system fractionation (Fig. 5). This can be contrasted
with more Rayleigh type evolution in Himalayan River Ganges and tributaries, controlled by
incongruent weathering in the alluvial plains (Fontorbe et al., 2013, Frings et al., 2015). The
%0g range is within the reported values for smectites elsewhere (-0.1%o to -0.7%o Opfergelt et
al., 2012, Frings et al., 2021) and kaolinites from peninsular India and Sri Lanka (-1%o t0 -2%e,
Riotte et al., 2018, Frings et al., 2021). Interestingly, groundwater from Godavari estuary also
plots in a similar trend with lower fs, indicating that &%°Si signatures in both coastal
groundwater and fresh river during monsoon are driven by chemical weathering of primary
silicate minerals and smectite type clay formation occurring in soil and saprolite layers.
However, it is hard to discern any interactions between surface water and groundwater during
the wet season owing to the similarity in §%°Si composition. This can be contrasted with our
observation from Karnataka, where surface streams and Nugu river exhibited a higher §%°Si
compared to groundwater (Chapter Il). The DSi fluxes in river water can integrate the
signatures from surface and subsurface flow in the basin, typically exhibiting a low residence
time and can result in lower fs;i compared to groundwater (Maher et al., 2011, Chapter 1I). To
summarise, we attribute the 5°°Si signatures in the river water in the Godavari estuary during

the wet season to incongruent weathering in the Godavari basin.

4.2.2. Coastal groundwater Si cycling

Groundwater Si is ultimately sourced from weathering of silicate minerals and can undergo
multiple abiotic as well as biotic processes including secondary mineral precipitation, plant
uptake from shallow soil layers, and adsorption onto Fe and Al oxyhydroxides (Frings et al.,

2016 and references therein).
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Figure 5. 9%°Si composition plotted against fs; (fraction of Si remaining in the solution) estimated using
the normalization procedure described in Hughes et al. (2013) for wet season estuary and groundwater.
The fractionation factors for the Rayleigh and steady-state models with various fractionation factors
(see section 4.2) and granitic gneiss endmember from Riotte et al. (2018).

Using a similar approach as discussed in section 4.2, we can use Rayleigh and steady-state
fractionation models to understand the evolution of 3%Si in the aquifers (Fig. 5). Majority of
groundwater samples plot within a steady-state fractionation model, between the fractionation
factors of -0.75 and -1.75%o. Such variability can result from, i) different fractionation factors
associated with biotic as well as abiotic incorporation of Si, ii) assumption of a single source
of Si to calculate fsi which can be an oversimplification. Assuming that incorporation of Si into
secondary clays dominates the Si loss from the groundwater system, the *¢ of observed
groundwater samples are consistent with the published fractionation factor of smectite-type
and kaolinite type clays (Opfergelt et al., 2012, Frings et al., 2021). Groundwater 5*°Si in other
contexts are also consistent with dominant weathering control of Si cycling and the variability
determined by the source of Si (primary vs. secondary minerals) and also the type of clay
mineral formed (Georg et al., 2009a, Georg et al., 2009b, Strandmann et al., 2014). Plant uptake
also exhibits a wide range of fractionation factors, with %% ranging from +0.3 to -1.7%o, but
typically follows a Rayleigh model fractionation during Si uptake from soil solution (Opfergelt
et al., 2006, Ding et al., 2008, Sun et al., 2016). Silicon can also be readily adsorbed onto Fe
oxyhydroxides, with known fractionation factors ranging from -1.1 to -1.5%. following better
Rayleigh model behaviour (Delstanche et al., 2009, Opfergelt et al., 2009). Thus, given the
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similar behaviour of the majority of the groundwater in both seasons, following a steady state
system, we can attribute the clay formation as the dominant process controlling the §%°Si
variability. The observation is consistent with the behaviour of groundwater from watersheds
in peninsular India, where soil solution percolates through a thick unsaturated zone composed

of an immature regolith (Chapter Il from the thesis).

From Fig. 5 we also observe three outliers, two piezometers PZ3 and PZ5 exhibiting a heavier
50Si and GWS5 a handpump with lighter §%°Si composition of -0.21%. during the wet season.
Both piezometers PZ3 and PZ5 are shallow (4 and 5m deep respectively, Table 1) and sampled
only during the wet season. They exhibited 5°°Si of 4.0%o and 2.3%. respectively, along with
significant loss of DSi (~50% less than the average DSi in groundwater, Table 1). Thus, they
are affected by near-surface/sub-surface processes occurring in shallow soil and saprolite,
which can significantly fractionate Si isotopes (Opfergelt and Delmelle, 2012), such as plant
uptake. They indeed fit a Rayleigh model with 3% of -0.9%.. Deltaic plains of Godavari are
heavily cultivated for rice, which is known to have a fractionation factor close to -1%., coherent
with our estimate (Ding et al., 2008, Sun et al., 2016) and with 5%°Si signatures of paddy fields
porewater (2.8 to 3.2%o, Riotte et al. 2018b). On the other hand, lighter Si isotopic composition
in GW5 (+0.38 and -0.21%. dry and wet season) is associated with a high Fe concentration, 14
UM and 12 uM, respectively, for dry and wet seasons (Table S2). The anoxic conditions
existing in the aquifer (DO<0.5 mg/L, Table S2) can lead to the reductive dissolution of Fe-
oxyhydroxides, thereby preferentially releasing lighter 28Si into the groundwater (Delstanche
et al., 2009, He and Liu, 2015). However, the interpretation is speculative at this point given
the significant overlap in the fractionation factor associated with the processes (Opfergelt and
Delmelle, 2012). To summarize the groundwater 5°°Si is primarily controlled by weathering
and formation of secondary clays during both wet and dry seasons with minor impact from
plant uptake and adsorption-desorption processes. The similarity in the 5*°Si composition and
behaviour of groundwater and estuary during the wet season can result from similar Si sources

in both fluvial systems, controlled by the lithology and weathering in the region.

4.3. Implication of riverine and groundwater discharge in Godavari estuary

In the Godavari estuary, the behaviour of the Si during estuarine mixing is modulated by river
discharge, which in turn modifies the riverine DSi fluxes and isotopic composition. As evident
from the discussion above, the estuarine Si cycling during the dry season is significantly
modified by diatom uptake and groundwater discharge during the dry season. Firstly,
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considering fresh river water endmember for the dry and wet seasons, Godavari river supplies
almost 21.5+0.3 GmolSi/yr (Mangalaa et al., 2017) with a weighted 5%°Si isotopic composition
of 0.92+0.2%o. to Bay of Bengal (this study). Here, dry season accounts for almost 24% of the
annual Si flux to the ocean. Moreover, assuming that the diatom growth persists throughout the
low discharge periods (Acharyya et al., 2012), the fraction of Si taken up by diatoms as
0.65+0.06 (calculated from 1-fs;, Table 2), corresponds to 3.4+0.4 GmolSi/yr. Thus, annually
almost 15.8% of DSi is precipitated as BSi, higher than the estimate of 10% by DeMaster,
(2002). Highly productive coastal shelf and estuarine environments can act like a fluidized bed
reactor, acting as a potential sink for terrestrial DSi as biogenic deposition into sediments and
storage via authigenic clay formation, altering the flux and isotopic composition DSi entering
the open ocean (DeMaster, 2002, Frings et al., 2016, Zhang et al., 2020). We can also estimate
the isotopic effect of estuarine removal (change in the isotopic composition of river water that
occurs in estuary before being discharged to sea) assuming Rayleigh model for the diatom
uptake:
5*°Sisea- 5*Siriver = *'g*In(fsi) (E6)

Here fsi is the fraction of DSi remaining after the estimated loss of 15.8%, and *¢ is assumed
to be -1.1+0.4%o, consistent with known diatom uptake (Sutton et al., 2013, 2018). The
estimated isotopic effect on diatom removal for Godavari estuary during the dry season is
+0.1620.1%o, i.e. almost +0.16%. enrichment in the riverine §%°Si occurs before it reaches the
Bay of Bengal. This estimate is heavier than the previous one of +0.1%. by Frings et al, (2016)
but lower than the +0.2%. to +0.3%0 by Zhang et al, (2020) for the Amazon river estuary, due
to the lower estimate of the fraction of Si lost from the estuary (also known as estuarine filter
capacity). However, calculations carry two major drawbacks: we did not consider BSi
dissolution during the high discharge period and neglected the impact of groundwater
discharge. Increased suspended matter during high discharge in the estuary can result from
sediments resuspension, where the BSi fraction in the sediment can be flushed to the ocean
leading to dissolution, releasing the lighter Si (Rickert et al., 2002, Loucaides et al., 2008). The

fraction of BSi resuspended in the following season and solubilized remains to be quantified.

Rengarajan and Sarma (2015) estimated an average SGD flux of 3.6*10° m*/day and based on
the average DSi of groundwater from the region (Table 1), we can estimate an SGD Si flux of
0.76+0.5 GmolSi/yr with a §%Si of 0.99+0.82%.. The estimate is just 3.5% of the annual

riverine Si flux and both spatially and temporally variable across the estuary (Rengarajan and
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Sarma, 2015). Given the similarity in Si isotopic composition between groundwater and estuary
during wet season and low Si flux compared to the Godavari river, the estimated isotopic effect
of groundwater discharge is lower than our analytical uncertainty, and cannot be distinguished
from the weighted 5°°Si of Godavari river. However, without estimation of recycled marine
groundwater, which accounts for almost 90% of the total SGD to the coast, the total SGD fluxes
to the Bay of Bengal coast cannot be estimated (Taniguchi et al., 2002, Moore et al., 2010,
Rahman et al., 2019). Overall, the diatom uptake during low discharge periods in Godavari
estuary have a significant impact on the Si supply to the Bay of Bengal, however, the possible
resuspension and dissolution of BSi during high discharge period remain to be accounted for

the estimates.

5. Conclusion

The 5%°Si signatures of dissolved silicon in the Godavari estuary exhibited significant seasonal
and spatial differences with strong salinity gradients during the dry and fresh river water influx
during wet seasons. The DSi and §3°Si exhibits a non-conservative mixing during dry season,
consistent with Si uptake and enrichment of estuary water resulting from diatom growth. We
estimate an average isotopic enrichment of 1.0+£0.4%. and an average DSi loss of 65£7% from
the estuary during dry season. The low discharge and stable water column with high residence
time aided by closure of dams gates provide favourable condition for diatom growth, evident
from high chlorophyll-a content and fucoxanthin. During wet season the high suspended matter
flux limits the diatom growth and the estuary exhibits a homogenous DSi (181+21 uM) and
530Si (0.86+0.1%0) with low salinity (<0.2), reflecting signatures of river water. The §%Si in
Godavari river water is primarily controlled by weathering in the river basin, exhibiting
signatures comparable to groundwater (0.99+0.82%o) in the basin. Unlike estuary, groundwater
exhibited no significant temporal variability in DSi and §%°Si, with a large range in §%Si
ranging from -0.2 to 4.0%o.. The silicon isotopic composition in groundwater is controlled by
weathering and formation of secondary clay minerals such as smectites and follows a steady
state fractionation model with *¢ between -0.75 to -1.75%o. Overall, Godavari river supplied
almost 21.5+0.3 GmolSi/yr with a weighted §°°Si isotopic composition of 0.92+0.2%, and
groundwater discharge into the estuary accounts for less than 3.5% of the riverine Si flux to
the Bay of Bengal during 20109.
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Supplementary table

Table S1. The estimation of fractional contribution of groundwater discharge to balance the isotopic
depletion after diatom uptake in the estuary. The 5*Sicw are from adjacent groundwater close to
estuary location.

83OSidiss - 83OSimix

Sample Salinity ~ 8% Simea  8*°Simix ) 8%Sicw fow
Rayleigh
%o %o %o
ES1 Surface 0.4 1.88 - - - -
ES2 Surface 0.9 1.08 - - - -
ES3 Surface 9.3 1.69 1.09 -0.38 1.07 0.36
ES3 Bottom 9.9 1.77 1.09 -0.43 1.07 0.36
ES4 Surface 11.7 1.77 1.09 -0.38 1.07 0.33
ES4 Bottom 11.7 1.79 1.09 -0.39 1.07 0.34
ES5 Surface 20.3 2.20 1.11 0.11 - -
ES6 Surface 24.7 2.29 1.14 -0.05 - -
ES7 Surface 25.5 244 1.15 0.09 - -
ES7 Bottom 27.3 2.65 1.19 0.43 - -
ES8 Surface 28.0 2.22 1.22 -0.46 1.01 0.28
ES9 Surface 28.4 2.45 1.23 -0.21 1.01 0.13
ES9 Bottom 28.7 2.50 1.26 -0.15 1.01 0.09
ES10 Surface 29.6 3.03 1.35 0.74 - -
ES10 Bottom 29.6 2.68 1.36 0.28 - -
BoB*
Surface 30.9 2.48 - - - -
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Table S2. Table with results of dissolved oxygen, trace element and saturation index using PHREEQC
for Godavari estuary and groundwater.
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Sl index

Feature DO Al Fe Mn
ml/I uM uM UM Ca-montmorillonite  Kaolinite  Amorphous silica
Godavari estuary
Dry season (March 2019)
ES1 Surface 7.3 0.30 038 0.30 2.93 4.2 -0.85
ES2 Surface 7.2 0.23 0.11 0.08 0.79 2.35 -0.88
ES3 Surface 45 0.48 003 021 -0.66 1.75 -1.39
ES3 Bottom 4.1 0.39 0.02 0.07 -0.34 2.07 -1.46
ES4 Surface 4.4 0.32 0.02 0.10 -0.61 1.85 -1.47
ES4 Bottom 45 0.26 0.01 0.06 -1.8 1.05 -1.68
ES5 Surface 4.4 0.30 003 0.11 -1.99 0.86 -1.68
ES5 Bottom 39 0.46 0.07 0.09 -1.82 1 -1.67
ES6 Surface 6.7 0.27 005 0.14 -2.33 0.93 -1.98
ES7 Surface 55 0.42 0.17 017 -3.09 0.35 -2.04
ES7 Bottom 4.7 0.23 005 0.14 -3.3 0.24 -2.14
ES8 Surface 4.9 0.28 0.02 0.10 -4.93 -0.88 -2.39
ES8 Bottom 4.6 0.27 0.03 0.08 -4.73 -0.71 -2.39
ES9 Surface 6.2 0.44 0.08 0.10 -5.3 -1.21 -2.42
ES9 Bottom 4.8 0.36 002 0.14 -4.95 -0.87 -2.46
ES10 Surface 4.9 0.69 0.04 0.08 -5.15 -1.05 -2.46
ES10 Bottom 4.6 0.30 0.11 0.16 -4.26 -0.17 -2.51
Wet season (August 2019)
ES1 Surface 5.1 0.46 001 0.04 2.47 4.2 -0.98
ES2 Surface 4.9 0.38 0.02 0.06 2.28 4.04 -0.98
ES3 Surface 5.4 0.43 0.03 0.09 2.48 4.25 -0.99
ES3 Bottom 4.8 0.41 0.03 0.06 2.43 4.21 -0.99
ES4 Surface 51 0.59 0.01 0.07 2.56 4.26 -0.99
ES5 Surface 45 0.58 0.01 0.23 2.78 451 -0.99
ES6 Surface 49 0.43 0.01 0.04 2.21 3.97 -0.99
ES7 Surface 4.8 0.68 0.02 0.20 2.36 4.2 -1.08
ES7 Surface 0.47 0.01 0.06 1.93 3.85 -1.09
ES8 Surface 51 0.46 0.01 0.08 1.88 3.81 -1.1
ES8 Surface 0.39 0.01 0.07 2.01 39 -1.06
ES9 Surface 4.9 0.33 0.01 0.06 1.84 3.76 -1.06
ES10 Surface 5.1 0.38 0.01 0.07 1.8 3.78 -1.11
Groundwater
Dry season (March 2019)
Gw1 Open Well 1.8 0.36 0.73 0.10 3.37 4.42 -0.59
GW2 Borewell 1.3 0.33 479  0.08 3.42 4.37 -0.52
GW3 Open Well 0.8 0.36 022 047 4.03 4.68 -0.36
Gw4 Open Well 0.4 0.28 199 0.16 2.53 3.74 -0.61
GW5 Handpump 0.3 0.81 051 1442 3.78 4.94 -0.64
GW7 OpenWell 0.5 0.36 329 0.28 3.26 4.33 -0.61
GW6 Open Well 0.2 0.21 9.27 0.55 2.33 3.63 -0.65
Wet season (August 2019)
Gw1 Open Well 0.9 0.74 0.75 0.58 3.81 4.69 -0.57
GW3 Open Well 0.31 027 0.07 4.05 4.66 -0.34
Gw4 Open Well 0.6 0.19 543 0.07 1.83 2.85 -0.54
GW5 Handpump 0.5 0.43 056 12.58 2.72 3.8 -0.55
GW6 Open Well 0.8 0.17 335 0.05 2.19 3.28 -0.55
GW7 Open Well 0.7 0.74 5.66 0.38 4.09 4.83 -0.5
Pz1 Piezometer 0.6 0.29 296 0.10 2.37 3.23 -0.51
NBPZ1 Handpump 0.6 0.30 8.06 0.10 3.54 4.37 -0.44
Pz2 Piezometer 0.37 490 0.17 3.57 4.61 -0.59
NBPZ2 Open Well 34 0.28 0.08 0.04 2.68 3.45 -0.39
PZ3 Piezometer 0.6 0.26 288 0.09 0.76 2.51 -0.93
Pz4 Piezometer 0.6 0.21 752 012 3.26 4.09 -0.42
NBPZ4 Handpump 0.5 0.23 419  0.06 3.27 4.14 -0.46
PZ5 Piezometer 0.4 0.16 178 0.08 1.94 3.45 -0.81
NBPZ5 Handpump 0.6 0.31 295 0.22 3.67 4.60 -0.52

Supplementary figures
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300 X SE1 WD =11.0mm 300 X SE1 WD =11.0mm

Sample ID = Goldavari ES6 #15 Photo N° =2 Sample ID = Goldavari ES6 #15 Photo N’ =3

300 X SE1 WD =105 mm 300 X SE1 WD =120 mm
Sample ID = Godavari ES6 #13 Photo N = 1 Sample ID = Godavarl ES2 #3 Photo N°=7

Figure S1. The SEM images of suspended matter from Godavari estuary; a and b during dry season
with diatom frustules clearly visible, c and d wet season with a lot of lithogenic particles with little or
no diatom frustule identified.
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Abstract

The present study investigated the impact of sources and of processes in controlling Ca and Sr
isotopic compositions of the tropical monsoonal Godavari estuary. Sampling was carried out
during the dry and wet seasons to understand the variability associated with hydrological
condition. We also analyzed the composition of groundwater adjacent to the estuary to assess
the contribution of local groundwater to the estuary. During the dry season, the 8/Sr/%Sr ratio
in the estuary decreased from 0.71477 in the upstream river water endmember to 0.70926 at
salinity of 30, also exhibiting a non-conservative mixing between seawater and river water. We
attributed the deviation from binary mixing to groundwater discharge with an average &'Sr/2°Sr
ratio of 0.71187, with contributions ranging from 75% in the upper estuary to 6% in the lower
estuary. Similar to 8Sr/88Sr, §*4°Ca also exhibited a non-conservative mixing during the dry
season, with a lower 3*/4%Ca compared to the mixing line in the upper estuary and higher
3*/40Ca in some downstream locations. The input of Ca sourced from isotopically light
groundwater adjacent to the upper estuary could explain the deviation from mixing line, while
the excess 5*/4°Ca, heavier than seawater, was explained by the precipitation of carbonates
induced by diatom growth and photosynthesis. During the wet season, low salinity, Sr
concentration and radiogenic &’Sr/%Sr ratio (0.715 to 0.717) were observed throughout the
estuary. The more radiogenic composition is driven by the opening of dam and water influx
from the main river channel and tributaries draining the Archean-Proterozoic gneiss complexes
in the middle and lower reaches of Godavari basin. The 3*/“°Ca composition of the estuary
was relatively low during the wet season with a higher Ca/Sr ratio, indicating increased
contribution from carbonate weathering due to high discharge during monsoon. Groundwater
exhibited no significant differences in */4°Ca and 8’Sr/®®Sr ratio between dry and wet seasons,
with §*°Ca ranging from 0.57 to 3.48%o and 7Sr/%Sr from 0.710 to 0.715. The variable
5*/40Ca in groundwater was mainly driven by calcium carbonate precipitation in the aquifer

with minor impact from plant uptake and adsorption onto phyllosilicates.
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1. Introduction

Estuaries are highly dynamic transition zones between freshwater and oceans, exhibiting
significant spatial and temporal variability in physicochemical properties depending on the
extent of mixing and estuarine processes. Rivers deliver a considerable amount of terrestrial
materials, such as suspended sediments and nutrients in both dissolved and particulate phases,
into the estuarine system. A range of physical, chemical and biological processes occurring in
the estuary can influence the elemental as well as sediment fluxes (Nedwell, 1999, Statham,
2012, Teuchies et al., 2013). Calcium is the fifth most abundant element in the upper
continental crust, and an essential nutrient for biogeochemical cycling on Earth’s surface
(Rudnick and Gao, 2003). The weathering of Ca-bearing primary minerals, releases divalent
cations and bicarbonate in the critical zone, and subsequent precipitation and burial of calcium
carbonates in the ocean result in the net removal of CO. from the atmosphere (Walker et al.,
1981, Berner et al., 1983). Calcium is also an essential macronutrient for plants and take part
in intracellular signalling, cell wall stabilization and regulation of stomata (White and
Broadley, 2003). Rivers and groundwater form a major link between continents and oceans in
terms of elemental fluxes, and together supply the majority of Ca to the global ocean (Milliman,
1993, Holmden et al., 2012). Both riverine and groundwater solute fluxes are a major sources
of nutrients to the coastal ocean and can significantly alter the oceanic biosphere and also the
oceanic water and elemental budgets (Chester, 1990, Moore et al., 2010). The strontium isotope
ratio, 8Sr/®5Sr are routinely used to trace Ca cycling in continental systems due to the similar
chemical behaviour of Ca and Sr (Jacobson et al., 2002, Pett-Ridge et al., 2009, Meek et al.,
2016, Novak et al., 2020). The &Sr/®8Sr ratio is a conservative tracer for understanding solute
sources, hydrological pathways and mixing of water masses (Bain and Bacon, 1992, Négrel et
al., 2001, Shand et al., 2007).

A stable calcium isotopic ratio (§*44°Ca) has been used to trace the Ca sources, understand
biogeochemical processes, and quantify biogeochemical budgets in a variety of Ca reservoirs
on the Earth’s surface (Tipper et al., 2006, Holmden et al., 2012, Jacobson et al., 2015). In
fluvial systems, Ca is sourced from weathering of both silicate and carbonate rocks, and the
riverine budget of Ca is generally dominated by carbonate weathering (Meybeck, 1987,
Gaillardet et al., 1999). However, an isotopic imbalance exists in the river system with the
average estimated §*/“°Ca of the riverine flux (0.88%o) to the oceans being closer to the isotopic
signature of the bulk silicate Earth (BSE, 0.94 %., Kang et al., 2017) than carbonates (0.6%o),
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indicating the relevance of secondary biogeochemical processes in terrestrial systems (Fantle
and Tipper, 2014, Tipper, 2016). Calcium isotopic fractionation can occur during the
precipitation of calcite (Lemarchand et al., 2004, Gussone et al., 2005, Tang et al., 2012), biotic
uptake (Cenki-Tok et al., 2009, Cobert et al., 2011, Schmitt et al., 2013), adsorption onto
phyllosilicates and ion exchange (Ockert et al., 2013, Brazier et al., 2019). Calcium has a long
residence time of ~1 Myr in the modern ocean; due to the high concentration of Ca in seawater
and relatively small input fluxes. Modern ocean exhibits a relatively homogenous §*/4°Ca
value of 1.89+0.16%. (2SD, n=62) which is primarily controlled by precipitation of biogenic
and abiotic carbonates from the seawater (Fantle and Tipper, 2014, Griffith et al., 2020).
Despite having similar biogeochemical controls on Ca cycling, groundwaters and spring waters
are less constrained in §*4°Ca and exhibit variability ranging from 0.17 to 2.08%. (Tipper,
2016, Nelson et al., 2022). Recent studies suggest that the submarine groundwater discharge
(SGD) is adominant pathway for solute delivery to the coastal ocean, thus forming a significant
component of oceanic biogeochemical cycling (Cho et al., 2018, Santos et al., 2021). However,
SGD remains overlooked in ocean elemental budgets and is difficult to quantify given large
spatial and temporal variability. Globally, groundwater-derived Ca contribution to the global
ocean ranges from 5 to 39% of the global river discharge, with a distinct isotopic signature
compared to rivers signifying its relevance in oceanic isotope budgets (Beck et al., 2013;
Luijendijk et al., 2020; Mayfield et al., 2021). Measurements of 8 Sr/%®Sr in Indian estuaries
and coastal oceans have been used to detect submarine groundwater discharge (SGD)
signatures and to estimate SGD-derived Sr fluxes to the ocean (Basu et al., 2001, Rahaman and
Singh, 2012, Chakrabarti et al., 2018, Damodararao and Singh, 2022). The estimated SGD
derived Sr fluxes along Indian coast are similar to or higher than riverine fluxes, accounts for
almost 0.3 to 0.7% of the global SGD Sr flux, with more radiogenic 8’Sr/®Sr ratio (Beck et al.,
2013, Damodararao and Singh, 2022). However, the SGD fluxes to the estuary and coastal
ocean are poorly constrained and can be spatially and temporally variable and complex,
depending on the extent of tidal influence, groundwater-surface water interactions and other
estuarine processes (Moore et al., 2010).

Past investigations in the Godavari estuary have documented intra-annual variability in nutrient
concentration depending on discharge (Sarma et al., 2010), seasonal phytoplankton blooms
(Acharyya et al., 2012), and significant groundwater discharge (Rengarajan and Sarma, 2015,
Damodararao and Singh, 2022). The 8/Sr/®Sr and 5*4*°Ca are also reported for upper Godavari

river draining Deccan traps, which indicated dominance of basaltic weathering and carbonate
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precipitation (Valens, 2021). The primary objective of the present study is to investigate the
impact of estuarine processes on the elemental and isotopic composition of Ca and Sr in the
Godavari estuary. Through seasonal sampling during monsoon and pre-monsoon, we also aim
to capture the temporal variability associated with immediate monsoonal precipitation in
estuarine processes. We employed Sr and 8’Sr/Sr to elucidate the sources and mixing of
between river water, seawater, and groundwater, following which we interpret the associated
variability in §*°Ca of the estuary. Additionally, the composition of groundwater adjacent to
the estuary are compared to decipher the groundwater mixing processes and their impact on
the estuarine Ca and Sr cycling. Finally, we evaluate the roles of various biogeochemical

processes occurring in the estuary and groundwater to explain the 5*44°Ca composition.

2. Materials and Methods

2.1. Regional setting

Godavari is the second largest river and largest peninsular river in India, originating from
Western Ghats and flowing eastwards through the Indian peninsular shield. The river traverses
almost 1480 km, draining Deccan basalts (dominant upstream, 48% of the drainage area),
peninsular gneiss (39%), and sedimentary rocks (11%) before discharging into the Bay of
Bengal (Biksham and Subramanian 1988). The river basin climate varies from semi-arid in the
rain shadow region of Western Ghats to sub-humid in the lower basin. The river water levels
are largely monsoon driven and the river receives rainfall from both Southwest and Northeast
monsoons, with the majority of the rainfall occurring from July to September (Sarma et al.,
2010). Godavari estuarine system covers an area of 330 km?, and the river flowing to the
estuary is regulated by a century-old dam in Dowleiswaram (~80 km upstream of the river
mouth). After the dam, the river splits into two branches, Gautami and Vasista Godavari branch
(Fig. 1). The annual discharge of the Godavari river is 105 km3, with 93-96% of the annual
flow occurring during the monsoon season (Rao, 1975, Gupta et al., 1997). Based on the
discharge patterns driven by monsoon and opening and closing of the dams, Sarma et al, (2010)
classified annual discharge into three main discharge periods: i) peak discharge
(typically>2000 m3/s) between June and September, ii) moderate discharge period (between 0
and 2000 m%/s) from October to December and iii) “no discharge” period when the dam is
closed from January to May. The tides in the estuary are semi-diurnal with an amplitude of 1.5
m, and an average current speed of 1-2 m/s (Acharyya et al., 2012). Estuary has average depth
and width of 8 m and 1200 m, respectively (Sridevi et al., 2015). The deltaic plains surrounding
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the estuary region are extensively cultivated, dominated by rice and rainfed crops, with

extensive fertilizer application.

Estuary samples

Groundwater

nNBpz1 PZ1

Figure 1. Google Earth image of Godavari estuary region with sampling locations marked on the
Gautami Godavari branch. The estuary samples are marked as blue circles and the groundwaters as
red triangles, the location of the Dowleiswaram dam and Bay of Bengal is also marked in the figure
(Google Earth version 6, 2022, Godavari).

2.2. Sampling and elemental analysis

Estuary samples were collected from ten locations in the Gautami branch of the Godavari river,
downstream of the Dowleiswaram dam, during March (dry season) and August (wet season)
2019. Sampling was carried out by mechanized boat and samples were collected using a 5 L
Niskin bottles. Both surface and bottom water were collected wherever the water column is
deeper than 5 m. Groundwater samples were collected from borewells and handpumps at seven
locations adjacent to the estuary along the left bank during both March and August. We
collected an additional nine groundwater samples from piezometers and handpumps
exclusively during August from the estuarine region (Fig. 1). Temperature, conductivity, and
salinity (for estuary) were measured on-site using portable sensors (CTD; SBE-19plus, Sea-
Bird Electronics, USA). The precision of the salinity and temperature sensor was +0.001 and
+0.001 °C, respectively. The depth of groundwater level for open wells and borewells was
measured as depth below ground level using a skinny dipper device. The groundwater depth
for hand pumps was assumed to be 5m. Almost 100 mL of water samples were filtered through

117



0.45 um PES filters (SUPOR) and acidified using double distilled HNO3 to pH<2 before
storage. The details of sampling and storage for phytoplankton pigment analysis were already
published elsewhere (Roy et al., 2015). The concentration of major cations (Na, K, Mg, Ca)
and Sr were measured by quadrupole ICPMS at IRD, Bondy (Agilent 7500) and at CEaS, 11Sc
(Thermo Scientific X-Series 1l). The accuracy of the cation analyses was checked using
certified river water reference material, SLRS-6 (NRC-CNRC, Canada) and rock standard
AGV-2 (Guano-valley Andesite). Scanning electron microscope (SEM, EVO LS15, ZEISS)
observations were made on selected samples were suspended matter filtrate was available at
ALYSES facility (IRD-SU), IRD Bondy. The obtained precision was better than 10%.
Saturation indices were estimated using PHREEQC software with lInl.dat thermodynamic
database (Parkhurst and Appelo, 1999).

2.3. Ca and Sr isotope analysis

Strontium was separated from water matrix using cation-exchange chromatography following
established protocols (Banerjee et al., 2016). The separation protocol follows two steps of Sr
purification using BioRad AG50W X8 (100-200 mesh) resin where Sr is eluted in 3N HCI.
The purified Sr was loaded on a single-degassed Ta filament and using orthophosphoric acid
and Ta>Os was added as an activator. Subsequently, Sr isotopes were measured using a thermal
ionization mass spectrometer (TIMS, Thermo Scientific Triton Plus) at CEaS, 11Sc. Instrument
mass fractionation was corrected using 2Sr/%Sr ratio=0.1194 following an exponential law.
The average uncertainty in the measured 8’Sr/%Sr was better than 10 ppm. The NIST SRM987
Sr isotopic standard analyzed during this study yielded 8'Sr/%Sr ratio of 0.710277+0.000020
(1SD, n=10).

For calcium isotope analysis, an aliquot of water sample containing around 10 pg of Ca was
mixed with an optimal amount of “*Ca-*Ca double spike in a Teflon beaker and the mixture
was kept on a hot plate for 8 hours at 80 °C to ensure equilibration between sample and spike,
following which the mixture was evaporated. Calcium was purified using cation exchange
chromatography (AG50W X8, 200-400 mesh resin), and Ca was eluted in 2.5 N HCI. For all
samples, the separation procedure was repeated for eluted Ca to ensure the complete removal
of the rest of the elements present in the sample matrix. Post evaporation the purified Ca cut
was treated with a few drops of double distilled HNO3 to oxidize leaked organic resins from
the columns. Approximately 2.5 pg of purified Ca was loaded onto a degassed Ta filament
using 0.8M HNOg, followed by the addition of Ta>Os activator while degassed Re filaments
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were used as ionization filaments. Calcium isotopic ratios were also measured using a thermal
ionization mass spectrometer (TIMS, Thermo Scientific Triton Plus) at CEaS, 11Sc following
established laboratory protocol (Mondal and Chakrabarti, 2018, Banerjee and Chakrabarti,
2018). The §*/%°Ca calcium values are reported relative to NIST SRM 915a; the accuracy of
the data is based on multiple measurements of NASS-6 seawater (1.87+£0.1%o, 2SD, n=5) and
NIST SRM 915a (-0.01+0.1%0, n=3), which is consistent with published results (e.g.,
Chakrabarti et al., 2021) while the external reproducibility, also based on multiple
measurements of standards is better than 0.1%. per mil (2SD).

3. Results

All measured physiochemical measurements, concentration and isotopic data for Godavari

estuary and groundwater samples are given in Table 1.

3.1. Ca and Sr variability estuary and groundwater

During the dry season in the estuary, Ca and Sr concentration increases along the salinity
gradient from 817 uM and 3.5 uM in most upstream samples at a salinity of 0.4, to 8975 uM
and 80.1 uM in the most downstream station at a salinity of 29.6 respectively (Table 1, Fig.
S1). Wet season samples in the estuary exhibit homogenously low Ca, Sr concentrations and
salinity (<1) throughout the estuary, with an average of 428+28 uM for Ca and 0.9+£0.04 uM
for Sr (Fig. S1). Overall, Ca and Sr concentrations in the most upstream river water endmember
was diluted during the wet season compared to the dry season. The Ca concentration in
groundwater varies between 172 to 4786 puM, with an average of 832+563 uM during the dry
season and 1806 £1126 uM during the wet season (Table 1).

3.2. Variability in 8Sr /8Sr composition

The 8Sr /88Sr ratio of estuary samples decreases along the salinity gradient, with the most
radiogenic value from estuary water collected farthest upstream (0.71477, sample ES1), least
radiogenic value of 0.70926 in the most downstream (sample ES10). The fresh river water
endmember is close to the reported 8Sr /S ratio of Godavari river by Sharma et al, (2007)
and the most downstream sample value is similar to modern seawater ratio of Bay of Bengal
(Chakrabarti et al., 2018; Danish et al., 2020). During the wet season, the entire estuary
exhibited a more radiogenic 8’Sr /%Sr ratio, ranging from 0.715 to 0.717, with no trend along

the estuarine transect. The average &’Sr /%Sr of the estuary samples in the wet season was
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0.716, similar to the fresh Godavari River water endmember reported by Sharma et al (2007).
Groundwater exhibits a narrow range of variability in 8’Sr /%8Sr from 0.71016 to 0.71254, with
a single outlier piezometer, PZ3, with &Sr /%Sr of 0.71500. The 8/Sr /®Sr ratio in PZ3
groundwater was similar to upstream estuarine water at ES1. We observed no significant

seasonal variability in &Sr /%Sr of groundwater (Table 1).

Table 1. Salinity, Na, Ca, Sr, Ca isotopes and Sr isotope ratio of estuary and groundwater from
Godavari during dry and wet season. The “*’ indicates that the depth to water table (below ground
level in meters) with handpumps assumed to be 5 m deep, and ‘#’ indicates 2 standard deviations for
internal errors associated with 044/40Ca measurement with atleast 20 blocks of data.

Salinity Na Ca 8*4Ca 2SD*  Sr 87Sr /%8Sy
nM nM %0 %0 UM
Godavari estuary
Dry season
ES1 Surface 0.4 3234 817 1.29 0.1 3.5 0.714772
ES2 Surface 0.9 12475 1065 1.13 0.17 4.2 0.712314
ES3 Surface 9.3 139888 4129 1.66 011 290 0.709977
ES3 Bottom 9.9 159419 4384 31.8 0.709917
ES4 Surface 11.7 162986 4440 1.39 33.3 0.709851
ES4 Bottom 11.7 169684 4533 345 0.709857
ES5 Surface 20.3 278167 6576 1.69 0.09 553 0.709433
ES5 Bottom 20.2 277819 6654 55.4 0.709439
ES6 Surface 24.7 344414 7864 2.40 015 713 0.709340
ES7 Surface 25.5 345458 8038 2 0.12 70.9 0.709399
ES7 Bottom 27.3 359290 8148 71.4 0.709321
ES8 Surface 27.3 371948 8540 72.9 0.709296
ES8 Bottom 28.0 374688 8549 75.3
ES9 Surface 28.4 383910 8844 79.2 0.709268
ES9 Bottom 28.7 392696 9002 78.7
ES10 Surface 29.6 396959 8975 1.89 0.1 80.1 0.709284
ES10 Bottom 29.6 400874 9296 1.81 0.1 77.5 0.709262
Wet season
ES1 Surface 0.2 386.7 488.6 0.9 0.1 1.0 0.716246
ES2 Surface 0.1 350.6 472.6 1.24 0.15 0.9 0.7158
ES3 Surface 0.0 293.6 425.0 1.14 0.1 0.8 0.715626
ES3 Bottom 0.1 267.4 408.2 0.8 0.715933
ES4 Surface 0.0 265.5 407.2 0.8 0.715651
ES5 Surface 0.0 295.8 425.0 0.76 0.13 0.8 0.716163
ES6 Surface 0.0 291.6 401.6 0.9 0.715792
ES7 Surface 0.0 292.7 406.1 0.84 0.13 0.8 0.716009
ES7 Surface 0.1 333.8 426.6 0.9
ES8 Surface 0.0 337.8 433.6 0.9
ES8 Surface 0.1 331.9 419.8 0.9 0.715757
ES9 Surface 0.0 327.6 415.5 0.71 0.12 0.9 0.715791
ES10 Surface 0.0 752.0 431.6 0.83 0.11 0.9 0.717084
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Depth* Na Ca 8440Ca 2SD*  Sr 87Sr/8Sr

(m) UM 1M %o %o 1M
Groundwater
Dry season
GW1 Open well 3.3 2584 1248 1.73 0.13 6.5 0.711092
GW2 Borewell 23 2042 1088 5.7 0.712506
GW3 Open well 4 1255 1378 0.97 0.13 2.9 0.711554
Gw4 Open well 2 5404 176 2.41 0.12 154 0.711476
GWS5 Handpump 5 17317 172 1.08 0.13 1.2 0.710173
GW7 Open well 3.3 4766 1380 6.0 0.711695
GW6 Open well n.a 1598 384 2.02 0.12 4.1 0.712137
Wet season
GW1 Open well 13 2168 1845 0.99 0.11 6.0 0.712792
GW3 Open well 1.3 111 2206 1.23 0.11 4.7 0.711575
GwW4 Open well 1.1 32265 3003 2.16 0.11 22.2 0.711189
GWS5 Handpump 5 16491 183 1.54 0.16 1.3 0.710163
GW6 Open well 1.9 1223 1636 5.0 0.712071
GW7 Open well 0.5 1166 2669 0.57 0.16 3.8 0.712685
PZ1 Piezometer 4.3 8583 4786 151 0.11 17.3 0.711329
NBPZ1 Handpump 5 1233 1184 7.9
Pz2 Piezometer 7.7 1379 1494 0.95 0.14 2.8 0.711358
NBPZ2 Open well 2.0 12786 776 2.1 0.13 7.1 0.712225
PZ3 Piezometer 3.9 2744 352 3.48 0.17 3.7 0.715004
Pz4 Piezometer 7.2 1003 1435 3.6 0.712547
NBPZ4 Handpump 20 2777 2029 1.26 0.1 5.0 0.711757
PZ5 Piezometer 4.9 408 1615 7.8 0.712061
NBPZ5 Handpump 5 1050 1873 4.9

3.3. 9*%0Ca variability in estuary and groundwater

The §*/40Ca values of Godavari estuary water are reported in Table 1. During the dry season,
54/40Ca values vary between 1.13 to 2.40%., with high saline endmember exhibiting a 5*/4°Ca
ratio close to modern global seawater (1.89+0.16%o) (Tipper et al 2016). The highest 5*4°Ca
value of 2.4%. was observed at a salinity of 25 (ES6) and the lowest at ES2 (Table 1). The
5%/40Ca of the surface and bottom samples were analysed only at ES10 (1.89%o and 1.81%o for
surface and bottom) and remained within the analytical uncertainty. Similar to 8’Sr /8Sr,
5%/40Ca values of wet season samples was more homogenous with an average of 0.92+0.2%o
and significantly lower than the seawater. The groundwater 5*44°Ca values exhibit a large
variability from 0.57 to 3.48%. with an average §*¥*°Ca of 1.6 %o. The groundwater exhibited
insignificant seasonal differences in §*4°Ca, despite exhibiting significantly high Ca
concentrations during the wet season (p-value <0.05).
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4. Discussion

The discussion of the results from this study is presented as three sections. First, we look at the
variability and mixing between water masses in the Godavari estuary based on Sr and 8’Sr/8S,
and estimate the proportion of mixing using source-specific 8’Sr/%Sr ratio. Following this, we
considered various sources of Sr and Ca in the estuary, focusing on lithological endmembers
from the region. Finally, we decipher processes that can explain the observed variability of

5%/40Ca in the estuary and groundwater.

4.1. Mixing between water sources in the dry season

Previous studies documented non-conservative mixing in Sr isotopes from western estuaries in
India (Rahaman and Singh, 2012), and from the same branch of Godavari estuary, further
downstream during post-monsoon (Damodararao and Singh, 2022). The 8Sr/®®Sr vs. 1/Sr plot
shows that estuary samples during the dry season deviated from the theoretical mixing line
between river water and seawater, indicating a non-conservative behaviour in the estuary (Fig
2). The deviation from simple mixing can be due to the supply of Sr from additional sources,
such as groundwater, dissolution of silicates and carbonates, and/or desorption from particulate
Fe-Mn oxyhydroxides (Andersson, 1994, Rahaman and Singh, 2012, Beck et al., 2013).
Submarine groundwater discharge is documented in Godavari estuary using Ra isotopes, with
an SGD flux ranging from 1.3 to 7.4 *10° m3/day (post monsoon and pre monsoon sampling,
Rengarajan and Sarma, 2015). Thus, groundwater discharge can be considered as a significant
source of Sr to the estuary. From Fig. 2, it is clear that compared to the theoretical mixing line,
we observe a lower 87Sr/%Sr at low salinity sample ES2, and higher 8Sr/®Sr than expected at
higher salinity samples. All the groundwaters sampled from the Godavari estuary region
exhibited a narrow range of 8Sr/2®Sr from 0.710 to 0.712 with no seasonal differences (Fig. 2).
We suspect the radiogenic value in the outlier shallow piezometer (PZ3) results from leaching
of irrigated canal water, which originates from the Dowleiswaram dam. This explains why PZ3
plots were almost identical to the ES1 (most upstream samples) in Figure 2. One possibility of
a less radiogenic Sr source to the groundwater is fertilizers, which are extensively applied in
the cultivated areas of the Godavari estuarine region. Previously documented values of &Sr/8Sr
for fertilizers globally range from 0.7066 to 0.7095, and a consistent value was also observed
in fertilizer mix from Berambadi (Sr of 350 ppm and &'Sr /%Sr ratio of 0.708, Chapter 11)
(Vitoria et al., 2004, Zou et al., 2018, Acharya et al., 2022). Homogeneity in Sr isotopic

composition in majority of groundwater samples, higher than fertilizers and seawater, indicates
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that coastal aquifer signatures may be driven by local aquifer lithology and water-rock
interactions (Santoni et al., 2016). However, in order to calculate the SGD flux using inverse
modelling, Damodararao and Singh, (2022) assumed an 8’Sr/%Sr of 0.718 as SGD endmember
(based on 8/Sr/%Sr of a tributary of Godavari). This value does not correspond to the
groundwater composition in Godavari estuary, varying between 0.710 to 0.715 (Fig 2). Thus,
we re-estimated the SGD fluxes for Godavari estuary using adjacent coastal groundwater

87Sr/%°Sr as an endmember composition.
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Figure 2. Plot of, a) Sr/%Sr vs. 1/Sr (uM™) for estuary and groundwater sample in Godavari. The
dotted lines represent mixing lines between Bay of Bengal seawater (SW), Godavari river water (RW)
and the average Godavari coastal groundwater (GW, large red triangle with original data points
blurred in the background), b) & Sr/%Sr vs. 1/Sr (uM™) plot in a smaller scale focusing on the estuary
during dry season and groundwater average. The Bay of Bengal endmember Sr and ®Sr/%°Sr data is
from seawater samples off the coast of Odisha published by Danish et al. (2020).

The mixing proportions of three endmembers; groundwater, fresh river water and seawater
were recalculated using a simmr package, a Bayesian stable isotope mixing model implemented
in R (Parnell et al., 2010, Zhang et al., 2021). The proportional contribution from each of the
defined sources are estimated based on measured source specific isotopic tracers such as
87Sr/8Sr and §'80. The results indicate that the proportion of groundwater contribution during
dry season varies from 40% to 15% between salinity of 0.4 and 20 (here onwards upper estuary)
to 15 to 10% at salinity between salinity of 20 and of 30 (lower estuary), indicating a higher
contribution of groundwater in the upper estuary (Fig. 3). During dry season, due to low
salinity, Sr concentration and low riverine discharge in the upper estuary, the contribution from
groundwater with higher Sr concentration can significantly reduce the 8Sr/%°Sr ratio. In the

lower region of the estuary, where salinity and Sr concentration were high due to tidal
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influence, groundwater discharge acts as a source of more radiogenic 8’Sr/%Sr, shifting the
estuary samples above the mixing line (Fig. 2). Therefore, Sr fluxes resulting from groundwater
discharge with a distinct 8’Sr/%Sr ratio can explain the observed non-conservative behaviour
in the estuary (Damodararao and Singh, 2022).

Stable isotope mixing model (simmr)

@ River --@-Seawater -@- Groundwater

Fractional water contribution

Salinity

Figure 3. Fractional water contribution of river water, groundwater, and seawater for dry season
Godavari estuary samples along the salinity gradient.

One must be cautious here to assign groundwater as the only significant Sr source to lower
estuary given that the average Sr content in groundwater is much lower than the seawater
dominated in the lower estuarine region. The other possible Sr sources to lower estuary which
are more radiogenic than seawater should be evaluated. Firstly, carbonate dissolution from
suspended matter and sediment can be an additional source of Sr to the estuary, but the average
87Sr/®®Sr ratio of carbonates from peninsular India is much lower than groundwater and
seawater (8'Sr/®Sr ratio of 0.707, Nagarajan et al., 2013, Govind et al., 2021). Thus, carbonate
dissolution cannot explain the more radiogenic signature in the lower part of the estuary.
Suspended particulate matter in the Godavari river is estimated to be highly radiogenic with an
87Sr/%Sr ratio ranging from 0.720 to 0.745 and can be a source of radiogenic Sr to the lower
estuary (Ahmed et al., 2009, Jeandel and Oelkers, 2015, Damodararao and Singh, 2022).
However, the dissolution of riverine suspended matter and bedload are known to release only
0.2% of Sr to the estuary. Such process can only have a minor impact on the Sr concentration
and 8Sr/®Sr (Jones et al., 2012), especially in the dry season where suspended particles content
of continental origin is low (Mangalaa et al., 2017). Overall, during the dry season, the

distribution of Sr is controlled by two processes; i) simple mixing between more concentrated
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less radiogenic (0.70926) seawater and low Sr more radiogenic (0.71477) river water, ii)
additional groundwater discharge with Sr concentration from 1 to 15 uM and &’Sr/éSr of
0.71187+0.001 (n=20).

4.2. Tracing sources of Sr and Ca in the estuary
4.2.1 Sr and &7Sr/8%Sr ratio

In contrast to the dry season, Godavari estuary during the wet season exhibits a radiogenic and
comparatively narrow range of &Sr/%°Sr (0.71598 to 0.71708) with a uniformly diluted Sr
concentration (0.87£0.04 uM) (Fig. 2). Together with the absence of salinity gradient
(salinity<0.2) in the wet season, 8/Sr/®Sr signatures indicate that estuary was dominated by
fresh river water from lower reaches of Godavari, resulting from the opening of dam. The
87Sr/8Sr values were slightly radiogenic compared to river water endmember during the dry
season (37Sr/éSr ratio of 0.71477), but comparable to previously published 87Sr/2éSr of 0.71630
from Dowleiswaram dam (Fig. 2, Sharma et al 2007). As discussed earlier, the reduction in
riverine endmember 8Sr/%8Sr ratio during the dry season can be explained by inputs from less
radiogenic groundwater and tidal mixing. In wet season, the input of groundwater into the
estuary can be neglected as the &7Sr/%Sr ratio of the estuary is more radiogenic than
groundwater, which are also almost an order of magnitude higher in Sr concentration (Fig. 2).
Neglecting any input from seawater, the Sr source from silicate and carbonate weathering in
the river basin is possible during the wet season into the estuary. Based on a two-component
mixing model with silicate (0.750+0.049, Jayananda et al., 2015) and carbonate (0.707+0.003,
Nagarajan et al., 2013) endmembers, the average contribution of Sr from carbonate weathering
during wet season estuary was estimated to be 79+15% (simmr package in R, Fig. S2).
However, such calculations are prone to high uncertainty due to variability associated with the
endmember composition (Nagarajan et al., 2013, Jayananda et al., 2015, Govind et al., 2021,).
Given that carbonate rock from the basin typically exhibit a less & Sr/®Sr ratio, the radiogenic
Sr isotopic signature during the wet season can be attributed to an increase in water flux from
silicate weathering regimes in downstream tributaries of the Godavari, such as Sabari and
Indravati rivers. Both tributaries drain Precambrian granite, gneiss, charnockites rock and
Eastern khondalites belt (Jha et al., 2009). Archean-Proterozoic gneiss complexes in the Indian
craton region are known to contain radiogenic rocks, such as granitic gneiss (8'Sr/®Sr ratio
between 0.703 to 0.865, Jayananda et al., 2015) and khondalites (87Sr/Sr ratio between 0.797

to 1.049, Rickers et al., 2001). During monsoon, more 87Sr/%éSr signatures resulting from water-
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rock interactions with such radiogenic phases reach downstream Godavari and then the
estuarine region. Suspended particulate matter in the downstream Godavari basin during the
post-monsoon also exhibited 8Sr/2°Sr value ranging from 0.720 to 0.746, indicating the erosion
of radiogenic mineral phases from the Archean-Proterozoic gneiss complexes (Ahmed et al.,
2009, Damodararao and Singh, 2022). Spatio-temporal variability in monsoonal precipitation
also accounted for the variability in 8Sr/®Sr ratio of offshore sediments, where the higher
contribution from Archean-Proterozoic gneiss complexes during monsoon led to more
radiogenic sediments (Peketi et al., 2020). Overall, fresh river water influx into the estuary
during heavy monsoonal precipitation from lower tributaries draining old silicate rocks with
radiogenic Sr composition can explain the homogenous, radiogenic 8’Sr/%Sr values in the

estuary during the wet season.

4.2.2. Caand 5*¥*°Ca

At the global scale, almost two-thirds of the riverine Ca is derived from weathering of carbonate
rocks in the river basin and the rest from silicate weathering, meteoric input and evaporites
(Berner and Bern 1997, Gaillardet et al., 1999). We can neglect the input from atmospheric
deposition as rainwater input of Ca is minor in the Godavari basin and no significant evaporite
deposits are reported in the region (Biksham and Subramanian, 1988, Jha et al., 2009). Seasonal
variability in carbonate and silicate weathering fluxes in river basins occurs due to the
differential sensitivity of carbonate and silicate minerals to monsoonal runoff (Tipper et al.,
2006, Jha et al., 2009). The §*¥4°Ca values at the most upstream Godavari river water end
member was 1.29%. and 0.90%. during the dry and wet seasons, respectively, more on the
heavier range of previously reported §*#4°Ca at the mouth of the large rivers (from 0.67 to
1.25%o, an average of 0.86+0.29%.) (Zhu and MacDougall, 1998, Schmitt et al., 2003, Tipper
etal., 2010).

The seasonal disparity between river water endmember can result from, i) interactions with
groundwater and seawater, particularly during the dry season, ii) less precipitation and/or more
contribution from carbonate weathering during the wet season as a result of undersaturation of
calcite and low pH in the river water (Fig. S3). Resuspension of carbonates in riverine bedload
due to high discharge and dissolution of Vindhyan carbonate present in the middle and lower
reaches of the Godavari river can be a potential source of easily weatherable carbonates in the
basin, especially during the monsoon (Jha et al., 2009, Mishra et al., 2011). To explain the

variability of the estuary and groundwater, the sources of Ca may be restricted to three
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endmembers, i) silicate rocks drained by the river and aquifer, ii) carbonate rocks present in
the sediments and also pedogenic carbonates formed in soil and saprolite, iii) Bay of Bengal
seawater in the estuary (during the dry season). As observed in Fig. 4, most of the estuary
samples and groundwaters show a linear correlation with Sr/Ca, but cannot be explained by
simple mixing between the three proposed endmembers (Nelson et al., 2022). Assuming no
fractionation associated with the dissolution of silicates and carbonates (Alkhatib et al., 2022),
the pattern indicates that the 5*/4°Ca of water samples are driven by processes rather than
mixing (Fig. 4), and it is discussed in the next section. Additionally, the estuary shows a
characteristically lower Sr/Ca ratio with a lighter §**4°Ca, closer to a carbonate end member,
during wet season confirming an increased contribution from carbonate weathering during
monsoon. There is, however, more than one potential mixing line possible among the end
members given a large number of mineral phases and preferential weathering in the basin
(Banerjee and Chakrabarti 2018), heterogenous chemical composition (Jayananda et al., 2015)

and associated large variability in 5*4“°Ca (Fantle and Tipper 2014).
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Figure 4. Plot between a) Sr/Ca ratio (umol/mol) vs. 5***°Ca and b) a) Na/Ca molar ratio vs. 6*'*Ca
of the estuary and groundwater samples from Godavari. The end members identified in the plot are
based on Gaillardet et al (1997) for elemental ratios and Fantle and Tipper, (2014), Jayananda et al
(2015), Chakrabarti et al., (2018) for isotopic ratios.

4.3. Effect of mixing vs. fractionation on ¢**°Ca during dry season
4.3.1 Three end-member mixing

The Ca concentration in the estuary increases linearly with salinity during the dry season,
indicating mixing between fresh river water and seawater but remains homogenous during the
wet season (Fig. S1). The Ca concentration shows an excess compared to the theoretical mixing
line in the upper estuary, indicating a source of Ca likely resulting from groundwater input as
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evidenced by Sr isotopes (Fig. S1). The mixing plots of 8**°Ca vs. salinity shows a non-
conservative behaviour, with a lighter than expected 5*¥4°Ca in the upper estuary (ES2, ES3,
ES4) and a heavier 5**4°Ca at the middle estuary (ES6, ES7) (Fig. 5a). The value at the most
downstream sampling location, including surface and bottom estuary, is identical to global
seawater average 8*/4°Ca of 1.89+0.16%. (Fantle and Tipper 2014). In the upper estuary, the
lighter than expected §*/“°Ca can occur due to two plausible reasons, i) discharge of
groundwater with lighter 3*/4%Ca, ii) dissolution of carbonates due to undersaturation in calcite
and aragonite. Firstly, based on the mixing hypothesis, the depletion in §**4°Ca should be
explained by the discharge of groundwater adjacent to the upper estuary (GW3), which exhibits
a Ca concentration of 1378 uM and 5*/4°Ca of 0.97%o (Fig. 5b). Assuming the proportions of
groundwater discharge (fow) estimated from mixing model based on 8’Sr/®Sr (Section 4.1),
expected Ca isotopic composition from simple binary mixing between seawater and fresh river
water (5*4°Camix) and Ca isotopic composition of adjacent groundwater §**4°Cagw, we can
recalculate the expected estuary Ca isotopic composition using equation Eq. (1):
544/40Caexp = fow* $M440Cacw + (1- fGW)*544/4OCamix Eq. (1)

Here 5*40Caex, is the expected Ca isotopic composition from three endmember mixing and few
is the proportion of groundwater. The calculation indicates that the groundwater discharge can
explain three of the observed deviations, except ES3 where the groundwater discharge can
drive the §**/*%Caexp to a lighter 5*/#%Ca (Table 2). This can be indicative of variable discharge
patterns, associated errors in calculating the proportion of discharge using 8'Sr/%Sr and

dominance of processes driving the 5*/4°Ca.
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Figure. 5 a) 6*/*°Ca vs. salinity, b) 6*/*°Ca vs. distance from the most upstream sample (km) for estuary
and groundwater samples from Godavari. Note that the salinity in groundwater is assumed to be 0.1
and the theoretical mixing line is between global ocean average of 6**°Ca and fresh Godavari river
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Table 2. The calculation for impact of groundwater discharge to estuary on 044/40Ca of the estuary.
The groundwater 644/40Ca value are from the adjacent aquifers: GWI for ESI, GW3 for ES2, ES3,
ES4, and ES5, GW6 for ES6 and GW 4 for ES7, ES10 (See text section 4.4 and Fig. 6 for details)

Estu ary Salin |ty 3*0Camea  8*"°Cacw 6**Camix A**Ca few 844/40caexp 644/4ocaexp' 3**°Camea

%0 %00 %00 %00 %00 %0
ES1 0.4 1.29 1.7 1.37 -0.08 - - -
ES2 0.9 1.13 1.0 1.45 -0.32 0.73 -0.02 -0.03
ES3 9.3 1.66 1.0 1.788 -0.13  0.57 -0.19 -0.34
ES4 11.7 1.39 1.0 1.815 -043 050 0.00 0.01
ES5 20.3 1.69 1.0 1.864 -0.17  0.25 -0.01 -0.05
ES6 24.7 24 24 1.877 0.52 0.12 -0.05 -0.46
ES7 255 2 2.0 1.879 0.12 0.12 -0.01 -0.10
ES10 29.6 1.89 2.0 1.888 0.00 0.05 0.00 0.00
ES10 29.6 1.81 2.0 1.888 -0.08  0.05 0.00 0.08

4.3.2 Tracing the origin of heavy 5**“°Ca in estuary

The heavier than expected 3*/“°Cain lower estuary cannot be explained neither simple mixing
nor groundwater input, given groundwaters are typically lower in 3*/4%Ca and lower in Ca
concentration. In river systems, three major processes enrich the solution with heavy Ca
isotopes; 1) biotic uptake (Cobert et al., 2011, Schmitt et al., 2013), 2) precipitation of CaCO3
polymorphs such as calcite, aragonite, vaterite, ikaite (Tang et al., 2012), and 3) adsorption
onto phyllosilicates (Brazier et al., 2019). Given that this non-conservative behaviour occurs
within an estuarine system, we can neglect the influence of plant uptake. In addition, no
calcifying organisms were reported in the estuary (Bharati et al., 2022). The Godavari estuary
during the dry season was undersaturated in montmorillonites, thus fractionation associated
with clay formation is unlikely in the estuary. The near saturation or oversaturation of calcite
exists in the lower estuary, which can favour carbonate precipitation (Fig. S3). The previous
works from Himalayan rivers have shown that precipitation of secondary calcite can remove
up to 70% of the dissolved Ca (Jacobson et al., 2002, Bickle et al., 2005).

Godavari estuary is highly productive during the low discharge period due to low suspended
load and water column stability, supporting intense phytoplankton blooms (Acharyya et al.,
2012, Chapter Illa of thesis). Photosynthetic activity by cyanobacteria and diatoms can
promote calcite precipitation by increasing the pH and degree of supersaturation of CaCO3 in
the microenvironment (Merz, 1992, Riding, 2006). Additionally, diatoms and associated

extracellular polymeric substances (EPS) can act as potential nucleating surfaces for
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amorphous calcium carbonates (Stanton et al., 2022). Interestingly, the excess §*/“°Ca
compared to binary mixing (A**Ca = §*/*°Cameasured-6****Camix, Table 2) in the estuary during
dry season shows a positive correlation with the fucoxanthin (a diatom pigment) and
chlorophyll, indicative of diatom induced carbonate precipitation in the lower estuary (Fig. 6a,
Fig. S4). The interpretation is also consistent with a positive correlation between §*/4°Ca and
530Si, the latter driven by diatom uptake during the dry season (Fig. 6b, Chapter Illa). The
estuary also exhibits a positive correlation between A**Ca and A®Cpic, indicating that the
excess carbon isotopic composition of the inorganic carbon pool driven by biotic uptake of
lighter 'C is also associated with an excess 5*4“°Ca, associated with excess carbonate
precipitation (Fig. S4, Sarma et al unpublished, personal communication). Recent works have
demonstrated that one mechanism driving isotopic disequilibrium of calcite with co-existing

fluids is photosynthetic activity and organic matter dissolution (Grim et al., 2021).
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Figure 6. a) The plot between fucoxanthin concentration in the estuary samples during dry season and
A%Ca (0*"*°Cameasured-0**°Camix) showing a strong positive correlation (R>=0.9, p <0.05), b) plot
between 5**°Ca and 5°°Si showing a positive weak correlation. Note here the 5°°Si value for the ocean
is from Bay of Bengal data by Singh et al, (2015) and §**“°Ca data is from Fantle and Tipper, (2014)
which matches deep BoB water from Chakrabarti et al., 2018.

However, the interpretation also poses two questions, i) can the dissolution of carbonates driven
by low photosynthetic activity and undersaturation of calcites explain the depletion we observe
in the upper estuary? ii) does resuspension and dissolution of precipitated carbonates occur
during the wet season leading to a lower §**°Ca and high suspended load and dissolved
organic carbon (Table 1, Kumar et al., 2022). We cannot exclude the possibility of dissolution
driven by low fucoxanthin in the upper estuary, however, the fast sinking of precipitated
carbonate phases makes it unlikely (Stanton et al 2022). To summarize, spatially heterogenous

non-conservative behaviour of §*/°Ca in the estuary can be explained by two different
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mechanisms: groundwater discharge from the adjacent aquifer in the upper estuary can explain
lighter $*/4°Ca than expected from simple mixing, and excess Ca, while in calcite saturated
lower estuary the excess 3*¥4°Ca is driven by precipitation of carbonates induced by diatom
and cyanobacterial photosynthesis.

4.4. Groundwater Ca cycling and ¢*44°Ca variability

Godavari groundwater exhibits large variability in §*¥4°Ca, ranging from 0.57 to 3.48%., with
an average of 1.6%o, heavier than the global groundwater average of 0.86%o., and exhibits no
significant seasonal variability (Table 1, Tipper, 2016). Additionally, most groundwater
54/40Ca are heavier than the dominant Ca sources such as silicate rocks and carbonates, with
few groundwater samples exhibiting §*/°Ca heavier than seawater clearly indicating
dominance of processes that can fractionate Ca isotopes (Fig. 4). Along with secondary
carbonate CaCOs precipitation, plant uptake (Schmitt et al., 2013, 2018) and adsorption onto
phyllosilicates (Brazier et al., 2019) occurring in soil and saprolite can lead to enrichment of
#4Ca in shallow groundwaters of Godavari. To evaluate various fractionation pathways and the
associated evolution of Ca isotopes in aquifer we can apply Rayleigh (Eq. (2)) and batch (Eq.

(3)) fractionation models as follows:

Rayleigh model: §***°Camess. = §*°Cap + 1000*(a-1) * In(fca)  Eq. (2)
Batch/equilibrium model: 3*/*%Camess. = §**°Cao — 1000*(a -1) * (1- fca) EQ. (3)

5*40Camess is the measured Ca isotopic composition of the dissolved phase and « is the
fractionation factor between carbonates and dissolved phase. The §*#4°Ca, is the initial Ca
isotopic composition of the reservoir, which is assumed to be the lowest 5*/*°Ca reported for
groundwater in the present study (GW7, §*¥4°Ca=0.57%o). The 5**°Ca composition of the
selected aquifer is also close to the global average carbonate rock endmember, indicating a
system dominated by carbonate weathering with minor precipitation and or uptake (Fantle and
Tipper, 2014). Given §*/*°Ca of all groundwater, the sample follows a linear trend and
assuming that Ca is selectively incorporated into secondary carbonate phases relative to Sr, we
can use the Ca/Sr ratio of the initial reservoir (GW?7) to estimate the fraction of Ca remaining
in the solution (fca)
fca= (Ca/Sr)mea/(Ca/Sr)cwr Eq. (4)

Here (Ca/Sr)mea is the measured Ca/Sr ratio in water samples. Estimated values of fca indicate

that Ca removed from the solution ranges from 23 to 98% (Fig. 7). The evolution of §**4°Ca in
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the majority of the water samples broadly fits with a Rayleigh-type model, with a fractionation
factor (a) between 0.9993 and 0.9980 (Fig. 7, Gussone et al., 2005). Firstly, the fractionation
factors associated with adsorption onto montmorillonites are low (fractionation factor between
0.9998 and 0.9999) and cannot explain the observed variability in Godavari groundwater (Fig.
7, Brazier et al., 2019). The magnitude of isotopic fractionation during carbonate precipitation
depends on the structure of the solid and physicochemical conditions during precipitation,
Qcalcite-sol Fanging from 0.9985 to 1 (Lemarchand et al 2004, Gussone et al 2005, Tang et al
2012). Here we adopted the higher value of the fractionation factor reported by Druhan et al.,
(2013) during calcite precipitation in groundwater. Calcium is an essential nutrient for plants
and uptake of Ca through the roots is known to fractionate against heavier 4*Ca, enriching the
soil solution in 8*/#°Ca with a reported fractionation factor of 0.9988 (Wiegand et al., 2005;
Schmitt et al 2013). Interestingly, majority of the groundwater and estuary water samples fit
within the range of reported a values of calcite precipitation and plant uptake, making it

difficult to distinguish both processes (Fig. 7).

In order to check in situ precipitation of calcite, we performed a scanning electron microscopy
(SEM) of suspended particulate matter in open well GW4 during the dry season with a heavy
544/40Ca of 2.4%.. The suspended phase exhibits an abundance of Ca-rich precipitates with Mn
oxide coatings, consistent with carbonate precipitation, which preferentially takes up the lighter
Ca isotopes, exerts dominant control on §*¥4°Ca (Fig. 8). The fact that wet season estuary
waters plots at a high fca and low §*44°Ca confirms our earlier interpretation of higher carbonate
weathering during monsoon (Fig. 7). However, two major concerns still remain to be sorted, i)
the similarity in high §*#4°Ca of groundwater GW4 and GW6 and adjacent lower estuary (Fig.
5b), raising a possibility of surface water-groundwater interaction, ii) a piezometer (PZ3)
during wet season exhibiting an exceptionally high 5*/4°Ca and §*°Si (Fig. 5, Chapter Illa) for
which no SEM sample is available. Given that Ca concentration in GW4 and GW6 during the
dry season is more than 20-fold lower than that of the adjacent estuarine water, it is unlikely
that heavy §*/4°Ca value results from mixing with Ca-enriched estuary water. Secondly, the
piezometer (PZ3) with the highest §*4°Ca value also exhibits an unusually high §%°Si (Chapter
l11a) and radiogenic &7Sr/%®Sr (section 4.2) similar to the upper estuary. Evidences point to a
groundwater receiving high input of agricultural return flow originating from canals fed by
Dowleiswaram dam, which acquired considerable signatures of plant uptake, where lighter 28Si

and “°Ca are actively taken up by crops lead to high §°°Si and §*/4°Ca signatures in
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groundwater. To support this, PZ3 also shows very low DSi and Ca concentration, indicating

significant loss of Ca and Si. Overall, Ca cycling and §***°Ca signatures in Godavari

groundwaters are controlled by precipitation of secondary calcites, with minor impact from

plant uptake and adsorption onto phyllosilicates.
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Figure 8. The scanning electron microscopy (SEM) images of the Ca-rich aggregates and phases in

groundwater sample GW4.
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5. Conclusion

The Ca and Sr isotopes were analysed in the present study to understand the sources, mixing
and processes occurring in the Godavari estuary system. The primary objective was to trace
various sources of Sr and Ca and estimate mixing using the 8Sr/%Sr ratio and to employ
5*/40Ca to understand various processes that can impact Ca cycling in estuary and groundwater.
During the dry season, both 8Sr/®Sr and §*/“°Ca exhibit signatures of non-conservative
mixing along the salinity gradient of the Godavari estuary. For the 87Sr/%Sr ratio, we assign
the deviation from simple river water-sea water mixing to input from adjacent groundwater,
which exhibits a homogenous 8'Sr/8°Sr ratio of 0.71187 with Sr concentration ranging from 1
to 22 uM. The fractional contribution of water masses was estimated using the Bayesian mixing
model and groundwater contribution decreases along the estuarine transect, ranging from 75%
at the upstream river water to 6% at the salinity of 30. The higher proportion of groundwater
discharge in the upper estuary, with a Ca concentration of ~1300 uM and a lighter §*44°Ca
value of 1%, can explain the shift towards lighter 5*/“°Ca from the conservation mixing line
between river water and seawater. Conversely, downstream locations exhibit an excess §*/“°Ca
compared to the mixing line, indicative of calcium carbonates precipitation . We hypothesize
that the precipitation of calcium carbonate is driven by diatom activity, where photosynthesis
can provide a microenvironment favouring precipitation. Extracellular polymeric substances
(EPS) can also act as a nucleation site for precipitation. The hypothesis is strengthened by the
linear correlation observed between diatom marker pigment (fucoxanthin), chlorophyll and
5%0Si.

During the wet season, the entire estuary is dominated by fresh river water flow due to the
opening of the dam upstream. The radiogenic &Sr/®Sr signatures in the estuary indicate that
the water influx is dominated by the Godavari river and tributaries draining the peninsular
gneiss complex and khondalites, in the middle and lower reaches of Godavari. The more
radiogenic signature in estuary water compared to groundwater indicates minor groundwater
contribution to estuary during monsoon. Using a simple isotopic mass balance, we estimated
that the carbonates contribute to almost 75% of the Sr fraction in the river water during
monsoon, a proportion similar to other major rivers. The §*44°Ca signatures in the estuary
during the wet season is lower than the Godavari river water endmember during the dry season
with a higher Ca/Sr ratio, consistent with a higher contribution from carbonate weathering

during monsoon.
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Unlike estuary, groundwater samples exhibit no seasonal variability in terms of §**4°Ca and
87Sr/®Sr ratios and large spatial variability in terms of §*/4°Ca. The Sr/%Sr ratio in
groundwater varies between 0.710 and 0.712, except one outlier, exhibiting a radiogenic value
of 0.715 during the wet season. We assign the radiogenic values in the isolated piezometer to
the local recharge of canal water sourced from the dam, used for irrigation extensively in the
plains. The variability of almost 3%, in 5*/*°Ca values of groundwater is primarily controlled
by the precipitation of calcium carbonate phases in the aquifer, with a minor impact of plant
uptake and adsorption onto clays.
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Abstract

The stable silicon isotope ratio (5%°Si) and Ge/Si ratio of over 80 groundwater samples were
measured along the Indian coast during the dry period, spanning a wide range of climates (semi-
arid to tropical wet) and aquifer lithologies (granite, basalt, laterite and alluvium). Coastal
groundwater exhibits an average 6%°Si of 0.85+1.1%0 and Ge/Si ratio of 1.3+1.0 umol/mol,
indicating significant spatial variability. We observed no relationship with regional rainfall or
lithology. The &%°Si generally followed a mix between Rayleigh and steady-state behaviour
with a fractionation factor between -0.5 and -2%., predominantly controlled by the formation
of secondary clay minerals in the soil and saprolite. The exceptionally high §°Si, greater than
2%o in groundwaters was indicative of unidirectional kinetic uptake, typically following a
Rayleigh system, which could have resulted from irrigation return flows incorporating
signatures of plant uptake through multiple cycles of pumping and recharge. The groundwaters
also exhibited 5°°Si lighter than the upper continental crust (UCC) composition, indicative of
the dissolution of secondary lighter Si sources such as clay minerals. The §%°Si signatures of
groundwaters were significantly lighter than the monsoonal rivers in India (1.47+0.7%o, N=16).
The lower §%°Si compared to the surface waters and a steady state behaviour suggests a dynamic
equilibrium between Si supply and formation of secondary phases, aided by the long residence
time of water aquifer systems. The fresh submarine groundwater discharge (SGD) along the
Indian coast was estimated to be 2.9 GmolSi/yr, which is <1% of the riverine Si flux to the
North Indian ocean. The fresh SGD Si flux along the Indian coast accounts for 0.4% of the
global fresh groundwater Si flux to the ocean. The isotopic effect of Si flux to the Indian coast
is less than 0.05%. and imparts no effect on the Si isotope budget to the North Indian ocean.
Extrapolated Ge flux through fresh SGD to the global ocean can be significant in oceanic Ge

cycling and can contribute up to 5 to 10% of the riverine Ge input to the ocean.

Keywords: SGD, groundwater Si flux, Ge/Si ratio, riverine Si flux, land-to-ocean continuum
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1. Introduction

Silicon (Si) is the second most abundant element in the Earth’s crust and continental silicate
weathering is a key process controlling the long-term carbon sequestration, hence regulating
climate over geological time scales (Berner et al., 1983, Wollast and Mackenzie, 1989). The Si
cycle begins as weathering solubilizes Si from the primary minerals, following which a fraction
of the solubilized Si is incorporated into secondary phases and the rest is mobilized as dissolved
silicon (DSi). The dissolved silicon can further undergo biotic uptake, by vascular plants from
soil water and siliceous organisms in lakes and rivers. Both the abiotic and biotic processes of
Si uptake are associated with significant isotopic fractionations, favouring preferential
incorporation of light isotope 2Si into the solid phase, making the residual solution heavier in
530Si (Opfergelt and Delmelle, 2012, Frings et al., 2016). Ge/Si ratio is routinely coupled with
5%0Si to distinguish between secondary clay formation where Ge is preferentially incorporated
relative to Si and plant uptake, which discriminates against Ge (Mortlock and Froelich, 1987,
Kurtz et al., 2002, Derry et al., 2005, Blecker et al., 2007, Delvigne et al., 2009). The biogenic
silica (BSi) formed by plants can further undergo recycling through litterfall, which also adds
a human dimension to Si cycling through landscape cultivation and Si export along with food
crops (Struyf et al., 2010, Carey and Fulweiler, 2012). Finally, the Si supplied to the ocean is
a key nutrient for photosynthetic marine diatoms, which are responsible for almost 20% and
40% of the global primary and marine productivity, respectively (Field et al., 1998; Tréguer et
al. 2018). Total submarine groundwater discharge (SGD) is considered to be the second largest
source of DSi supply to the ocean after rivers, but its global Si flux bears considerable
uncertainty (4 to 25% of total Si flux to ocean, Tréguer et al., 2021). Groundwater forms an
intermediate system between soil and river water but dwarfs all other hydrological systems in
terms of the total volume of freshwater storage (Gleeson et al., 2015). Silicon entering
groundwater inherits the signature from surface and subsurface processes which can further
undergo weathering and transformation in aquifers before discharging into rivers and/or oceans
(Worthington et al., 2016). Groundwater thus forms a complex system spanning 3*°Sipsi range
from -1.5 to +2.6%o, incorporating signatures from incongruent weathering of primary silicate
minerals in one end to dissolution of primary and/or secondary sources such as feldspars, clays
and silcretes on the other (Georg et al., 2009a, Georg et al., 2009b, Opfergelt et al., 2011,
Strandmann et al., 2014, Martin et al., 2021, Chapter I, 11la). Despite such high variability,
complexity in controlling processes and direct impact on the riverine and oceanic elemental

and isotopic budget, groundwater Si cycling remains overlooked.
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Globally, submarine groundwater discharge (SGD) of Si to ocean, which includes both fresh
terrestrial groundwater and saline groundwaters, ranges from 0.7 to 3.8 Tmol Si/yr, i.e. 8 to
46% of the riverine flux (Cho et al., 2018, Rahman et al., 2019, Tréguer et al., 2021). Recent
estimate covering all major lithologies suggests that fresh terrestrial groundwater accounts for
only 0.7+0.1 Tmol Si/yr, deriving primarily from, extrusive igneous and complex lithologies
(Rahman et al., 2019). This contrasts with Si fluxes through groundwater discharge from the
Bengal basin that was estimated to be almost 40% of the combined Ganga-Brahmaputra Si
fluxes, and that can alter the silicon isotopic signature of the rivers up to 0.4%. (Georg et al.,
2009b). However, such high Si fluxes were an overestimate due to poor containment of the
fresh groundwater fluxes and it was recently estimated to account ~0.6% of the total coastal
groundwater discharge (Luijendijk et al., 2020). Moreover, groundwater seepage is patchy,
diffuse, temporally variable, and involves multiple coastal aquifer systems (Taniguchi et al.,
2002, Moore et al., 2010). Thus, the measurement of its magnitude and associated chemical
fluxes is a challenging enterprise and requires extensive sampling. Even though the process is
essentially ubiquitous in coastal areas, the assessment of its magnitude at any one location is
subject to enough variability that measurements should be made by a variety of techniques and
over large enough spatial and temporal scales to capture the heterogeneity (Burnett et al., 2006).
Recently, Rahman et al, (2019) gave a comprehensive global estimate of fresh and saline SGD
DSi fluxes considering variability associated with complex lithologies and the non-
conservative nature of the saline SGD end member. Previous work from the Godavari estuary
region on the East coast of India estimates that SGD accounts for almost 54 and 62% of the
total riverine dissolved inorganic carbon and alkalinity delivery to the coast, and exhibits
significant temporal variability (Rengarajan and Sarma, 2015). Additionally, the discharge of
groundwaters highly enriched in nutrients such as N and P can also lead to changes in the
structure and functioning of the coastal ecosystems, including harmful algal blooms related to
coastal eutrophication (Welti et al., 2015, Babu et al., 2021, Kumar et al., 2021). Recent
observations also indicate that groundwater interactions in subterranean mixing zones can also
lead to the release of dissolved iron and toxic metalloids such as arsenic to the Bay of Bengal
(Misra et al., 2020, 2022).

Si isotope analysis could help in quantifying Si SGD since groundwater has been reported to
generally bear lighter Si isotopic composition compared to surface waters (e.g. Georg et al.,

2009b; Sarath et al., submitted). However the number of groundwater &*°Si signatures
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published so far is relatively limited compared to surface waters and associated variability
is1.5very large (groundwater §*°Si from -2 to + 2.5 %o (n=66) vs. river data from 0 to + 4 %o
(n=557), Frings et al., 2016). Indeed, we recently reported in the Godavari estuary that
groundwater are not significantly different from surface waters during high discharge season
(Chapter Il1a). Our objective is to capture the regional heterogeneity in DSi fluxes, Ge/Si ratios
and 5%°Si composition of coastal groundwater and provide a regional estimate of fresh SGD
discharge in the Indian subcontinent. In the present work, we sampled more than 80
groundwater samples from the Indian coast during the dry season, which encompasses complex
aquifer lithologies including alluvium, laterite, basalt and banded gneiss complex (CGWB,
2012). Here we try to address a few pressing questions related to groundwater Si cycling, i)
variability in 5%°Si and Ge/Si composition of the groundwater, ii) processes that exert first-
order control over the §*°Si variability, iii) impact fresh groundwater discharge of Si and Ge in

oceanic budget.

2. Material and Methods

2.1. Lithology, climate and land use of Indian coast

The Indian subcontinent is bounded by the Arabian Sea in the west and the Bay of Bengal in
the east. Indian peninsular coastline covers almost 5400 km, encompassing nine states from
Guijarat in the west to West Bengal in the east. Coastal aquifers in India can be sedimentary as
well as weathered/fractured igneous and metamorphic (Manivannan and Elango, 2019).
Aquifer systems in the Indian subcontinent are dominated by alluvium in West Bengal and
Odisha, Cretaceous Deccan basalts in Maharashtra and some regions of Gujarat and Karnataka,
banded gneiss complex in Karnataka and Andra Pradesh, gneiss and laterite in Goa, Kerala and
Tamil Nadu (CGWB, 2012). Alluvium aquifers are dominant in India, occupying almost 29.8%
of the aquifers and primarily consist of quartz, plagioclase feldspars and clays (Shamsudduha
et al., 2008, CGWB, 2012). Deccan tholeiite basalts form low permeability hard rock aquifers
(16.15%) and the major mineral phases include olivine, plagioclase, clinopyroxenes and
orthopyroxenes (Beane et al., 1986). The gneiss complex lithology (15.09%) primarily consists
of quartz, biotite and plagioclase with the minor occurrence of amphiboles and pyroxenes
(Braun et al., 2009). Precambrian crystalline basement rocks are overlain by Tertiary sediments
and alluvium (Laluraj et al., 2005). On the Indian coast, 57% of groundwater levels are between
0 to 10 m above sea level, and only 7% of the coastal aquifers are affected by seawater

intrusion. (Manivannan and Elango, 2019). Major rivers discharging to the Indian coast include
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the Ganges, Brahmaputra, Godavari, Krishna, Mahanadi and Cauvery to the Bay of Bengal,
and Narmada to the Arabian Sea, and form alluvium deposits near the mouth. The Bay of
Bengal receives almost 1600 km?® of fresh river water influx annually while Arabian Sea
receives 300 km?3 of riverine input (Krishna et al., 2016). Rainfall in the Indian subcontinent is
dominated by the summer monsoon (75-80% of total rainfall), occurring during the months
from June to September followed by North East monsoon (11% of total rainfall) from October
to December (Lakshmi and Satyanarayana, 2020). The west coast of India constitutes the
windward side of the Western Ghats mountains and receives maximal precipitation during the
summer monsoon, while the northeast monsoon rainfall is dominating rainfall on the east coast
(Kumar et al., 1992, Rajeevan et al., 2012). Annual average rainfall on the east coast ranges
from 300 to 2500 mm and on the west coast ranges from 1000 to 3500 mm (CGWB, 2012).
More than 50% of the land area in India is under cultivation and an irrigated land area of 77
million/ha (Gopalakrishnan and Kulkarni, 2007, FAO 2015). Indian follows two main cropping
seasons: Kharif season from April to September where crops are dominated by rice, sorghum,
millet, maize, cotton, sugar cane, soybean, and groundnut and rabi from October to March
where wheat, barley, gram, linseed, rapeseed, and mustard are grown. Coastal states are known
to be major producers of rice and sugarcane with 40-80% of the agricultural land is cultivated
using groundwater irrigation (Kumar et al., 2021). The coastal groundwaters are significantly
impacted by fertilizer use in India, with high concentrations of nitrate reported in Odisha,
Andra Pradesh, Tamil Nadu, Karnataka, Goa and Gujarat (Kumar et al., 2021).

2.2. Sampling and field measurements

Groundwater samples was collected along the entire peninsular India coastline from nine states
during the dry season in April 2017. We sampled 86 groundwater from handpumps, electric
pumps and open wells <300 m away from the coast. The details of the sampling locations and
type are described in Table 1. Groundwater samples from open wells were collected using a 5
L Niskin bottles and the pumps were purged before sampling for analysis. The collected
samples were immediately filtered using 0.22 um cellulose acetate filters and stored in pre-
cleaned containers. The conductivity was measured using with a conductivity meter (HI12003,

accuracy * 1%) and pH using a glass electrode (WTW, MultiLine P4).
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Figure 1. Groundwater sampling locations along the Indian coast. Diamonds represent the region with
annual rainfall >2000 mm, circles symbol for rainfall between 1000-2000 mm/yr and the square
symbols for <1000 mm/yr. Details of the sampling are given in Table 1. The figure modified from
Manivannan and Elango, (2019).

2.3. Elemental concentration

Major cation concentrations (Na*, K*, Ca?*, Mg?") were measured using ICP-OES iCap
(Thermo Fischer Scientific) at GESE (Génie Environnemental Sols et Eaux, Sorbonne
Université, Ivry Paris). Major anion concentrations were measured with an lon Chromatograph
(Metronm COMPACT 861) in IFCWS (Indo-French Cell for Water Sciences, Indian Institute
of Science, Bengaluru, India). The accuracy of measurements was monitored using multiple
certified reference materials (AnionWS, I0ON-96.4, ION 915, SUPER-05 and BIG MOOSE

02). The average precision was monitored using standard references and was better than 10%.

2.4. Dissolved silicon and Si isotope analysis

Silicon concentration (DSi) was measured by spectrophotometer following the Grasshoff et al.
(1999) protocol. Analytical quality was assessed using certified reference material, PERADE
09 (supplied by Environment Canada, lot no:0314, with DSi = 110.0£6.8 uM), during each
measurement and mean reproducibility was 109.9+3 puM (n=25). We followed a slightly
modified two-step pre-concentration method adapted from MAGIC- MAGnhesium Co-
precipitation technique (Karl and Tien, 1992; Reynolds, 2006; Hughes et al., 2011). To an
initial volume of 10 ml of groundwater and surface water samples, we added 0.5 ml of MgCl>
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solution to match the seawater Mg concentration and were treated with 2% (v/v) of 1 M NaOH
and was shaken and kept undisturbed overnight. The brucite (Mg(OH)2) formed at high pH
scavenges Si which gets adsorbed onto precipitated brucite. The supernatant from the first step
was again subjected to second addition of 1% NaOH following, and the precipitate was
recovered by centrifugation after 1-2 hrs. Both brucite precipitates were also re-dissolved with
1M HCI and merged. The DSi concentration of the supernatant was analyzed by
spectrophotometer (Grasshoff et al., 1999) and found negligible (on average <2%), confirming
that all the Si was adsorbed onto the brucite precipitate.

Separation of Si from other cations was carried out using cation exchange resin (BioRad
DOWEX 50W-X12, 200 to 400 mesh, in H+ form) following the procedure of Georg et al.
(2006). After the purification process, an aliquot was analyzed for major elements analysis (Na,
Mg, Ca, K) by ICP-MS (Agilent 7500a) to ensure that the Si/X (Where X= Na, K, Ca or Mg)
weight ratio is always >50 to minimize the matrix effects in the plasma. A small aliquot of
purified sample was also measured for DSi concentration to check the full Si recovery (>90%)
after column. The organic matrix is removed by treatment with 50 pL of 30% H202 since it has
been shown to potentially induce a matrix bias during MC-ICP-MS analyses (Hughes et al.,
2011). Analyses performed on a series of 35 groundwater and surface water samples, shows
that the preconcentration and H>O> treatment increased the DSi/DOC ratio from 18 to 7000
times, with DSi/DOC ratio >10 in the final aliquot (Annexe 1). This indicates <0.2%o shift in
Si isotope ratio from isotopic mass bias due to DOC matrix (Hughes et al., 2011). The possible
remaining potential matrix effect resulting mainly from CI-, NO3 and SO4> was corrected by
the artificial doping of anions (Merck, Suprapur grade H2SOs4, HNO3z and HCI) in all the
samples and standards (Hughes et al., 2011). The measurements were performed on MC-ICP-
MS (Thermo Neptune+, LSCE-IPSL, Gif-sur-Yvette) in dry plasma mode with Mg doping as
described by Closset et al. (2016). Samples were injected into the plasma with an ApexQ HF
desolvating nebulization system connected with a PFA nebulizer (100 pL/min uptake rate) and
without additional gas. The §%°Si values were expressed as the permil deviation of the °Si/?Si
ratio from the quartz standard NBS28 (RM8546), expressed as

83OSisamp|e: [(308i/ZBSi)sample/(3osi/ZSSi)NBSZB'l] *1000 E(l)

Blank levels were below 1% of the main signal and were subtracted from each sample and
standard analysis. All measurements were carried out in a matrix composed of 0.5 M HNO3,
0.5 M HCI, 1 mM H2SO4 and in medium-resolution mode (m/Am > 6000) to optimize the
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separation of *°Si peak and N0 interference and were performed on the interference-free
left side of the peak (Abraham et al., 2008, Annexe 1). The §%°Si and &%Si values were
compared to the mass-dependent fractionation line and samples falling outside of its analytical
error were excluded from the final dataset. Typical analytical conditions are provided in Table
S1 of Chapter Il. Laboratory protocol has been intercalibrated for seawater as part as the
GEOTRACES intercalibration exercise generated over the entire procedure (Grasse et al.,
2017). The analytical precision and accuracy were monitored by the long-term measurements
of secondary reference material diatomite (5°°Si = 1.26%o, Reynolds et al., 2007) indicated an
average precision and a long-term analytical reproducibility on 5*°Si values of 1.19+0.18%o
(2SD, n=100, Annexe 1). Diatomite solutions processed with MAGIC give average 5%°Si
values of 1.07+0.11%o (2SD, n=12, Annexe 1) which is slightly lighter than unprocessed
diatomite, but the difference remains within our analytical reproducibility. All the samples
measured in the present study are chemically replicated at least once (average variability of
0.11+0.12%o), and 10 samples were triplicated with and average 2SD of £0.15 %o.

2.5. Germanium analysis

Ge concentrations in estuarine and groundwater samples were measured by isotope dilution
using a "*Ge spike (Neonest AB®) added to approximately 10 ml of samples before a two-step
pre-concentration procedure adapted according to the MAGIC co-precipitation technique (Karl
and Tien, 1992; Reynolds 2006). The Ge separation and purification were achieved using the
BioRad cation exchange resin DOWEX 50W-X12 (200-400 mesh). The analyses were
performed on a high-resolution inductively coupled double-focusing plasma mass spectrometer
(Element XR, Thermo Fischer Scientific®) at Geosciences Environnement Toulouse
(Toulouse, France). To improve the sensitivity of the analyses and to reduce the matrix
interferences, a CETAC Aridus Il desolvating nebulizer has been coupled to the HR-ICP-MS.
An internal standard was run for every five samples as a bracketing method to correct the mass
bias during the analysis. All procedure blanks analysed ranged between 1.5 to 43 pg (n=10;
average=17 pg) which represented 0.3% to 21% of the sample concentrations. Ge
concentrations were tested via repeated analyses of the reference material SLRS-6 (NRC

Canada) and were in accordance with published values (Yeghicheyan et al. 2019).
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3. Results

3.1. Sampling and elemental composition

Sampling details, DSi concentrations and &%°Si signatures are given in Table 1. The
conductivity of groundwater samples ranged from 92 to 8770 uS/cm, with an average of 1400
puS/cm and the average pH was 6.7+0.7. The brackish nature of groundwater can be indicative
of seawater intrusion and/or excess contribution from fertilizers. The fraction of seawater was
estimated using ClI as a conservative tracer (Appelo and Postma, 2005), and initial freshwater
was assumed to be similar to Netravathi river (Sarath et al., 2022). The fraction of seawater
ranged from 0 to 13%, with just 8 groundwaters exhibiting greater than 5% seawater
contribution. Na was the dominant cation in groundwater for most samples followed by Mg, K
and Ca. On a molar basis the concentration of anion from the groundwater decreased in the
order [CI"] > [SO4>] > [NOs] > ]F] > [PO+*] (Table 1).

3.2. Dissolved silicon (DSi) and silicon isotopes

The DSi concentration in groundwater ranged from 77 to 1350 uM, with an average of 484 uM
(Table 1, Fig. 2). The highest DSi concentrations were observed in Maharashtra, Gujarat and
alluvium aquifers in Odisha and West Bengal and the lowest in southern states of Kerala, Tamil
Nadu and Andra Pradesh. The average DSi concentrations in groundwater from the Indian
coast were in between the global coastal fresh groundwater average from extrusive igneous
(604192 uM) and complex lithologies (288+245 pM) (Rahman et al., 2019). The §°°Si values
of coastal groundwater ranged from -1.07 to 4.5%., with an average composition of
0.91+1.21%o (1SD, n=86). The highest 5°°Si was observed in intensely cultivated coastal states
of Andra Pradesh and Tamil Nadu while the lowest 53°Si was found in West Bengal and Odisha.
Such §%°Si average is at the higher end of the groundwater 5*°Si globally compiled up to now,
0.49+0.94%o (n=66), with an upper limit of 5%°Si increased to 4.5%o (Frings et al 2016 and
references therein, Ehlert et al., 2016a, Martin et al 2021). We did not find any statistically
significant variability between the groundwater collected from open wells and pumps in terms
of DSi and §°°Si. We also observed high variability within aquifer systems with comparable
lithologies for DSi and &%Si (Fig. S1). Overall, there was no statistically significant

relationship between DSi and 5%°Si.
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Table 1. The sample details and elemental concentration of coastal groundwater. The standard
deviation (1SD) for 6*°Si is represent true standard deviation of triplicates (marked *) or variability in

chemical replicates.

ID \t/;//SLI pH Cond. DSi Na K Mg Ca Cl NOz SOs 3%S;j SD Ge/Si
uS/cm mM mM mM mM mM mM mM mM %0 %0 pmol/mo
Gujarat
GJ1 Pump 7.12 1120 042 566 003 207 010 553 009 0.60 4.08 0.2* 0.36
GJ2 Pump 7.49 1360 0.47 118 004 031 005 172 036 0.46 1.09 0.1 0.21
GJ3 Pump 7.13 2110 0.74 589 005 621 012 114 020 0.98 3.99 0.0 n.a.
Gl4 Pump 7.41 2900 083 579 044 350 020 128 069 1.80 1.72 0.0 0.37
GJ5 Pump 6.86 1960 060 6.98 007 18 004 715 116 1.07 2.52 0.1 0.30
GJ6 Pump 7.23 8770 0.71 508 155 188 046 600 009 175 1.72 0.0* 1.28
GJ7 Borewell 7.10 2210 064 779 142 197 210 147 057 0.88 0.35 0.0 4.00
GJ8 Borewell  7.04 1430 029 6.02 157 087 025 504 002 051 0.88 0.1 3.45
GJ9 Pump 7.32 4750 1.09 307 3.08 352 018 329 163 231 0.62 0.2 0.31
GJ10 Pump 7.29 1040 037 483 042 080 024 260 122 041 0.50 0.2 1.36
Maharashtra
MH1 Pump 6.32 200 098 038 0.07 008 011 052 001 0.05 0.68 0.0 2.03
MH2 Pump 5.60 1457 075 026 004 058 115 031 002 971 0.18 0.0 2.16
MH3 Pump 4.87 200 057 031 002 010 016 041 004 0.03 0.63 0.2 0.99
MH4 Pump 6.22 280 041 071 009 016 063 075 020 0.26 0.52 0.1 4.10
MH5 Pump 5.96 160 069 037 000 014 022 037 000 0.04 1.00 0.1 0.76
MH6 Borewell 6.27 230 046 073 017 031 040 055 023 0.05 0.66 0.0 0.45
MH7 Pump 7.33 2270 096 211 025 176 010 176 001 1.83 0.99 0.0 0.28
MH8 Pump 7.14 1250 135 736 021 128 0.07 444 0.07 058 0.86 0.0 0.17
MH9 Borewell 6.82 410 03 069 004 08 102 039 001 0.10 1.26 0.1 0.58
MH10 Pump 6.79 560 068 105 0.00 0.77 044 089 003 0.19 1.05 0.1* 0.79
Goa
GAl Pump 6.65 460 069 081 007 075 046 1.03 005 0.11 1.10 0.0 0.55
GA2 Pump 6.66 4480 027 299 022 304 260 433 006 1.18 1.20 0.0* 0.52
GA3 Borewell 5.75 130 0.15 063 004 008 009 064 009 0.02 0.63 0.2* 0.57
GA4 Pump 5.37 150 038 065 008 013 016 0.75 0.16 0.06 1.14 0.1* 0.62
GAS5 Borewell 5.98 182 058 030 009 017 041 032 001 o0.01 0.63 0.1 n.a.
GA6 Pump 6.41 430 084 125 011 026 066 073 015 031 0.46 0.1 1.62
GA7 Borewell  6.37 1541 063 732 013 18 075 146 0.02 0.58 0.66 0.2 0.87
Karnataka
KA-1 Pump 5.05 520 077 267 032 034 022 29 143 0.04 0.27 0.1 1.25
KA-2 Pump 5.98 260 029 084 047 0214 041 059 031 0.29 1.01 0.1 0.50
KA-3 Pump 5.60 310 067 066 011 024 061 046 094 023 -022 0.0 4.06
KA-4 Pump 5.33 150 038 056 0.03 006 008 059 013 0.01 1.33 0.1 0.94
KA-5 Borewell 6.71 510 051 154 048 024 122 166 073 0.24 0.17 0.0 n.a.
KA-6 Pump 5.62 190 059 062 001 011 032 09 024 010 -0.17 0.1 1.17
KA-7 Borewell 4.79 170 084 082 0.17 0.07 009 121 014 0.03 0.76 0.2 2.08
KA-8 Pump 6.10 190 107 036 0.08 052 020 026 0.00 0.02 0.91 0.1 1.72
KA-9 Pump 5.83 99 114 038 0.05 009 012 034 0.01 0.04 1.39 0.1 0.88
KA-10 Pump 6.65 970 052 339 014 116 141 633 042 0.56 1.36 0.1 111
Kerala
KL-1 Pump 6.02 334 031 145 028 015 028 170 038 024 -001 O0.1* 1.65
KL-2 Pump 5.63 150 0.12 069 0.07 0.07 023 069 015 0.06 0.11 0.1 2.40
KL-3 Pump 5.67 478 034 210 021 054 031 228 0.02 058 1.25 0.1 0.64
KL-4 Pump 5.96 92 008 029 0.09 007 012 036 001 0.04 0.74 0.4 1.26
KL-5 Borewell  7.05 480 014 073 037 019 068 068 026 031 -0.40 0.0 2.90
KL-6 Pump 6.15 150 0.17 048 007 006 028 040 003 0.25 0.52 0.1 1.75
KL-7 Borewell 5.88 140 0.18 024 009 005 038 041 003 0.08 -0.10 0.1 3.82
KL-8 Pump 6.33 180 020 0.67 015 015 043 080 042 0.16 1.29 0.1 1.15
KL-9 Pump 6.42 260 044 091 014 018 059 0.83 010 0.29 0.38 0.2 1.09
KL-10 Pump 5.63 140 032 061 005 0.07 012 065 0.00 0.04 0.49 0.7 0.80
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ID Welltyp. pH Cond. DSi Na K Mg Ca ClI NOs SOs &%Si 1SD  Ge/Si
uS/cm mM mM mM mM mM mM mM mM %0 %0 pmol/mol

TN-1 Pump 7.16 5420 016 349 089 519 1.04 408 0.06 4.93 0.74 0.2 1.12
TN-2 Pump 6.31 280 023 079 006 040 031 1.08 024 0.16 1.32 0.1* 0.73
TN-3 Pump 6.85 2090 015 989 083 214 039 969 001 194 1.88 0.1 0.13
TN-4 Borewell 7.25 2280 0.13 148 107 174 033 141 003 1.93 1.50 0.2 0.88
TN-5 Pump 7.15 2750 0.09 108 276 250 112 117 520 2.05 1.19 0.0 0.54
TN-6 Pump 7.09 810 0.78 363 019 062 161 3.69 077 042 0.65 0.0 1.26
TN-7 Pump 7.20 1370 0.17 7.16 021 086 034 6.41 058 0.52 0.70 0.1 0.57
TN-8 Pump 7.36 5820 0.19 401 471 351 080 420 360 4.00 421 0.0* 0.08
TN-9 Borewell 7.10 1100 014 290 193 200 016 250 0.00 1.08 3.26 0.0 n.a.
TN-10 Pump 7.08 1760 020 868 080 109 158 119 263 0.88 0.94 0.0 0.40
Andra Pradesh

AP-1 Pump 7.26 983 052 284 115 075 100 2.88 0.87 0.39 0.59 0.0 2.33
AP-3 Pump 6.47 730 025 231 014 051 132 350 001 0.53 1.93 0.2 1.01
AP-4 Pump 7.02 1140 022 419 015 103 099 464 004 034 0.48 0.1 1.05
AP-5 Borewell  6.90 260 0.27 084 006 040 057 057 003 0.13 1.68 0.1 1.13
AP-6 Pump 7.33 5310 009 328 151 956 0.06 302 002 495 n.a. n.a. n.a.
AP-7 Borewell 7.79 6920 0.09 642 108 155 033 540 019 150 0.38 0.1 1.21
AP-8 Pump 7.28 6010 021 295 737 478 433 430 6.88 3.27 0.94 0.1 0.70
AP-9 Pump 7.55 2100 0.17 294 026 008 003 756 141 192 3.14 0.6 0.24
AP-10 Pump 7.07 1500 029 922 032 124 145 6.96 117 2.18 0.69 0.0 0.58
QOdisha

OD-1 Borewell 7.26 840 0.09 339 010 076 036 026 003 013 -0.15 0.1 1.02
OD-2 Borewell  7.03 570 053 166 003 087 061 074 006 006 -0.04 0.2 2.68
OD-3 Pump 7.25 1030 044 573 015 091 043 395 006 032 -1.07 0.1 3.25
OD-4 Pump 7.16 715 010 419 024 057 119 283 000 0.08 -0.55 0.1 0.82
OD-5 Pump 6.17 650 024 297 027 057 043 235 001 0.22 0.47 0.1 1.46
OD-6 Borewell 6.85 830 081 275 020 090 042 250 001 0.13 0.40 0.2 2.07
OD-7 Pump 6.29 240 052 077 014 017 044 036 006 0.04 0.12 0.0 2.31
OD-8 Pump 6.37 665 0.88 143 065 061 129 294 045 021 0.54 0.1 0.83
OoD-9 Borewell  7.07 876 125 440 004 131 040 378 0.00 1.06 0.82 0.1 0.76
OD-10 Pump 6.89 5830 1.07 204 128 7.86 050 372 256 4.96 0.72 0.3 1.19
West Bengal

WB-1 Pump 7.30 1042 051 875 015 050 017 209 012 031 -0.66 0.2 16.30
WB-2 Pump 7.31 1100 068 6.60 017 126 076 283 004 078 -051 0.1 2.36
WB-3 Pump 7.21 1250 041 594 010 085 076 3.89 002 054 -0.49 0.1 0.66
WB-4 Pump 7.03 1350 069 9.00 016 068 019 563 001 024 -0.37 0.0 1.28
WB-5 Borewell  7.49 1600 041 932 008 105 043 984 001 035 -035 0.0 1.72
WB-6 Pump 7.12 1500 043 6.26 013 163 041 757 004 048 -021 0.2 1.68
WB-7 Pump 7.03 1647 071 678 016 281 101 125 002 042 -031 0.1 2.81
WB-8 Pump 7.35 3680 033 266 120 3.09 044 202 013 399 4.48 0.0 0.18
WB-9 Pump 6.91 610 044 301 011 108 041 225 001 010 -0.84 0.0 0.31
WB-10 Borewell 7.26 923 074 436 034 204 043 293 016 1.18 1.59 0.0 0.61

3.3. Germanium concentration and Ge/Si ratio

The Ge concentration in groundwater ranged from 0.04 to 8.3 nM, with an average of 0.67 nM
(x1.04, n=81). The value is in the higher range of reported Ge concentration of groundwater,
ranging from 0.03 to 0.5 nM (Aguirre et al., 2017, Baronas et al, 2020). The Ge/Si ratio in
groundwater ranged from 0.08 to 16.3 pumol/mol, with an average of 1.46 pmol/mol. We
considered one groundwater sample from West Bengal (WB1) with an anomalously high Ge
concentration of 8.3 nM (more than 10 times the average) as an outlier and henceforth excluded
from calculations and plots. Overall, Ge/Si ratio exhibits a weak — but significant, negative

correlation with §%°Si in coastal groundwater (R? = 0.24, p value<0.001).

149



4. Discussion

The present study highlights the large variability in §%°Si composition of groundwater
compared to river water, indicating complex dynamics of Si cycling in the coastal critical zone.
The discussion section reviews several processes influencing the Si cycling in coastal
groundwater and assesses the impact of fresh submarine groundwater discharge (fSGD) on the

Indian coast.

4.1. Sources of Si in coastal groundwater

The dissolved silicon (DSi) concentration in coastal groundwater samples varied strongly with
an average of 4844304 UM and almost 5.5%. variability in §%°Si, from -1.07 to 4.5%o (Table 1,
Fig. 2). The average of coastal groundwater from the present study was 0.91+1.21%., heavier
than the global groundwater average reported at 0.49+0.94%o but highly heterogenous (Frings
et al 2016 and references therein, Ehlert et al., 2016a, Martin et al 2021). Silicon in coastal
groundwaters can originate primarily from two sources, water-rock interactions as meteoric
water percolates through unsaturated zones and seawater intrusion and circulation within the
aquifer. In the present study, only a few samples exhibit higher conductivity and CI
concentration indicative of seawater intrusion (Table 1). Thus, given the low DSi in seawater
compared to groundwater, we will mostly discuss our results on the Si dynamics of fresh
groundwater having a minor impact from seawater mixing. Additionally, neglecting minor
input from atmospheric deposition (<5 uM DSi, Riotte et al., 2014), the primary source of DSi
in groundwater is weathering of silicate minerals which can be immobilized by shallow soil
and saprolite processes before reaching the saturated zone (Georg et al., 2009a, Strandmann et
al., 2014, Chapter 11). On average, coastal groundwater exhibited a 5*°Si of 0.85+1.1%o, heavier
than the upper continental crust value (UCC) of -0.25+0.16%o (Ziegler et al., 2005, Savage et
al., 2013) and granitic gneiss value of Peninsular gneiss of -0.34+0.08%o (Riotte et al., 2018a),
indicating incongruent nature of silicate weathering. Our interpretation relies on two
underlying assumptions: i) whole rock &°°Si signature is considered as a reasonable
approximation for Si released during weathering, ii) isotopic fractionation during dissolution
is also considered transient and will be negligible as weathering progresses over time (Ziegler
et al., 2005, Geilert et al., 2014, Frings et al., 2021a). A first look at the global compilation of
the groundwater §%°Si vs. DSi shows no general pattern, and exhibited no relationship with
regional rainfall and aquifer lithology (Fig. 2, Fig. S1). Unlike river systems, which can

integrate weathering signatures from the entire basin as well as in situ processes, aquifers are
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spatially limited and reflect local weathering and biogeochemical processes. Absence of any
such global relationship is not surprising given the differences in the aquifer lithology and
diversity of processes that can fractionate Si isotopes in the system. However, three main
aspects of the §°°Si variation with DSi is of interest here, marked as A, B, and C in Fig. 2.
Domain A: §*°Si>2%o

The domain contains exclusively groundwater from alluvium aquifers with §%°Si>2%o (Fig.
S1), indicative of fast kinetic processes that can significantly fractionate Si isotopes without
re-equilibration or isotopic exchange (Zheng et al., 2019, Fernandez et al., 2019). Weathering
solubilizes Si from primary minerals and the fraction of Si transferred into the groundwater
system depends on the extent of incorporation into clay minerals, adsorption onto secondary
Fe and Al oxy-hydroxide minerals and, plant uptake (Opfergelt and Delmelle, 2012). All
mentioned processes take up lighter Si isotopes, leaving the residual groundwater/soil solution
heavier. In shallow aquifer systems with regular irrigation and contribution from agricultural
return flows, multiple cycles of return flow can enrich the §%°Si through plant uptake (Ding et
al., 2008, Jafari et al., 2019).

Domain B: high DSi and homogenous §*°Si

Groundwater samples with DSi>1000 pM were associated with limited variability in 5*°Si with
an average of 0.83£0.2%o, similar to the global groundwater average (Fig. 2). Higher DSi in
groundwater can result from various processes such as, i) high weathering rates and abundance
of highly weatherable primary minerals such as basalts (Das et al., 2005), ii) lower fraction of
Si lost from solution as a result of secondary processes, iii) dissolution of precipitated
secondary phases such as phytolith and clays and, iv) high evapotranspiration due or not to
irrigation. Interestingly, even though local lithology can be a determining factor for the DSi
behaviour in groundwater, samples in region B cover diverse lithologies such as alluvium in
Odisha (this study), banded gneiss complex in Karnataka (inland Berambadi watershed,
Chapter 1), and basaltic terrains in both Maharashtra (present study) and hot springs from
Iceland (Opfergelt et al., 2011) (Fig. 2). Moreover, if we assume that congruent weathering of
primary minerals with limited secondary precipitation results in high DSi, the §*°Si should
approach UCC values, which is not the case here. Indeed, the dissolution of secondary sources
of Si, such as phytoliths and clay minerals, can increase the DSi but at the same time lead to a
lighter §°°Si in groundwater (Georg et al., 2009a, 2009b, Fraysse et al., 2009, Dellinger et al.,
2014). Also, biogenic Si phases, such as phytoliths, are unlikely to contribute to deep
groundwaters (Farmer et al., 2005). Excessive evapotranspiration can be associated with both

arid conditions and irrigation practices, which is observed in the Berambadi watershed (Chapter
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I1). Multiple cycles of return flows related to irrigation can significantly enrich DSi in soil
solution and groundwater and promote the secondary mineral formation and preservation in
the soil and saprolite layers (Frings et al 2016, Park et al., 2018). However, why such processes
lead to homogenization in §%°Si from varying lithological and climatic conditions remains
unclear and requires further investigation. The question is also pertinent to the fact that globally
groundwater (0.77+0.9%o) and soil water (0.75%o, Sutton et al., 2018) exhibit a higher DSi and
a lower &%°Si compared to surface waters (1.28+0.68%o, Frings et al., 2016; see also Chapter
I1). One possibility is that groundwater reflects a mix between systems influenced by kinetic
unidirectional processes and a metastable equilibrium condition, where the neoformation of
new secondary phases follows isotopic re-equilibration with coevolving surrounding fluids.
The bulk isotopic signatures of the secondary phases are inherited from initial Kinetic
fractionation associated with the formation of precursor amorphous phases and are preserved
(Oelze et al., 2015, Roerdink et al., 2015, Fernandez et al., 2019). On the other hand, fluid
residence time sets the hydrological limit in river systems to attain chemical equilibrium and
determines the solute fluxes as well as the isotopic composition (Maher et al., 2011). Such
explanation remains speculative at this point without a further sampling of precipitating phases
to establish a mass balance. The ab initio calculation indicate that under isotopic equilibrium
lighter 8Si is not preferentially taken up by the precipitating phases and the fact that the
majority of clay minerals are lighter relative to bedrock suggests that true equilibrium is rarely
attained (Méheut et al., 2009, Cornelis et al., 2014, , Frings et al., 2021a). Secondary mineral
formation generally follows the transformation of Al hydroxides to high surface area
amorphous precursors through Si adsorption, and over time are converted to crystalline clays
(Oelze et al., 2014). Longer fluid residence time in aquifers provide ideal environments where
slow re-equilibration with the fluids can lead to diminishing of kinetic signatures preserved in
the amorphous precursors and secondary clays, depending on the surface area and depth of
isotopic exchange (Mabher et al., 2011, Fernandez et al., 2019). Fluid residence time imparts
significant control over the DSi fluxes and isotopic composition, resulting in lower
groundwater 5%°Si compared to surface river waters, which are dominated by kinetic isotopic
fractionation resulting from weathering and biotic uptake.

Domain C: §Si lighter than UCC

The domain C (Fig 2) is characterized by the §%°Si signatures of the groundwaters close to, or
even lower than the upper continental crust composition. These groundwater originate from
alluvial aquifers in West Bengal and Odisha, sandstone aquifers from the Navajo aquifer

system (Georg et al., 2009b) and the Great Artesian basin (Strandmann et al., 2014). Even
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though the re-equilibration and/or congruent weathering can lead to close to UCC §%Si
composition, groundwater with lighter 5*°Si (-0.83+0.36%o) can only be explained by selective
dissolution of light secondary phases in the aquifers (Georg et al 2009b, Strandmann et al
2014). Interestingly, the samples marked in region C exhibits a Ge/Si ratio ranging from 0.3 to
3.3 umol/mol, and the primary Si source was attributed to the dissolution of secondary Si
sources, such as clays (Fig. 3b). The clay dissolution should release the Ge and lighter 2Si
incorporated into clays, potentially increasing the Ge/Si ratio and decreasing the §°Si (Georg
et al., 2009b). However, we also observe lower Ge/Si, which can be due to excess contribution
from low Ge/Si sources such as quartz (dominant in the alluvial aquifers) or due to preferential
loss of re-solubilized Ge due to adsorption and coprecipitation with Fe-oxyhydroxides
(Pokrovsky et al., 2006). We can also neglect the preferential weathering of lighter primary
minerals such as biotite (-1.01+0.4%., Frings et al., 2021b) here, since the aquifer lithology is
dominated by quartz followed by feldspars and clays (Zhu et al., 2006, Georg et al., 2009a,
2009b, Strandmann et al., 2014). In summary, the groundwater Si can be sourced from both
primary and secondary phases, and subsequently undergo significant fractionation depending

on the secondary processes and dynamics of fluid-mineral interaction.
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Figure 2. 5%Si vs. DSi relationship in groundwater from the present study and also compiled from
selected previous works (Georg et al 2009a, Georg et al 2009b, Riotte et al 2018, Strandmann et al
2014, Opfergelt et al 201, Martin et al 2021, Sarath 2023 Chapter I1). Three regions are marked with
dotted boxes as A, B and C see section 4.1 for details. The groundwater samples are classified based
on regional rainfall data from IMD, 2015 (Diamonds represent the region with annual rainfall >2000
mm, circles symbol for rainfall between 1000-2000 mm/yr and the square symbols for <1000 mm/yr).
The dashed horizontal line represents upper continental crust and the red line indicates groundwater
average. The global river water 0*°Si and DSi data from Frings et al., 2016.

4.2. Evolution of 5°°Si and Ge/Si in groundwater

With exception of groundwaters marked as A, B and C in Fig. 2, the majority of the
groundwater remain unremarkable with §3°Si between UCC composition of -0.25%o and 2%o,
within a wide DSi range of 100 to 1000 pM. To understand the controls of weathering and
formation of secondary phases and/or uptake over Si isotopic composition in groundwater, we
estimated the fraction of Si remaining in the dissolved phase by normalizing it with a
conservative element in solution and bedrock as;
fsi =(DSi/Na*) groundwater/ (Si/Na)bedrock E(2)

Here we assume the stoichiometric release of Si and Na from the bedrock as a result of silicate
weathering and preferential loss of Si from solution by incorporation into secondary phases
(Georg et al 2006, Hughes et al 2013). The fsi values indicate the relative extent of
incorporation of Si into the secondary phases and also biotic uptake, with a value of 0 implying
complete removal whereas the fs; value of 1 indicates all mobilized Si remains in the solution.
The “*’ denotes the atmospheric/seawater correction to discard any contribution from
atmospheric deposits and seawater mixing. WWe must be cautious in using a single Si/Na ratio
for the parent bedrock, given the diversity of lithologies along the coast: the ratio varies from
3.73 (quartz-corrected granitic gneiss, Braun et al., 2009) to 10.6 (typical basalts, Peng et al.,
1998) depending on the sampling location. In the present study, in order to compare all over
India, we employed the granitic gneiss value which is closer to the UCC composition, with full
knowledge that fsi changes significantly in the case of basaltic regimes (almost 2-3 times lower
fsi, Wedepohl, 1995, Peng et al., 1998). Another caveat of using the ratio lies in the assumption
of conservative behaviour of Na and neglecting additional secondary sources of Si. Despite the
limitations, we can gain a broad understanding of the evolution of Si isotopes in groundwater

by looking at the relationship between fsj and 5*°Si.

According to this normalization procedure, the fraction of silicon incorporated into secondary
phases would range from 18 to >99%, indicating a significant loss of solubilized Si. Most of

the samples lie within the Rayleigh and steady-state fractionation models with fractionation
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factors (3%) varying from -0.5 to -2%. (Fig. 3a). The variability associated with the
fractionation factor reflects the different processes that can fractionate the Si isotopes in surface
and subsurface environments. The §%°Si of the remaining groundwater depends on the 3¢
associated with the processes, ranging from -0.4 to -3.3%o for secondary mineral precipitation,
+0.3 to -1.9%o for plant uptake, and -1.1 to -1.5%. for Fe-Al oxyhydroxides (Delstanche et al.,
2009, Frings et al., 2021a). Furthermore, successive dissolution/precipitation and
adsorption/desorption cycles can significantly enrich the residual solution in heavier Si
isotopes (Basile-Doelsch et al., 2005). The magnitude of fractionation factors during secondary
phase precipitation is also shown to vary depending on the fluid-mineral interaction dynamics,
where fast unidirectional kinetic fractionation can lead to enrichment in lighter Si isotopes of
solids, while the enrichment is diminished or even absent under equilibration between
precipitating solids and solution (Oelze et al., 2014, Oelze et al., 2015, Roedink et al., 2015).
To complement the §°Si we used Ge/Si ratio, which can also be controlled by both abiotic
processes such as secondary clay formation and adsorption onto Fe-oxyhydroxides, and plant
uptake from shallow soil layers and saprolite (Kurtz et al., 2002, Derry et al., 2005, Opfergelt
et al., 2010). Starting from a silicate endmember Ge/Si ratio, assumed to be 2 pmol/mol
(Lugolobi et al., 2010), groundwater samples range Ge/Si range from 0.08 to 4.1 pmol/mol,
the lower range is typical of the stream and river water while the higher end was observed in
soil porewater (Fig. 3b, Lugolobi et al., 2010, Baronas et al., 2018, 2020). To simplify the
interpretation, we can first consider the weathering controls on Ge/Si ratio and 5°°Si, where
secondary clays are usually enriched in Ge (>4 umol/mol) leaving the residual soil solution
and groundwater with low Ge/Si (<1 pumol/mol). Thus, the decreasing Ge/Si and increasing
5%0Si trend indicates weathering and formation of secondary clays and the extent of
incorporation and type of clay formed can dictate the Ge/Si ratio in groundwater (Fig. 3b,
Opfergelt et al., 2010, Frings et al., 2021b). It is interesting to note that all the heavy &%Si
signatures (> 3%o) were associated with a low fsi (<0.1) and plots in a Rayleigh model between
%0¢ of -0.5 and -2%o, indicating that Si is constantly removed from the system with little to no
backward reaction or unidirectional kinetic processes and exhibits a low Ge/Si ratio. We
propose two explanations for such behaviour:
)] groundwaters with heavy §°°Si can be indicative of plant uptake from the soil
solution and/or shallow groundwaters following a unidirectional kinetic isotopic
fractionation with 3% associated with the crop type (see also Chapter Il and Illa

where this has been suggested for some groundwaters). The fraction of Si taken up
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and initial silicon isotopic composition can be altered through successive return-
flow cycles (Riotte et al., 2018b, Frick et al., 2020, Frings et al., 2021a). A low
Ge/Si ratio, may indicate plant uptake either by discriminating against Ge and *°Si
or uptake without any discrimination against Ge from a low Ge/Si soil solution.
Plant discrimination against Ge was recently disputed given that a significant pool
of Ge can be complexed with organic matter in non-phytolith compartments,
especially roots (Delvigne et al., 2009; Kaiser et al., 2020, Frings et al., 2021b),

i) in deeper groundwaters such signatures can be indicative of an isolated aquifer
system with precipitation of amorphous silica following a with significant DSi loss
and kinetic enrichment (Oelze et al., 2014). At high fs;i values, it is difficult to
distinguish both the steady state and Rayleigh models, but as the fsi decreases, we
see two behaviours segregating with groundwater following either one depending
on the uptake process and related fractionation factor. The groundwater forms a part
of weathering zone where fluids can attain signatures from both unidirectional
kinetic fractionation and a more steady state behaviour where the loss of Si through
biotic and abiotic processes are balanced by fresh input through silicate weathering

as discussed in Chapter I1.

Even with such a broad trend between Ge/Si and §%°Si, we observed large variability, which
can be due to our assumption of a single silicate endmember composition (Fig. 3b). Ge/Si ratio
of primary minerals ranges from 0.5 umol/mol in quartz to 6.1 pumol/mol in biotite and 7
umol/mol in hornblende, while the 5*°Si of the primary mineral is also shown to vary from -
0.07%o in quartz to -1.01%o. in biotite (Kurtz et al 2002, Lugolobi et al 2010, Frings et al 2021a).
Contribution from different primary minerals to total weathering and associated inter-mineral
variability in both Ge/Si and §°°Si can be significant to spatially distinct aquifer systems.
Similar variability in Ge/Si also exists for the clay fractions precipitated in soils, reported from
close to granitic values in smectite-dominated clays to almost 6.5 umol/mol in kaolinite-
dominated clay fractions (Kurtz et al., 2002, Lugolobi et al., 2010, Opfergelt et al., 2010, Frings
et al., 2021b). Recently, using a thermodynamic modelling approach, Perez-Fodich and Derry
(2020) concluded that the Ge/Si ratios of the fluid phase are controlled by precipitation kinetics
and re-equilibration of precipitating solids. Longer residence time can favour re-equilibration,

resulting from the continuous exchange of Ge and Si between groundwater and precipitated
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secondary minerals can lead to an increase in the Ge/Si ratio of groundwater (Perez-Fodich and
Derry, 2020).
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Figure 3. a) The 6°°Si plotted against the fraction of Si remaining in the solution (fs;) for all the coastal
groundwater samples and groundwater samples from Chapter Il for Karnataka. The dotted lines and
dashed lines represent the steady state fractionation model and Rayleigh model respectively with
different fractionation factors (€), b) the plot between 5*°Si and Ge/Si ratio for coastal groundwater
samples. The black star indicates the silicate bedrock end member (Lugolobi et al 2010, Savage et al
2013). The global river average is from Baronas et al, (2018). An outlier sample with a Ge/Si ratio of
16.3 umol/mol and 5*°Si of -0.66%o (from West Bengal (WB1)) is omitted from the figure. The color
code represents mean annual rainfall for the coastal states.

We also observed a more than 10-fold increase in Ge concentration compared to average
groundwater (8.3 nM and Ge/Si ratio of 16.3) in groundwater in West Bengal (WB1), which

clearly indicates contamination of Ge in groundwater. We suspect contamination of this
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particular aquifer with coal fly ashes or coal-bearing phases which can have a Ge/Si ratio of up
to 2500 umol/mol (Froelich et al., 1985, Hu et al, 2009). Overall, the Ge/Si ratio and evolution
of &%Si in groundwater is broadly consistent with a primary weathering control, with
heterogenous lithology and surface water use. The impact of plant uptake and dissolution of
biogenic silica (BSi) are restricted to shallow aquifers where they can significantly alter 5°Si
and Ge/Si.

4.3. Fresh submarine groundwater fluxes to coastal ocean and isotope budget

Dissolved silicon (DSi) in submarine groundwater discharge (SGD) is a mixture of two
components: DSi from fresh terrestrial groundwater (fresh SGD) resulting from weathering
reactions in the aquifers, and a recycled saline groundwater (here onwards saline SGD)
originating from seawater but attaining unique signature from water-rock interaction in
subsurface region (Burnett et al., 2003, Moore et al., 2010, Rahman et al., 2019). Fresh SGD
can be considered as a source of new DSi to the coastal ocean, while saline SGD can be a
mixture of new Si source resulting from dissolution of coastal terrigenous sediments and
recycled DSi from regeneration of biogenic silica (Anschutz et al., 2009, Ehlert et al., 2016b,
Rahman et al., 2019). Overall, Tréguer et al, (2021) estimated that SGD driven Si fluxes to the
ocean ranges between 0.7 to 3.8 TmolSi/yr, 0.7 TmolSi/yr being the lower estimate based only
on fresh groundwater, while 3.8 TmolSi/yr is the upper estimate for total SGD (Cho et al.,
2018, Rahman et al., 2019). The terrestrial SGD estimates vary considerably depending on the
study region and typically contribute less than 10% of the riverine DSi flux (Rahman et al.,
2019, Luijendijk et al., 2020).

In order to calculate the Si flux from fresh SGD, we extracted the fresh SGD water fluxes
(km?/yr) from each Indian coastal state from the published global coastline by Zhou et al
(2019). The water flux for each state includes integration of multiple catchments, and for each
catchments the flux is an average of three recharge models (MOSAIC, NOAH, VIC models,
see Zhou et al. (2019) for details). The SGD water flux is converted to Si flux along the coast
using the average DSi of groundwater for each state (Table 2). Please note here that the fresh
SGD flux for each state represent the total fresh groundwater discharged to the respective coast
without considering saline/recycled SGD. The §°°Si, DSi and discharge values of the
monsoonal rivers in India from Mangalaa. (2016) and Mangalaa et al. (2017) were used to
compare surface water from peninsular rivers with the groundwater Si fluxes to the Indian coast
(Table 3).
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Table 2. The details of fresh groundwater discharge, Si and Ge flux, and Si isotopic composition for
coastal groundwaters. The fresh SGD is based on Zhou et al, (2019).

State Fresh SGD flux DSi Si flux 6%Siayg  SD Ge Ge flux

kmdfy UM Gmollyr %o %o nM kmol/yr
Gujarat 0.35 615.5 0.22 1.75 14 0.71 0.25
Maharashtra 0.76 719.9 0.55 0.78 0.3 0.46 0.35
Goa 0.07 505.7 0.03 0.73 0.4 0.17 0.01
Karnataka 0.45 678.8 0.31 0.64 0.6 0.36 0.16
Kerala 0.78 229.5 0.18 0.52 0.6 0.32 0.25
Tamil Nadu 0.19 2231 0.04 1.56 11 0.3 0.06
Andra Pradesh 0.25 233.2 0.06 1.17 0.9 0.71 0.18
Odisha 0.48 593.4 0.29 0.29 0.7 1.16 0.56
West Bengal 2.29 535 1.23 0.24 15 1.56 3.57

2.9 GmolSilyr  0.56%o 5.4 kmolGe/yr

Table 3. The details of discharge, Si flux and 6*°Si composition of monsoonal rivers in India (data from
Mangalaa, (2016), Mangalaa et al., 2017). Sampling was carried out during wet period in 2014. The
river water endmember sample is from upper estuary and consequently each DSi and 0*°Si represents

a single sample and thus no standard deviation is reported.

State River Discharge DSi Si flux &%Si
kmdfyr UM Gmollyr %o
. Narmada 45.63 176 8.03 18
Gujarat .
Tapi 14.88 178 2.65 1.8
Zuari 3.25 114 0.37 0.5
Goa
Mandovi 331 124 0.41 0.4
Kali 4.79 114 0.55 0.8
Karnataka
Netravathi 11.06 130 144 0.6
Kerala KBW 12.33 105 13 0.6
Ponnaiyar 1.6 326 0.52 2.8
Tamil Nadu Cauvery 21.35 349 7.45 2
Vellar 0.9 519 0.47 2.1
Godavari 121 250 215 0.9
Andra Pradesh
Krishna 69.79 327 22.84 1.9
Mahanadi 66.89 149 9.95 15
Odisha
Rushikulya 1.93 242 0.47 1.9
Haldia 50.46 101 5.09 1.6
West Bengal
Subernereka 12.36 202 2.49 1.7
85.5 GmolSilyr 1.65%o
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The estimated total terrestrial SGD-driven DSi flux from the Indian coastline is 2.9 GmolSi/yr,
which represents 3.4% of the total monsoonal riverine DSi flux to the Indian coast, which
reduces to <1% of the estimated Si supply by rivers to the North Indian ocean after correcting
for contribution from rivers which were not sampled (e.g. Ganges, Mangalaa et al., 2017, Table
3). The estimated fresh SGD Si flux from Indian coast is 0.4% of the global terrestrial fresh
SGD Si delivery to the ocean (Rahman et al., 2019, Luijendijk et al., 2020). However, the fresh
SGD water flux by Zhou et al, (2019) is estimated using a surface water budget approach, is
likely an overestimate given the model provides little consideration of subsurface controls on
groundwater discharge (Luijendijk et al., 2020). Thus, our estimates of the terrestrial SGD will
be on the higher end compared to the recent estimate by Luijendijik et al, (2020) considering
hydrogeological parameters on groundwater flow. Considering the total terrestrial SGD flux
by Zhou et al (2019) and Luijendijk et al (2020), and an average Ge concentration in
groundwater of 0.67 nM from the present study, we can calculate a total terrestrial SGD-driven
Ge flux of 0.15-0.3*10° mol Ge/yr, which is almost 5-10% of the total estimated riverine Ge
input (Mortlock et al., 1993; Elderfield and Schultz, 1996; King et al., 2000). Thus, the coastal
groundwater supply of Ge to the oceanic Ge budget is significant and with an average Ge/Si
ratio of 1.3 pumol/mol, distinct from Ge/Si ratio of riverine (0.7 pumol/mol) and hydrothermal
input (8-14 umol/mol) (Rouxel et al., 2017). The next step would be estimating the impact of
groundwater Si fluxes on the isotopic composition of the total Si flux to the Bay of Bengal and
Arabian Sea. The weighted &%°Si for coastal fresh groundwater discharge was 0.56%o, while
the riverine Si flux was significantly higher with a 5*°Si of 1.65%. (Table 2, 3). However, the
isotopic effect of fresh groundwater Si fluxes on the Arabian Sea and Bay of Bengal is <0.05%o
compared to riverine discharge which is within our analytical uncertainty, due to low Si
discharge through fresh SGD. Overall, the impact of terrestrial fresh groundwater discharge to

silicon isotopic composition and Si flux to the Indian coast is negligible compared to the rivers.

5. Conclusion

The analysis of groundwater from 86 sites in Indian coast demonstrate no general trend in 5*°Si
with DSi, lithology or regional rainfall, with considerable variability in §*°Si (-1.1 to 4.5) and
DSi (100-1400 puM). The average §°°Si of Indian coastal groundwater (0.85+1.1%o, 1SD, n=85)
was higher than the published groundwater 5°°Si average so far (0.49+0.9%., 1SD, n=66) and
significantly lower than the surface water from Indian monsoonal estuaries (1.47+0.7%o, N=16).

Overall, based on the §°°Si vs. DSi plot we can characterize three peculiar regions; i)
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groundwaters with §%°Si>2%. are indicative of aquifers which incorporates signatures of
unidirectional Kkinetic fractionation, possibly from plant uptake and/or amorphous Si
precipitation, ii) groundwaters from various lithology exhibiting a DSi>1000 uM and a
homogenous &%°Si close to overall groundwater average, indicating processes that can
solubilize Si without significant fractionation, iii) groundwaters with §%°Si lower than UCC
composition, which indicates dissolution of secondary Si sources (e.g. clays and silcretes). In
general, groundwaters follow a mix of steady state and Rayleigh fractionation system, with
fractionation factors between -0.5 to 2%o, within the previously published fractionation factors
for secondary mineral formation and biotic uptake. Overall, groundwater represents a highly
heterogenous reservoir of Si, incorporating signatures from various abiotic and biotic processes
that can fractionate Si, with a 5.5%. variability of 5%°Si. Our results highlight the importance of
systematic sampling of groundwaters inorder to decipher the variability associated with §°Si
of Si sources to the rivers and other fluvial systems. Additionally, we used the surface water
and groundwater DSi and §°°Si to estimate the total Si flux to Bay of Bengal and Arabian sea
through riverine input and fresh submarine groundwater discharge. Our results indicate that
fresh SGD only account for <1% of the total Si input to Arabian sea and Bay of Bengal, and
imparts no significant isotopic impact to the coastal §°°Si. However, based on the published
global fresh SGD fluxes, Ge delivery through fresh SGD can account for almost 5-10% of the
riverine supply and can be a missing source to Ge cycling in global ocean. This study offers a
large dataset for groundwater 53°Si, which displays significant spatial variability and emphasise

the importance of groundwaters as a highly heterogenous terrestrial Si reservoir.
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Figure S1. The relationship between ¢6*°Si vs. DSi for coastal groundwaters categorized based on, a)
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V. Conclusion and perspectives
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1. General conclusion

The present research was undertaken as a part of the Indo-French CEFIPRA project
NUNDERGROUND (Nutrients transfers through groundwater in India), aiming to understand
the pathways and impact of groundwater discharge into surface waters and coastal ocean.
Broadly, the thesis focusses on understanding the controls on biogeochemical cycling of Si in
groundwater, under varying spatial and temporal scales. The rationale was to first report and
explain the variability in 5%°Si we observe based on differences in land use and seasonality
compared to surface water and to apply the understanding to a coastal setting where surface
water-groundwater interactions are known to occur. Interestingly, groundwater exhibits one of
the largest variations in silicon isotopic composition on Earth, ranging from -1.5 to 4.5%. (see
Chapter II, Illa, 1V and Frings et al., 2016). Almost 5.5%. range of groundwaters is larger than
river water and seawater, but lower than plants and other sedimentary siliceous precipitates
(Frings et al., 2016, Poitrasson et al., 2017). Previous groundwater §°Si measurements ranged
from -1.5 to 2.6 %o, with an average of 0.49+£0.9%. (1SD, n=66). With addition of groundwater
samples from the thesis multiplying by more than three times the number of groundwater 5*°Si
data published so far, the average is now raised to 0.81+0.9%o (1SD, n=224) and gets closer to
the river average (1.28+0.7%o, Frings et al., 2016). We have very limited understanding on
groundwater Si cycling, and earlier works restricts the discussion to higher weathering fluxes
related to longer residence time and dissolution of secondary phases leading to a lower &%°Si
(Georg et al., 2009a, Georg et al., 2009b, Strandmann et al., 2014). Evident from the previous
groundwater compilation and the present research is the heterogeneity in groundwater 5*°Si at
small spatial scale, where we observed values ranging from -0.2 to 4%o. in the span of few
kilometre’s. A primary conclusion from the present work is that, rather than climate, lithology,
and land use, groundwater &%°Si is largely dependent on the local biotic and abiotic
fractionation within the weathering zone. We will now discuss some of the primary objectives
mentioned earlier in Chapter 1 as separate questions and provide relevant conclusion we

gathered from the current research.

Q1. What is the anthropogenic impact (land use) on groundwater 6°°Si and silicon cycle?
Soil and ecosystems act a “filter” for Si solubilized during weathering through uptake and
precipitation of biogenic silica (BSi) by plants and/or other pedogenic forms of Si. Land use

changes can significantly alter the Si cycle as the accumulated Si in agricultural crops are
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harvested and are not recycled, which can deplete the soil BSi pools and reducing the baseflow
delivery of Si (Struyf et al., 2010, Carey and Fulweiler, 2012). As discussed in Chapter I, our
first objective was to understand the impact of land-use changes in groundwater Si cycling in
watersheds with similar lithology and comparable climate. Our study was motivated by
Vandevenne et al, (2015), where the authors have observed an increase in §°°Si of signatures
in soil water samples across a temperate land use gradient, from 0.62+0.3%. in forest soil water
to 1.61+0.1%o in old croplands, that seems to be indeed transferred to surface waters up to
upper estuary (Delvaux et al., 2010). Surprisingly, our research suggests no such significant
differences in the 3°°Si of groundwater from forested Mule Hole watershed and agricultural
Berambadi watershed, despite Berambadi displaying higher DSi due to repeated cycles of
irrigation and pumping (Fig. 1).
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Figure 1. The box plot showing variability in DSi and 5*°Si between forested Mule Hole watershed and
agricultural Berambadi watershed. The “***’ denote significant difference with p-value <0.001.

However, measured soil solutions from Mule Hole and Berambadi were similar in %°Si
(1.6+0.2%o0) and significantly higher than groundwater with a lower DSi (515120 uM). This
observation poses two additional questions; i) a higher DSi and lighter 5*°Si indicates an
additional lighter source of Si to groundwater as soil water percolates through unsaturated zone,
ii) similarity in soil solutions from forested and agricultural watersheds indicates minor effect
of land use and/or Si isotopic fractionation by plants. Through a simple isotopic mass balance,
we estimated that almost 43% and 32% of the Si in Mule Hole and Berambadi groundwater is
deriving from weathering in deeper regolith layers, effectively homogenizing the §%°Si of

groundwater (Fig. 2). Silicon isotopic fractionation by plants depends on the plant species, with
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fractionation factors ranging from +0.3%. in cucumber to -1.7%o in rice (Ding et al., 2008, Sun
et al., 2016). The lack of highly fractionating crops might explain the similarity in 5*°Si of soil

solution between Mule Hole and Berambadi.
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Figure 2. The schematic showing the evolution of 5°°Si signatures from different hydrological
compartments in Mule Hole and Berambadi. The percolating meteoric water incorporates 0°°Si
signatures from shallow and deep weathering Si fluxes before reaching groundwater. The ‘#’ represent
values from Riotte et al. (2018) and ‘*’ are theoretically calculated (see Chapter 1 for details).

Q2. Does the seasonal monsoonal climatic regime in India have an impact on groundwater
0%si?

We observe no seasonal variability in groundwater 5°°Si composition, watershed scale and pair
wise for individual groundwater samples, indicating significant buffer to seasonal monsoon
precipitation (Fig. 3). Longer residence time of groundwater in unsaturated zones can lead to
extended water rock interactions, effectively equilibrating the groundwater. This can be
contrasted with significant temporal variability in 5*°Si of two major rivers from South India,
Netravathi and Kaveri (Fig. 4, Sarath et al., 2022). Seasonal changes in §%°Si of river water is
primarily driven by varying contribution from surface and subsurface water to the river basin,
which is supported by similar pattern of low §*°Si during wet season. As presented in Fig. 2,
soil water forms the heaviest §%°Si pool in Mule Hole, while the overland/surface flow is lighter

due to ASi dissolution, and groundwater is lighter resulting from deep weathering Si fluxes
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(Riotte et al 2018, Chapter I1). Additionally, Kaveri river is also influenced contribution from
agricultural return flow in downstream basin, increasing the 5%°Si (Sarath et al., 2022). We
must be cautious in assigning groundwater a single low §°°Si, since we observe significant
variability groundwater §°Si spatially. Future works on groundwater §°°Si should focus more

on understanding the spatial heterogeneity rather than temporal sampling.
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Figure 3. Box plot showing seasonal variability in 0*°Si of groundwater from three watersheds studied
in the thesis. None of the watersheds exhibit any significant variability in 5*°Si.
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Figure 4. Box plot showing seasonal variability in 6*°Si of Netravathi and Kaveri river water from
South India, published Sarath et al, (2022). The data for Ganges is during August and September and
considered as wet season (Fontorbe et al., 2013, Frings et al., 2015). The “***’ denote significant
difference in t-test with p-value <0.001.

Q3. Are groundwater ¢°°Si signatures significantly different than surface waters?

Overall, 5°°Si signatures of groundwater from present study is significantly lower than the
riverine 5°Si published so far from India (Fontorbe et al., 2013, Frings et al., 2015-Ganges,
Sarath et al., 2022-Kaveri, Netravathi; Figures 4 and 5). Previous works have attributed low
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5%°Si in groundwater resulting from dissolution of secondary clays minerals and silcretes
(Georg et al 2009a, 2009b, Strandmann et al 2014). However, dissolution of secondary
minerals only account for a small subset of samples and we show that in majority of the
groundwater, 5%°Si is driven by primary silicate weathering and secondary clay formation. The
comparatively low §%°Si of groundwater primarily results from high residence time and
extended water rock interactions, where a dynamic equilibrium is established between the Si
supply from weathering and secondary mineral formation. Recent works on laboratory
amorphous silica precipitation experiments and modelling suggests that an isotopic re-
equilibration is possible and depends on the surface area and depth into mineral surface that a
coevolving fluid can access (Fernandez et al., 2019). Groundwater systems which can re-
equilibrate with amorphous precursors of clay minerals can acquire lower %°Si signatures,

which is not the case for river water.
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Figure 5. The 0*Si variability in surface water and groundwater from Indian subcontinent (Fontorbe
et al., 2013, Frings et al., 2015, 2016, Mangalaa, 2016, Martin et al., 2021, Sarath et al., 2022).

Q4. How much is the fresh SGD driven Si and Ge flux to the Indian coast? Is there any Si
isotopic effect related to the Si flux?

Our estimation of fresh submarine groundwater derived Si flux along Indian coast suggest that
the groundwater derived Si flux accounts for only 3.2% of the riverine flux from peninsular
rivers of India (Chap. 4). Adding the Si flux from Himalaya rivers reduces the fresh SGD
contribution to <1% of total riverine Si flux to North Indian Ocean (Chap. 4 and Mangalaa et
al., 2017). Even though the groundwater exhibits a distinct 5°°Si signatures compared to rivers,
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the low Si contribution lead to minor impact on coastal Si isotope budget. However, fresh SGD
Si fluxes can be substantial and important for mountainous regions, active coastlines, tropical
islands, karstic carbonate or volcanic systems and areas with low surface runoff (Zhou et al.,
2019, Santos et al., 2021). Globally, the fresh groundwater discharge can deliver almost 0.15-
0.3*10° mol Ge/yr, which is almost 5-10% of the global riverine Ge delivery to the ocean. Our
estimate suggests that Ge delivery by SGD can be a significant input to the coastal ocean and

must be considered for future works on oceanic Ge budget.

DSi Si flux 63OSiE1Vg Ge Ge flux
UM Gmol/yr %0 nM kmol/yr
Bay of Bengal River 264 70.7 1.69 - -
Groundwater 400 1.6 0.31 0.93 4.37
Arabian sea River 135 14.7 1.47 - -
Groundwater 550 1.3 0.83 0.41 1.03
Indian ocean Total - 88.3 1.61 - 5.4

Table 1. The riverine and groundwater derived Si and Ge flux, and weighted 6*°Si composition to Bay
of Bengal and Arabian sea. The river water data from Mangalaa (2016) and the fresh SGD flux from
Zhou et al (2019) and Luijendijk et al., 2020.

The overall results of the present research hold important implications for continental Si
cycling and Si delivery to coastal ocean:

1. The &%Si of groundwater is highly variable, and assigning groundwater contribution to
observed riverine or estuarine §%°Si composition requires extensive sampling of the
watershed in question. Groundwater can acquire signatures of surface and subsurface
processes depending on the depth to water table and soil water flow paths.

2. Estuaries are highly dynamic systems where river water signatures can be significantly
modulated depending on the extend of mixing and biotic as well as abiotic processes.
In case of Si, estuaries can act as a filter for DSi supply to ocean, where almost 15% of
the riverine Si is converted to biogenic silica (BSi) by diatoms.

3. Fresh groundwater discharge only accounts minor Si fluxes into coastal ocean and have

negligible impact on coastal ocean 5*°Si signature.

All of these aspects should be taken into consideration for future works on continental and

oceanic biogeochemical cycles.
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2. Perspectives

The main findings form the thesis also raise several questions inviting follow up research,

which includes:

A major drawback of the Chapter 1l was the low impact of above ground crops on the
5%Si of soil solution in Berambadi. We observe similar 5*°Si between soil solution from
Berambadi and Mule Hole, which can arise from low fractionation factor of the
deciduous trees in Mule Hole and crops like turmeric, tomato and cabbage in
Berambadi. A future work could focus exclusively on paddy fields or banana fields,
where extensive groundwaters and soil solutions sampling for §°Si can verify the
impact of land use alterations on groundwater Si cycling.

The volume of fresh SGD only represents <1% of the total SGD water fluxes (Kwon et
al., 2014), and estimate provided in the present work only represent a small portion of
total SGD Si flux to Indian coast. Further sampling of saline groundwater is required to
understand the impact of SGD fluxes in coastal oceans. We suggest strategic sampling
and 5°°Si analysis of fresh and saline groundwater from coastal areas known to be SGD
hotspots based on proxies such as radium isotopes.

In India, most of the discharge is largely dominated by monsoon that prevent diatoms
growth, estuaries can be a major sink for biogenic silica (BSi) through diatom
productivity and very little is known about the estuarine filter capacity of other large
rivers. The available data is consistent with at Si filter capacity of 15% we observe in
Godavari (Chapter Illa, Frings et al., 2016). Further evaluation of estuarine systems to
understand BSi burial, preservation and redissolution is essential to constrain DSi
fluxes to global ocean and oceanic Si cycle.

The fractionation factors for clays are highly variable, and literature value range from
-0.1 to -0.7%o for smectites (A3Siciay-parent silicate material Values from Georg et al., 2009a,
Opfergelt et al., 2012, and Frings et al., 2021a) and kaolinite type clays which are more
fractionated with A**Siciay-parent silicate material Values from -1%o to -2%o (Riotte et al., 2018a
and Frings et al., 2021a). It remains unclear what drives such variability within the clay
types and we must cautious for weathering reactions where solid transformation of
parent mineral to clays can occur (e.g. biotite to smectite, Frings et al., 2021a).
Additionally when the weathering reaction and clay neoformation occurs through
dissolution-reprecipitation pathway, it remains to be seen if fractionation factor should

be considered as a difference in isotopic composition of clay and parent bedrock or
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fluids from which clays precipitates (such as soil solutions, groundwater). Further
investigations is necessary to explain exact pathways and fractionation mechanism for
precipitation of clay types.

= Germanium is routinely coupled with §%Si to trace Si cycling, especially in terrestrial
environments. Our preliminary analysis suggests that Ge/Si and §%°Si are decoupled
during plant uptake, with groundwaters influenced by plant uptake showing low Ge/Si
ratio and a high &%Si (Fig. 6). This observation can result from no discrimination or
preferential uptake of Ge relative to Si during plant uptake, which can support the
existence of a significant Ge pool complexed with organic matter in the roots of plants
(Frings et al., 2021). We also observe a decrease in Ge concentration along the estuarine
transect in Godavari during both dry and wet season, indicating a significant sink for
Ge in estuaries (Fig. 6). We hypothesize that such a behaviour can result from active
diatom uptake of Ge during dry season and scavenging of Ge by particulate organic
phases and Fe oxyhydroxides during wet season. However, the data is yet to be validate.
Future research can benefit from complementing §%°Si with Ge/Si to evaluate biotic
uptake and adsorption processes.
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Figure 6. a) 0°°Si vs. Ge/Si analyzed in groundwaters from Godavari region. The two trendlines are for
dry and wet seaosn respectively. The granitic gneiss value from Lugolobi et al, (2010) and Riotte et al,
(2018), b) The Ge concentration along the estuarine transect, which is given as distance from the most
downstream sample. Oceanic Ge concentration from Froelich et al, (1992).
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ANNEXE

Annexe 1. Analytical details of silicon isotope measurements using
MC-ICPMS

Annexe 2. Supplementary paper published on dissolved Si isotope
composition of two contrasting river basins in South India.
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Annexe 1. Analytical details for Si isotopes

81 630Si vs. 862°Si

630S;j (%o)

# Coastal groundwater

y =1.9571x + 0.0058 A Godavari
R*=0.99 @ Karnataka

1 2 3 4 5

629Si (%o)

Figure Al. The plot between 6°°Si and 6*°Si for all the samples analysed for the thesis. The three major
regions are given with a different symbol. The heavy isotopic composition for a groundwater (>6%o)
was removed from the thesis due to suspicion of precipitation post sampling. The internal error for the
analysis is within the symbol size.
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Figure A2. The variability of reference standard diatomite with time. The bulk diatomite (without
MAGIC pre-concentration and chromatographic purification) are given in green with the 2SD marked
as shaded green region, the processed diatomite average is given in blue and the certified value and
2SD in orange. The sessions are, | and Il-January 2020, 111-June 2020, 1V, V-December 2021, VI-
January 2022, VII-February 2022, VI1I-March 2022, IX- October 2022.
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Figure A3. Typical mass bias plot to check the validity of Mg external standard correction during MC-
ICPMS sessions. The Mg doping technique and external normalization is described in Cardinal et al.
(2003). The In(*Mg/**Mg) and In(**Mg/**Mg) for both samples and NBS28 bracketing standards are
given in orange and green with internal error. The In(*°Si/?Si) for NBS28 bracketing standards are
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Table Al. The details of verification for dissolved organic matter removal tests conducted on selected
groundwater and surface water samples (see Hughes et al. (2011) for details. The dissolved organic
carbon (DOC) and dissolved silicon (DSi) were analysed before and after MAGIC, chromatographic
purification and H,O, addition.

ID DSi ini. DOC ini. Si/DOC  H;O, DSi aft. DOC aft. Si/DOC
ppm ppm initial ppm ppm After MAGIC
™ 17.47 3.2 5.4 Yes 21.2 0.94 22
7A 19.11 1.2 15.9 Yes 21.2 0.02 965
2A 6.54 1.5 4.3 Yes 8.6 0.05 172
M 9.80 2.0 4.9 Yes 12.6 0.10 124
am 9.30 15 6.3 Yes 12.3 0.06 220
10M 2.32 2.8 0.8 Yes 17.2 0.92 18
16A 6.65 4.0 1.7 Yes 9.2 0.13 68
18A 6.64 2.9 2.3 Yes 9.3 0.08 122
26M 46.56 16.6 2.8 Yes 71.4 0.01 7144
29M 26.57 10.8 2.5 Yes 36.5 0.04 1014
31M 31.35 11.1 2.8 Yes 43.7 0.05 873
33M 29.34 7.7 3.8 Yes 334 0.05 619
34M 14.54 10.7 1.4 Yes 18.5 0.16 117
41M 15.37 11.1 14 Yes 18.7 0.07 274
43M 24.52 10.7 2.3 Yes 29.4 0.08 386
47M 17.46 6.5 2.7 Yes 26.0 0.04 721
35A 6.42 9.8 0.7 Yes 7.3 0.24 30
40A 30.31 1.6 19.3 Yes 37.8 0.00 -
42A 8.53 2.1 4.0 Yes 11.8 0.21 56
43A 13.86 25 5.6 Yes 17.5 0.19 93
61A 35.54 6.1 5.8 Yes 46 0.05 958
WB10 13.0 8.9 15 Yes 23.2 0.04 610
OoD1 35.0 11.3 3.1 Yes 39.0 0.02 2439
KA9 6.1 19.3 0.3 Yes 8.4 0.01 840
GJ5 14.7 26.5 0.6 Yes 16.9 0.22 75
GJ6 15.2 22.2 0.7 Yes 18.5 0.06 330
GJ8 11.7 355 0.3 Yes 14.4 0.08 190
MH1 3.7 10.7 0.4 Yes 43 0.09 46
MH2 26.4 20.0 1.3 Yes 29.5 0.20 149
MH4 3.8 26.7 0.1 Yes 5.5 0.02 236
GAl 15.8 26.3 0.6 Yes 26.1 0.11 247
GA5 3.0 19.7 0.2 Yes 4.7 0.08 61
KA5 5.2 20.6 0.3 Yes 7.5 0.03 226
KA6 4.6 20.6 0.2 Yes 7.0 0.12 57
GJ1 18.1 15.2 1.2 No 21.0 1.73 12
GJ2 24.0 19.5 1.2 No 27.6 1.52 18
GJ9 15.8 32.0 0.5 No 19.5 181 11
MH3 15.8 33.8 0.5 No 19.3 1.15 17
MH5 8.4 8.8 1.0 No 121 1.12 11
MH10 37.6 32.1 1.2 No 48.3 1.14 42
GA2 8.8 15.0 0.6 No 11.6 1.58 7
GA6 3.2 8.9 0.4 No 4.2 1.09 4
KA1 6.0 25.3 0.2 No 8.7 0.90 10
KA2 10.4 34.6 0.3 No 14.7 1.13 13
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Annexe 2. Supplementary article
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ARTICLE INFO ABSTRACT

Editor: Dr Oleg Pokrovsky We present the first study of river water silicon isotopic composition from two contrasting basins in South India,
the east flowing Kaveri river and the west flowing Netravathi river. Both rivers originate from the Western Ghats.
River water samples were collected from mainstream, tributaries and reservoirs at different locations along the
river flow during dry and wet (monsoon) seasons, with an additional post-monsoon sampling in Netravathi. High
rainfall in Netravathi basin and upper reaches of Kaveri induce intense weathering in the region, with super-
posing contribution from anthropogenic controls in downstream Kaveri. The 5%%Sipg; values range from +0.42 to
+1.65%o for Netravathi river basin and + 0.32 to +2.85%. for Kaveri river basin. Silicate weathering index (Re)
shows intense weathering associated with monosiallitization (kaolinite-gibbsite formation) in Netravathi basin
and relatively moderate weathering with bisiallitization (smectite-kaolinite formation) in Kaveri basin. The
seasonal changes in 53°SiDSi and Re in each basin shows similar patterns, with a likely higher and heavier
contribution of soil water from deeper soil profiles closer to weathering front and bedrock, associated with
significant secondary mineral formation during dry season and leaching of superficial soil profiles during the
high discharge periods of monsoon. We provide a theoretical framework to estimate relative contribution of
silicate weathering vs. anthropogenic processes on riverine 5%°Sipg;. Re is broadly correlated with 8%%Sipg; and an
isotopic mass balance involving the whole rock composition (excluding the stable quartz and sericite) shows that
the 5°°Si in river water are well explained by silicate weathering and gibbsite-kaolinite formation in the
Netravathi and upper upper reaches of Kaveri. However, silicate weathering explains only partially the heavier
5°%Sips; signatures in the middle and lower reaches of the Kaveri, and the additional enrichment of about
+1.06%o can be attributed to uptake of silicon and Si-depleted return flow through irrigated agriculture in the
basin. This study confirms the major control of pedoclimatic conditions on the §°°Si of rivers and provides for the
first time an estimation of the impact of human activities on the silicon isotopic signature of rivers.

Keywords:
Silicon isotopes
Tropical rivers
Dissolved silicon
Kaveri
Netravathi

1. Introduction

Silicon (Si) is the second most abundant element in the Earth’s crust
and is present in particulate and dissolved forms in rivers, estuaries and
oceans. Chemical weathering is the major source of Si supply to the
terrestrial and aquatic systems. During chemical weathering of primary
silicate minerals, silicon is partly released as a solute (dissolved silicon,
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E-mail address: sarath.pullyottum-kavil@locean.ipsl.fr (P.K. Sarath).

DSi hereafter), with an intermediate behaviour in between the one of
typical soluble elements with low ionic radius to charge ratio (r/z) that
form oxyanions (similar to elements such as S, P, N, C), while the other Si
fraction is immobilized into secondary clay minerals (similar to poorly
soluble element with medium r/z e.g. Al). Silicon has three stable iso-
topes, 28Si (92.2%), 2°Si (4.7%) and >°Si (3.1%) with their respective
percentage of terrestrial abundance (Poitrasson, 2017). The formation of
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secondary minerals during silicate weathering can lead to preferential
incorporation of lighter Si isotope which leads to enrichment of isoto-
pically heavy DSi with a higher 5°°Si value (up to +4.7%a) compared to
unweathered silicate rocks (—0.3%o; Savage et al., 2013, Savage et al.,
2012; Poitrasson, 2017). DSi is largely dominated by orthosilicic acid,
H4Si04 (>98% at pH <8) and serves as an important nutrient for aquatic
silicifying organisms and, terrestrial plants defense against biotic and
abiotic stress. Indeed, vegetation plays an important role in Si biogeo-
chemical cycle via precipitation of phytoliths (amorphous or biogenic
silica, BSi) that are recycled into the soil or exported to rivers through
erosion (Alexandre et al., 1997; Derry et al., 2005). In aquatic systems,
diatom uptake also alters the Si biogeochemical cycle via conversion of
DSi to biogenic silica (BSi) (Conley, 1997). Si uptake and biominerali-
zation by biological process also leads to preferential incorporation of
283 enriching the DSi pool in heavy isotopes. Consequently, these
continental processes control the Si supply to the estuaries and coastal
waters which represents 70% of external DSi supply to the ocean
(Tréguer et al., 2021). Urbanization and anthropogenic activities like
agriculture and construction of reservoirs can reduce the supply of Si to
estuarine and coastal ecosystems. Such effects are well documented in
several aquatic environments (Conley et al., 2000; Humborg et al., 2002;
Hughes et al., 2012; Meunier et al., 2015). Deforestation can enhance
the soil erosion leading to increase in DSi supply into aquatic ecosystems
(Struyf et al., 2010; Vandevenne et al., 2012; Mangalaa et al., 2017).
Increasing anthropogenic activities have drawn much attention to un-
derstand their impact on the global biogeochemical Si cycle. Tropical
rivers are known for their high DSi flux because of warm and wet cli-
matic conditions, which favour intense chemical and physical weath-
ering and runoff (Hughes et al., 2012; Diirr et al., 2011). Hence, the
understanding of the Si cycle in tropical regions is of particularly high
relevance in this context. In recent years, Si isotopes have been proved to
be a valuable tool for tracing several processes affecting the Si biogeo-
chemical cycle such as secondary mineral formation (Georg et al., 2007),
mixing of the different DSi sources (Georg et al., 2006a, 2006b), bio-
logical uptake (Ding et al., 2004; Engstrom et al., 2010), anthropogenic
effects such as damming (Hughes et al., 2012) and land use (Delvaux
et al., 2013).

Despite being the major contributor of DSi to the ocean, many
tropical rivers remain understudied. This results in large uncertainties in
estimating net DSi fluxes to the ocean (+25%, Tréguer et al., 2021). In
the present work, we study the Si cycle in two contrasting tropical rivers
of Southern India, Kaveri (also known as Cauvery) and Netravathi. Both
river headwaters originate from the Western Ghats, but the Kaveri basin
is draining eastward to the Bay of Bengal while the Netravathi flows
westward to the Arabian Sea. Because of the very humid climate along
the western coast, the Netravathi basin experiences intense weathering
and higher Si supply to the coast compared to Kaveri (Gurumurthy et al.,
2012). The upper Kaveri basin is characterized by a sharp rainfall
gradient, from 3000 mm/yr to about 500 mm/yr within a span of 100
km. Most of the Kaveri basin experiences semi-arid to sub-humid con-
ditions (Meunier et al., 2015). Such contrasting land use and climate in
these two tropical rivers make the comparison of both systems partic-
ularly interesting for understanding how Si cycle gets affected by natural
(weathering) and anthropogenic (agricultural land use) pressures.

Therefore, we aim 1) to determine the seasonal variability of silicon
isotopic signature in the Kaveri and Netravathi river basins and to
identify the factors driving the Si isotopic compositions in these two
river systems, and 2) to understand the effects of weathering, climate,
and anthropogenic activities on the Si cycle along the river course before
entering the estuaries.

2. Study area and methods
2.1. River Settings, climate and hydrology

Kaveri basin is located between 10° 07 ‘N to 13'28’ N and 75 28'E to
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79  52'E. The river runs about 765 km towards the southeast and drains
an area of 85,626 km? from the Western Ghats to the Bay of Bengal
(Fig. 1a) and drains three states of India with 41% in Karnataka (source
of Kaveri, Thala Kaveri), 55% in Tamil Nadu and the remaining 3% in
Kerala. Kaveri river basin covers a major part of the South Indian
peninsula and is constituted by three sub-basins namely upper (Western
Ghats), middle (Mysore plateau) and lower (delta) basins. The important
tributaries joining the Kaveri are Hemavathi (H), Kabini (K), Shimsha
(S) and Arkavathi (A), Bhavani (Fig. 1a). The Kaveri river basin expe-
riences tropical monsoon climate with influence of southwest (SW)
monsoon (June to September) in upper basin and northeast (NE)
monsoon in lower basin (October-November). The Western Ghats create
a rain shadow that affects the SW monsoonal winds in the East inducing
on the Deccan Plateau a sharp rainfall gradient from West (humid) to
East (semi-arid). Therefore, Kaveri basin receives maximum rainfall
during SW monsoon mainly in the upper reaches and partly in middle
reaches which are responsible for 80% of the annual water flow and
sediment load (Pattanaik et al., 2013). Hence, the spatial rainfall dis-
tribution ranges from 6000 mm/yr in the Western Ghats, to 300 mm/yr
in the eastern parts during NE monsoon (Meunier et al., 2015). The
catchments of Arkavathi and Shimsha tributaries, which receive only
700-800 mm/yr rainfall, i.e., semi-arid conditions, are exposed to
diverse urban and agriculture pollutions. The Arkavathi river especially
drains Bangalore and is considerably polluted (35 to 45% pollution
index, based on anions potentially brought by human activities (503",
NO3 and Cl7) compared to alkalinity, Pacheco and van der Weijden,
1996). Both Arkavathi and Shimsha discharges are controlled by
numerous dams, which are limiting the flow towards the Kaveri to a
mixture of domestic and industrial effluents (Lele et al., 2013), return
flow from irrigated agriculture (paddy fields) and local groundwater
contribution. The historical runoff of the Kaveri used to be 21.3 km® yr™*
i.e., 262mm/yr (Integrated Hydrological Data Book, 2012, cited by
Meunier et al., 2015) but diversion of water to meet domestic and irri-
gation demands accounts for 80% of total runoff, resulting in a low
discharge of just 4.5 km® yr™! to the sea (Meunier et al., 2015). Agri-
culture is the major land use in the Kaveri basin covering 66% of the
total area, followed by forest cover (20%, WRIS. Kaveri Basin Report:
Govt. of India, 2014).

The Netravathi basin — lies between 12°29'11"N to 13°11°11”N and
74° 49'08"E to 75°47'53"E and is surrounded by Tunga-Bhadra basin in
the North, Kaveri basin in the East and by the Arabian Sea in the West. It
originates from densely forested Western Ghats (Chikmagalore) and
runs about 147 km southwest to the Arabian Sea forming a common
estuary with Gurupur river at Mangalore (Fig. 1b). The total drainage
area of the basin is 3657 km?. The major tributaries of Netravathi basin
are Shanthimageru (Sha), Gundiya hole (Gun), Shishilahole (Shi) and
Neriya hole (Ner) (Fig. 1b). The basin is characterized by high humidity
and heavy rainfall (3600-4200 mmyr~?, data from http://www.imd.
gov.in cited by Gurumurthy et al., 2012). Similar to upper Kaveri
basin, the river flow is controlled by the SW monsoon with 94% of total
discharge occurring during June to October (Gurumurthy et al., 2012,
Gurumurthy et al., 2014). The annual discharge from the river Netra-
vathi is 12 km® yr~! (Karnataka Irrigation Department 1986 cited by
Gurumurthy et al., 2012). Upper basin situated in the western ghats is
densely forested, limiting erosion in the basin (Ganasri and Ramesh,
2016). The major contrasting features of both river basins are sum-
marised in Table 1.

2.2. Geology of Kaveri and Netravathi Basin

2.2.1. Kaveri

The upper and middle reaches of the basin are composed of a silicate
Precambrian basement comprising peninsular gneiss, charnockites and
granitic rocks associated with metasedimentary and mafic rocks (Naqvi
and Rogers, 1987; Shadakshara Swamy et al., 1995). The lower reaches
of Shimsha drain mafic granulite, foliated charnockites and granitoid

179



P.K. Sarath et al.

Elevation (masl.) Netravathi

M 2500

M 1500

1200
900
750
600

© 300

M 150

20 km

Chemical Geology 604 (2022) 120883

Fig. 1. Location maps of Kaveri/Cauvery (a) and Netravathi (b) basins showing the sampling stations (samples from dam/reservoir is indicated in green filled circles
and river water in red circles), (b) Netravathi mainstream sampling stations are indicated by the letter “N” and the numbers are the station number. Tributaries of

Netravathi basin are indicated by their first three letters (for 1

Sha = Shanthi

u, Gun = Gundyahole etc.). “Gur” represents Gurupur river, flowing

adjacent to the Netravathi basin (modified from Meunier et al., 2015 and Gurumurthy et al., 2012).

gneisses (Pattanaik et al., 2013). The lower reaches of Kaveri flow
through the Cretaceous deposits composed of conglomeratic sandstone,
limestone, shale and finally the alluvium plains (Pattanaik et al., 2007).
The 5°0Si of the gneiss bedrock from Mule Hole in Kaveri basin reported
by Riotte et al. (2018) is at —0.34 + 0.08%o. The Precambrian gneiss is a
part of TTG (Tonalite-trondhjemite-granodiorite) felsic source rocks
but it is a metasediment, which is probably why it is quite light
compared to some other Archean rocks (André et al., 2019). The
weathered layer (regolith) consists of thick laterite in the humid zone,
ferralsol/vertisol developed on saprolite in semi-arid zone of upper and
middle reaches, and alluvium in the lower reaches.

2.2.2. Netravathi

The basin primarily drains the metamorphic changeover zone of west
dharwar craton comprising trondhjemite — tonalite - granodiorite suite
(Nagvi and Rogers, 1987). Overall, the basin is composed of 83% mig-
matites and granodiorites, 6% metasediments, 5% charnockites and 2%
amphibolites (Gurumurthy et al., 2012, 2015a, 2015b) (Fig. 1b). The

regolith thickness ranges from 20 to 30 m and is primarily composed of
thick laterites (Gurumurthy et al., 2012).

2.3. Materials and methods

2.3.1. Sampling and determination of major elements concentrations

In Kaveri basin, the water samples were collected in 10 riverine and 5
dam stations during dry season (May 2007) and southwest monsoon/
wet season (July 2007). In Netravathi basin, the samples were collected
at 9 riverine stations (no reservoirs) during dry season (April 2010),
summer monsoon (July 2010) and post monsoon (December 2010).
Dissolved cations were measured by Atomic Absorption Spectroscopy at
Geosciences Environment Toulouse and DSi was determined by spectro-
photometry (Molybdate blue method) at the Indo-French Cell for Water
Sciences (IRD-IISc, Bangalore). The sample collection procedures and
details about chemical analyses (dissolved load concentration) are
described in Meunier et al. (2015) for Kaveri basin and in Gurumurthy
et al. (2012) for Netravathi basin. Typical precision for cation
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Table 1
Main characteristics of the two river basins (from Gurumurthy et al., 2012 for
Netravathi and Meunier et al., 2015 for Kaveri).

Netravathi Kaveri

River length (km) 147 765
Location of spring Western Ghats Western Ghats
Watershed area
(km?) 3657 85,626
South-west into

Flow directi
ow direction Arabian Sea

South-east into Bay of Bengal

Na annual 3 12 (94% from SW 4.5 (mainly SW monsoon and
discharge (km .
) monsoon) partially from NE monsoon)
Climate Tropical humid Tropical humid to semi-arid
Annual rainfall 6000 in the Western Ghats to 300 in
3600-4200
(mm.yr~!) the East part of Karnataka Plateau
Th ical ff
eoretical rulno 3300 260
(mm.yr %)
o .
Land use 51% agricultural land, 66% agricultural land, 20% forest
35% forest
Number of dams 9 96
Populati
opranon 397 km ? 1500 km 2
density
. Gneiss, charnockites and granitic
Gneiss, rocks + Cretaceous deposits and
Lithology metasediments, P

Quaternary alluvium in lower

charnockites
reaches

concentration were better than 10%. We analysed certified reference
material (PERADE-09, Environment Canada) for DSi measurements
along with samples which showed a reproducibility of 97.4%. Finally,
we verified before the isotopic analysis that the DSi concentration
remained stable over time by further DSi measurements at LOCEAN-
IPSL.

2.3.2. Si isotopes measurement

The Si fraction was separated from sample matrix with a 2-steps
procedure carried out by adapting the protocol MAGIC- MAGnesium
Co-precipitation technique (Karl and Tien, 1992; Reynolds et al., 2006;
Hughes et al., 2011). After adding MgCl; to the river water samples to
match the seawater Mg concentration, samples were treated with 2%
(v/v) of 1M NaOH. The brucite Mg(OH), formed at high pH scavenges Si
which gets adsorbed onto precipitated brucite. The brucite was sepa-
rated from the supernatant by centrifugation and redissolved in 1 M HCL.
The supernatant from the first step was then subjected to second addi-
tion of 1% NaOH following the same step. The second brucite precipitate
was also redissolved with 1 M HCl and merged with the previous one.
The DSi concentration of the dissolved brucite and supernatant was
analysed by spectrophotometer (Grasshoff et al., 1999). We verified that
the yield of the MAGIC precipitation was 100% by testing the absence of
DSi in the second supernatant.

Si purification was carried out using cation exchange resin (BioRad
cation exchange resin DOWEX 50 W-X12, 200 to 400 mesh, in H' form)
following the procedure of Georg et al. (2006a, 2006b). The procedure
blank values are monitored continuously and were below 1% of the
main signal, i.e. they were considered as negligible. After the purifica-
tion process, an aliquot was analysed for major elements analysis (Na,
Mg, Ca, Al) by ICP-MS (Agilent 7500a) to ensure that the Si/X cations
weight ratio is always >50 and then minimize the matrix effects in the
plasma. The potential matrix effect resulting mainly from Cl~ and SO3~
was corrected by the artificial doping of anions (Suprapur H,SO4 and
HCI) in all the samples and standards (Hughes et al., 2011). The isotopic
measurements, 60 cycles of 4 s each, were performed on MC-ICP-MS
Neptune+ (LSCE-IPSL, Gif-sur-Yvette) in dry plasma mode with Mg
doping as described by Closset et al. (2016) (Table S1 for details). During
the isotopic measurements, rinsing solution blanks were measured be-
tween each sample standard, and then subtracted. Our method has been
intercalibrated for sea water in GEOTRACES measurements (Grasse
et al., 2017). 8°°Si is expressed relative to the standard (NBS28) as;
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5751 () = ((°51/°51) e/ (71/751) g0 — 1) 1000

The analytical precision and accuracy were monitored by the long-
term measurements of secondary reference material Diatomite every
ten samples. The reproducibility of the measurements was calculated
using the standard deviation of 40 standard analyses over one-year
measurements (5°°Si = +1.28 + 0.1%o, 52°Si = +0.65 + 0.08%, 2SD).
They are well in agreement with the consensus isotopic composition of
diatomite (5°°Si = +1.26 + 0.2%o, 52°Si = +0.64 + 0.14%o, 2SD; Rey-
nolds et al., 2007). Due to insufficient volume of samples, the Si isotopic
data of the river waters could not be replicated. However, we checked
the reproducibility of Si isotopic analyses during the same period on 43
Indian estuarine water samples that have been fully replicated. The
average reproducibility on §°°Si is +0.2%0 (+2 SD).

Table 2

Si isotopes, DSi and dissolved cations (*atmospheric contribution corrected) and
R. index measured in the Kaveri River basin during dry and wet periods,
respectively. Dissolved cations and R, are from Meunier et al. (2015).

Kaveri 5°%Sipg;  Std. DSi  Na* Ca* K* Mg* R
Err.
%o M

Dry season reservoirs
Hemavathi dam 21 0.05 208 90 211 28 114 2.0
KRS dam n.m. n.m. 309 432 596 30 518 2.4
Nugu dam 2.8 0.04 231 107 234 55 147 2.1
Kabini Dam 1.9 0.05 234 76 165 26 107 1.8
Mettur dam 2.4 0.06 296 621 460 44 527 2.8

River + tributaries

Kodlipet 1.9 004 352 116 139 40 118 18
Krishnarajpet 2.2 0.05 232 109 292 33 165 2.0
Nanjangad 1.9 005 320 260 481 29 404 2.2
Bannur 2.1 004 362 360 890 43 603 2.2
Shinavas falls 18 007 393 475 600 29 557 2.4
Shimsha river/ 2.1 005 697 2266 423 79 801 3.7
Halaguru
Arkavathi river/ ) 004 602 791 839 86 689 25
Sangam
Hogenekhal falls 1.9 0.05 427 557 594 30 612 2.4
Musiri 2.4 017 397 48 416 57 481 25
Cholapuram 2.7 005 393 415 656 86 553 2.4

‘Wet season reservoirs

Hemavathi dam 1.6 0.04 159 142 149 35 81 2.6
KRS dam 1.2 0.04 160 56 185 27 92 1.9
Nugu dam 2.2 0.04 227 69 182 60 109 2.0
Kabini Dam n.m. n.m. 131 14 85 26 41 1.5
Mettur dam 1.5 0.04 198 264 353 38 280 2.5

River + tributaries

Kodlipet 03 005 145 21 55 12 34 1.1
Krishnarajpet 11 005 153 32 119 30 62 18
Nanjangad 0.8 0.04 158 21 89 25 46 1.5
Bannur 05 004 172 49 190 24 91 18
Shinavas falls 0.8 0.04 176 49 281 25 86 1.9
Shimsha river/ 26 001 540 2270 531 87 850 37
Halaguru
Arkavathi river/, o 004 191 92 244 30 128 21
Sangam
Hogenekhal falls 0.9 003 260 106 261 34 136 20
Musiri n.m. n.m. :1 352 507 52 328 2.8
Cholapuram 17 001 246 298 473 48 300 2.4

n.m.: not measured.
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3. Results
3.1. Dissolved silicon and cations

The DSi concentrations for Kaveri and Netravathi water samples are
provided in Tables 2 and 3, respectively. Though the origin of both rivers
is Western Ghats, the DSi concentrations of the Kaveri river basins was
significantly higher than Netravathi irrespective of the seasons (p =
0.002). DSi values in the Netravathi and in the upstream Kaveri with its
tributaries in the Western Ghats are similar but fluctuate with the sea-
sons. DSi concentration within main stream (Fig. 2a) samples in Kaveri
are homogenous with 365 + 63 pM and 192 + 48 pM during dry and wet
seasons respectively and exhibits significantly higher DSi during dry
season (p < 0.001). The DSi concentration of tributaries Hemavathi and
Kabini are comparable to the mainstream for both seasons. DSi of trib-
utaries Shimsha and Arkavathi are almost two times higher than the
mainstream during dry period but only Shimsha showed similar high DSi
during wet season (Fig. 2a). Kaveri reservoirs also showed significant
seasonal variation during dry and wet periods (256 + 44 and 175 + 38
UM, respectively, p = 0.01) with lower DSi concentration than the main
stream during dry period and similar concentration as mainstream
during wet period.

In Netravathi — similar to Kaveri, the DSi concentrations within main
stream (Fig. 2b) samples are homogenous with 250 + 39 pM, 169 + 22
pM and 151 + 23 pM during dry, wet, and post-monsoon periods,
respectively. The concentrations are significantly different between dry
and wet periods of the main stream (p = 0.02). The Gurupur river ex-
hibits contrasting DSi concentration compared to Netravathi during all
seasons likely because it is only draining the lowland area (Table 3,
Fig. 2b). In contrast, the other tributaries exhibit similar concentrations

Table 3
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to the mainstream during dry, wet and post monsoon seasons (230 + 46,
158 + 16 and 161 =+ 10 pM, respectively). Except for the seasonal dif-
ference, DSi appears to be relatively homogenous over the entire basin.

In order to assess the contribution of bedrock weathering to the flux
exported by the river, cations concentrations were corrected from at-
mospheric deposits. This approach assumes a negligible contribution of
KCl fertilizer and evaporite rocks to the riverine Cl as already discussed
in Gurumurthy et al. (2012) and Meunier et al. (2015). The absence of
evaporite in these river basins is attested by the pure magmatic origin of
their bedrocks. KCl is however applied as fertilizer in Indian agriculture,
like in many other countries. Enquiries of fertilizer consumption at In-
dian states level indicate that the amount of Cl annually brought by
fertilizers remains minor compared to the Cl brought by atmospheric
inputs (particularly in high rainfall areas). This broad balance in favour
of atmospheric sources at large scale does not prevent from observing
locally a significant influence of fertilizers on the composition of water,
as for example in the groundwater of Kaveri middle reaches (Buva-
neshwari et al., 2020). Locally and particularly when a stream is fed by
groundwater in an intensive agricultural area, the proportion of
anthropogenic Cl may dominate. In absence of specific geochemical
signature of anthropogenic Cl, it is not possible to quantify this excess
and correct its influence. In this case, the Cl-atmospheric correction is
overestimated but to an unknown extent. The good agreement between
Na/Cl ratio of rain and seawater has been documented in Netravathi by
Gurumurthy et al. (2012). The atmospheric corrected major cations
(indicated by *), already published by Meunier et al. (2015) for the
Kaveri, are mentioned in Table 2. Those calculated for Netravathi are
given in Table 3. The average total dissolved cation concentrations
(=C**) of the Kaveri basin are 1417 £ 876 pM and 717 + 902 pM during
dry and wet seasons respectively and for Netravathi, 299 + 58, 143 +

Si isotopes, DSi and dissolved cations (*atmospheric contribution corrected) measured in the Netravathi river basin during dry, wet and post monsoon period (Data

from Gurumurthy et al., 2012).

Netravathi 5%%Sipg; std. Err. DSi Na* Ca* K* Mg* Re
%o M

Dry season
N2 Mugeru 1.6 0.04 220 115 109 41 63 2.3
Sha Shanthimageru n.m. n.m. 240 101 98 40 89 21
Gun Gundyahole 1.7 0.04 268 115 111 43 86 21
Shi Shishilahole 0.5 0.03 163 58 55 21 33 1.9
Ner Neriyahole 1.4 0.04 250 111 78 26 61 21
N3 Dharmasthala n.m. n.m. 232 112 103 31 54 2.2
N4 Mundaje Hole 1.5 0.04 307 146 98 25 58 2.1
Gur Gurupura River n.m. n.m. 166 99 108 36 64 2.4
Wet Season-Monsoon
N1 Bantwal BC Road 0.8 0.04 169 36 48 18 31 1.3
N2 Mugeru 0.6 0.05 155 46 54 16 32 1.7
Sha Shanthimageru 0.5 0.06 141 34 48 16 35 1.5
Gun Gundyahole n.m. n.m. 147 35 46 15 34 1.4
Shi Shishilahole 0.5 0.07 170 42 52 14 36 1.4
Ner Neriyahole 0.4 0.06 173 53 49 13 34 1.5
N3 Dharmasthala 0.7 0.09 182 55 63 15 37 1.6
N4 Mundaje Hole 0.9 0.09 198 64 60 15 37 1.6
Gur Gurupura River 0.4 0.04 389 26 40 14 19 —2.2%
Post monsoon
N2 Mugeru 1.0 0.03 160 94 77 17 58 2.3
Sha Shanthimageru 1.2 0.05 176 66 65 15 64 1.8
Gun Gundyahole 1.1 0.03 159 100 73 17 71 2.3
Shi Shishilahole 1.2 0.03 153 82 68 14 74 21
Ner Neriyahole n.m. n.m. 158 74 65 14 72 2.0
N3 Dharmasthala n.m. n.m. 144 116 88 18 56 2.6
N4 Mundaje Hole 1.5 0.03 122 107 82 16 57 2.6
Gur Gurupura River 1.2 0.03 249 63 69 18 46 1.3

n.m.: not measured.

#: Please note that the Re calculation in Gurupura river during monsoon is negative due to overestimation of the atmospheric input and was removed from subsequent

figures.
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Fig. 2. Spatial and seasonal variability of dissolved Si (DSi) and silicon isotopes of DSi (63°SiD5i) in the Kaveri (2a, 2b) and Netravathi (2c, 2d) river basins during dry
(blue) and wet (orange) periods. Post-monsoon data is available also for Netravathi (green). Water flow is from left to right. The filled circles in Kaveri represent the
mainstream and tributaries, and the circle with patterns represent the dams/reservoir (Table 1 for more details). The samples along the mainstream are connected
with lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

23 pM and 239 + 28 pM during dry, wet and post monsoon seasons,
respectively. =C* * was higher in Kaveri compared to Netravathi during
both seasons, with the solutes of both basins being less concentrated
during wet period. It is also notable that the £C™ * of the mainstream
and tributaries of Kaveri basin tend to increase towards the lower rea-
ches during both seasons (more intensely during dry season) and
exceptionally very high concentrations in Shimsa for both seasons and
Arkavathi for dry season. In contrast, the SC** in Netravathi tend to be
similar in the entire basin during all seasons except Shishilahole of dry
period.

3.2. Weathering index

The proxy of silicate weathering degree based on river water
geochemistry, molar ratio Re, originally proposed by Tardy (1971) and
modified by Boeglin and Probst (1998), has been calculated by Guru-
murthy et al. (2012) for the Netravathi and by Meunier et al. (2015) for
the Kaveri. This ratio is based on the concentrations of cations and sil-
icon resulting from silicate weathering in river water.

~ (3Na® +3 K" + 1.25Mg>* + 2Ca** — DSi)
© " (0.5Na”™ +0.5K" +0.75 Mg** + Ca™")

®

The coefficients used in the above formula correspond to an average
granite containing feldspar, mica, and Mg-silicate minerals such as
amphiboles. If the Re = 0, the weathering is intense and forms gibbsite
(allitization), if Re = 2, kaolinite is essentially formed (monosiallitiza-
tion), if R. = 4, the weathering products are mainly smectites (bisialli-
tization). R, indeed reflects the molar ratio (SiO2/Al;03) of the

secondary minerals formed in the weathering profile (Tardy, 1971).

The R, calculated for Kaveri basin ranges from 1.77 to 3.73 (2.35 +
0.47) and 1.09 to 3.76 (2.10 + 0.62) during dry and wet periods,
respectively (Meunier et al., 2015). The most downstream values
measured at Kollidam, which can be considered as integrative of the
whole river basin, were 2.36 and 2.43 respectively. Shimsha showed the
relatively high R, value of 3.73 and 3.69 respectively. In Netravathi, Re
ranges from 1.9 to 2.4, 1.3 to 1.7 and 1.3 to 2.6 during dry, wet and post
monsoon respectively (Gurumurthy et al., 2012 and Table. 2). There is a
significant seasonal difference of R. between dry and wet periods with
significantly lower R, during wet period compared to dry period (p <
0.001).

3.3. Silicon isotopes

The Si isotope compositions of Kaveri and Netravathi river basins are
given in Tables 2 and 3. All the samples of Kaveri and Netravathi basins
carry a positive value of 5>°Sipg; within the range of recent global river
water compilation (Frings et al., 2016 and the references within). The
average 5°%Sips; of the river Kaveri (+1.73 = 0.71%o) is ~0.7%o heavier
than the Netravathi basin (+0.99 + 0.43%o) (Fig. 2c and d). The 63USiDsi
of the Kaveri and Netravathi basins are well comparable with large river
basins: +0.9 + 0.4%o for Congo basin (Cardinal et al., 2010; Hughes
etal., 2011); +1.0 + 0.6%o for Amazon basin (Hughes et al., 2013); +1.3
=+ 0.5%o for Yellow river (Ding et al., 2011); +1.5 + 0.5%o0 for Ganges-
Brahmaputra basin (Fontorbe et al., 2013; Frings et al., 2015); +1.6
=+ 0.4%o for Tana basin, Kenya (Hughes et al., 2012); +2.1 + 0.7%o for
Yangtze basin (Ding et al., 2004), while the world river (non-weighted)
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average has been estimated to be +1.28 + 0.7%o (Frings et al., 2016).
Kaveri basin signature is heavier than most global river basins but
similar to Ganges-Brahmaputra and Tana basins whereas Netravathi is
closer to the humid tropical basins, notably large and mostly pristine
Amazon, and Congo basins. In Kaveri basin, seasonal influence is well
evidenced between dry (base flow, +2.2 + 0.3%0) and wet (high flow,
+1.2 = 0.7%o0) seasons with a + 1%o heavier 5*°Sipg; during dry period
(Fig. 2¢). Noteworthy, there is no significant variability of silicon iso-
topes between reservoirs, tributaries, and mainstream during dry and
wet period, except Nugu dam where the heaviest isotopic composition
was measured during dry period (Table 1 and Fig. 2c). Like Kaveri basin,
Netravathi also shows a significant seasonal difference in §°°Sipg; but no
significant spatial heterogeneity within the river basin, except the light
composition of Shishilahole tributary during dry period (Table 2 and
Fig. 2d).

Discharge weighed Si isotopic composition delivered to the estuary
by both rivers are calculated using the silicon isotopic signatures and DSi
for both dry and wet seasons from the most downstream stations of
Kaveri and Netravathi. The data for sampling discharge and DSi flux
calculation of Netravathi (1.5 and 9.5 km® for dry and wet period
discharge) and Kaveri (4.3 and 17 km® for dry and wet period discharge)
was obtained from Mangalaa et al. (2017) and Meunier et al. (2015)
respectively. The weighted 5°°Si signature of DSi exported to the Kaveri
estuary is estimated at +1.98%o which is heavier than the world average
(around +0.74%o, Frings et al., 2016) while the 5°0si signature of DSi
exported to the Netravathi estuary is estimated to be +0.93%o, high-
lighting the contrasted weathering conditions and other factors pre-
vailing in the two watersheds.

4. Discussion

Riverine DSi shows enrichment in heavier isotope of Si relative to the
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mean continental crust and lies within the range of world rivers reported
so far (—0.1%o up to +3.4%o; Frings et al., 2016; Sutton et al., 2018).
Enriched §%°Sipg; signatures in river water generally result from two
main processes: silicate weathering in the regolith resulting in secondary
clay mineral formation and, biological uptake. Biological uptake can be
of plant uptake from soil porewater, diatom uptake in rivers and
streams, also human induced through irrigated agriculture (diversion of
surface or ground water, with further release of Si-depleted water by
return flow from the paddy fields) and diatom growth in dams/reser-
voirs. All processes preferentially incorporate lighter Si isotope resulting
in heavy Si isotopic composition of the residual dissolved phase. In the
next sections we discuss the respective influences of weathering in-
tensity in silicon isotopic composition of river water according to the
contrasted pedoclimatic conditions prevailing in Kaveri and Netravathi
basins and the influence of anthropogenic factors.

4.1. Weathering processes

4.1.1. Weathering regimes and seasonality of Si and cations in rivers
Silicate weathering rate (SWR) of Netravathi watershed is among the
highest reported for granitic gneiss terrain (42 tons/km?/yr, Guru-
murthy et al., 2012), while the estimated SWR in Kaveri basin is almost
4-fold lower (9.4 tons/kmz/yr at Musiri, Pattanaik et al., 2013),
reflecting the contrasting weathering regimes. The Western Ghats
receive maximum rainfall from SW monsoon, which accounts for 94% of
the flow in Netravathi and almost 80% of the total annual flow in the
upper reaches of the Kaveri River (Gurumurthy et al., 2012; Pattanaik
et al., 2013). In both Kaveri and Netravathi, we observe broad positive
and significant correlations between 5%Sipg;, DSi and ZC** concentra-
tions (Fig. 3a, b, Fig. S1) indicating that 83°SiDsi compositions are
significantly controlled by weathering intensity and clay mineral for-
mation in both river basins. However, the overall positive correlation
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Fig. 3. Evolution of the isotopic signature (630811355) in the river Kaveri and Netravathi during different seasons, with dissolved Si concentration (3a, 3b) and R.

(3¢, 3d).
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between Si isotopic signature and DSi concentration is also driven by
seasonal contrasts with higher DSi and heavier §°°Sipg; during dry sea-
son and lower DSi and lighter 5%%Sipg; during wet season (Fig. 3a and b),
while 8°°Sipg; vs. DSi concentration or vs. C** do not exhibit clear
relationship among samples collected from a single season. To look
further into weathering processes, we compared 5>°Sipg; with R, as a
proxy for silicate weathering, calculated using cation concentration
corrected for atmospheric inputs. Since lithologies of basins encompass
gneissic and schist belts in the Netravathi and peninsular gneiss, granitic
rocks along with amphibolites in Kaveri, R is a more suitable proxy to
describe weathering intensity and to compare with other tropical rivers
rather than DSi/Na* or DSi/(Na* + K*) (Tables 1 and 2, Fig. S1). Co-
efficients used in the R. (Eq. (2)) correspond to an average granitic
composition with feldspars, micas, and amphiboles, and do not take into
account spatial heterogeneities in bedrock composition within each
basin. However, it is considered that tributaries and mainstream at least
partly average this heterogeneity, which is consistent with good rela-
tionship between R and DSi/Na* ratio (Fig. S1, Tables 1 and 2).
Seasonal changes in river water geochemistry in Netravathi and
Kaveri is affected by monsoon intensity and differences in water-rock
interactions within the regolith (weathered rock also named saprolite,
and topsoil) and at the weathering front with the fresh bedrock. Given
that clay mineral form over months to millennia from metastable
amorphous phases (Thiry, 2000), the seasonal changes in the R. can be
attributed to differences in soil-water interaction depths from different
levels of the weathering profile leached, i.e., topsoil, saprolite or
weathering front (Schaller et al., 2021). The upper range of the rela-
tionship between §°°Sipg; and Re, heavy Si isotopic signature and high R,
corresponding to the dry period, shows that weathering leachates
measured in the river results from smectite formation environment
(bisiallitization). By contrast, the lower range of the relationship with
lighter Si isotopic signature and low Re, corresponding to monsoon
period, tends to release dissolved elements leached out from a weath-
ering environment where kaolinite-gibbsite formation dominates
(monosiallitization and allitization; Fig. 3b, d). However, the stability of
minerals can change seasonally depending on the chemical composition

Netravathi
Tropical humid
4030 mm
Thick mature
regolith (laterite)
Wet season

89S, = 0.6+0.16 %o

Water ‘table

Dry seasox

5%Sip; = 1.4+0.49 %o
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of the soil solution and temperature (Zabowski and Ugolini, 1992). In
our case, during dry season in both basins, the river base flow is sus-
tained by groundwater, i.e., water that interacted for a long duration
while percolating through the thick weathering profile (Mukherjee
et al., 2015) down to fresh bedrock minerals at the weathering front,
allowing efficient cation and DSi leaching. During monsoon, the rain-
water percolates predominantly in surface and subsurface depths with
only cation-depleted primary minerals (such as quartz) or secondary
minerals (such as kaolinite) in the saprolite and soil, recording a more
intense weathering signature (Fig. 3). Seasonal changes of Si isotopic
compositions and weathering intensity in these two basins could be
defined by the type and duration of water-soil-rock interactions i.e.,
contributions in various proportions of surface and subsurface flows
from different depths as schematically summarised in Fig. 4. Overall, Re
values are lower for Netravathi compared to Kaveri, in line with the
more intense weathering fluxes exported by the west flowing river and
with the thick lateritic profiles developed in Western Ghats. Intense
runoff (3300 mm/yr in Netravathi basin, Gurumurthy et al., 2012) en-
hances weathering intensity, resulting over long timescales to weath-
ering profiles dominated by kaolinite type clays and iron aluminium
oxyhydroxides mineral assemblages (Deepthy and Balakrishnan, 2005).
In contrast, Kaveri on the eastern side has shallower and immature
weathering profiles characterized by much more complex clay mineral
assemblages with both 2:1 clay such as smectites and 1:1 clay such as
kaolinites together with residual primary minerals (Deepthy and
Balakrishnan, 2005).

4.1.2. Theoretical framework to understand weathering controls of 5°°Sips;

Determining how much of the silicon isotopic signature of rivers
comes from weathering or biological processes is not trivial because in a
watershed both processes are involved to varying degrees depending on
the environment. It is often considered that plant Si removal at steady
state, has no impact on dissolved fluxes (Cornelis et al., 2011). However,
in anthropized hydrosystems, the effects of irrigated agriculture and
dams on these fluxes and their isotopic signatures remain difficult to
estimate. At the soil-plant scale the contribution of specific silicate

Irrigation
Kaveri
Tropical wet-dry
1075 mm

Agricultural
return flow (dry season)

Shallow
—immature

Wet season
630Si,; = 1.20.67 %o

Water table

Dry season
630Sipg; = 2.240.32 %o

Fresh bedrock
(biotite, feldspars,
quartz)

Fig. 4. A schematic of the results from the current study comparing the silicon cycling from two contrasting watersheds in South India. Red bars refer to the section
of weathering profile where cation bearing (Na*, K*, etc.) primary minerals are still present and are leached. Please note that the weathering profile given is just a
representative for middle/lower reaches of Kaveri, the humid high elevation profile in Western Ghats is similar to Netravathi (Deepthy and Balakrishnan, 2005;

Braun et al., 2009; Gurumurthy et al., 2012; Meunier et al., 2015).
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minerals on 5°°Sipg; can be estimated by combining chemical fluxes and
a theoretical isotopic balance, e.g., plagioclase weathering and kaolinite
formation from sodium flux and 5°°Si signatures of source rock and clays
(Riotte et al. 2018). Such isotope budgets have recently also been pro-
posed for other ubiquitous silicates (Frings et al., 2021). At the scale of a
tropical watershed, however, the intense weathering conditions and
large spatial scale allow an alternative approach to estimate 5°Sipg;
resulting from weathering of silicate rocks as a function of weathering
conditions. This approach is not based on individual minerals that would
each be transformed into different clays according to their Si, Al, and
cation content, but rather makes the more realistic assumption that all
the primary weatherable minerals are weathered and contribute to the
formation of secondary phases by releasing silicon and cations within
the weathering profile. The isotopic balance is thus carried out by
considering; (1) the bulk elemental composition of the gneiss bedrock
but removing the fraction of Si and Al in minerals resistant to weathering
(quartz, zircon, muscovite/sericite), (2) that the production of second-
ary minerals is constrained by the Al content of all the weatherable
minerals, (3) that the fraction of silicon released in solution and even-
tually to the river is a function of the type of secondary minerals formed,
i.e. of the number of Si atoms allocated in each clay mineral thereafter
referred to Riheo- This Rineo indeed corresponds to the theoretical
meaning of Re: gibbsite (0: no Si incorporated, i.e., allitization), kaolinite
(2: two Si incorporated per mole of kaolinite, i.e., monosiallitization) or
smectite (4: four Si incorporated per mole of smectite, i.e., bisiallitiza-
tion) formations (see Egs. (4) and (6) and details given in Table 4). This
conceptual model allows to compare the evolution of the theoretical
Reneo and the 5°°Sipg; deduced from the isotopic balance. We used the
equations below to calculate the fraction of silicon immobilized as clays
(fsi-clay), the fraction of silicon released as dissolved silicon (fs;.ps;) and
the resulting silicon isotopic composition of dissolved silicon (83°SiDsi).

fsi—psi + fsizclay = 1 2

30G: %830Q:
(5 Sibedrock — fsi—clay 0 Slclay)

f:S|7D5|

8% Sipg; = 3)
For Rineo between 0 and 2 secondary minerals formed in soil are only
gibbsite and kaolinite and fgibbsite + fkaolinite = 1 and;

Rineo = 2* fiaolinite @

fsi—clay = Alnormatizea *fgibbsite * (Si/ Al)g,bb,"e + Alnormaiized *Fraotinite * (S1/ AL aoinite
%)

For Ripeo between 2 and 3 secondary minerals formed in soil are only
kaolinite and smectite fgmectite + fkaolinite = 1 and;

Rineo = 2*fiaotinite + 4 Fomectite (6)

Table 4
The stoichiometric composition and 5°°Si of the bedrock and possible secondary
product compositions used to derive the theoretical relationships between
5%Sipg; and weathering intensity in the river basins (¥ Braun et al., 2009; *
Opfergelt and Delmelle, 2012; * Frings et al., 2021; ® Riotte et al., 2018a,
2018b).
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fsi-cay = Alnormatizea *fiaoinite * (S1/ Al yotinice + Alnormatizea*fomecite ¥ (S1/ Al geciice
(%]

Here fgibbsites fkaolinite and fsmectite are the proportion of gibbsite,
kaolinite and smectite formed during weathering. In Egs. (5) and (7), Al
is normalized to silicon from the chemical and mineralogical composi-
tion of the gneiss as source rock, proposed by Braun et al. (2009) for
Mule Hole (in the Western Ghats, part of the upper Kaveri basin) and Si/
Al ratio of clay types are based on stoichiometry (Table 4). §0Si
composition of the bedrock (—0.34%0) and clay fraction (—1.3%o) re-
ported in Riotte et al. (2018a, 2018b) from the Kaveri basin are used for
5°%Sipedrock and 63°Siclay (details of the bedrock composition, secondary
product and §°°Si value ranges are given in Table 4, Table 5).

Since the isotopic balance is strongly dependent on the §°°Si of the
secondary phase, in Eq. (3) we considered both the extreme values
published in the literature for 4330Sidays (—2.1%o in humid tropics of Sri
Lanka comparable to Netravathi and 5°°Si of —0.5%. for smectite type
clays which is lighter than the bedrock; Frings et al., 2021; Georg et al.,
2009), along with value measured in kaolinite dominated clay fraction
from Mule Hole soils of Kaveri basin (—1.3%o; Riotte et al., 2018a,
2018b) (Fig. 5). The evolution of 5205 as a function of Riheo is considered
robust between 0 and 2 because the conditions for intense weathering
are met (Table 5). On the other hand, Rueo beyond 2 corresponds to
progressive formation of smectite type clays with lower intensity of
weathering, which is consistent with the observation that a part of the
weatherable primary minerals is still present in weathering profiles (see
e.g., Violette et al., 2010 for Mule Hole). Therefore, the evolution of
59Si for Reneo between 2 and 3 (still dominant kaolinite formation) is
only indicative. For Rineo Of 0, the 5%0si corresponds to the signature of
the parent rock which is expected as Si is not incorporated into any
secondary mineral. 63°Sinsi then increases with Ry, as the silicon
immobilized in the clays are lighter in silicon isotopic composition.
Thus, at Rypeo of 2 (kaolinite formation) the maximum §°°Si of the solute
phase is 1.2%o. Beyond 2 the §°Si increases up to 5.7%o which could
explain in part certain high 5°°Sipg; signatures of world rivers. Current
framework also allows to check the whole rock weathering including the
stable minerals such as quartz and sericite, which shows relatively low
fractionation in 53OSiD5i with increasing Rneo. Gneiss composition cor-
rected for stable minerals such as quartz and muscovite better represents
the measured values in natural river water samples compared to whole
rock weathering scenario, indicating negligible Si leaching from the
resistant mineral phases (Fig. 5).

In the Netravathi, the spatio-temporal variations of R and 8°°Si
observed match the theoretical curve defined by the lightest 5°°Si
kaolinite formation (—2.1%o. found in humid tropics similar to Netra-
vathi climate) and few samples within 83°Siday of —1.3%o. This means
that the local or seasonal weathering conditions taking place in this river
basin are sufficient to explain the §°°Si variability in the river system. In

Table 5

Calculated values of §°°Sipg; and theoretical weathering index (Reneo) using the
equations given in the text. Two scenarios involving either weathering of gneiss
with and without quartz and sericite mineral fraction is considered for calcu-
lating the evolution of the Rtheo and 5>%Sips;.

Bedrockinitial Secondary product 53OSiday Riheo faibbsite fiaolinite fimectite fsi-clay fsipsi 5°%Sips; Riheo
Whole Gneiss" Gibbsite, AI(OH)3 _ 0 Weathering of gneiss without quartz and sericite
Si1.14Alp.27Ca0.04Mgo.06 Kaolinite, Si;Al,05(0H)4 ~1to -2 2 1 0 0 0.00 1.00 —0.34 0
Nag.14 Ko.04 %0* 0.5 0.5 0 0.23 0.77 —0.06 1
Smectite -0.2to 0 1 0 0.45 0.55 0.46 2
53051 — 0.34%®
Si = ~034% Si4010(0H);Mg0 33Al; 67Ca0.16 —1 %" 4 0 0.5 0.5 0.77 0.23 2.90 3
Gnei ithout t: d
neiss without qtéar Z an Gibbsite, AIOH); i o
sericite . .
Sio.crAly o Cag oaM: 1to-2 Weathering of whole gneiss
057 #" 1(204 goos Kaolinite, SiAL,Os(OH), %ot 2 1 0 0 0.00 1.00 ~0.34 0
dol4 Roo2 Smectite o;m 0.5 0.5 0 0.12 0.88 —0.21 1
52051 = —0.34%0" $1.01(OH )Mo wofl it et 4 0 1 0 0.24 0.76 —0.04 2
1otz 8033 1.07-30.16 0 0.5 0.5 0.40 0.60 0.30 3
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Fig. 5. The evolution of Rpe, and 5%°Sipg; as rock weathers and transforms into
secondary products plotted along with measured R, of river water samples from
Kaveri and Netravathi. Trendline for three different silicon isotopic composi-
tions for the clay is plotted for the gneiss weathering corrected for quartz and
sericite contribution (maroon, red and orange for 53°Sipmduu values of —2.1%o,
—1.3%0 and —0.5%o respectively). The scenario for whole gneiss weathering and
SBOSiPmduc[ of —1.3%o is shown in black. The grey dashed lines represent the
sensitivity depending on the deviation in the chemical composition in the intial
rock composition (Braun et al., 2009). R. calculation in Gurupura river is
negative due to overestimation of the atmospheric input is not displayed. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

contrast, only few samples from Kaveri tributaries and the mainstream
show 5°°Sipg; signatures consistent with theoretical Rieo for SSOSiclay of
—1.3%0 (which is observed in Kaveri basin by Riotte et al., 2018a,
2018b). Overall *°Sipg; of the Kaveri samples was on average + 0.67 £+
0.4%o and + 1.34 £ 0.4%c heavier during wet season and dry season
respectively than the theoretical value expected by a single control of
silicate weathering with 630Sic1ays of —1.3%o. This discrepancy shows
that the heavy 5°°Si signatures observed especially during the dry season
can partly be the result of biological and/or anthropogenic processes
(see section 4.2 for details).

4.1.3. Comparison with other tropical rivers

Overall, the seasonal variations of major elements as well as of
63°SiDSi are similar with those of the Amazon basin and tributaries
(Hughes et al., 2013) as observed in the 53°SiDSi vs. Re index comparison

Monosiallitization Bisiallitization

3.5 1 ® Kaveri
1 4 Netravathi
3.0 T’*Amazon
Congo
25 1¢ Ganges
= {¢ Tana
g\'i 2.0 4
g 159
o) <
1.0
0.5
0.0 : &L : ‘
0 1 2 4 5
Re

Fig. 6. 5%Sipg; and R, of the present study compared with the values from
other studies global river water (see text for details, Amazon from Hughes et al.
(2013); Congo from Hughes et al. (2011); Tana from Hughes et al. (2012);
Ganges from Fontorbe et al. (2013)).
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with other tropical rivers (Fig. 6). The range of weathering index in the
present study is comparable to the R, values of other worldwide rivers
(discussed in Gurumurthy et al., 2012): Ganges-Brahmaputra (2.2),
Amazon (2.1) and Congo-Zaire (2.1) are similar to Kaveri basin,
whereas, the Orinoco (1.6), Parana (1.4) and Mekong (1.7) are more
comparable to the Netravathi basin. It is also interesting to note from the
Fig. 6, that the two contrasted Indian tropical basins with many
anthropogenic pressures are behaving similarly as the tributaries and
mainstream of the Amazon basin (data from Hughes et al., 2013), Congo
river (Hughes et al., 2011), Tana river (Hughes et al., 2012) that are very
different in size and type (e.g., with much less anthropogenic impact
especially for Congo and Amazon) indicating that silicate weathering
remains a major process that controls the Si isotopic variability. Like-
wise, in Ganges combination of both above mentioned processes control
the 5°°Sipg; variability (Fontorbe et al., 2013). Compilation of the Re and
SsosiDsi from tropical rivers indicates a broad decrease of Sgosinsi with
increasing weathering intensity which is consistent with the §°°Si of
soils (Opfergelt and Delmelle, 2012).

4.2. Biotic and anthropogenic impacts

4.2.1. Water use and crops
Vegetation cover and aquatic diatoms can significantly affect Si

cycling in surface water by controlling riverine DSi load (Derry et al.,

2005; Cornelis et al., 2011). Deforestation and conversion to agricultural

field also affect Si cycling by enhancement of erosion and dissolution of
amorphous silica (ASi) that increases riverine DSi. Conversely, phyto-

liths may decrease riverine DSi due to crops harvesting and subsequent

removal from the system (Conley et al., 2008). Regarding Si isotopic

signatures, more intensive agricultural activities can lead to more

incorporation of lighter Si isotopes in the plants, leaving heavier Si
isotopic signature in the soil solution (Vandevenne et al., 2012, Riotte

etal., 2018a, 2018b) and rivers (Delvaux et al., 2013). Contrasting land
use and land cover in Kaveri and Netravathi basins can significantly
impact §%°Sipg; and river water geochemistry. Indeed, Kaveri River basin
with higher agricultural land area (almost 66%) show higher §°Sipg;
compared to the Netravathi during dry season. However, there is also an
overlapping signal from the abiotic weathering process arising from
these various lithologies, climate and anthropogenic influences in the
overall GSOSiDsi signature. The broad increase in GSOSiDSi along the Kaveri
course could indeed result from the multiple return flows from paddy
fields irrigation in command areas (almost 80% of the surface water is
deviated for irrigation; Meunier et al., 2015), or from a larger fraction of
Si incorporated in the clays of the semi-arid middle and lower reaches.
DSi removal in cultivated regions of Kaveri basin where silicon-
accumulating crops such as paddy, sugarcane and maize are grown,
will be dominated by the plant uptake upon adsorption which frac-
tionates against 30Gipsi, leading to a heavy isotopic signature in soil
solution (Riotte et al., 2018a, 2018b). The primary purpose of the dams
and reservoirs in Kaveri is to provide water through canals for irrigating
the cultures located downstream each structure (named command
areas). The water in excess returns to the main river channel as return
flow with a relatively heavier SSOSiDsi as observed in stagnant water of
paddy fields (upto +4.4%o, Riotte et al., 2018b). The contribution of SW
monsoon decreases towards lower reaches of Kaveri with Shimsha and
Arkavathi watersheds receiving only limited rainfall (Pattanaik et al.,
2013). These two tributaries are dammed and the water reaching Kaveri
is a mix of sewage, return flow from irrigated agriculture and possible
local groundwater contributions. Therefore, the exceptionally heavy
isotopic composition at Shimsha river on the lower reach in both seasons
(+2.1 and + 2.6%0) and the Arkavathi during dry season (+2.4%o) can
result from dissolved Si that has encountered several cycles of isotopic
enrichments due to plant uptake combined to evaporation that has
increased Si concentration. This is consistent with high total cations and
comparable values of major cations during dry and wet seasons of
Shimsha river. Such heavy 5°°Si corresponds to return flow from
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irrigated agriculture that leaves the residual DSi fraction of these waters,
enriched in %Si (Riotte et al., 2018b). Kaveri river water samples also
showed a broad range of Cl concentration with an average of 646 pM for
both seasons which is almost 8-fold higher than Netravathi. Such high
concentration is likely to result from the combined effect of evapo-
transpiration, irrigation, and recycling, along with additional inputs
from fertilizers such as potash (KCI), which is well documented in an
agricultural watershed in Kabini basin (Buvaneshwari et al., 2020).
During the wet period, the dilution effect is generally seen in dissolved
load concentration, but the contrasted Si isotopic composition cannot be
only explained by a dilution process. Si isotopic signature of the main-
stream is gradually getting heavier towards the lower reach, while the
tributaries and reservoirs exhibit higher variability during wet period
(Fig. 2b). Therefore, as discussed in section 4.1.2 and seen in Fig. 5
weathering predominantly controls Si isotope variations in the upper
reaches of Kaveri receiving the maximum precipitation while increased
contribution of return flow from irrigated agriculture into the main-
stream and tributaries leads to an increase in §°°Sipg; of DSi in the lower
reaches of Kaveri.

4.2.2. Amorphous silica (ASi) and dams

The relationship between amorphous silica (ASi) and SSOSiDSi in
rivers suspended matter are not straightforward, as shown by Hughes
et al. (2011) in the Congo River, because of the importance of fast di-
atoms settling in the sediment. According to the only three counting
available, the ASi fraction in Kaveri River is constituted half by phyto-
liths (mainly originating from grass and sedge species) and half by
diatom frustules (Meunier et al., 2015), except in reservoir where di-
atoms largely dominate. In the case of the Kaveri River, we did not
observe any correlation between §°°Sipg; and ASi, indicating increase in
ASi fraction, resulting from an increased diatom growth, cannot account
for the heavy silicon isotopic compostion (ASi data from Meunier et al.,
2015). To check for the role of diatoms in the river basin during dry
season, we also used the approach detailed in Hughes et al. (2011)
(Appendix A). However, the calculation suggests that the influence of
diatom uptake is unlikely to explain the variability of 5°°Sipg; in Kaveri
basin during the dry season due to the unrealistic BSi required for such
heavy 5%Sipg; and the lack of any correlation with ASi. Phytoliths are
labile Si pools with dissolution rates lower than secondary clay minerals
and can be an important contributor to riverine silicon cycling (Fraysse
et al., 2009). Previous study from Mule Hole watershed in Kabini basin
shows that 5°°Si of soil and suspended load ASi fraction dominated by
phytolith varies in a narrow range from +1.1 to +1.4%o (Riotte et al.,
2018a), which are unlikely to explain the heavy silicon isotopic
composition during dry season.

Reservoirs and dams increase the residence time of water and favour
enhanced diatom growth and accumulation in sediments which cause a
decline in DSi downstream the reservoir (Conley et al., 2000; Humborg
et al.,, 2002; Hughes et al., 2012). Meunier et al. (2015) reported a
dominance of diatoms in the ASi pool of the Nugu reservoir that may
explain decrease of DSi content. Reservoirs in the present study do not
show any significant difference in Si concentration or isotopic signature
compared to the mainstream and tributaries for both seasons except
Nugu reservoir during dry season (+2.8%o, Table 2, Fig. 2 a, c¢). Nugu
reservoir also shows higher ASi (73.8 uM) and low DSi (231 pM) and was
reported to have higher diatom abundance (94%) in the ASi fraction
relative to the other adjacent reservoirs, clearly indicating increased
diatom production leading to higher 63°SiDs,- value of the water (Fig. 2 a,
cand Meunier et al., 2015). Using this isotopic composition as the 5%°Si
and applying Egs. (a) and (b) in Appendix, gives calculated BSi of 258
uM and 693 pM for Rayleigh and steady state models, respectively. The
value obtained by the Rayleigh model is larger but comparable to the
highest value calculated in Malebo pool by Hughes et al. (2011) in which
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215 puM of DSi has been consumed and appears realistic for diatom
production within a tropical lake during summer. However, none of the
other Kaveri reservoirs showed enhanced ASi values, which indicate
negligible role of biotic uptake at the scale of the Kaveri Basin. During
the wet season, higher discharge and turbidity limit diatom growth as
clearly shown by the extreme shallowness of photic depth, 0.13 + 0.1 m,
during high discharge in Godavari estuary (Sarma et al., 2009). There
are no ASi data measured from Netravathi basin to assess the biological
uptake, but comparatively fewer dams in this basin and lighter Si iso-
topic composition than Kaveri suggest limited impact of biotic process in
Si biogeochemical cycling in Netravathi. Kaveri river and its tributaries
have been supporting irrigated agriculture in middle and lower reaches
for centuries (two millennia in the Kaveri delta) and the dams and res-
ervoirs were primarily built to retain monsoon flow and sustain agri-
culture through canal irrigation during dry season. Higher extent of
cultivation and irrigation with the help of reservoirs and dams can lead
to significant DSi removal over time and a heavier isotopic signature for
agriculture return flow. Such impacts from biotic uptake can overlap
with weathering controls of §°%Sipg; values in river water spatially and
temporally.

5. Conclusions

In this study, we report the first dataset of riverine 5°%Sipgi signatures
in the Kaveri and Netravathi River Basins, both originating from the
Western Ghats (India) but flowing east and west directions, respectively
with contrasting land use and climate. Both basins are seasonally well
marked, and the 8°°Sipg; in Kaveri river is ~1%o heavier than that of
Netravathi River. This results in a weighted 5%°Sipg; of DSi exported to
estuary more fractionated in Kaveri (+1.98%0) than in Netravathi
(40.93%0). The 53°Sipg; is mainly controlled by weathering regime and
water flow which is in turn driven by the short- and long-term hydro-
logical conditions prevailing in each catchment. The long term explains
the thickness and abundance of cation-depleted weathering profiles
while the short term seasonal scale explains the different levels of water-
rock interaction in the weathering profile. We compare 5°Sipg; signa-
tures with Re weathering index based on water cation geochemistry.
Low R in Netravathi indicates intense weathering with formation of
kaolinite-gibbsite in the river basin, while most of the Kaveri basin is
dominated by smectite-kaolinite assemblage. Both river basins display
similar §°°Sipg; seasonal pattern, with higher 5%%Sipg; and Re during dry
season resulting from soil water release close to the weathering front (i.
e., deep saprolite and bedrock) and lower 63°SiDsi and lower R during
wet season due to intense weathering. The weathering index Re calcu-
lated for both rivers is comparable to the values of other tropical rivers,
for instance the Amazon river and its tributaries. We propose a new
conceptual approach based on bedrock element geochemistry and
redistribution during weathering of Si into secondary mineral on the one
hand and released to dissolved phase on the other hand (Rineo directly
comparable to Re), to calculate expected 5%0Sipg; signatures. Comparison
between calculated and measured §°°Sipg; allows to estimate whether
river Si isotopic signatures can be fully explained only by weathering or
if other processes are involved. In Netravathi basin we show that
weathering processes are sufficient to explain the §>°Sipg; signatures and
that anthropogenic pressures have a minor contribution. But in Kaveri
we found that the §°°Sipg; are on average + 0.67 £ 0.4%o and + 1.34 +
0.4%o heavier during wet season and dry season respectively than the
expected theoretical curve. We ascribe this offset to canal irrigation
downstream major dams during dry season that leads to return flow
contribution to the river which increases §*°Sipg; in the river, leading to
overall enriched signature in river water. We also suggest that diatoms Si
uptake in the Kaveri stream is generally negligible except in the Nugu
reservoir (Kaveri tributary) in dry season. Overall, the present study
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Appendix A. Checking the role of diatoms on 53°Si composition of river water

Here, we assume that the heavier isotopic composition of Kaveri basin in dry season results from the diatom uptake and the 5°°Si is used as a proxy
to quantify the uptake mechanism. Based on our assumption, the production of BSi (biogenic silica) as the only main output of DSi for the given water,
then fg; = DSi/(DSi + BSi), and one can rewrite the Rayleigh and Steady state equations as:

Rayleigh : BSi = DSi x [exp ((8*Sio —87Si) /€)-1] (@
Steady state : BSi = DSi x [(£/8Si — 8°Siy + €)-1] )

5°0si, is considered as 1.81%q, which is the lightest in the river stream during dry period. The fractionation factor (€) is —1.2%o (Fripiat et al., 2011;
Alleman et al., 2005; Georg et al., 2006a, 2006b).

Based on both Rayleigh and steady state models, the calculated BSi varied 174 + 165 and 294 + 350 pM in the mainstream and tributaries of
Kaveri respectively whereas the measured ASi values varied 5.6 + 8.9 pM (Meunier et al., 2015). Moreover, no relation was observed between
measured ASi and calculated BSi. It is not realistic to have such high BSi production by diatoms to explain the isotopic composition in the basin
because the residence time of the water in the stream is too short to allow such dense growth of diatoms. Moreover, this mechanism is even true for the
reservoirs due to the quick usage of water for irrigation. On contrary, in river Congo, higher stability of water flow made favorable for diatom growth
was noticed by Hughes et al. (2011) and that could explain the relationship between Si isotopes and ASi.
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error. The In(3°Si/?Si) for NBS28 bracketing standards are given in blue with internal
errors. The X axis represent time during analytical session and the plots represent a single
analytical session from three different MC session during the PhD. .............ccccovenneee. 176
Table Al. The details of verification for dissolved organic matter removal tests conducted on
selected groundwater and surface water samples (see Hughes et al. (2011) for details.
The dissolved organic carbon (DOC) and dissolved silicon (DSi) were analysed before
and after MAGIC, chromatographic purification and H.O; addition.......................... 177
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Abstract

Groundwater forms a dynamic system exhibiting spatial and temporal heterogeneity, and acts
as an intermediate between surface processes occurring in critical zone and the riverine
systems, which ultimately delivers solutes from continents to ocean. Recent studies reveal that
the submarine groundwater discharge (SGD) is a dominant pathway for nutrient delivery to the
coastal ocean, often exceeding riverine nutrient fluxes, thus forming a significant component
of oceanic biogeochemical cycling. However, SGD remains overlooked in coastal nutrient
budgets and is difficult to quantify given large spatial and temporal variability. Among the
elements delivered to the coast through SGD, silicon (Si) forms a key nutrient for diatoms, one
of the dominant primary producers in freshwaters, estuary and coastal ecosystems. Tropical
humid watersheds with seasonal monsoonal precipitation, commonly found in Indian
subcontinent, favours intense silicate weathering resulting in high Si fluxes to surface and
groundwaters. However, anthropogenic activities including agriculture and damming can
significantly modulate Si cycling and requires further evaluation, particularly in groundwater.
The present research investigates three major aspects of groundwater Si cycling: i) the impact
of land use alterations (such as agriculture) and monsoon precipitation in groundwater
dissolved silicon (DSi) and silicon isotopic signature (5°Si) by comparing an agricultural
(Berambadi) and forested (Mule Hole) watersheds across two seasons, ii) elucidating
groundwater-surface water interactions in the largest monsoonal estuarine system in India
(Godavari) and, iii) quantify the fresh submarine groundwater derived Si fluxes to Indian
Ocean using a series of coastal groundwaters along Indian coastline. We employ multiple
isotopic tracers to understand biogeochemical processes in groundwater including water
isotopes and 87Sr/%8Sr to understand sources and mixing, 5°°Si and Ge/Si ratios to trace Si
cycling, and §*44°Ca to decipher carbonate weathering in critical zone.

The present work increased the §°°Si average of global groundwater from 0.49+0.9%o (1SD,
n=66) to 0.81+0.9%o (1SD, n=224), lower than the river water and seawater 5*°Si. We show
that the 5%°Si signatures of groundwater are not impacted by land use alterations and seasonal
monsoon, and are primarily driven by silicate weathering and secondary clay formation in soil
and saprolite. Groundwater system generally exhibits a steady state behaviour with a dynamic
equilibrium between Si supply and formation of secondary phases. We conclude that Si
isotopic signatures of weathering, adsorption, and plant uptake occurring in the shallow soil
and saprolite horizons are partly overprinted and homogenized by the regolith weathering in
the deep critical zone. In the second part of the thesis, we study Godavari estuary and adjacent
groundwater to discern sources vs. mixing vs. processes along this land-to-ocean interface. The
5%°Si signatures of estuary exhibit significant temporal variability, primarily driven by diatom
uptake and some heterogeneous groundwater discharge during dry season while silicate
weathering and secondary clay formation in the basin dominate during wet season. We note
that estuaries can act as significant filters for Si supply to ocean, removing ~15% of the total
DSi supplied by the Godavari river. The §*#4°Ca composition in Godavari estuary (1.3£0.5%o,
1SD, n=16) and groundwaters (1.6+0.7%., 1SD, n=15) are highly heterogenous. The Ca
isotopic fractionation in both estuary and groundwater are primarily driven by precipitation of
secondary carbonates, a process that would require further study. Finally, the dissolved silicon
and 5%°Si of coastal groundwater all over India indicates that fresh SGD discharge contributes
to <1% of the total Si flux of the rivers and is considered to have insignificant impact on oceanic
Si and isotopic budgets in North Indian Ocean.
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