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A B S T R A C T

Land use changes are known to alter terrestrial silicon cycling and the export of dissolved silicon from soil to
fluvial systems, but the impact of such changes on groundwater systems remain unclear. In order to identify the
processes responsible for groundwater geochemistry and to assess the impact of agricultural processes, we
examined multiple isotopic tracers (δ30Si, oxygen (δ18O) and hydrogen (δ2H) isotopes) in groundwater, soil
porewater and surface water from two contrasted watersheds having the same gneissic lithology, one forested
(Mule Hole) and one intensely cultivated (Berambadi) in the Kabini basin in South India. In the cultivated
watershed, groundwater exhibits high Cl− and NO3− concentrations indicative of fertilizer inputs and solute
enrichment from evapotranspiration due to multiple groundwater pumping/recharge cycles. The DSi concen-
tration in groundwater is significantly higher in the cultivated watershed (980 ± 313 μM) than in the forested
one (711 ± 154 μM), indicating more intense evapotranspiration due to irrigation cycles. The groundwater δ30Si
values ranged from 0.6‰ to 3.4‰ and exhibit no significant differences between cultivated (1.2 ± 0.5‰) and
forested (1.0 ± 0.2 ‰) watersheds, indicating limited impact of land use and land cover. Groundwater also
shows no significant seasonal differences in DSi and δ30Si within watersheds, indicating a buffer to seasonal
recharge during wet season. The δ30Si of a majority of groundwater samples fits a steady-state open flow through
system, with an isotopic fractionation factor (30ε) between precipitating phase and groundwater ranging from
− 1.0 ‰ and − 2.0 ‰, consistent with precipitation of kaolinite-type clays, dominant in the study area. The
steady-state flow through system in groundwater can be interpreted as a continuous DSi input from mineral
weathering reactions with a dynamic equilibrium between Si supply and precipitation of secondary phases. We
also observe, in both watersheds, similar DSi and δ30Si values in local surface water that includes small streams
and a river (406 ± 194 μM, 1.6 ± 0.3‰) and in soil porewater (514 ± 119 μM, 1.6 ± 0.2‰). Compared to soil
porewater, groundwater exhibits significantly lower δ30Si signatures and higher DSi, reflecting the contribution
of an isotopically light silicon source, resulting from water-rock interaction during percolation through the
unsaturated zone. We assign this steady input of DSi to the weathering of primary silicate minerals in the
regolith, such as Na-plagioclase, biotite and chlorite, with formation of kaolinite and smectites type clays. A
simple isotopic mass balance suggests that deep regolith weathering can contribute to almost half of the DSi in
groundwater. We conclude that silicon cycling in soil porewaters, and surface waters are directly impacted by
land use, while the isotopic composition of groundwater remains unaffected. Our results indicate that Si isotopic
signatures of weathering, adsorption, and plant uptake occurring in the shallow soil and saprolite horizons are
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partly overprinted and homogenized by the regolith weathering in the deep critical zone, irrespective of land use
and seasonality.

1. Introduction

Silicon (Si) second most abundant element in Earth’s crust and
terrestrial weathering mobilizes Si as dissolved silicon in the form of
silicic acid (H4SiO4, thereinafter referred to as DSi), which is transported
to the ocean through fluvial systems. It is one of the essential nutrients
which plays a critical role in the growth and distribution of highly
productive autotrophs such as diatoms in both freshwater and marine
ecosystems (Street-Perrott and Barker, 2008; 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 con-
centration ranging from 0.1 to over 10 % by dry weight (Epstein and
Epstein, 2009). Plants can take up DSi from soil solution and precipitate
it as biogenic silica (amorphous SiO2.nH2O, hereafter referred to as BSi),
in the form of siliceous bodies in cell walls known as phytoliths
(Alexandre et al., 1997; Epstein and Epstein, 2009). Although Si export
through crop harvesting is known to deplete Si 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; Vandevenne et al., 2015).
The stable isotopic composition of Si, expressed as per mil deviation
from standard (δ30Si values), is a useful tool to evaluate sources and
processes controlling Si biogeochemical cycling (Cornelis et al., 2011;
Opfergelt and Delmelle, 2012; Frings et al., 2016 and references
therein). The Si solubilized by chemical weathering of the source
bedrock (bulk upper continental crust δ30Si value of − 0.25 ± 0.16 ‰,
Savage et al., 2014) undergoes fractionation during incorporation into
secondary phases, which favors the lighter 28Si isotope, thereby making
the residual solutions (soil waters, groundwaters and rivers) enriched in
the 30Si isotopes (Frings et al., 2016). The isotopic fractionation (30ε)
during precipitation of secondary clays depends on the clay mineral
groups, ranging from − 1‰ in smectite type clays and up to − 3.0‰ in
kaolinites (Frings et al., 2021). The silicon uptake by plants is also
associated with preferential incorporation of the lighter 28Si isotope,
followed by further fractionation during translocation, depleting the
28Si from root to leaves with an overall associated 30ε between 0 ‰ to
− 2.0 ‰ for different plant species (Opfergelt et al., 2006; Frick et al.,
2020; Frings et al., 2021). Thus, careful evaluation of Si interaction with
the lithosphere, biosphere and hydrosphere components is essential to
understand output fluxes of Si at the watershed scale, and its subsequent
transfer to the oceans. One such evaluation across a land use gradient in
a temperate climate of Western Europe showed a significant enrichment
in 30Si of soil water from cropland intensively cultivated for almost 240
years, compared to that from a forested landscape (Vandevenne et al.,
2015). This isotopic difference was also reflected in the δ30Si of DSi
exported to the estuary by the streams of the studied sub-watersheds
(Delvaux et al., 2013). However, the chemical composition of streams
and rivers do not reflect the composition of groundwater, in particular
where deep unsaturated regolith acts as a subsurface reservoir (Riotte
et al., 2018a). The fate of Si in pore water as it travels through the un-
saturated zone, often with long residence time, before reaching
groundwater systems is critical in understanding output fluxes from the
watershed. Existing groundwater δ30Si values span over a wide range,
from − 1.5 to +2.6 ‰ (n = 66, Georg et al., 2009a, 2009b; Pogge von
Strandmann et al., 2014; Frings et al., 2016; Ehlert et al., 2016; Martin
et al., 2021), which is attributed to silicate weathering and dissolution of
lighter sources of Si such as secondary minerals. However, the impact of
landuse changes and soil processes on groundwater Si cycling and the
response to seasonal precipitation changes remains unclear.

India accounts for one third of the world’s total irrigated area and

about 60 % of irrigation results from groundwater pumping, leading to
rapid decline of the groundwater levels (Thenkabail et al., 2009; Fish-
man et al., 2011; Bhaduri et al., 2012). Aquifers in 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, leading to a high density of farm tube wells in the past few
decades. Intense pumping for agricultural as well as domestic purposes
has led to deterioration of the groundwater quality and deepening of
water table (Rodell et al., 2009; Buvaneshwari et al., 2017). Intense
pumping and irrigation from borewells and handpumps can lead to
groundwater recycling through return flow in cultivated landscapes,
which can potentially increase the DSi in soil solutions and groundwater
through evapotranspiration. This, along with excessive use of fertilizers
and organic manures can significantly alter the chemical and isotopic
composition of groundwater (Buvaneshwari et al., 2017, 2020; Robert
et al., 2017). However, the isotopic impact of such irrigation practices is
not well understood. Despite growing evidence of human impacts on
groundwater hydrogeochemistry, we lack a clear understanding of how
the signatures of surface and subsurface processes get transferred to
deep groundwater. The existing δ30Si values of rivers, soil solution and
groundwater open up two possible hypotheses; i) crop cultivation and
groundwater irrigation practices can increase the δ30Si values of soil
solution through plant uptake, which is reflected on groundwater as
high δ30Si value of agriculture watershed, ii) despite significant alter-
ation of soil processes and ecosystem functioning, signatures of land use
are overwritten through soil and saprolite processes, and not reflected in
groundwater. In the current study, we present a novel dataset of silicon
concentration and δ30Si of groundwater, soil solution and surface
streams and a river from two watersheds under contrasting land use,
forest and irrigated agriculture, in South India. We complement the
dataset with hydrochemistry and water isotopes to understand the
drivers of groundwater chemistry and address three major questions; i)
how does the δ30Si signatures evolve as soil water get transferred to
groundwater systems? ii) can irrigated agriculture and seasonal
monsoonal precipitation alter the silicon isotopic signatures in ground-
water? iii) What controls the silicon isotopic composition in ground-
water? Through extensive sampling of groundwater and surface water,
we aim to bridge the gap between shallow and deep soil processes
affecting Si signatures in groundwater.

2. Materials and methods

2.1. Study area, lithology, and climate

We studied two contrasting watersheds in Southern India: the agri-
cultural watershed of Berambadi (84 km2) and the pristine forested
watershed of Mule Hole (4.1 km2), both belonging to the Kabini Critical
Zone Observatory, the Indian site of the M-TROPICS observatory
(Sekhar et al., 2016; Riotte et al., 2021a, 2021b), part of the OZCAR
research infrastructure (Gaillardet et al., 2018) (Fig. 1). Local climate is
driven by a double monsoon system, South-West monsoon (June–Sep-
tember) and North-East monsoon (October–December). The bedrock of
both watersheds is dominated by Precambrian peninsular gneiss (85 %)
and intermingled with minor mafic to ultramafic rocks (15 %, includes
hornblende, amphibolite, and serpentinite) (Naqvi and Rogers, 1987).
Major minerals in the gneiss include quartz, albite, sericite, biotite-
chlorite with accessory minerals such as apatite, epidote, allanite
titanite, magnetite, ilmenite, pyrite and zircon (Braun et al., 2009). The
upper porous clayey to loamy regolith layers, with high porosity and low
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permeability, is underlaid by fissured bedrock, mainly assuming a
transmissive function of the aquifer, forming the hard rock aquifer
typical of the region (Dewandel et al., 2006; Soumya et al., 2011). The
thickness of weathered bedrock, also called as regolith, in both water-
sheds ranges from 0 to 30 m with an average of 17 m (Braun et al.,
2009). The regolith is composed of 15m of immature saprolite and a 2m
thick ferralsols (88 %) or vertisols (12 %) layer on top (FAO-ISRIC-ISSS,
1998, Barbiéro et al., 2007; Braun et al., 2009). Primaryminerals such as
quartz, albite, sericite, chlorite and hornblende predominate the
saprolite minerology with kaolinite, smectite and Fe-oxyhydroxides
occurring as secondary phases (Braun et al., 2009; Violette et al.,
2010). The dominant weathering reaction in the watershed is Na-
plagioclase weathering (38 % abundance in bedrock) and formation of
kaolinite-type clay minerals (Braun et al., 2009; Riotte et al., 2018a).

The Mule Hole watershed is located under sub-humid tropical
climate, receiving a mean annual rainfall of 1100 mm distributed from
March to November (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 since 1974, as it belongs to the Bandipur national park
(Maréchal et al., 2009). Hydrological mass balance in the watershed
suggests that groundwater recharge is dominated by two components; i)
direct recharge from rainfall distributed over the watershed (45mm/yr),
ii) indirect recharge during stream storms by infiltration from the
streambed (30 mm/yr) (Maréchal et al., 2009). In the semi-arid
Berambadi watershed, 60 % of the total area is used for agriculture.
The remaining 40 %, located in the West (upstream) are part of the
Bandipur park (Buvaneshwari et al., 2017). Pedoclimatic conditions are
similar to Mule Hole with, however, slightly lower rainfall (800–900
mm/yr). In the watershed valley, the number of bore wells is particu-
larly high, more than 1000. Groundwater undergoes intense pumping
which causes lowering of the groundwater table depth and large

seasonal and interannual fluctuations depending on rainfall and
pumping intensity. Most of the groundwater samples of the present
study were collected from actively pumped tube wells in cultivated
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 (saccharum officinarum), banana (musa acuminata),
turmeric (curcuma longa) and vegetables (Sekhar et al., 2016; Fischer
et al., 2022). At the time of sampling (2019), groundwater exhibited an
enhanced groundwater hydraulic gradient, with the upstream (western)
part having shallow groundwater levels and deeper groundwater
downstream (eastern) (Fig. 1, Buvaneshwari et al., 2017).

2.2. Sampling and analyses

We sampled groundwater and surface water including small streams
and river, 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), far from the stream to monitor the background
characteristics of the aquifer and fluctuations in hydraulic gradient
within the watershed. 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.
Groundwater levels (groundwater table depth) were measured before
sampling using a manual piezometric level sensor (Skinny Dipper de-
vice, Haron Instruments), except for handpumps, where such measure-
ment is impossible, and for which the groundwater table depth was
assumed to lie within 5 m. Groundwater table depths ranged from 1.6 m
in shallow groundwater in Mule Hole to almost 46 m below ground level

Fig. 1. Kabini watershed map with elevation, precipitation levels (mm/yr) and climatic zones are demarcated using dashed white lines. 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.
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(bgl) in Berambadi. Prior to sample collection, all sampled wells were
purged until the pH and conductivity were stabilized. The sampling also
included borewells which were not actively pumped due to low
groundwater yield (for e.g. abandoned bore well (ABW)). Surface water
samples consisted in the Nugu river (tributary of Kabini river draining
mostly the humid zones) and in Berambadi few ephemeral streams and a
tank, filled during seasonal rainfall, very close to the groundwater
sampling locations. Soil porewaters of the Berambadi watershed were
collected in March 2015 by members of the Indo-French cell, Indian
Institute of Science (IISc), using soil porewater samplers (Rhizon®) from
depths ranging from 5 to 60 cm. The rainwater samples were collected
between April 2005 and May 2006 during an earlier field campaign near
Mule Hole, about 1 km from stream outlet. All water samples were
filtered just after collection using 0.4 μm SUPOR® PES filters, and ali-
quots for various analyses were stored in acid rinsed containers. The
aliquot for major cation analysis was acidified with few drops of double
distilled HNO3 and the unacidified aliquot was used for DSi and Si
isotope analysis. Additionally, an aliquot for water isotopes (δ2H and
δ18O) was collected and stored in 10 ml glass tubes.

2.3. Elemental concentrations

Major cation and anion concentrations were measured with an Ion
Chromatograph (Metrohm COMPACT 861) at the Indo-French Cell for
Water Sciences (IFCWS, Indian Institute of Science, India (IISc)). The
accuracy of measurements was monitored using multiple certified
reference materials (AnionWS, ION-96.4, ION 915, SUPER-05 and BIG
MOOSE 02) and the external reproducibility was better than 5 %.

Trace element concentration (Al, Sr, Fe, Mn) were determined by
quadrupole inductively coupled plasma mass spectrometry (ICPMS,
7500cx Agilent) at the Alysés analytical platform (IRD-Sorbonne Uni-
versité, Bondy, France). Samples and standards were diluted and
measured in 2 % HNO3. The accuracy of the analyses was assessed by
measuring certified natural water reference standard SLRS-6 (National
Research Council of Canada) and average precision for trace element
analysis was within 10 %.

2.4. Water isotope analysis

The hydrogen and oxygen stable isotopic composition (measured as
δ2H and δ18O) of water samples were determined by a stable isotope
ratio mass spectrometer (Picarro L2130-i Isotopic Water Analyzer, IEES,
Paris, LSCE-IPSL, Gif-sur-Yvette, Paris and LEFE in Toulouse). The re-
sults are reported in per mil (‰) deviation with respect to the Vienna
Standard Mean Ocean Water (VSMOW2). The analytical uncertainty
was estimated from the repeated measurements of the Picarro MID
standard reference, at ±0.1 ‰ for δ18O and ± 0.5 ‰ for δ2H,
respectively.

2.5. Dissolved silicon and silicon isotope analysis

The dissolved silicon concentration (DSi) was measured by spectro-
photometry following the protocol of Grasshoff et al. (1999). The ac-
curacy of the analyses was assessed using the certified reference material
PERADE 09 (supplied by Environment Canada, lot no:0314, with DSi =
110.0 ± 6.8 μM), during each analytical session giving a mean repro-
ducibility of 110 ± 3 μM (n = 25). For Si isotope analysis, we followed a
slightly modified two-step pre-concentration method adapted from
MAGIC (Magnesium coprecipitation technique, Karl and Tien, 1992;
Reynolds et al., 2007; Hughes et al., 2011). To an initial volume of 10 ml
of water samples, we added 0.5 ml of MgCl2 solution to match the
seawater Mg concentration and 2 % (v/v) of 1 M NaOH, shaken and kept
undisturbed overnight. The brucite (Mg(OH)2) precipitated at high pH
scavenges Si. The supernatant from the first step was again subjected to a
second addition of 1 % NaOH, and the new precipitate was recovered by
centrifugation (at 2500 rpm for 10 min) after 1–2 h. Brucite precipitates

from both steps were dissolved with 1 M HCl and merged. The DSi
concentration of the supernatant was analyzed by spectrophotometer
(Grasshoff et al., 1999) and found to be negligible (on average < 2 %),
confirming that Si was almost completely adsorbed onto the brucite
precipitate.

Prior to Si isotope analysis, cations were removed from the solution
using cation exchange resin (BioRad DOWEX 50 W-X12, 200 to 400
mesh, in H+ form) following the procedure of Georg et al. (2006a,
2006b). After the purification process, an aliquot was analyzed for major
element concentrations (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 matrix effects in the plasma. The organic matrix was
removed by oxidizing the residue with 50 μl of 30 % H2O2, thereby to
avoid potential matrix bias during isotopic analysis (Hughes et al.,
2011). Analyses performed on a series of 35 groundwater and surface
water samples showed that the preconcentration and H2O2 treatment
increased the DSi/DOC ratio from 18 to 7000 times, with DSi/DOC ratio
> 10 in all final aliquots. The procedure ensured <0.2‰ isotopic mass
bias due to DOC matrix (Hughes et al., 2011). The possible remaining
matrix effect resulting from the Cl− , NO−

3 and SO42− was corrected by the
artificial doping of all the samples and standards with Suprapur grade
0.5 M HNO3, 0.5 M HCl, 1 mM H2SO4 (Merck, Hughes et al., 2011). The
measurements were performed on a MC-ICP-MS (Thermo Neptune+,
LSCE-IPSL, Gif-sur-Yvette) in dry plasma mode with Mg internal stan-
dard to correct for the instrumental mass bias as described by Closset
et al. (2016). Samples were injected into the plasma with an ApexΩ HF
desolvating nebulization system connected with a PFA nebulizer (100
μl/min uptake rate). Results were expressed in the delta notation (δ30Si)
as the per mil (‰) deviation from the standardmaterial NBS 28 (Eq. (1)):

δ30Sisample =

⎡

⎢
⎣

(
30Si/28Si

)

sample
(
30Si/28Si

)

NBS28

–1

⎤

⎥
⎦× 1000 (1)

Blank levels were below 1 % of the main signal and were subtracted
from each sample and standard analysis. All measurements were carried
out in medium-resolution mode (m/Δm > 6000) to optimize the sepa-
ration of 30Si peak and 14N16O interference and were performed on the
interference-free left side of the peak (Abraham et al., 2008). The δ29Si
and δ30Si values were compared to the mass-dependent fractionation
line and samples falling outside the line were excluded from the final
dataset. Typical analytical conditions are provided in Table S1. The
analytical precision and accuracy were monitored by the long-term
measurements of a second reference material, diatomite, which yiel-
ded an average δ30Si value of 1.19 ± 0.18 ‰ (2SD, n = 100), not
significantly different from the reference value of 1.26 ‰ (Reynolds
et al., 2007). Diatomite solutions processed with MAGIC preconcentra-
tion, and cation chromatography provided an average δ30Si value of 1.1
± 0.1‰ (2SD, n = 12) which within our analytical reproducibility. All
samples measured in the present study were chemically replicated at
least once, including the MAGIC preconcentration and cation chroma-
tography (average variability of 0.05 ± 0.15 ‰), and 23 samples were
triplicated (average 2SD of ±0.2‰).

2.6. Data handling

2.6.1. Atmospheric input and fertilizer Cl− correction
In pristine watersheds, the contribution of atmospheric input is

estimated using Cl− , assuming all the Cl− originate from rainwater and
normalizing the rainwater composition to Cl− (Gaillardet et al., 1999).
The rainwater corrected concentration for a given element is calculated
as:

[X*] = [X]measured −
(
X
/
Cl−

)
rain

*[Cl− ]measured (2)

Here, [X*] represents the atmosphere-corrected concentration of the
element of interest, [X]measured is the measured concentration of element
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in groundwater, (X/Cl− )rain represents the ratio of element X and Cl− in
rainwater and [Cl− ]measured is the groundwater chloride concentration
(Riotte et al., 2014). In cultivated watersheds, such as Berambadi, sol-
utes in groundwater originate from atmospheric inputs, mineral
weathering, and fertilizer. In Berambadi, potash (KCl) fertilization is
widespread and the above correction is not applicable. To estimate the
Cl− contribution from KCl, we followed the deconvolution method
proposed by Buvaneshwari et al. (2020), based on relative proportions
of Na+ and Cl− and using pristine Mule Hole watershed as a reference.
The correction assumes that release of Na during mineral weathering is
similar for both watersheds and Na+ and Cl− are conservative in the
system (see Buvaneshwari et al., 2020 for more details). Following
which, the atmospheric input correction for major cations except that Na
in groundwater was performed based on Eq. 2 using fertilizer-corrected
Cl− (Cl#) (see Table 1). Given the low DSi content in rainwater, the
atmospheric correction of groundwater DSi is considered negligible
(Riotte et al., 2014).

2.6.2. Bedrock normalization and modeling of δ30Si evolution in water
To estimate the fraction of Si released as DSi during weathering, we

adopted the normalization proposed by Georg et al. (2007), where DSi of
groundwater was first normalized to a reference element, Na in our case
because it originates only from primary silicate minerals (mostly
Na-plagioclase) and it is not incorporated into secondary phases.
Following which, the Si/Na ratio in water samples was normalized to
that of the gneissic bedrock (Si content in the gneiss itself corrected for
inert quartz and sericite contents, Braun et al., 2009) to obtain a proxy
for weathering congruency.

fSi = Si
/
Nagroundwater

/
Si
/
Nabedrock (3)

A fSi of 1 corresponds to the congruent dissolution of the bedrock, i.
e., 100 % of the Si mobilized by silicate weathering stays in the dissolved
phase with a δ30Si identical to that of the bedrock. The fSi decrease
corresponds to the progressive incorporation of Si into secondary pha-
ses, such as clay precursors and plant phytoliths (Ziegler et al., 2005;
Fernandez et al., 2022). The DSi removal from groundwater systems
may follow two modelled scenarios, that will influence the silicon iso-
topic signatures; i) a Rayleigh model, where solution is assumed to be
isolated from the precipitating solids without any further exchange (Eq.
4), ii) a steady-state open flow through batch reactor model (here on-
wards steady state model) where supply of fresh Si into the system is
balanced by precipitation and export of secondary solids (Eq. 5)
(Bouchez et al., 2013; Frings et al., 2015).

Rayleigh : δ30Simea = δ30Sio + 30ε × ln
(
fSi
)

(4)

Steady state : δ30Simea = δ30Sio − 30ε ×
(
1 − fSi

)
(5)

Here fSi indicates the fraction of DSi remaining in the groundwater,
obtained by Eq. 3. The δ30Simea value denotes the δ30Si measured in
groundwater and surface water samples and δ30Sio denotes the initial
δ30Si, which is the granitic gneiss bedrock value of − 0.34 ± 0.08 ‰
(Riotte et al., 2018a). The 30ε is isotopic fractionation, defined as 30ε =

α-1, expressed in per mil (‰), where α is the isotopic fractionation factor
associated with secondary mineral precipitation or plant uptake.

3. Results

3.1. Chemical composition of water samples

Characteristics and chemical composition of groundwater and sur-
face water samples are provided in Table 1. The groundwater table
depth in the sampled wells ranged between 1.5 and 46 m. The
groundwater table depth fluctuated in both watersheds across season,
with some wells showing deeper water levels during wet season and
others during dry season. The pH of the groundwater varied between 5.8

and 7.8, with only few Berambadi groundwater showing a slightly
alkaline nature. Average electrical conductivity in Berambadi ground-
water was 1500± 578 μS/cm (n = 33, 1SD), almost twice as that of Mule
Hole (553 ± 201 μS/cm, 1SD). There was no significant seasonal dif-
ference observed in conductivity between dry and wet season within a
watershed (t-test, Table 1, Fig. S1). Berambadi groundwater exhibited
an average Cl− concentration of 4700 ± 3800 μM, one order of magni-
tude higher than in Mule Hole. For Berambadi groundwater samples,
fertilizer contribution accounted on average for 75 ± 25 % of the total
Cl− content. The molar concentration of anions in groundwater of both
watersheds decreased in the order, [HCO3− ] > [Cl− ] > [SO42− ]. Con-
centrations of anions such as Cl− , NO3− , PO43− and SO42− increased with
conductivity, with Berambadi groundwater exhibiting significantly
higher nitrate concentration compared to Mule Hole (Fig. S1). The
cationic load in both watersheds was dominated by Na+, followed by
Ca2+ and Mg2+, 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 incorporated in crops
or immobilized in soils. Atmospheric input accounted for less than 20 %
of the cation load in both watersheds (Table 1, atmospheric input cor-
rected values are given in asterisk). We observe higher conductivity and
sum of cations in deep groundwater (≥10 m) compared to shallow
groundwater (<10) from both watersheds, but was significant only in
Berambadi watershed (p-value < 0.05, Table 1).The 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 dilute elemental load. Most of
the groundwater samples exhibited Al, Fe, and Mn concentrations <1
μM with a few outliers corresponding to samples collected from shallow
handpumps and piezometers (Table 1).

3.2. Water isotopes

The isotopic composition of 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‰
for δ18O and from − 8.9 ‰ to − 21.6 ‰ for δ2H, respectively. In Mule
Hole groundwater δ18O ranged from − 1.7 to − 3.7‰ and δ2H from − 2.1
to − 18.1 ‰, respectively. The local meteoric water line (LMWL),
derived from rainwater water isotope data from Mule Hole (Fig. 2, de-
tails of rainwater in Table S2) exhibited a slope similar to that of the
global meteoric water line (GMWL, Craig, 1961). The deuterium excess
(d-excess= δ2H-8*δ18O) showed consistently lower values in Berambadi
compared to Mule Hole and exhibited a general negative trend with
conductivity (Fig. S1). We observe no seasonal variability in the water
isotopic signature of groundwater, suggesting significant buffering of
seasonal variations in monsoonal rainfall isotopic signature as previ-
ously documented by Warrier et al. (2010).

3.3. Dissolved silicon (DSi) and δ30Si

The average DSi of groundwater water was significantly higher in
Berambadi (980 ± 313 μM, 1SD, n = 33) than in Mule Hole watershed
(711 ± 154 μM, 1SD, n = 18) (p value<0.05, Tables 1, 2, Fig. 3) during
both dry and wet season. The surface waters, including the Nugu river,
showed a lower DSi compared to groundwater with an average of 427 ±

194 μM (1SD, n = 8). The groundwater DSi of the region was generally
higher than the average estimate for extrusive igneous (604 ± 192 μM)
and granitic (334 ± 255 μM) bedrocks (Rahman et al., 2019). Dissolved
δ30Si of the groundwater ranged from 0.6‰ to 3.4‰ and was enriched
in heavy isotope compared to bulk upper continental crust value (− 0.25
± 0.16‰, Savage et al., 2014) and to the local gneiss value reported for
Mule Hole (− 0.34 ± 0.08 ‰, Riotte et al., 2018a). The δ30Si of
groundwater from an abandoned borewell (ABW) in Berambadi water-
shed is the heaviest ever measured in groundwater so far, exhibiting a
value of 2.9‰ and 3.5‰ for dry and wet season, respectively. Overall,
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Table 1
The sample details, groundwater table depth (m), conductivity and elemental composition of groundwater and surface water from Berambadi andMule Hole. The # denote the Cl concentration corrected for fertilizer input
in Berambadi, the correction is not applicable to pristine Mule Hole watershed (see section 2.5.1 for details).

Depth pH Conductivity DSi Na K Ca Mg Sr Al Mn Fe Cl Cl# NO3 PO4 SO4

m μS/cm μM μM μM μM μM μM μM μM μM μM μM μM μM μM

Berambadi
Dry season                  

ABW Piezometer 6.5 7.9 786 111 3031 112 552 2105 2.3 0.2 5.0 <dl 773 529 13 25 294
ABW2 Piezometer 6.0 7.3 1423 1150 4001 13 1517 3830 12.5 0.2 <dl 0.1 2196 698 1995 51 511
B100 Borewell 4.5 7.1 1890 1000 11595 69 1678 1502 11.8 0.2 <dl 0.1 7580 2024 1779 n.a 378
B132 Borewell 10.0 6.9 2030 1054 2991 148 3986 5399 25.3 0.2 <dl <dl 7999 522 2664 80 712
B156 Borewell 5.1 7.3 1501 995 3368 107 1669 3351 11.7 0.4 0.1 0.2 4312 588 1847 47 503
B167 Borewell 9.4 7.2 1011 966 1768 48 2336 2154 6.7 0.2 0.0 0.1 1428 309 1503 45 258
B30 Borewell 46.0 6.8 2310 1301 4224 1069 5761 3561 17.2 0.4 0.0 0.1 8267 737 6085 82 1603
B35 Piezometer 36.3 6.8 892 1435 2660 165 1841 1600 6.0 0.4 0.2 <dl 464 464 759 34 190
B70 Borewell 34.5 6.8 2460 1060 7810 188 6313 2302 18.7 0.3 0.0 <dl 12219 1363 2688 72 1845
M29 Handpump 5.0 7.0 1336 583 4857 296 2997 1825 10.6 0.2 6.0 25.4 5707 848 102 44 291
M30 Handpump 5.0 6.5 1847 865 10122 164 3470 1486 11.5 0.2 4.0 3.1 7848 1767 2766 44 714
M6 Handpump 5.0 6.9 1098 987 1545 1037 2897 1705 10.2 0.4 13.0 16.1 2060 270 479 35 292

NB-M29 Handpump 5.0 6.6 1200 974 4319 95 2070 1506 10.9 0.1 0.1 0.1 3573 754 1125 43 406
NB126 Borewell 9.5 7.2 1170 1088 1286 63 2336 2597 9.1 3.6 <dl 0.2 2390 225 2684 47 474
NB30 Borewell 42.7 6.8 1796 1487 1639 362 4612 3932 21.3 0.5 <dl 0.1 5325 286 4928 76 1033
B162 Borewell 9.1 7.0 1100 1119 1865 52 3008 1816 10.9 0.2 <dl 0.1 1662 326 1739 47 320

Stream 1 Stream  7.7 1148 868 2906 41 1470 2856 9.3 0.2 2.5 0.1 507 507 711 35 244
Wet season                  

ABW Piezometer 6 7.6 663 67 2093 95 358 1379 1.0 0.2 0.7 0.5 512 365 25 16 185
ABW2 Piezometer 6.8 7.1 1423 958 2511 21 2030 3717 17.7 0.1 1.0 3.8 1858 438 1147 31 500
B100 Borewell 4.5 6.9 2050 1037 12573 79 2841 1415 11.8 0.3 0.0 0.1 9084 2195 1751 29 393
B132 Borewell 10 6.7 2180 1002 3562 151 4214 6015 29.7 0.3 0.1 0.6 10492 622 2195 62 715
B156 Borewell 4 7.0 1362 1040 4255 66 2480 2551 10.2 0.2 0.0 0.3 3391 743 1747 31 438
B167 Borewell 8 7.0 1022 933 1924 49 2311 2260 9.1 0.2 0.1 0.2 1424 336 1290 28 239
B30 Borewell 40.8 6.3 2500 1299 4687 1250 6498 3537 18.5 0.2 0.1 0.4 8440 818 3662 51 1783
B35 Piezometer 36.5 6.7 934 1396 2701 178 1906 1759 6.8 0.2 0.1 0.2 384 472 631 33 178
B70 Borewell 14.3 6.7 2750 1042 11947 84 5330 2457 20.9 0.2 0.1 0.7 14266 2086 1133 66 3305
M29 Handpump 5 6.9 1235 672 3877 291 2460 1664 12.1 0.9 5.5 46.4 4947 677 1 28 289
M30 Handpump 5 6.8 1808 891 9913 174 2977 1124 17.1 0.2 0.7 16.7 7365 1731 1377 41 1044
M6 Handpump 5 6.9 984 704 1451 1611 2542 1557 9.7 0.2 17.6 91.2 1620 253 0 28 212

NB-M29 Handpump 5 6.9 1162 891 4371 90 2357 1425 n.a n.a n.a n.a 3791 763 773 22 439
NB126 Borewell 10 6.8 964 1010 1164 49 2661 2209 7.9 0.3 0.0 0.1 1963 203 2143 27 394
NB30 Borewell 40 6.7 2580 1259 2666 418 6824 5037 27.2 0.2 0.0 0.2 10628 465 8313 67 2116
B162 Borewell 10 6.7 1116 1117 1701 47 3091 1896 n.a n.a n.a n.a 2115 297 1979 29 319
ABW3 Borewell 6.5 7.5 1248 893 2492 28 1921 3668 18.0 1.2 1.1 0.2 1905 435 1167 30 502
Stream1 Stream  7.5 1000 597 2627 95 1866 1965 8.2 0.3 1.5 0.1 1576 1576 350 26 235
Stream2 Stream  7.2 530 321 2341 83 883 528 3.9 0.2 0.5 0.3 1702 1702 13 16 121
Tank Monsoon tank  7.1 262 179 752 113 512 342 2.4 0.3 0.0 0.3 440 440 1 13 93
Spring Surface spring  6.2 72 458 572 7 26 23 0.2 1.1 0.1 0.3 153 153 11 12 36

Mule Hole
Dry season                  

P1 Piezometer 7.6 6.3 399 588 310 87 1397 817 3.3 0.4 3.7 9.1 198 n.a 2 19 26
P10 Piezometer 14.1 6.6 624 881 1806 93 1522 1004 4.8 0.2 9.9 1.7 533 n.a 1 22 87
P12 Piezometer 10.8 6.4 467 477 904 121 1184 863 3.4 0.2 12.3 0.8 268 n.a 1 19 156
P13 Piezometer 9.8 6.6 400 671 902 116 958 828 n.a n.a n.a n.a 240 n.a 1 17 59
P3 Piezometer 22.5 6.8 806 889 1360 216 1981 1569 5.5 0.3 7.8 24.5 745 n.a 1 32 87
P5 Piezometer 31.7 6.5 592 759 1578 181 1357 1055 3.8 0.5 0.5 0.1 505 n.a 1 26 74
P6 Piezometer 33.6 6.8 751 689 1007 130 1321 1658 3.2 0.4 9.9 1.6 214 n.a 1 30 180

(continued on next page)
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Table 2
The isotope ratios of H, O, Sr and Si from Berambadi and Mule Hole during the
dry and wet season. The ‘*’ denotes the standard deviation of chemically trip-
licated samples and the rest is only duplicated and denote variability.

δ18O δ2H δ30Si 1SD

‰ ‰ ‰ ‰

Berambadi
Dry season
ABW − 3.8 − 21.6 2.96 0.04
ABW2 − 2.9 − 17.7 1.13 0.13*
B100 − 2.6 − 13.1 0.68 0.06*
B132 − 3 − 18.6 0.97 0.02
B156 − 3.2 − 18.4 0.74 0.08
B167 − 3.5 − 20.6 1.10 0.14
B30 − 2.6 − 14.2 0.76 0.09
B35 − 3.4 − 19.5 1.06 0.03
B70 − 1.7 − 10.8 0.93 0.05
M29 − 3 − 16.2 1.49 0.10*
M30 − 2.4 − 12.5 1.48 0.10*
M6 − 2.4 − 11.8 0.69 0.08*

NB-M29 − 2 − 9.8 1.02 0.11*
NB126 − 3.2 − 19 1.02 0.13*
NB30 − 3.2 − 18.1 0.63 0.05
B162 − 3.5 − 21.1 0.84 0.08

Stream 1 − 3.4 − 19.6 1.64 0.04
Wet season
ABW − 3.8 − 19.7 3.45 0.01
ABW2 − 3.1 − 17.7 1.41 0.10*
B100 − 2.7 − 12.7 0.88 0.04
B132 − 3.4 − 19.8 0.70 0.12*
B156 − 3.4 − 18.8 0.59 0.06
B167 − 3.6 − 20.8 1.20 0.08*
B30 − 2.2 − 9.6 0.83 0.05
B35 − 3.5 − 19 0.89 0.10*
B70 − 1.8 − 8.9 1.08 0.09*
M29 − 3.2 − 16 1.82 0.11*
M30 − 3 − 13 1.59 0.12*
M6 − 2.7 − 12.4 1.44 0.07

NB-M29 − 1.9 − 9.3 0.75 0.02
NB126 − 3.3 − 19.1 0.85 0.08
NB30 − 2.6 − 14.9 0.80 0.02
B162 − 3.5 − 20.4 0.90 0.10*
ABW3 − 3.1 − 17.6 1.20 0.04
Stream1 − 3.1 − 16.1 1.78 0.15
Stream2 − 2.5 − 10.5 1.89 0.08*
Tank − 2.3 − 10.1 1.60 0.06
Spring − 3.1 − 12.8 0.97 0.06

Mule Hole
Dry season

P1 − 2.4 − 6.8 1.47 0.15
P10 − 3.3 − 14.8 1.06 0.02
P12 − 2.5 − 9.2 1.07 0.18*
P13 − 2.9 − 12.9 1.14 0.13
P3 − 3.4 − 16.4 0.59 0.11
P5 − 3.6 − 16.7 0.97 0.12
P6 − 2.8 − 16.9 0.85 0.1
P7 − 2.7 − 9.4 1.23 0.10*
P9 − 3.6 − 17 1.03 0.03

Nugu River − 1.8 − 6.9 2.19 0.09*
Wet season

P1 − 2.2 − 4.9 1.31 0.13
P10 − 3.3 − 14.1 0.88 0.04
P12 − 1.7 − 2.1 0.97 0.04
P13 − 3.3 − 13.8 0.75 0.03
P3 − 3.2 − 13.8 0.93 0.07
P5 − 3.7 − 17 0.65 0.06
P6 − 3.3 − 18.1 0.60 0.01
P7 − 2.5 − 6.4 1.09 0.09*
P9 − 2.7 − 8.3 1.08 0.01

Nugu River − 2.8 − 10.1 1.47 0.08*
MH Stream − 2.5 − 7.9 1.52 0.06
Stream 3 − 2.1 − 6.3 1.51 0.11
Diatomite – – 1.19 0.09 (1 SD, n = 100)
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groundwater from Berambadi (1.2 ± 0.6‰, n = 33) and Mule Hole (1.0
± 0.2‰, n = 18) exhibits comparable δ30Si values, in the higher side of
present global groundwater average of 0.5 ± 0.9 ‰ (n = 66) (Fig. 3,
Ziegler et al., 2005; Georg et al., 2009a, 2009b; Opfergelt et al., 2013;
Pokrovsky et al., 2013; Pogge von Strandmann et al., 2014; Ehlert et al.,
2016; Riotte et al., 2018a; Martin et al., 2021). Interestingly, shallow
groundwater (<10 m) exhibited a larger variability in δ30Si (1.3 ± 0.6
‰, n = 28) compared to the deeper groundwater (0.9 ± 0.2‰, n = 23).
We did not observe any significant differences in δ30Si values of
groundwater between dry and wet season from groundwater within
each watershed (Fig. 3b). A significant negative correlation was found
between DSi and δ30Si, with heavier δ30Si corresponding to a loss of DSi
from the system (R2 = 0.42, p value<0.05, Fig. 4a).

The δ30Si values of surface water samples collected from small
streams close to the groundwater samples and of Nugu river showed an
average value of 1.7 ± 0.5‰, which was significantly heavier than the
overall groundwater (p-value < 0.01, Table 2). The measured DSi in soil
solution from Berambadi ranges from 370 μM to 715 μM (590± 120 μM,
n = 8), with an average δ30Si value of 1.5 ± 0.3 ‰ (1SD, n = 8),

significantly higher in δ30Si composition compared to groundwater from
the watershed (p-value < 0.001). Previously published isotopic data of
bedrock, clay, rainwater, and soil solution from Mule Hole watershed
are compiled in Table 3.

4. Discussion

Based on the watershed level δ30Si signatures of the surface, soil, and
groundwater hydrologic compartments, two major inferences can be
reached. First, groundwater δ30Si values (1.1 ± 0.5 ‰, n = 51) are
significantly lower than the soil solutions (1.6 ± 0.2‰, n = 17 present
study and Riotte et al., 2018a) and river systems from South India (1.4
± 0.7 ‰, n = 46, Sarath et al., 2022), hinting towards a differential
control on silicon isotopic composition in groundwater compared to
surface compartments (p-value < 0.01, Fig. 4, Fig. S2). Secondly, we
found no significant seasonal, nor landuse based differences in
groundwater δ30Si composition for both the Mule Hole and Berambadi
watershed, indicating a significant buffer to spatio-temporal variability
of δ30Si in groundwater systems (Fig. 3). In the following sections we

Fig. 2. The plot depicting, a) Na/Cl and Cl of groundwater, showing increasing Cl concentration and a concurrent reduction in Na/Cl ratio below the rainwater ratio
of 0.81 (dashed line, Riotte et al., 2014a), b) δ18O and δ2H bivariate plots for groundwater from Mule Hole and Berambadi along with the local meteoric water line
(LMWL, black dashed line, Table S2) from local precipitation and global meteoric water line (GMWL, orange dashed line, Craig (1961)). Equations for the linear
relationship between δ18O and δ2H for all groundwater from watershed across both season is shown.

Fig. 3. Box plot showing the variability of a) dissolved silicon (DSi), b) silicon isotopic composition of groundwater from the present study. The horizontal dashed
lines represent the average of the published DSi values of similar aquifer lithology globally (Rahman et al., 2019) and δ30Si (Frings et al., 2016; Ehlert et al., 2016;
Martin et al., 2021) with parent gneiss δ30Si in Mule Hole published by Riotte et al. (2018a). The thick bars region represents ±1SD variability of published average
values and the black dashed lines denotes significant differences (** implies level of significance with p-value < 0.01).
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discuss the major processes controlling the groundwater composition
and Si dynamics in the two watersheds.

4.1. Main drivers of groundwater chemical composition

Groundwater in the Berambadi watershed exhibits high solute con-
centration compared to Mule Hole, resulting from multiple pumping/
return flow cycles induced by the widespread groundwater irrigation in
Berambadi. This agricultural practice leads to enhanced relative
evapotranspiration in Berambadi, while solutes like Cl− and NO3− also
result from the excessive fertilizer application (Table 1, Fig. 2, Fig. S1).
In a plot of Na+/Cl− versus Cl− concentration, the Berambadi samples
exhibit a negative correlation, with Na+/Cl− ratio often lower than the
local rainwater value of ~0.81 (Fig. 2, Riotte et al., 2014), resulting from
Cl− inputs through fertilization with potash. The evaporation compo-
nent of evapotranspiration process was assessed from δ2H and δ18O
isotopic compositions of groundwater; evaporation enriches residual
water in heavy isotopes of H and O, while biological processes such as
transpiration does not fractionate water isotopes (Good et al., 2015;
Evaristo et al., 2015). Indeed, groundwater samples fromMule Hole plot
close to the local meteoric water line (LMWL) with a similar slope in the
δ2H vs. δ18O plot, indicating the absence of detectable evaporation in the
forested watershed (Fig. 2). The Berambadi groundwater exhibits sig-
nificant deviation to the right of LMWL with a low deuterium excess (d-
excess) values and a negative correlation between d-excess and con-
ductivity (Fig. 2, S1). Using Gonfiantini (1986) approach at an ambient
relative humidity of 84 % and air temperature of 25 ◦C, estimated
evaporative loss in Berambadi groundwater would be on average 22 %
(Clark, 2015; Riotte et al., 2021a, 2021b). In Mule Hole, with an average
rainfall of 1200 mm/year, the evapotranspiration by deep rooted trees
during the percolation dominates the water cycling, even leading to the
disconnection of groundwater with the surface runoff (Maréchal et al.,

2009; Ruiz et al., 2010). A significant lag in groundwater table response
to the precipitation events is also observed in the watershed, indicating
that water transit through the regolith is long, up to 20 years according
to the COMFORT model (Riotte et al., 2014). In the Berambadi water-
shed, despite a lower annual rainfall of 800 mm/yr, the recharge flux to
the groundwater is enhanced by irrigation and return flow (irrigated
water not taken up by plants or evaporated), which may in turn shorten
the transit time in the regolith of the watershed. The succession of
pumping/return flow cycles explains the evaporative enrichment,
degradation of groundwater quality in the Berambadi watershed, often
associated nitrate hotspots. This is also enhanced by the small hydraulic
gradient and limited lateral groundwater flow in the watershed
(Buvaneshwari et al., 2017). We can infer that the higher DSi of
groundwater in Berambadi compared to Mule Hole during both seasons
can be attributed to the combined effect of physical processes such as
evaporation and transpiration, arising due to groundwater recycling
from pumping and irrigation in the cultivated watershed. However, we
do not observe any significant impact on Si isotopic composition of
groundwater through the enrichment process.

4.2. Silicate weathering controls on δ 30Si of groundwater

The dissolved silicon in terrestrial watersheds primarily originates
from silicate weathering, which includes both dissolution of primary
silicate minerals and formation of secondary clays in the weathering
profile. The majority of the regolith Si pool in both watersheds is still
composed of primary minerals (86–95 %, principally quartz) with a
small proportion of kaolinite and smectites (4–13 %; Braun et al., 2009,
Riotte et al., 2018a). Before entering the saturated part of the aquifer,
the DSi and δ30Si signatures of percolating water are affected by slow
processes such as clay mineral precipitation and/or crystal growth, as
well as relatively fast processes such as adsorption onto oxy-hydroxides
and biotic uptake (Frings et al., 2016 and the references therein). The
incongruent weathering of silicate minerals is evident in both water-
sheds, with heavier groundwater δ30Si value in both Berambadi and
Mule Hole compared to the parent gneiss bedrock values of − 0.34 ±

0.08 ‰ reported previously (Fig. 3; Riotte et al., 2018a). Based on the
assumption and normalization procedure detailed in Section 2.4, we
estimate that on average 91 % and 76 % of the Si mobilized from the
parent gneiss in Berambadi and Mule Hole watersheds, respectively, is
incorporated into secondary phases, resulting in δ30Si of groundwater
with positive values ranging from 0.6‰ to 3.4‰ (Table 1). A similarly
low fSi was also reported for a compilation of stream waters by

Fig. 4. The plot between δ 30Si and a) dissolved silicon in groundwater and surface water from Mule Hole and Berambadi, (the error bar indicates 1SD), the
regression line has been shown for Berambadi groundwater, b) Evolution of δ30Si with fraction of Si mobilized into dissolved phase (fSi) during weathering (see
section 2.5.2 for more details). Dashed and dotted lines represent the evolution of δ30Si expected from Si removal under two model scenarios: i) Rayleigh distillation
from a finite Si pool, ii) steady-state open flow through model (Bouchez et al., 2013) (a: Riotte et al. (2018a), b: Riotte et al. (2018b), c: Sarath et al. (2022)).

Table 3
The Si isotope ratio of various endmembers from the present study and Riotte
et al. (2018a), both from the same region.

Compartments Location δ30Si Reference

‰

Granitic gneiss Mule Hole − 0.34 ± 0.08 (1SD, n = 3) Riotte et al., 2018a

Soil pore water
Berambadi 1.55 ± 0.26 (1SD, n = 8) Present study
Mule Hole 1.64 ± 0.15 (1SD, n = 9) Riotte et al., 2018a

Clay fraction Mule Hole − 1.3 ± 0.03 (1SD, n = 3) Riotte et al., 2018a

S.P. Kavil et al. Chemical Geology 670 (2024) 122370 

9 



Fernandez et al. (2022), where distinct δ30Si signatures observed in
stream water was linked to multiple fractionating pathways and hy-
drologic routing. In Berambadi, we observe a negative correlation be-
tween DSi and δ30Si value of groundwater (r2 = 0.69), indicating Si loss
and subsequent fractionation favoring heavier isotopes in the residual
waters, while no such relationship exists in Mule Hole (Fig. 4a). Given
that absolute concentration can be affected by dilution and evapo-
transpiration, we use fSi to further interpret the fractionation processes
and pathways. The observed higher DSi and lower fSi in Berambadi
groundwater indicates higher proportion of Si is immobilized into sec-
ondary phases as the recycled groundwater moves through soil and
saprolite layers (Fig. 4b). A majority of groundwater samples from both
watersheds indeed fit a steady-state system with a slope, i.e. isotopic
fractionation (30ε), between − 1.0 ‰ and − 2.0 ‰ (Fig. 4b; see Eq. 5,
Riotte et al., 2018a, 2018b, Frings et al., 2021).

Three scenarios may explain the observed linear dependency in
groundwater Si isotope evolution: a) the whole weathering zone acts as
a homogenous reactor at steady-state, where a dynamic equilibrium
balances the silicon supply to groundwater and the Si removal through
precipitation of the secondary phases in soil and saprolite (Bouchez
et al., 2013), b) a continuous exchange between the precipitating solids
and coevolving solution (Fernandez et al., 2019), and c) the mixing of
fluids from multiple flow-paths characterized by exponential distribu-
tion of travel times, each following a Rayleigh model (Druhan and
Maher, 2017). The scenario a is indeed logical with our current
knowledge of the water cycle in the region. In hard-rock aquifers,
groundwater recharge is spatially distributed and occurs by percolation
through a thick regolith, which steadily supplies Si from
silicate-weathering reactions, themselves balanced by the formation of
secondary clays. An independent estimate of the fractionation factor
(30ε) between dominant kaolinite and bedrock inMule Hole watershed is
close to − 1 ‰, consistent with the lower limit of modelled 30ε, sup-
porting scenario a (Riotte et al., 2018a). Unlike surface water systems,
where we expect no interaction between precipitated solids and the
solution as the water rapidly leaves the weathering profile, slow
percolation of soil solution through porous immature saprolite might be
more favorable to isotopic re-equilibration with secondary phases, as
described in scenario b. The extent of re-equilibration should depend on
the surface area and mass of the precipitated phase, which is a function
of the regolith thickness and the depth to which the fluid can interact
within mineral surfaces and can occur within timescales of few weeks
(Fernandez et al., 2019; Zheng et al., 2019). However, continuous iso-
topic exchange (scenario b) is difficult to attain in open systems like a
weathering profile and cannot explain the observed δ30Si from the re-
gion due to two compelling reasons. First, according to ab initio calcu-
lations, the estimated equilibrium fractionation factor between kaolinite
and H4SiO4 is +0.4 ± 0.2 ‰ (Dupuis et al., 2015), which would make
the clay fraction δ30Si heavier than the bedrock (− 0.3 ‰) or soil pore-
water (1.6‰) values (Riotte et al., 2018a). The δ30Si of the clay fraction
from Mule Hole (predominantly kaolinite) is − 1.3 ± 0.03 ‰, which
indicates no significant re-equilibration (Riotte et al., 2018a). We must
be cautious here while comparing present-day water with clay minerals
composition, given that clay minerals integrate signatures over long
timescales with possibly different pedoclimatic conditions, while soil
porewater signatures only reflects present-day water-rock interactions.
Additionally, re-equilibration is an exchange process, which cannot
account for the DSi increase between soil porewater and groundwater as
observed in both watersheds. In a simple Rayleigh distillation model
(Eq. 4), the isotopic fractionation can arise from a fast-unidirectional
uptake of Si into secondary minerals and amorphous phases. It is
observed only in fewMule Hole groundwaters, soil solutions and surface
waters (including streams and major rivers) (Fig. 4b, Geilert et al., 2014;
Oelze et al., 2015). Deviation from the simple Rayleigh model can occur
in groundwaters, which acquire δ30Si signatures through mixing of
fluids from multiple flow paths and/or fractures with variable travel
times (Druhan and Maher, 2017). A revised Rayleigh model can also be

applied for fluids with fractionating first order kinetic reactions and an
exponential travel time distribution, giving an expression functionally
similar to Eq. 5, as described in scenario c (Druhan and Maher, 2017).
Such a framework with non-uniform travel time distributions has been
successfully applied to explain the δ30Si variability in different stream
watersheds across the globe (Fernandez et al., 2022). However, scenario
c is difficult interpret in the studied watersheds without better con-
straints for travel time distributions and flow paths characteristics,
especially in Berambadi with irrigated agriculture. In the next two sec-
tions we explore the possible Si sources and fractionation pathways in
shallow surface/subsurface layers and deep weathering zones and how
they alter the Si isotopic composition of groundwater.

4.3. Shallow surface and subsurface processes

Groundwater recharge can be distributed over the surface area of the
watershed (so-called “direct”) and/or occur in discrete zones, for
instance by infiltration through the streambed (so-called “indirect”)
(Maréchal et al., 2009). During direct recharge, the δ30Si signatures of
soil porewaters are first affected by water-soil-plant interactions before
being transferred to shallow groundwater systems. Previous work from
temperate settings have shown that the δ30Si values of soil porewater
was significantly heavier in old cropland compared to forested land-
scapes, owing to the long-term crop removal and subsequent reduction
in soil biogenic Si (BSi) (Delvaux et al., 2013; Vandevenne et al., 2015).
Within Indian subcontinent, soil porewater from diverse landuse set-
tings exhibit heterogeneous fSi and δ30Si composition (Fig. 4b, Riotte
et al., 2018a, 2018b). The most extreme isotopic fractionation occurs in
soil porewater from paddy field, with a high δ30Si (2.9 ± 0.4 ‰) and a
low DSi (214 ± 196 μM). These porewaters are shown to follow a
Rayleigh model type behavior, resulting from significant Si uptake by
rice crop and adsorption processes occurring at the ground surface of the
paddy and within the soil (Riotte et al., 2018b). In Berambadi, soil
porewaters exhibit a lower δ30Si and a steady-state model, consistent
with the input of recycled groundwater by irrigation, and the absence of
Si-accumulating crops in the sampling area (common crops include
cabbage and garlic) (Fig. 4b). On the other hand, soil porewater from
Mule Hole follows a Rayleigh model with high fSi but similar δ30Si to
Berambadi, which was previously assigned to plant uptake by deciduous
trees and/or adsorption processes in addition to Na-plagioclase weath-
ering in the upper soil (Riotte et al., 2018a).

The shallow groundwater (<10 m) composition can be influenced by
infiltrating soil porewater through preferential flow paths and local
recharge processes, inheriting signatures of soil processes (Sprenger
et al., 2019). In both Mule Hole and Berambadi, δ30Si of shallow
groundwaters are more heterogenous, ranging from 0.6 to 3.5‰, and on
average + 0.4 ‰ heavier than deep groundwater, indicating mixing of
multiple water sources exhibiting distinct δ30Si signatures (Fig. 5). As an
example, the two hyporheic piezometers P1 and P7 from Mule Hole
watershed, both following a Rayleigh behavior, consistent with infil-
tration of stream water from the streambed during flow periods (Fig. 4b,
Maréchal et al., 2009). The stream water δ30Si signature of 1.5 ‰ in
Mule Hole primarily arises from dissolution of amorphous silica from
forest-litter decay (Riotte et al., 2018a). Similarly, in Berambadi
watershed, a shallow abandoned borewell (ABW, with groundwater
table depth of ~6 m) in a maize field exhibit both the highest δ30Si and
the lowest DSi concentration during both seasons, fitting a Rayleigh
fractionation line. Such consistent and high δ30Si values could be
indicative of infiltration of soil porewater inherited from plant uptake,
comparable to δ30Si of soil solution from paddy fields in the region
(Fig. 4, Riotte et al., 2018b). We can estimate the fractionation factor
(30εplant-solution) for plant uptake assuming that groundwater composi-
tion results from large DSi uptake from shallow soil solution (DSisoil so-
lution). The fraction of Si remaining in ABW (fSi(ABW)) following the plant
uptake can be estimated by as:
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fSi(ABW) = DSiABW
/
DSisoil solution (6)

The calculation assumes that the entire DSi loss in ABW groundwater
compared to soil solution is resulting from plant uptake. The fSi(ABW)
ranges from 0.19 during dry season and 0.10 during wet season,
meaning almost 80–90 % of DSi in groundwater ABW has been lost
through plant uptake. Assuming plant uptake follows a Rayleigh frac-
tionation model and applying equation Eq. 4, the 30εplant-solution value
ranges between − 0.8 ‰ for the dry season and − 0.9 ‰ for the wet
season, which lies within the reported silicon isotopic fractionation
factors for plant uptake (Sun et al., 2017; Frick et al., 2020; Frings et al.,
2021). The isotopic signature of ABW is consistent with the poor
connection of this borewell with the local fracture network, limiting the
lateral flow and mixing of other water masses in the aquifer and leading
to low yield.

Interestingly, the groundwater δ30Si values (1.1± 0.5‰, n = 51) are
also significantly lower than the soil pore water (1.6 ± 0.2 ‰, n = 17)
and river water from South India (1.5 ± 0.7‰, n = 46), both typically
following a Rayleigh system and/or intermediate behavior (Riotte et al.,
2018a; Sarath et al., 2022). Similarly to soil porewater in Mule Hole, two
major river systems from the study region, the Kaveri and Netravathi
rivers, also follow a Rayleigh model integrating Si isotopic signatures of
various flow paths in the basin (Sarath et al., 2022). Thus, riverine/
stream water δ30Si can be considered as a binary mixture of signatures
from: i) shallow soil porewater and/or groundwater, which represent
signatures of relatively fast near surface processes (e.g. plant uptake), ii)
deeper groundwaters, which have acquired further signatures of pro-
cesses occurring in thick regolith layers (Steinhoefel et al., 2017; Stewart
et al., 2022). Previous works have attributed the low, and sometimes
negative δ30Si values observed in deep groundwater to the dissolution of
clay minerals and silcretes (Georg et al., 2009a, 2009b; Pogge von
Strandmann et al., 2014). However, this is unlikely the case for Mule
Hole and Berambadi watersheds given that the regolith is immature and
have high abundance of primary cation-bearing mineral phases.

Inaddition, no silcrete has been observed in the weathering profile
(Braun et al., 2009; Riotte et al., 2014; Riotte et al., 2018a). Finally, the
saturation index calculation using PHREEQC program (phreeqc.dat
thermodynamic datafile) shows that groundwaters are oversaturated
with kaolinite and smectite clays, and undersaturated with abundant
primary phases such as albite and chlorite (Fig. S3).

4.4. Deep regolith weathering

The δ30Si values of deep groundwater (≥10 m) in both watersheds
were homogenous and low (0.9 ± 0.2 ‰, n = 23), with higher DSi
concentration compared to shallow groundwaters and soil porewaters,
indicating an additional source of isotopically light Si (Fig. 5). Consid-
ering an average regolith thickness of 17 m in the basin, during the
recharge process the deep groundwater will interact with highly porous
regolith layers, and underlying fractured gneiss bedrock (Dewandel
et al., 2006; Braun et al., 2009). In the Mule Hole watershed, the thick
regolith constitutes a major water stock for deep-rooted trees, thus can
alter the δ30Si composition of deep groundwater through root uptake
(Ruiz et al., 2010; Chitra-Tarak et al., 2018). However, plant uptake
cannot explain the observed low groundwater δ30Si values compared to
soil porewater, since plants preferentially take up light silicon isotopes,
leaving Si-depleted residual solution with high δ30Si values. Moreover,
in the cultivated watershed the uptake depths of most short-cycle crops
do not exceed 1 m (Robert et al., 2017). A similar argument also holds
true for adsorption processes, where adsorption onto Fe oxyhydroxides
is also shown to enrich the residual solution in heavy isotopes, which is
not the case here (Delstanche et al., 2009). We infer that even if deep DSi
uptake by plants and adsorption processes can occur within the regolith
layer, it is limited and masked by the release of additional DSi from
water-rock interactions. For deep groundwater recharge, the water pass
through porous regolith layers with high partial pressure of CO2 and
abundant primary minerals, promoting additional weathering reactions
which can release Si into solution (Violette et al., 2010). The potential

Fig. 5. The plot of groundwater water table depth (in meters below ground level or mbgl) vs. δ30Si and DSi in groundwater from Mule Hole and Berambadi collected
from different depths. Also plotted soil porewater values from Riotte et al. (2018a), (2018b) (assumed average depth of 1 m). A schematic of the weathering profile
typical for the region is given on the left side (Braun et al., 2009).
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sources of DSi are primary silicate minerals within the saprolite, which
includes quartz (31 %), plagioclase (33 %), biotite (2 %), chlorite (7 %),
hornblende (5 %) and sericite (13 %) (Braun et al., 2009; Violette et al.,
2010). Quartz and sericite are extremely resistant to weathering and are
unlikely to contribute significantly. The majority of DSi supply to
groundwater results from the weathering of Na-plagioclase, biotite and
chlorite with formation of secondary clays such as kaolinites and
smectites, respectively (~3 % volumetric content in saprolite for both
clays, Violette et al., 2010). The stoichiometry of mineral weathering
reaction for Na-plagioclase and biotite in the deep regolith layers are
given as following (Riotte et al., 2018a; Violette et al., 2010):

1.67*KMg1.5Fe1.5AlSi3O10(OH)2 (Biotite)+3.2H+ +3.5H2O
➔Si4O10(OH)2Mg0.33Al1.67Mg0.165 (Smectites)+ 2.3 Mg2+ +1.67 K+

+2.5Fe(OH)3 +1.0 H4SiO4

(8)

This interpretation is also in accordance with observed steady-state
model behavior proposed by Bouchez et al. (2013), as the release of
silicon through weathering reactions can supply DSi throughout the
weathering profile (Fig. 4b). The secondary clay formed in the saprolite
can be accumulated in mineral surfaces, as clay infillings and also
coatings (Santos et al., 2018). The δ30Si values of DSi released by
weathering of plagioclase/biotite and formation of kaolinite/smectite,
can be deduced by mass balance (Bouchez et al., 2013);

δ30Sireleased =
(

δ30Siprim.sili. × fSi prim.sili. − δ30Siclay × fSi clay
)/(

1 − fSi clay
)

(9)

In Eq. 9, the terms fSi prim. sili. and δ30Siprim. sili. Denote the fraction of
silicon released by primary silicate weathering and the corresponding
silicon isotopic composition of the silicate bedrock, while fSi clay and
δ30Siclay denote the fraction of silicon incorporated into clay and the
silicon isotopic composition of the clays. Here, we assume the entire Si is
sourced from weathering of primary silicates (i.e. fSi prim. sili.=1) and the
Si isotopic composition of primary silicate minerals (δ30Siprim. sili.) is
similar to that of the whole gneissic bedrock (− 0.34 ± 0.08 ‰, Riotte
et al., 2018a). The δ30Siclay in kaolinite dominated soil layers of Mule
Hole is known (− 1.3 ± 0.03 ‰; Riotte et al., 2018a) and δ30Siclay of
smectites is not available for the study region such that we opted for the
average published δ30Si of − 0.5 ± 0.4 ‰ (Georg et al., 2009a, 2009b;
Opfergelt et al., 2012; Frings et al., 2021). We assign the fSi clay values
based on the reaction stoichiometry of dominant weathering reactions in
the regolith (Eqs. 7, 8). The estimated δ30Sireleased of the DSi produced by
plagioclase and biotite weathering is 0.21 ‰ and 0.34 ‰, respectively
(Table S3). From these signatures, we can estimate the fraction of Si
potentially released from deep weathering (fSi released) of each primary
mineral phases to groundwater DSi again from an isotopic balance:

fSi released × δ30Sireleased +
(
1 − fSi released

)
× δ30Sisoilwater = δ30Sigroundwater

(10)

In Mule Hole, if the δ30Sigroundwater of 1.0 ± 0.2 ‰ results from a
mixing between an infiltrating soil solution at 1.6± 0.1‰ (n = 9, Riotte
et al., 2018a) and DSi released from primary silicate weathering, then
the deep regolith weathering would contribute from 46 ± 36 to 51 ± 56
% of the groundwater DSi (Table S3). As any deep Si root-uptake by
deciduous trees should be balanced by an increase of this weathering
flux, this range should be considered as a minimum contribution to

groundwater DSi. Similar calculations for Berambadi, based on
measured soil porewater δ30Si of 1.5 ± 0.2‰ (n = 8), provides a rough
estimation of Si contribution from deep weathering fluxes ranging from
34 ± 39 to 38 ± 56 % (Table S3). However, the calculation in Beram-
badi is complicated by the fact that groundwater is routinely used for
crop irrigation in watershed, which can undergo subsequent Si uptake in
the shallow soil depending on crop type. Additionally, for both water-
sheds we assume that the δ30Si values of primary silicate minerals is
similar to the bedrock value, which is not always the case. Recent
mineral-specific isotopic analyses suggest that biotite exhibits a more
negative δ30Si values among the primary silicate minerals (ranging from

− 0.3 to − 1.0‰, Frings et al., 2021), whichmakes biotite contribution to
weathering flux an overestimate. Overall, the consistently low δ30Si
values in groundwater compared to soil porewaters in both the Beram-
badi and Mule Hole watersheds reflects that the signatures of weath-
ering, biotic uptake and/or adsorption occurring at shallow soil horizons
and are partly overwritten and homogenized by additional DSi fluxes
(upto 50 % of groundwater DSi) from primary minerals weathering in
the deep critical zone. The input of lighter Si from weathering in deeper
layers of the regolith can also explain why groundwater systems are
generally lower in δ30Si compared to river water, the latter integrating
signatures from shallow and deep-water solute fluxes.

5. Conclusion

We assessed the impact of land use changes on the silicon isotopic
composition of groundwater by comparing two contrasting watersheds,
the forested Mule Hole watershed and the cultivated Berambadi
watershed. Contrary to dissolved silicon concentration, the δ30Si sig-
natures of groundwater indicates no significant impact of landuse,
despite continuous crop cultivation for more than 30 years in Beram-
badi. Moreover, groundwater exhibits no seasonal differences in terms
of δ30Si composition, indicating that immediate monsoonal precipita-
tion imparts little influence on the groundwater composition. The pri-
mary silicate weathering and formation of secondary minerals exert
dominant control over the silicon isotopic composition of groundwater,
following a steady-state open flow through model. Apart from weath-
ering controls, shallow aquifers can be impacted by plant uptake,
adsorption/desorption of oxyhydroxides and dissolution of secondary
phases and exhibits variable δ30Si. The δ30Si values of groundwater from
both watersheds (1.1± 0.5‰, n = 51) were significantly lower than the
soil pore water composition (1.6 ± 0.2 ‰, n = 17), reflecting contri-
bution from deep weathering Si fluxes controlling the Si isotopic
composition. Overall, weathering of dominant primary silicate minerals
(Na-Plagioclase, biotite and chlorite) and formation of kaolinite and
smectite type clay minerals in deeper layers of regolith contributes to 46
to 51 % of total Si flux in the forested Mule Hole and 34 to 38 % in the
intensely cultivated Berambadi watershed. Groundwater supports the
baseflow of rivers, especially during the dry season, with a chemical
composition and isotopic signature very different from shallow surface
and subsurface runoff. 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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