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ABSTRACT

The Brahmaputra river system is one of Asia's largest and most dynamic transboundary rivers.
Yet, significant investigations on the isotopic signature of its water are limited and not
documented. This study aims to address the limitations in datasets and enhance the knowledge
of the river's complex hydrological processes and its climatic influence using the stable isotope
technique. Over 1-2 years, a comprehensive dataset of isotopes was gathered from multiple
locations within the basin to study the continuous changes in precipitation, groundwater, and
surface water. Seasonal observations were also conducted along different parts of the lower
Brahmaputra river system, from its entry point in Indian territory to its lower reaches in the
Assam valley. The isotopic composition reflects contributions from various sources such as
glacial melt, snowfall, rainfall, and groundwater that flow into the river water. Seasonal
isotopic variations in precipitation show depleted signatures during the post-monsoon due to
intense rainout, resulting in enrichment in the remaining water vapour. Enriched values of
precipitation during the pre-monsoon indicate significant evaporation. Spatial variation in river
water points to isotopic depletion in upstream regions due to snowmelt and glacial

contributions, while downstream reaches display isotopic enrichment from heavy precipitation
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inputs and tributary influence. The result of distinct isotopic signatures in different reaches of
the river is due to variations in basin characteristics. It helps to understand water sources,
evaporation-precipitation dynamics, and regional hydrological processes. These findings
would contribute to developing a better knowledge of the hydrological behaviour of the
Brahmaputra River and help in taking appropriate measures for crucial management of water

resources and predicting climate change impacts on river systems.

Keywords: Brahmaputra river; Stable isotope; Precipitation; Subsurface flow; Surface runoff;

Glacier melt.

1. Introduction

Major river systems (e.g., Indus, Ganga, and Brahmaputra) originating from the Hindu
Kush Himalaya are the primary components of the hydrological cycle in South Asia. The region
is considered as the largest reservoir of ice after polar regions and acts as the source of moisture
recycling and carrier of large amounts of water, sediment and nutrients to the ocean (Scott et
al., 2019). The region has the largest biodiversity, with the vast human population residing in
a fragile ecosystem (Bookhagen and Burbank, 2010; Burkhart et al., 2017). Climate change
and land use land cover alteration due to various anthropogenic activities are adversely

affecting the region (Piao et al., 2010).

Hence, investigation is required for sustainable water resource management and
understanding of the river system (Vordsmarty et al., 2010). Generally, various techniques are
used for hydrological process investigation such as isotope tracers (Banda et al., 2024; Jeelani
et al., 2017; Klaus and McDonnell, 2013; Nan et al., 2021; Rai et al., 2017; Ren et al., 2016;
Zhou et al., 2015), hydrological modelling (Lindstrom et al., 2010; Rautela et al., 2023; Singh
et al., 2008; Swain et al., 2018), and remote sensing (Aggarwal et al., 2020; Gaur et al., 2022;

Taia et al., 2023). However, the isotopic tracer technique is more effective in understanding
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the complexity of the hydrological system. Generally, in hydrological studies using the isotopic
tracer technique, stable isotopes of oxygen and hydrogen are considered (Diamond, 2022; Gat,
2010; Vitvar et al., 2005). The variation in isotopic ratios for various hydrologic components
are result of phase changes and mixing. Globally, the correlation that exists between §'30 and
oD in precipitation is represented as the Global Meteoric Water Line (GMWL) (Craig, 1961;
Dansgaard, 1964; Kumar et al., 2010; Rozanski et al., 1993). The variation found in the isotopic
signature of precipitation is due to the effect of altitude as well as the fractionation of snow and

melt components, especially in higher altitudes.

Thus, variation in the isotopic signature at different stages within the hydrological system
is regulated by processes like evaporation, condensation, precipitation, and runoff (Mook,
2001) (Fig. 1). The evaporation from larger water bodies and oceans carries lighter isotopes
easily than heavier isotopes which result in the enrichment of lighter isotopes in water vapour
left behind isotopically heavier water (Gat and Gonfiantini, 1981; Gat et al., 2000). Similarly,
heavier isotopes preferentially condense into raindrops during condensation, resulting in the
initial precipitation with isotopic enrichment. As the cloud moves towards the landmass from
the oceanside, the isotopic signature of the precipitation gradually gets depleted (Kumar et al.,
2010). Therefore, the moisture that transports to the higher altitudes are fractionated further,
resulting in a more depleted isotopic signature for the precipitation in the form of snow (Gat
and Gonfiantini, 1981; Gat, 1996; Gat et al., 2000). Subsequently, the meltwater from snow
and glaciers carries a depleted isotopic signature due to the melting of glaciers and ice sheets.
Gradually, this meltwater contributes to the surface runoff, integrating various watersheds and
different components, creating a mixed isotopic signature for river water (Gat, 2010; Mook,
2001). Further, this water infiltrates into the groundwater system, adding to the subsurface flow
and resulting in isotopic fractionation due to evaporation, recharge and mixing with the old

water. Groundwater generally preserves the isotopic signature of the precipitation that
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recharged it unless mixed with other sources of water (Deshpande et al., 2003; Krishan et al.,

2023; Mazor, 1990).

Ocean

850 ~VSMOW
8?H ~VSMOW

Fig. 1. Schematic illustration of the variations in isotopic signatures (6'*O and 8*H) throughout
different stages of the hydrological cycle. The diagram highlights how ocean evaporation
enriches water vapour with lighter isotopes, while precipitation favours heavier isotopes,
leading to a depletion of lighter isotopes in residual moisture. It also illustrates the impact of
altitude and the fractionation processes involved in snow and melt runoff, surface runoff, and

subsurface flow.

The Brahmaputra river system is considered one of the largest river systems in South Asia,
stretching over multiple climate zones and vast geographic regions starting from Tibet. The
river is known to be originating from the glaciers (such as Chemayungdung glacier, Kubi
glacier, and Angsi glacier) near Manasarowar in the Kailash range, travelling through the plains
of Assam and reaching the Bay of Bengal through the Bengal plains (Pranavananda, 1939;

4
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Goswami, 1985; Singh et al., 2004). As a result, this river system exhibits a complex hydrology
with spatial and temporal variability in isotopic signature. Brahmaputra river system caters to
a population of 83 million, spread over four countries, with the highest percentage residing in
Bangladesh (41%) and in the state of Assam, India (34%) (Singh et al., 2004). The adverse
effects of climate change on glaciers affect the total water budget, resulting in large variability
in hydrological processes (Gao, 2019). For example, large-scale variability of river discharge
due to the shrinking of glaciers affects the quality and quantity of river water, impacting the

livelihood of the vast population residing in such regions.

Numerous researchers have studied hydrological processes in river systems using stable
isotope techniques (Gao et al., 2021; Pandey et al., 2023; Penna et al., 2014; Rai et al., 2021;
Terzer et al.,, 2013; Wu et al., 2019). Considering the importance of such studies, the
International Atomic Energy Agency (IAEA) has established a Global Network of Isotopes in
Precipitation (GNIP) and a Global Network of Isotopes in Rivers (GNIR) (Rozanski et al.,
2013; Vitvar et al., 2012). However, there is a scarcity of data related to isotope variability for
the Brahmaputra river basin. Few studies using the stable isotope technique on the Brahmaputra
river are primarily focused on specific sections of the river or small catchments. Kumar et al.
(2010) reported isotopic variability in Guwahati from July 2003 to October 2004. Various
studies at Jorhat were also reported for spatio-temporal variability in the moisture sources
(Ganguly et al., 2023; Jeelani et al., 2018). Laskar et al. (2015) established the Local Meteoric
Water Line at Hailakandi, Assam, Northeast India, from June 2009 to July 2011. Boral and Sen
(2020) used the data available from different literature (Bershaw et al., 2012; Hren et al., 2009;
Ren et al., 2016) to study the Yarlung Tsangpo part of the Brahmaputra river system.
Additionally, the study by Hren et al. (2009) was conducted on the upper Brahmaputra region
(Tsangpo and upper part of Siang river) almost two decades ago (Aug 1998, May 1999, Apr

2005, and Feb 2006) and lacks temporal variability of §'%0 and 8D signature in the river water.
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The isotopic variability in groundwater, river water, snow and glaciers has not been extensively
investigated. Therefore, there is a need to study the spatio-temporal complexity in stable

isotope variability for the entire Brahmaputra river system.

Unfortunately, the scarcity of systematic isotopic investigation in the Brahmaputra river
system limits a comprehensive understanding of hydrological processes. The spatiotemporal
patterns of 8'*0 and 8D in precipitation are missing for the entire reach of the river system.
The present study aims to cover the data gap in the whole reach of the Brahmaputra system and
improve the understanding of hydrological processes dominating the flow characteristics.
Therefore, comprehensive isotope data has been collected systematically from the high
mountainous regions, such as the Khangeri glacier and the Mago basin, to the river's lower
reach at Golpara from July 2022- July 2024. To investigate the temporal variability in the
isotopic signature of the river water, groundwater and precipitation, a systematic continuous
monitoring station is established at Guwahati. River water samples from the main channel of
the Brahmaputra, groundwater samples, and precipitation samples were collected continuously
from October 2022 to July 2024. Another station has been established in Naharlagun, Itanagar,
for spatial variability in precipitation. This study seeks to construct reference data for future
climate change scenarios, insight into the hydrological processes, and reconstruction of past
climate scenarios. The outcome of this study provides spatiotemporal variability in
precipitation and its moisture source in the Brahmaputra system, insight into the seasonal
variability in snow and glaciers in this region, and groundwater and river water variability

across space and time.
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2. Material and methods
2.1. Study area

This study focuses on the main headwater region of the Brahmaputra basin, located in the
north-eastern part of India. Out of the total catchment area of the Brahmaputra river, India
covers 33.6 %, which is shared by Arunachal Pradesh, Assam, Nagaland, Meghalaya, Sikkim,
and West Bengal, whereas the large area percentage covered by Arunachal Pradesh and Assam
around 41.88% and 36.33%, respectively (Singh et al., 2004). The Brahmaputra river,
originating in the Kailash range at an elevation of about 5300 meters above mean sea level,
exhibits a wide range of slope variations throughout its course. The river spans a total length
of approximately 2880 kilometres, distributed as follows: 1625 kilometres in Tibet, 918

kilometres in India, and 337 kilometres in Bangladesh before emptying into the Bay of Bengal.

In this study, one year-long (April 2023 to April 2024) time series observation was used
near the bank of the river Brahmaputra at Guwahati (26°10'52.90"N, 91°41'49.31"E) as it
narrows to 1 km wide here due to down cutting of rocks at Shillong plateau. Seasonal
observation was carried out spatiotemporally from July 2022 to June 2024 in tributaries of
Brahmaputra, joining the mainstream (Fig. 2). Before the river Brahmaputra enters India, the
Tsangpo river takes a prominent curve at Namcha Barwa and continues as river Siang inside
India. The right-hand tributary, the Siyom river, joins the Siang river at Komsing Karo, and
then it flows till Pasighat finally appears in the plains. Then, after the confluence of two major
rivers (Dibang and Lohit) with Siang, it became very wide and called Brahmaputra. With due
course as it moves downstream, a few more tributaries join the mainstream, namely Burhi
Dihing river, Dihing river, Dhansiri river, and Kopili river from the left bank and from the right
bank Subansiri river, Kameng river, Manas river, Sankosh river, and Teesta river join the main

stream of the Brahmaputra.
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Fig. 2. Topographic map of the Brahmaputra River basin, highlighting tributaries outlined in
black. Elevation is depicted using a colour gradient from -10 to 8,509 meters. The river network
is categorized by stream order, indicated in various colours. The glacier extent, marked in blue,
is derived from the Randolph Glacier Inventory 6.0. Sampling locations and types are clearly

indicated on the map's legend.
2.2. Sample collection

The stream water time series samples were collected from a stable barge located 15-20
meters off the northern bank in Guwahati (26°10'54" N, 91°41'49" E) to represent the
mainstream of the Brahmaputra river (Fig. 2). River water samples were collected twice a week
consistently throughout the entire study period from April 2023 to June 2024. On the same day,
groundwater was also collected 2 km away from the bank of Brahmaputra, paying attention to
the dates of stream water collection at the exact location named Namati Jalah (26°11'36" N,
91°41'12.34" E) to observe the interplay between surface water and groundwater. Rainwater
samples were collected soon after following the rainfall events from the rainfall collection unit

established at two locations in the Brahmaputra river basin. One location was in Naharlagun,
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Itanagar (R2: 27°06'14.64" N, 93°41'418.04" E), representing higher altitude and the other was
in Guwabhati near the stream water collection point (R1: 26°11'04" N, 91°41'35" E) at the bank
of Brahmaputra river. The collection was conducted from October 2022 to June 2024. Apart
from the time series sampling at a specific location in the Brahmaputra river basin, seasonal
sampling was conducted at multiple locations along the various tributaries. A widespread
sampling was carried out to collect water samples from streams, groundwater, waterfalls,
springs, and lakes during July 2022. Seasonal sampling was carried out along the few stretches

of specific tributaries of the Brahmaputra river.

In addition to both season-specific and time-series sampling in the tributaries and the main
channel of the lower Brahmaputra river, glacier and snowmelt samples were collected at
Khangeri glacier. The Khangeri glacier is located in Mago basin (Latitude: 27°46'59.3" to
27°48'5.6"N, Longitude: 92°21'18.1" to 92°222.4"E) at the north-western extremity of
Arunachal Pradesh (Fig. 3). It is a valley-type glacier flowing in a northeast-southwest
direction, with an altitude ranging from 5000 to 5500 meters above mean sea level. The
glacier's accumulation zone is approximately 6000 meters above the mean sea level on Gori-
Chen mountain. The glacier's snout (27°46'59.3"N, 92°21'18.1"E) is situated at an altitude of
4909 + 2 meters above mean sea level, a few kilometres ahead of a place called Marathang.
Seasonal sampling of fresh snow and glaciers was conducted in this region during December
2023, March 2024, April 2024, and June 2024. Additional snow samples were collected from
Bumla Pass at Tawang and Lachung at Sikkim. Snow samples were carefully gathered from
the uppermost layer of the snowpack, ranging from 10 to 15 centimetres in depth. Additionally,

ice samples were collected from the vertical wall, which was exposed near the glacier's snout.
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Fig. 3. Topographic map of the Mago basin depicting the Khangeri glacier, where seasonal
collections of glacier and snow samples take place. Sampling locations are marked along the

glacier's snout, with clear indications of land use, land cover, and the extent of the glacier.

All samples were collected in 15 ml amber narrow-mouth bottles. These bottles were pre-
cleaned and acid-washed using 10% reagent-grade hydrochloric acid. Snow and ice samples
were collected in previously cleaned plastic zip-lock bags. After melting, the samples were
transferred to the amber bottles. The samples were collected underwater with no headspace in
the bottle to prevent evaporative fractionation and stored in a place away from sunlight. The
samples collected during different times of the year are divided into categories based on the
seasons (Fig. 4.). The period from March to May is considered as the pre-monsoon season (Pre-

M), while June to September is the monsoon season. The period from October to November is

10
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categorised as post-monsoon (Post-M), and December to February is considered as the dry

s€ason.

Fig. 4. Field photographs from various sampling locations in the Brahmaputra basin: (a) Snout

of the Khangeri glacier in the Mago basin, showing glacier and meltwater sampling; (b)
Sampling from the iced lake at Sela Pass; (c) Real-time groundwater sampling in Guwahati;
(d) Real-time river water sampling from the Brahmaputra River; (e) Real-time monitoring and

sampling of rainfall in Guwahati; (f) Seasonal fresh snow sampling at Bumla Pass, Tawang.
2.3. Stable isotope analysis

This stable isotope analysis was conducted using Liquid Triple Isotopic Water Analyser
GLA-431 series based on off-axis integrated cavity output spectroscopy (OA-ICOS)
technology developed by Los Gatos Research (LGR), focuses on accurately identifying the
stable isotopes of oxygen (0!, 0'7, and O'®) and hydrogen (H! and H?) present in various water

types including stream water, groundwater, rain, snow, and ice. The analysis was conducted at
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the water isotope lab of the Earth System Science and Engineering Division in the Department

of Civil Engineering, Indian Institute of Technology Guwabhati.

To conduct the analysis, 1 ml of water samples extracted using a 2.5 ml disposable syringe
were filtered using the non-sterile Nylon membrane syringe filter with a 0.2 pm pore diameter.
The extracted 1 ml water sample will be loaded into a glass vial. The auto-injector system of
the analyser will collect 1.2 ul of the sample using a C-line fixed needle syringe and will be
introduced into a heated pot locked by a silicon septum. The heated pot is maintained at a
temperature of approximately 90°C. The instrument having an optical cavity, kept at vacuum
by a diaphragm pump, connected through a PTFE transfer tube. In the heated pot, the water
samples will be vaporised and channelised into this optical cavity. This process is carried out
at least 10 times for each sample, with the first two injections discarded to eliminate any
potential carry-over effects from previous samples. The analysis was carried out following this

procedure for all the samples collected.
2.4. Instrument calibration

The isotopic compositions are generally represented by standard delta (8) notation relative
to the international standard VSMOW (Vienna Standard Mean Ocean Water) and expressed in

per mil (%o) defined as the Eq. (1) to (3):

(* o)

016 Sample

o) suon
VSMOW

o7
( /Olﬁ)Sample —1 | x1000 %o (2)

(/o) ssuon
(/) e

§*H= ~1 | 1000 %o (3)

/RN

§'%0= —1 ] x1000 %o (1)

§'70=

12
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The VSMOW given in the above equation is the international standard for 8D, §'%0, and §'7O.
If VSMOW is not available as standard, the alternate method is used to establish lab standards
with respect to VSMOW. Therefore, in this study, standards supplied by LGR, which is
calibrated to VSMOW, were used. The calibrated value of lab standards with respect to
VSMOW is given in Table 1. Further, three representative samples from this study were
analysed at the National Institute of Hydrology, Roorkee, using an Isotopic Ratio Mass
Spectrometer (IRMS) as an additional calibration process. In addition to this, three separate
samples were further analysed at the Center for Stable Isotope Biogeochemistry, University of
California, Berkeley, using the Thermo Delta V Plus mass spectrometer. The absolute
differences between the values analysed in both NIH and the University of California,
Berkeley, with respect to IIT Guwahati, are given in Table 2. The analytical precision of the L-
TIWA GLA 431 series instrument is 0.2 %o for 8D and 0.02 %o for §'*0 and §'’O, which is
within the approved limit. Apart from 8D, §'%0, and 870, d excess was another derived

parameter also calculated using the formula (8D — 8 x §'%0) as defined by Dansgaard (1964).
Table 1

Calibrated isotope values of lab standards relative to the VSMOW international standard.

Lab Standard oD 5130 8’0

LGR ID —161.3+0.5%0 —20.72+£0.15%0 —10.93 £0.15 %o

LGR 2D -1202+£0.5%0 —16.13+0.15%0 —8.49=+0.15 %o

LGR 3D —78.0+0.5%0 —10.76£0.15%0 —5.63 +0.15 %o

LGR 4D —A48.7+0.5%0 —7.63£0.15% —3.97+0.15 %o

LGR 5D —-105+05%  -3.0£0.15%0  —1.52+0.15 %o

Table 2

13
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Summary of OA-ICOS and mass spectrometer measurements of various sample types at IIT

Guwahati, NIH, and the University of California.

Sample Type of oD 8130 oD 830 | Absolute difference
1D sample NIH IITG oD 8130
GPR Rainwater -17.33 347 | -17.71 -3.08 0.38 0.39
GSW River water —43.66 -7.19 | 4435 747 0.69 0.28
GWG Groundwater | -33.66 —-5.32 | -34.17 -5.15 0.51 0.17
UC Berkeley TG
SWR River water -49.6 -7.72 | 4949 -7.71 0.11 0.01
GW Groundwater | -32.4 581 | -32.65 -5.78 0.25 0.03
SP Spring water 413 -6.23 | -40.87 -6.42 0.43 0.19

3. Results and discussion
3.1. Isotopic signature of precipitation

This study analyses the isotopic signatures of precipitation at two sampling sites in the
Brahmaputra basin (Guwahati and Itanagar) from October 2022 to June 2024. The isotopic
composition of precipitation samples collected from Guwahati exhibited considerable
variability in §'*0, §'’0 and 8D throughout the study period. The §'*0 values ranged from —
14.46 %o to 4.09 %o, with a mean value of —3.18 %o (£4.44 %), while §!’O values ranged from
—7.75 %o to 2.58 %o, with a mean value of —1.59 %o (£2.39 %o), and 6D values ranged from —
113.46 %o to 40.91 %o, with a mean of —14.51 %o (£37.32 %0). The d-excess values varied
between —3.87 %o and 26.70 %o, with an average of 10.89 %o (£5.80 %o). The isotopic
composition of precipitation collected from Itanagar exhibits variability in §!%0 values ranging
from —12.89 %o to —1.15 %o, and 6D values ranging from —86.53 %o to 10 %o. The d-excess

values varied between 13.34 %o and 19.21 %o.
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The LMWL displays the linear relationship between §'%0 and 8D derived from
precipitation at Guwahati and Itanagar as illustrated in Fig. 5. The linear regression equation

defining LMWL is given below:
LMWL, 8D = 8.2387 x §'%0 + 11.967 4)

The (Eq. (4)) shows a slight deviation in slope and intercept from the universal reference line

known as Global Meteoric Water Line, established by Craig (1961). Defined by the equation:
GMWL, 8D =8 x 880 + 10 5)

However, Indian Meteoric Water Line by Kumar et al., (2010) in (Eq. (6)) shows a slightly

lower slope and intercept than GMWL, illustrated by linear regression equation as:
IMWL, 8D = 7.93 (£0.06) x §'*0 + 9.9 (0.5), n =272, r> = 0.98 (6)

The Meteoric Water Line (MWL) for the precipitation at Guwahati from October 2022 to July

2024 shows the regression line, defined by the equation:
R1, 8D = 8.3028 x §'%0 + 11.848 (7

Seasonal meteoric water lines were also developed to understand the influence of season
on the isotopic signature of rainfall. Seasonal differences were notable for precipitation in
Guwahati, with Pre-M showing enriched §'%0, §'70, and 8D values (mean §'*0: —0.99 %o;
mean §!70: —0.52 %o; mean 3D: 3.50 %o) compared to Post-M (mean §'%0: —11.02 %o; mean
5'70: —5.81 %o; mean 8D: —79.37 %o) (Table 3). This seasonal trend was consistent across all
sampling locations. The enriched §'30 shows a higher concentration of heavier oxygen isotope
(180) in the rainwater than the lighter oxygen isotope ('°0). Higher concentrations of heavier
isotopes reflect in rainwater when there is less prior condensation, local precipitation during
dry seasons, or shorter moisture transport distances. The linear regression relation for each

season is defined by the equations:
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Pre-Monsoon, 8D = 8.0717 x 8'%0 + 11.454 (®)

Monsoon, 8D = 8.6569 x §'0 + 14.087 9)
Post-Monsoon, 8D = 6.759 x §'%0 — 4.8713 (10)
Dry season, 8D = 5.7629 x §'80 + 15.241 (11)

The regression line has a slope closer and intercept greater than GMWL for pre-monsoon
samples, but the monsoon samples show a trend line similar to the global meteoric water line
and intercept even larger than the pre-monsoon. The smaller intercept difference in the pre-
monsoon and monsoon rainwater samples indicates that the moisture sources of precipitation
in this region originate from the recycled Indian summer monsoon more than the western
disturbances. A higher intercept compared to GMWL shows an evaporative enrichment in
precipitation. Post-monsoon samples show a trend line with a negative intercept and lower
slope than GMWL, for the reason that the retreating Indian Summer Monsoon transports

moisture from a great distance.

The precipitation samples of Itanagar show a regression line similar to the global meteoric
water line. The MWL for the precipitation from October 2022 to July 2023 is defined by the

equation:
R2, 8D = 8.4528 x §'80 + 18.055 (12)

The slope of MWL at Itanagar is comparable to the slope of GMWL. However, the intercept
shows a higher value, which could be due to the altitude effect, as Itanagar is at a higher
elevation. Therefore, due to the altitude effect, the evaporative vapour under low humidity
conditions shows a selective loss of lighter isotopes, resulting in an increase in d-excess. Like
in Guwahati, the pre-monsoon rainfall shows enrichment in heavier isotope signatures due to

the notable influence of evaporation during pre-monsoon. Post-monsoon rainfall shows
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319  depletion in heavier isotope signatures due to the influence of retreating moisture transportation

320  during post-monsoon.
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322 Fig. 5. Relationship between §'%0 and D values in precipitation samples from Guwahati and
323  Itanagar, illustrating isotopic variation in the Brahmaputra river basin at differing elevations.
324  The pink dotted line represents the Local Meteoric Water Line (LMWL), while the Global
325  Meteoric Water Line (GMWL) is provided in black dotted line for comparison. The linear trend
326  lines, R1 and R2, correspond to precipitation at Guwahati and Itanagar, respectively. Seasonal
327  wvariations, including pre-monsoon, monsoon, post-monsoon, and dry-season influences, are

328  depicted through the scatter of data points and the trend lines.
329 Table3

330  Summary of isotopic precipitation data by season in Guwahati: mean, median, range, and

331 standard deviation.
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Season  Isotopes Mean Median Range Standard Deviation
Pre-M 30 —0.99%0 —0.10%0  —13.12%o to 4.09%o +3.86%o0
370 —0.52%0 —0.13%o —6.94%o to 2.58%o0 +2.13%o
oD 3.50%0 12.84%0  —97.01%0 to 40.91%o +31.85%o
Monsoon 3180  —5.08%0 —4.76%0  —14.46%o to 0.97%o +3.15%o0
370 —2.48% —2.37%o —7.75%o0 to 0.55%0 +1.78%o
oD  —30.50%0 —27.04%0 —113.46%0 to 13.79%o +28.19%o
Post-M 880 ~11.02%0 —10.68%0 —13.37%o0 to —9.59%o +1.30%o0
870 —5.81%0 —5.57%0  —7.14%o to —4.97%o +0.74%o
0D  —79.37%0 —78.55%0 —93.33%0 to —67.28%o +9.27%o
Dryseason 80  0.75%0  1.01%o —1.84%o to 2.35%o +1.29%o0
370 0.47%  0.49%o —0.88%o0 to 1.71%o +0.77%o
oD 19.55%0  20.77%0 3.12%o0 to 28.24%o +7.74%0

A time series from October 2022 to June 2024 for §'*0 and d-excess were plotted (Fig. 6)
to understand the localised recycling of moisture. During pre-monsoon, the mean of 5180, 570,
and dD is less negative, indicating enrichment in isotopic signature along with highly enriched
d-excess and high standard deviation (Table 3, Fig. 6). The enriched values indicate the gradual
increase in temperatures and lower humidity levels typically experienced during the summer
season due to localised recycling dominance. Ganguly et al. (2023) have reported a similar
kind of trend in Jorhat due to locally recycled moisture dominance. This suggests a notable
influence of evaporative processes. This evaporation enriches moisture with the heavier
isotope, contributing to isotopically enriched rainfall. This region often experiences convective
thunderstorms during the pre-monsoon period, causing rapid uplift of the moisture. This

uplifted moisture sometimes leads to intense and short-duration rain events and can vary widely
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across different storms, resulting in higher variability in standard deviation in isotopic

signature.

The isotopic signature for the monsoon season shows a wide range from negative to
positive, with a high standard deviation in Table 3. This variation is attributed to several
reasons, including complex hydrological dynamics in the Brahmaputra river basin. It receives
moisture from the southwest monsoon, the Arabian sea, and recycled continental moisture
during the mid-monsoon period (Fig. 6). Each source has a different isotopic signature. Intense
monsoon events also lead to heavy rainfall, resulting in more significant isotopic depletion. A
baseline shift in '30 was observed with the depleting trend of monsoon trend around mid-June
(Fig. 6). The intensity of rainfall, for this reason, varies greatly, from short downpours for a
prolonged period to heavy rain for a short period, contributing to a wide range of variations.
Also, early monsoon rains generally undergo less rainout, resulting in precipitation of heavier
isotopes first than peak and late monsoon rains. While later rains after extensive pouring show
a more depleted signature. Laskar et al. (2015) and Ganguly et al. (2023) also have reported a
gradual depletion of isotopic composition with the due course of monsoon season at Hailakandi

and Jorhat in Assam, respectively.

The isotopic signature for the precipitation in the post-monsoon season indicates a
transition from monsoon to dry season shown by depletion in heavier isotopes. This could be
attributed to the combined effect of retreating ISM moisture and the impact of cooler mid-
latitude western disturbances. According to Jeelani et al. (2018), heavy isotope depletion is
observed in north-eastern India due to the transition of moisture sources from the Indian
Summer Monsoon to the western disturbances period. The depletion in heavier isotopes occurs
due to the isotopic fractionation of water vapour as it travels from oceans or other large water
bodies over a long distance, and the cold temperature causes progressive loss of heavier

isotopes due to condensation.
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Among the four seasons, the mean of all the isotopic fractionations shows a positive
signature during the dry season because of specific reasons listed: (1) local recycled moisture
sources, (2) reduced rainout effect, or (3) lesser precipitation amount. As this region
experiences dry winters, there is more influence from recycled moisture that has been
previously evaporated and re-precipitated (Fig. 6). Since the local moisture has not travelled
from a greater distance, it retains a higher concentration of the heavier isotopes. In contrast to
the monsoon season, the drier season experiences less fractionation as there are no repeated
precipitation events to deplete heavier isotopes due to the rainout effect. Rainfall is often lower
in volume and less frequent during the dry season, which leads to less dilution of heavier
isotopes by subsequent rainfalls, showing isotopic enrichment. The standard deviations
indicate less significant variability in isotopic values during the dry season compared to Pre-

M, monsoon and Post-M, reflecting the influence of changing weather patterns, moisture

sources, altitude effects, and rainout events.
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Fig. 6. Isotopic signature of §'®0 and d-excess shows the trend of daily precipitation in
Guwahati from October 2022 to June 2024. The pre-monsoon period (March to May) displays
enriched 8'%0 and d-excess values. The shift in 8'30 during the later part of the Indian Summer
Monsoon (June to September) reflects contributions from localized recycled moisture. The
pink rectangle represents the pre-monsoon recycled moisture zone, while the green rectangle

represents the monsoon-recycled moisture zone.

The results reveal distinct seasonal variations in isotopic composition, with §'%0 and 6D
values showing significant enrichment during the pre-monsoon season and depletion during
the post-monsoon season. In the study area, it was found that a considerable difference in
isotopic signatures between the high-altitude location at Itanagar and the low-altitude location
at Guwahati. This suggests that altitude has an impact on isotopic enrichment. Also,
correlations between isotopic ratios and atmospheric circulation patterns were observed, which

gave insights into regional moisture sources.

The correlation between §'30 and d-excess values and various meteorological parameters,
including precipitation amount (mm/day), temperature, and relative humidity at 2 meters
indicate a strong and statistically significant relationship emphasising a strong atmospheric
interference in hydrological cycle (Fig. 7). Temperature is showing strongly positive
correlation with $'80 values, the enriched isotopic values observed in the month of March-
April shows increasing trend of temperature but precipitation amount are less. Precipitation
negatively correlates with the isotopic composition in §'®0 values. Higher precipitation
amounts are associated with depleted isotopic values due to the incorporation of moisture from

distant sources. Relative humidity shows a weak positive correlation with d-excess.
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Fig. 7. Plot shows temporal variation of the isotopic signature of precipitation (5'*0 and d-
excess) and its relationship with meteorological variables at the Guwahati station. The data,
sourced from NASA/POWER CERES/MERRA2, presents daily measurements of

precipitation amount (mm/day), relative humidity at 2 meters (%), and earth skin temperature

(°C).
3.2. Isotopic signature of snow and glacier

Snow and glacier samples were collected during different seasons for isotopic analysis.
Systematic seasonal sampling was carried out at Khangeri Glacier during April 2024 and June

2024. Systematic snow sampling was done from Khangeri glacier in the Mago basin during
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December 2023 and April 2024. Additionally, snow samples were collected from Bumla pass

during December 2022 and March 2023 and from Lachung at Sikkim during March 2024.

The 8'30 and 8D values in snow vary from —6.43 %o to 1.44 %o and —32.94 %o to 40.66 %o,
respectively, for pre-monsoon season and —24.54 %o to —16.27 %0 and —180.36 %o to —105.80
%o, respectively for dry season. The glacier isotopic signature (varies in §'*0 —17.20 %o to —
12.62 %o and 6D —112.35 %o to —87.70 %0) shows intermediate composition with more nearly
to dry season snow composition and does not vary much according to the season. Dry-season
snow shows a depleted isotopic signature compared to pre-monsoon, which indicates melting
is triggered due to highly humid conditions and more evaporation. The &'0 and 8D
relationship in Fig. 8 shows that the overall isotopic signature of snow above the GMWL and
glacier lies along the global meteoric water line. The linear regression relationship for pre-
monsoon snow shows a slope similar to GMWL with a higher intercept (Eq. (13)); however,
the snow from the dry season shows a higher slope and intercept, as shown in Eq. (14). The
regression line for glacier shows a slope lower than GMWL and a negative intercept, defined

by the Eq. (15):

Pre-monsoon, 8D = 8.1803 x §'%0 +24.819 (13)
Dry season, 8D = 9.2849 x §'30 + 50.058 (14)
Glacier, 8D = 6.678 x §'%0 — 6.0761 (15)

The negative intercept in the glacier regression line indicates rapid changes in temperature,
which is one of the main hydro-meteorological variables that causes glacier melting. This often
reflects secondary fractionation processes due to distinct climatic impacts on hydro-
meteorological parameters and the mixing of precipitated water and melted water within the
glacier. Also, it is indicative of local climate changes impacting the glacier's isotopic

composition.
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Fig. 8. The plot showing the relationship between §'%0 and 8D isotopic variations in snow and

glacier samples from the Brahmaputra river basin.
3.3.Temporal isotopic signature of Brahmaputra river at Guwahati

This study analyses temporal variability in isotopic signature for Brahmaputra river water
for the duration of April 2023 to June 2024 at Guwabhati. It exhibits considerable temporal
variability in §'30, §'’0, and 8D throughout the study period. The §'*0 values ranged from —
11.88 %o to —6.54 %o, with a mean value of —9.27 %o (£1.25 %o), while 5!’0 values ranged from
—6.10 %o to —3.25 %o, with a mean value of —4.88 %o (£0.63 %o), and oD values ranged from —
78.99 %0 to —32.65 %o, with a mean of —59.49 %o (£11.52 %o). The d-excess values varied

between 7.81 %o and 22.44 %o, with an average of 14.94 %o (£2.68 %o).

It is observed from Table 4. that there is less variation in the isotopic signature of
Brahmaputra water from season to season except in the dry season. However, the clustering in
Fig. 9 shows more enrichment in pre-monsoon and more depletion in post-monsoon. The pre-

monsoon regression line is illustrated by the equation given below:

Pre-monsoon, 8D = 9.2496 x §'%0 + 26.3 (16)

where the slope is a little bit higher than the monsoon, post-m, and dry seasons (Fig. 9). This

indicates that the river water has undergone significant interaction with the local moisture
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circulation or evaporation processes. Also, if there is precipitation or condensation from
already recycled moisture due to high humidity conditions, then a higher d-excess is significant.
The pre-monsoon river water samples are more enriched than the monsoon samples due to the
mixing of precipitation in the upper elevation of the river, which depletes the monsoon
signature. The linear regression equation for river water in monsoon, post-monsoon, and dry

season is defined by §'%0 and 8D relation (Eq. (17) to (19)) are given below:

Monsoon, 8D = 8.92 x §'%0 + 23.746 (17)
Post-monsoon, 8D = 8.8043 x §'%0 +21.364 (18)
Dry season, 8D = 6.0599 x §'80 — 6.1468 (19)

The best-fit regression line of surface water river, termed as River Water Line (RWL) is defined

by the equation:
RWL, 8D =9.0433 x §'%0 + 24.302 (20)

The negative d-excess in the trend line indicates a limited inflow of water as precipitation enters
the river system and the evaporative process increases heavier isotopic value, resulting in

depletion in d-excess.
Table 4

Summary of isotopic river water data by season in Guwahati: mean, median, range, and

standard deviation.

Season  Isotopes Mean Median Range Standard Deviation
Pre-M 80  —8.16%0 —8.17%0  —9.37%o to —6.82%o +0.70%o
870 —4.43% —4.33%  —5.45%o to —3.69%o +0.45%o
0D —49.19%0 —50.17%0 —59.96%o0 to —32.56%o +6.81%o
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Season  Isotopes Mean Median Range Standard Deviation
Monsoon 380  —9.47%0 -9.49%0 —11.88%0 to —6.54%o +1.25%o0
370 —4.92%0 —5.01%  —6.10%o to —3.25%o +0.71%o
oD —60.68%0 —59.93%0 —77.15%0 to —35.86%0 +11.27%o0
Post-M 3180  —10.73%0 —10.61%0 —11.51%o to —10.45%o +0.30%o0
370 =5.29%0 —5.22%o —5.99%0 to —4.97%o0 +0.30%o0
6D —73.08%0 —71.70%0 —78.99%0 to —70.42%o +2.78%o0
Dry season 80  —9.68%0 —9.71%0 —10.68%o to —8.01%o +0.65%o
370 —527%0 —5.24%0  —5.96%o to —4.26%o +0.45%o0
oD —64.83%0 —64.32%0 —72.54%0 to —56.28% +4.05%o
30 | RWL: 6D ' 9.0433 x alﬁ:o £24302 |
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Fig. 9. The scatter plot showing the relationship between §'%0 and 8D values in river water
samples from Guwahati, illustrating temporal isotopic variations in the Brahmaputra river basin
at lower elevations. The pink dotted line represents the River Water Line (RWL), contrasted
with the Global Meteoric Water Line (GMWL). Seasonal variations are evident in the scatter
of data points, which correspond to the pre-monsoon, monsoon, post-monsoon, and dry

s€asons.
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3.4. Spatial isotopic signature of Brahmaputra river and its tributaries

To study the spatial variation of isotopic signature in the Brahmaputra river, stream water
samples were collected form its tributaries. The stable isotopic data for the Brahmaputra river
and its tributaries was collected from July 2022— July 2024. The isotopic ratio of §'%0, §!70,
oD, and d-excess ranges from —15.45 %o to —4.84 %o (mean: —8.94 %o), —8.51 %o to —2.59 %o
(mean: —4.72 %o), —112.67 %0 to —27.68 %o (mean: —56.53 %o), and 8.74 %o to —22.52 %o (mean:
15.01 %o) respectively. The spatial variation of 8'%0 is illustrated in Fig. 10. Similarly, the
spatial variation in 8!’0 and 8D is illustrated in Fig. 11 and 12, respectively, along the river
Brahmaputra and its tributaries, clearly depicting substantial change across different sub-
basins. The observation indicates highly depleted isotopic signatures at higher mountainous
regions of the Mago basin. As the Mago basin contains glaciers and receives snowfall, the river
water in this basin shows the most depletion signature. A significant enrichment trend is
observed from the upstream to the downstream part of the river in each sub-basin only after the
confluence of streams at several places observed a break in this trend. The confluence scenario
completely depends upon the mixing tributary river’s isotopic composition. First-order streams
in the basin are the primary controller of the isotopic composition of the main channel of the
river. Snow/glacier melt-originated first-order streams show a highly negative isotopic
composition than the rainwater-generated first-order streams. Also, rainwater generated first-
order streams at higher reaches show higher depletion than lower reaches. Mixing of

isotopically more negative streams shows a progressive decrease in isotopic signature.

A significant negative correlation was observed in spatial variation of d-excess with other
isotopic signatures as illustrated in Fig. 13. Higher mountainous region shows high d-excess
indicating enrichment in heavier isotopes. Also, snow/glacier melt-originated first-order
streams show highly positive d-excess values than the rainwater-generated first order streams,

and rainwater generated first-order streams at higher reach show higher enrichment than lower
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506  reaches. The d-excess value of river Brahmaputra at a lower reach a lower value than at a higher

507  reach within the basin.
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509  Fig. 10. The map showing the spatial variation in §!%0 for the (A) Lower Brahmaputra basin

510  and its tributaries, (B) Kameng basin, (C) Siyom basin, and (D) Mago basin.
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512 Fig. 11. The map showing the spatial variation in 6D for the (A) Lower Brahmaputra basin and

513  its tributaries, (B) Kameng basin, (C) Siyom basin, and (D) Mago basin.

Legend

Delta 170
d170

8514725 -
-7.554491 -
6279999 -
-5.249999 -
-4.419999 -

© -3.750099-

@ 3200000 -

92°0'E 92°10'E 92°20'E 92°30'E

514

515  Fig. 12. The map showing the spatial variation in §!’O for the (A) Lower Brahmaputra basin

516 and its tributaries, (B) Kameng basin, (C) Siyom basin, and (D) Mago basin.
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Fig. 13. The map showing the spatial variation in d- excess for the (A) Lower Brahmaputra

basin and its tributaries, (B) Kameng basin, (C) Siyom basin, and (D) Mago basin.
3.5.Isotopic signature of groundwater

The study analyses the time series isotopic signature of groundwater in Guwahati from
April 2023 to June 2024. Temporal variation of shallow groundwater at Guwahati exhibited
considerable variability in §'%0, §'70, and 8D throughout the study period. The §'*0O values
ranged from —6.32 %o to —4.31 %o, with a mean value of —5.4 %o (£0.38 %o), while 5!’0 values
ranged from —3.92 %o to —1.01 %o, with a mean value of —2.85 %o (£0.53 %o), and 3D values
ranged from —39.41 %o to —29.38 %o, with a mean of —32.90 %o (+1.62 %o). The d-excess values

varied between 7.19 %o and 14.93 %o, with an average of 11.21 %o (£1.36 %o).

The results reveal distinct seasonal variations in isotopic composition as shown in Fig. 14
and Table 5, with §'0 and 8D values showing significant sifting in the pre-monsoon trend line

to the right of GMWL with correlation equation of

Pre-monsoon, 8D = 2.9225 x §'%0 —17.092 (21
Monsoon, 8D =—-0.0646 x §'%0 —33.155 (22)
Post monsoon, 8D = 9.3554 x §'%0 + 16.005 (23)
Dry season, D = 1.2324 x §'80 -25.48 (24)

The monsoon trend line indicates significant evaporation, possibly from surface water bodies
or soil moisture before or during infiltration. The depleted intercept combined with the more
negative slope reflects that the recharge water might travel from a higher altitude or recharged
during early monsoon with the impact of colder temperatures. The best-fit regression line
developed from §'0 and 8D plot going across GMWL, as shown in Fig. 14, is termed as

Groundwater Line (GWL) defined by the equation:
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GWL, 8D = 1.6859 x §'%0 — 23.797 (25)
Table 5

Summary of isotopic groundwater data by season in Guwahati: mean, median, range, and

standard deviation.

Season  Isotopes Mean Median Range Standard Deviation
Pre-M 80 —5.21%0 —5.39%0 —5.82%o to —4.32%o +0.44%o
370 —2.91% —2.85%0 —3.70%o to —2.19%o +0.37%o
0D  —32.31%0 —32.08%0 —35.63%0 to —29.38%0 +1.69%o
Monsoon 30 —5.50%0 —5.40%0 —6.33%o to —4.91%o +0.42%o
370 —2.74%0 —2.74%0  —3.89%o to —1.02%o +0.68%o
oD  —32.86%0 —32.69%0 —36.24%0 to —31.09%0 +0.96%o
Post-M 30 —5.45%0 —5.44%0 —5.78%o to —5.24%0 +0.16%o
370 —2.74%0 —2.81%0 —3.65%o to —1.94%o +0.52%o
0D  —34.99%0 —34.16%0 —39.42%0 to —33.24%0 +1.76%o
Dryseason  8'%0  —5.53%0 —5.53%0 —5.77%o to —5.27%o +0.10%o
370 —3.09%0 —3.08%0 —3.93%o to —1.93%o +0.40%o
oD  —32.30%0 —32.60%0 —33.41%0 to —31.21%0 +0.64%o

Form Fig. 14 it is observed that the pre-monsoon samples are plotted across the GMWL
and follows the evaporation trend. The evaporation process causes an overall enrichment in
heavier isotopes in the groundwater system. However, deuterium enrichment is low due to the
fact that groundwater system has less interaction with the atmospheric water compared to
surface water. The isotopic signature of groundwater reflects various processes in the

subsurface. The §'80 and 8D relationship in pre-monsoon indicates more fractionation of
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oxygen isotope due to evaporation. The regression line in monsoon season cutting across the
GMWL, which indicates various underground processes, may alter the isotopic composition of
groundwater, which gives insights into its subsurface evolution history and geochemical
reactions of groundwater while through the soil. Groundwater shows positive §'%0 shifts of
varying degrees. This is attributed to the leaching of soil, while recharge from surface water.
This usually has no evident effect on oD is due to the lack of hydrogen in most rock-forming
minerals and soil particles. The trend line equation for post-monsoon shows higher slope and
positive intercept which reflects especially high humid condition and less fractionation during

the condensation process. Also shows that the air masses that bring rain have travelled from a

large water body and retained significant moisture in it during the recharge.

3D (%o)

Pre-M: 3D = 2.9225x% 3180 - 17.092 ’
Mon: 3D =-0.0646% 3180 - 33.155 P
Post-M: 3D = 9.3554 x 3130 + 16.005 v’
4
Dry season: 8D = 1.2324 x 3180 - 25.48 ' ,’
Pre Monsoon
¢ DMonsoon
¢ Post-Monsoon 7
€ Dry season
- - -GMWL
GWL: 3D = 1.6859 x 3150 - 23.797 - = GWL
-7 -6.5 -6 5.5 -5 -4.5 -4
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Fig. 14. Relationship between 8'30 and 8D values in groundwater samples from Guwabhati,
highlighting temporal isotopic variation of groundwater in the Brahmaputra river basin. The
pink dotted line represents the Ground Water Line (GWL), compared to the Global Meteoric

Water Line (GMWL). The scatter of data points reflects seasonal variations, including

influences from the pre-monsoon, monsoon, post-monsoon, and dry seasons.
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The spatial variation of isotopic signature (8'30 and 8D) in groundwater ranged from —8.22
%0 to —2.63 %o (mean: —5.69 %o0) and —52.87 %o to —7.99 %o (mean: —33.05 %o) respectively.
Fig. 15 shows 8'%0 spatial variation in groundwater along the reach of the Brahmaputra river
and its tributaries. The variation shows relatively more negative isotopic composition with
decreasing distance from lower-order streams. Decreasing distance from higher order streams
shows enriched signature. The groundwater locations near the main trunk of the Brahmaputra
river show relatively less negative value. In most cases, the groundwater isotopic composition

depends upon its recharge characteristics and the presence of surface water for interaction.
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Fig. 15. The map showing the spatial variation of the groundwater in 'O for the Brahmaputra

river basin.
4. Conclusions

The present study has investigated the trends in the isotopic signature for seasonal and
annual precipitation at two locations (Guwahati and Itanagar) from October 2022 to July 2024.
The trend line intercept is higher in Itanagar than in Guwahati due to the continental or altitude

effect. The seasonal analysis shows that pre-monsoon precipitation shows an enriched
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signature while post-monsoon shows depletion. Meanwhile, the monsoon isotopic signature
range shows a high standard deviation. Monsoon precipitation largely caused by oceanic
moisture influx, increases surface water availability in the Brahmaputra basin due to floods in
low-lying floodplains and wetlands, resulting in enhanced moisture recycling, especially in the

late monsoon period.

Further, the characteristics of hydrological processes in the Brahmaputra river system were
assessed using stable isotopes. Distinct isotopic trends were observed along the course of the
river, reflecting the effect of local climate scenarios, physiography, and difference in the source
of water. The river water from the upstream mountainous region depicts a highly depleted
isotopic signature. Along the course of the Brahmaputra river, a systematic trend is observed
due to enriched isotopic signature in the downstream direction. Similarly, an enrichment in d-
excess value is observed at the upstream part of the river, displaying a decreasing trend in the
downstream direction. Further, along the main channel of the Brahmaputra river in the
downstream direction, isotopic variability was low, indicating stabilisation within a narrow
range of §'30: —6.24 %o to —4.84 %o. Temporal isotopic variability in the river water indicates

an enriched signature in pre-monsoon and a depleted signature in post-monsoon.

The spatial and temporal distribution of isotopic signatures in groundwater is controlled
by the recharge source. Temporal variation in the shallow aquifer exhibits an evaporative trend
in pre-monsoon and dry season, indicating either pre or post-recharge evaporation. Meanwhile,
the monsoon trend shows large variability in 8'80 indicating the complexities in recharge
through the soil from meteoric water. The post-monsoon regression line is slightly below the

GMWL indicating mixing of the older groundwater with the newer meteoric water.

The spatio-temporal isotopic variability in river water is distinct due to different hydrological
processes such as altitude effect, evaporative enrichment, sources of water, and mixing with

tributaries. Precipitation is the main contributor of surface water and groundwater within the
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Brahmaputra river system. The seasonal isotopic trend of precipitation indicates the
contribution of moisture from three sources: the Indian Summer Monsoon originating from the
Bay of Bengal, the southwest monsoon from the Arabian Sea, and the westerlies from the
Mediterranean Sea. The first-order streams from glacierised basin show a highly negative
isotopic composition than the first-order streams of non glacierised basin. This difference in
isotopic signatures is primarily due to the distinct sources of water. Streams contributed by
snow melts and glaciers exhibit a significantly more negative isotopic composition than
streams contributed by rainfall. The mixing of river water from several sources in the
Brahmaputra river system, mainly from tributaries at confluences, showed relatively enriched
isotopic values in the downstream direction of the river. Therefore, the spatiotemporal
variability in the isotopic signature in the Brahmaputra river system clearly demonstrates the
imprints of various hydrological processes within the water cycle. The findings from this study
created a better knowledge on the hydrological behaviour of the Brahmaputra river system.
Such studies can be utilised in taking appropriate measures for the crucial management of water

resources and predicting climate change impacts on river systems.
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