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Abstract

In this study, we present analysis of stream flow near the snout of Chaturangi glacier during the ablation season (June to
September (JJAS)) in the year 2015 with an aim to estimate the sediment and water input into the Bhagirathi River from the
glacier. In order to assess the variation in meltwater discharge from Chaturangi glacier and to determine its relationship with
suspended sediment concentration (SSC), the meltwater and discharge data were analyzed from near the snout to avoid mixing of
water and sediment from other glacier tributaries. The meltwater discharge was measured by area velocity method, and the SSC
was calculated by vacuum filtration technique. During the entire ablation season (JJAS), marked seasonal variations were
observed in the SSC and meltwater discharge. The higher variation is observed in suspended sediment load (SSL) (C, =1.17)
than SSC (C, = 0.54) because computation of SSL includes both discharge (C, = 0.76) and SSC. The average monthly SSC for
JJAS was found to be 0.99, 2.29, 4.20, and 1.84 g 1!, respectively, and average monthly meltwater discharge for same period was
observed as 5.83, 14.48, 39.81, and 12.69 m> s !, respectively. It suggested that throughout the ablation season, the cumulative
percentage delivery of SSC follows meltwater discharge. The average suspended sediment yield (SSY) for the entire ablation
season was estimated to be 2264.03 ton/km”, and consequent catchment denudation rate was measured as 0.85 mm. A strong
positive correlation (7% = 0.88), found between the discharge and SSC, revealed that both the parameters are dependent on each
other. Our results also suggest that the Chaturangi glacier is a major contributor for transportation of sediment into the Bhagirathi
River, compared with other tributaries of the Gangotri glacier system.

Keywords Chaturangiglacier - Meltwater discharge - Suspended sedimentconcentration (SSC) - Suspended sedimentload (SSL) -
Suspended sediment yield (SSY)

Introduction

The Himalayan region stores about 9575 glaciers, covering an
area of about 40,000 km?® (Raina and Srivastava 2008), and
the rivers originating from the Himalaya receive a significant
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amount of water from the glacier melt (Singh et al. 2008). The
hydrological investigations of glaciers are vital because they
are freshwater source for drinking, irrigation, and hydroelec-
tric power generation (Singh et al. 2006). The hydro-chemical
and SSC analyses of the glacier meltwater is crucial with the
advancement of geochemical studies as well as rising de-
mands of fresh water in the low-lying areas (Bisht et al.
2018). Glacial streams are freshwater resources and face stress
of pollution for the last few decades due to anthropogenic
activities as well as natural phenomena. The water quality
assessment is an increasingly important area in environmental
studies (Zhang 2019). Keeping in view the changing water
quality and depleting water resources, it is important to under-
stand and monitor the hydrochemistry of water resources, be-
cause the polluted water not only threatens human health but
also creates imbalance in aquatic ecosystem and economical
development. In order to remove the dissolved pollutants
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(organic and inorganic), an effective adsorption technique,
e.g., FeCls-activated carbon can be used (Jawaduddin et al.
2019). In addition, the understanding of polluted solute dis-
persion in soil is also important for protection of groundwater
from being contaminated (Ekeleme and Agunwamba 2018).
Measurements of water flow is an important feature of
hydrology-related projects, which is as important as water
quality monitoring (Gore and Banning 2017; Barbetta et al.
2017). The discharge calculation, sediment controlling, and
hydrological modeling are being used in the glacial areas
(Barbetta et al. 2017; Sefe 1996). The precise estimation of
stage-discharge relationship is considered a key point for dif-
ferent applications of water resources engineering such as de-
signing of hydraulic structures, management of water re-
sources, and sediment analysis (Othman et al. 2019).

Geologically, young aged Himalayan mountains with large
and active glaciers, steep valleys with frequent avalanching,
high seismicity, intense monsoonal rainfall, and natural
weathering processes support high erosion rates (Hasnain
and Chauhan 1993). Weathering processes in the glacial re-
gion provide more material for stream transport than the non-
glacial region as the glaciers are more active agents of erosion
(Embleton and King 1975; Gardner 1986); therefore, the
glacier-fed rivers yield high sediment than the non-glacial
rivers (Harbor and Warburton 1992). Since the glaciers are
the main geomorphic agents of erosion and are a vital source
of suspended sediment load (Collins 1998), the suspended
sediment input also depends on the amount of meltwater
draining from the glacier (Drewry 1986). The monsoonal pre-
cipitation in glaciated region enhances the water flow
resulting in the rapid runoff and increased erosion (Rieger
1981). An Artificial Neural Network (ANN) has convenient,
flexible, and easy mathematical system to classify the nonlin-
ear relationships between input and output data sets (Patel and
Joshi 2017; Alani and Alobaidi 2018). The rainfall-runoff
models play a significant role in water resource management,
planning, and hydraulic design (Othman and Naseri 2011).
Measurements of meltwater discharge are equally important
to assess the melting rates of the glaciers (Srivastava et al.
2014). The glaciers of the Indian Himalayan region are par-
tially covered by debris and sediment, which are transported
to the glacier surface by erosion, debris flows, rock falls, and
snow avalanches (Singh et al. 2016a, c). This loose material
flows freely with ice melting, contributing to the suspended
sediment load in meltwater discharge (Kostrezewski et al.
1989; Hasnain and Thayyen 1999; Kumar et al. 2002).
Therefore, the suspended sediment load is directly dependent
on the meltwater discharge in any glaciated catchment
(Haritashya et al. 2006; Kociuba and Janicki 2014; Kociuba
and Janicki 2018).

In the Chaturangi glacier catchment, mechanical
weathering plays an important role to form the suspended
sediment. Variability in rock type, basin area, sediment source,
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atmospheric conditions, physicochemical conditions, tectonic
setting, and the debris entrainment processes are generally
responsible for variation in the concentration of suspended
sediment in the glacier meltwater (Haritashya et al. 2006).
The glacier catchments of eastern and central part of the
Indian Himalaya deliver higher SSL than the western part
due to active Indian Summer Monsoon (ISM), leading to high
discharge (Kumar et al. 2018). The sedimentary system in the
glaciated region can be defined by sediment sources, process
of erosion and medium, and mode of transport, which affect
the SSC in the meltwater and sediment yield (Iverson 1995;
Krikbride 1995). The flow structure and morphology of the
channel bed also plays a significant role to determine the sed-
iment load (Bialik et al. 2014). To analyze these aspects, it is
important to establish a long-term database of the SSL and
SSC for the glacial catchment (Haritashya et al. 2006).

In the present study, we examined daily meltwater dis-
charge and SSC of the Chaturangi glacier throughout the ab-
lation season (JJAS). Although there are a number of studies
conducted on the SSC and meltwater discharge draining from
the Gangotri glacier (Kumar et al. 2002; Haritashya et al.
2006; Singh et al. 2006; Singh et al. 2014; Bisht et al.
2017), there are hardly any published records on the hydro-
logical characteristics of its tributary glaciers. Therefore, our
aim was to estimate the contribution of the Chaturangi glacier
discharge and sediment concentration (SSC) in the Bhagirathi
River. Further, we made an attempt to assess the variations in
the SSC, SSL, and sediment yield and erosion rate of the
Chaturangi glacier catchment for entire ablation season in
the year 2015. In addition, the variation in meltwater discharge
and its relationship with SSC was also calculated to determine
the dependency of these parameters on each other.

Materials and methods
Study area

The Chaturangi glacier (latitude 30° 54’ 08"-30° 54’ 28" N
and longitude 79° 15" 19"-79° 6’ 18" E) is situated in the
Uttarkashi district of Uttarakhand, India (Fig. 1). It is the lon-
gest inactive tributary glacier (not connected to the main
trunk) of the Gangotri glacier system, although it was connect-
ed with the Gangotri glacier in 1971 (Vohra 1988). However,
presently, it has been detached and lost its identity at the junc-
tion (Bisht et al. 2019). Presently, the Chaturangi glacier con-
sists more than three active (connected with the trunk) tribu-
tary glaciers (Seeta, Suralaya, Vashuki, etc.)—all form the
Chaturangi glacier system. The Chaturangi glacier is an
east-west-flowing and 21.1-km-long valley-type glacier, oc-
cupying an area of about 43.83 km? (Bisht et al. 2019) with a
catchment area of about 67.70 km?> (Singh et al. 2015). The
precipitation in the catchment is contributed by both the
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Fig. 1 Location map of the study area (Chaturangi glacier, Garhwal Himalaya India)

Indian Summer Monsoon and Western Disturbances (Hasnain
and Thayyen 1999; Kumar et al. 2018).

The ablation zone of the glacier is partially covered by
sediment like boulders, debris, and moraines which are
transported on the glacier surface mainly through the erosion
of valley walls due to downward movement of the glacier. A
number of longitudinal and transverse crevasses in the

ablation zone are well exposed during the summer season
when seasonal snow is melted from the ablation zone. The
snout of the glacier is located at 4380 m msl where from the
Chaturangi River originates (Bisht et al. 2019). The
Chaturangi River flows with high velocity due to steep gradi-
ent of the valley floor. The shape of the glacier snout keeps
changing due to subsidence at glacier portal and splitting of
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large ice blocks from the terminus point (Fig. 2). Geologically,
the study area falls above the Main Central Thrust (MCT),
which comprises mostly the granite bedrocks, followed by
mica schist and quartzite. The geomorphic setup of the region
is formed due to the neotectonic activity (Bali et al. 2003), and
the present landform is an integrated result of weathering pro-
cesses and glacio-tectonic movements.

Meltwater discharge measurements

We used methodology as mentioned in the flow chart (Fig. 3).
Suitable sampling site was selected about 1 km downstream of
the Chaturangi glacier snout (Fig. 1). The site was selected to
avoid water and sediment input from other tributaries and also
because of comparatively low turbulence of stream. To mea-
sure water level, a staff gauge was installed on the left bank of
channel. The water level of the Chaturangi River was mea-
sured by a staff gauge and a stage-discharge relationship (rat-
ing curve) was developed (Fig. 4) to convert water levels into
discharges by using area velocity method. This method can be
expressed by a simple equation (Hubbard and Glassar 2005)
as follows:

Q=kAxV) (1)

where Q is discharge (m3 sfl), k is correction factor (0.8) for
calculating mean channel velocity, A is cross-sectional area of
the channel (Fig. 5), and V'is velocity of the stream flow.
The channel cross-section area of the stream was measured
during the pre- and post-monsoon periods by standard survey
technique using a sounding rod and measuring tape (Hubbard
and Glassar 2005). In this technique, height of the water sur-
face from the bed was measured across the stream channel at
every 50 cm interval (Fig. 2b). To measure the flow velocity,
the channel was divided into three segments and the velocity
was measured at each segment. To compute the channel flow
velocity, the wooden floats were used and the time traveled by

the floats was recorded through the stopwatch. The total trav-
eling length of the float at gauging site was about 10 m. For
reducing the error in the flow velocity, the readings were re-
peated three times and average value was measured for further
computations. Since channelized water flow velocity de-
creases exponentially towards the river bed and the banks,
the correction factor (k=0.8) (Hubbard and Glassar 2005)
was applied to yield the mean channel velocity. Variation in
the stages and velocity of the channel was recorded hourly
(6:00 a.m. to 8:00 p.m) during the entire ablation season to
determine the hourly discharge measurements.

Measurements of suspended sediment concentration

The water samples (volume, 500 ml) for SSC were collected
daily at hourly interval (6:00 a.m. to 8:00 p.m.) near the gaug-
ing site during the entire ablation period, and the sample bot-
tles were rinsed with the source water. The samples were im-
mediately filtered by the vacuum filtration method for mea-
suring the SSC. In this method, a fixed volume of meltwater
sample was poured from a pre-weighed 0.45 pum millipore
membrane filters. These filter papers were properly packed
in small polythene zip bags and transported to the laboratory
at G.B. Pant National Institute of Himalayan Environment and
Sustainable Development Kosi-Katarmal, Almora. The filter
papers were dried in an oven at 100 °C for 24 h and then
weighed as individual. The gain in weight of filter paper rep-
resents the concentration of suspended sediment, expressed in
the term of mass per volume of filtered sample.

Measurements of suspended sediment load
and erosion rate of the catchment

The SSL in meltwater discharge from Chaturangi glacier
catchment was calculated by using the following formula
(Haritashya et al. 2006).

Fig. 2 a Snout of the Chaturangi glacier from which meltwater stream originates. b Measurement of the channel cross section of the Chaturangi glacier

meltwater stream with the help of measuring tape and sounding rod
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Fig. 3 Flow chart of research methodology

SSL = K x O x SSC (2)

where SSL is suspended sediment load in stream (ton), Q is
stream discharge m® s, SSC is suspended sediment con-
centration in meltwater (g 1Y), and K is conversion factor
appropriate to the units used for Q.

This method is most common in the Indian Himalayan
region. The SSL is also used to compute the SSY from per

Suspended Sediment Yield (SSY) using following formula:\
. SSL
SSY= A

Sediment yield % 1000 (Kg Km®)

Erosional rate (mm)=
(o) Bedrock density (Kg Km®)
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krepresents the SSC. J

unit basin area of the catchment by using the following for-
mula (Kumar et al. 2018).

SSY = SSL/A 3)

where SSY is suspended sediment yield per unit basin area
(ton km %) and A is basin or catchment area (km?).

The estimates of sediment yield based on suspended sedi-
ment load were applied to determined erosion rate of the basin
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during ablation period, using the following equation
(Haritashya et al. 2006).

sediment yield x 1000 (kg km™?)
bedrock density (kg m™)

(4)

Erosion rate (mm) =

Results and discussion
Variation in glacier meltwater discharge

Variation in meltwater discharge during ablation period in
2015 is shown in Fig. 6. The hydrograph pattern clearly re-
veals that the increasing trend of discharge begins from June,
attains its highest value in August and subsequently starts
decreasing. In the beginning of the ablation season, the
hydrograph limb is almost flat and this flatness indicates that
no significant changes occurred during early part of the abla-
tion season because of less melting due to weak solar insola-
tion. This is perhaps because of stronger storage characteris-
tics of the glaciers and poor drainage network due to the oc-
currence of seasonal snow cover result in a delayed response
of melt water (Singh et al. 2005). As the ablation season ad-
vances, strong melting takes place due to the availability of
higher solar insolation and a larger extent of exposed surface
ice of the glacier. During the entire ablation period (JJAS) in
2015, daily meltwater discharge varied from 3.85 to
54.85 m’ s, and the mean values varied significantly as indi-
cated by high coefficient of variation (CV =0.76). This vari-
ability in meltwater discharge in glaciarized catchment is pos-
sibly due to difference in temperature patterns (Kumar et al.
2002). Monthly average meltwater discharge during the abla-
tion months of June, July, August, and September in 2015 was
recorded as 5.83, 14.48,39.81,and 12.69 m>s ', respectively
(see Table 1). The minimum (5.83 m> s ') and maximum
(39.81 m® s ') discharge was observed in June and August,
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respectively. The total meltwater discharge volume for the
individual month was also calculated for the entire ablation
period. Individually, the discharge volume was recorded as
15.11, 38.78, 106.63, and 32.89 x 10° m® for June, July,
August, and September, respectively (Table 1). The results
show that the discharge volume was higher in August, con-
tributing about 55.13% of the total discharge volume. This is
mainly due to high liquid precipitation and higher solar inso-
lation (Kumar et al. 2018).

Transportation and variation in SSC and SSL

The SSC delivery by a glacier meltwater stream has signifi-
cant implications on its channel morphology, geochemical
cycling, material fluxes, water quality, and biotic and aquatic
ecosystems, supported by the stream (Joshi et al. 2016).
Furthermore, suspended sediment, recognized as an important
vector for transport of nutrients and contaminants, has signif-
icant control on biological and geo-morphological processes
in rivers (Singh and Chen 1982). Due to its likely impact on
biotic and aquatic habitats and other water management pro-
cesses, accurate estimation of sediment, transported by the
Himalayan rivers is significant. The primary source of sedi-
ment in any glacier meltwater stream is debris cover on the
glaciarized and non-glaciarized area, weathering and erosion
of surrounding rocks and glacial moraines (Haritashya et al.
2006; Srivastava et al. 2014). The variations in SSC were
recorded by daily monitoring of the meltwater, draining from
the Chaturangi glacier. The daily average SSC varied from
0.38t04.97 g 1! during the ablation period in 2015. The mean
daily SSC varied considerably, as evidenced by coefficient of
variation (CV =0.54). For the entire ablation period, average
daily SSC at gauging site are shown in Fig. 6. It is clear that
the SSC shows an increasing trend from June onwards,
reaching its highest value in August and subsequently starts
decreasing. The same trend was also observed in the
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meltwater of Chhota Shigri glacier Lahaul-Spiti valley (Singh
et al. 2016b). The monthly average SSC during the ablation
month of June, July, August, and September in 2015 was
calculated as 0.99, 2.29, 4.20, and 1.84 g 1_1, respectively
(Table 1). The minimum (0.99 g 1" and maximum
(4.20 g 1'") SSC was observed in June and August respective-
ly although at times, unusually high SSC peaks were observed
which may be related to the sudden slumping of sediment
laden portal ice into the stream (Singh et al. 2005). Daily
and monthly SSL were also calculated with the help of total
discharge and SSC. The average daily SSL varied significant-
ly from 187.60 to 23,396.60 ton day ', which is indicated by
the higher coefficient of variation (CV = 1.17). Higher varia-
tion in the SSL compared with the SSC is probably due to the
combined effect of discharge and SSC. According to our
study, mean daily SSL of the Chaturangi glacier is
5399.15 ton day '. However, total SSL of the main trunk
(Gangotri glacier) is 9349 ton day ' (Bisht et al. 2017). Our
results show that the Chaturangi glacier contributes more than
half (~57.75%) of the total sediment load into the Bhagirathi

River, and we suggest that the Chaturangi glacier is a major
contributor for transportation of sediment load, compared with
other tributary of the Gangotri glacier system. The monthly
average SSL for the ablation months (JJAS) was found as
1.49, 8.88, 44.89, and 6.05 x 10* ton, respectively (Table 1).
Additionally, the SSC the SSL were also minimum (1.49 x
10* ton) and maximum (44.89 x 10* ton) in June and August,
respectively. We have observed that the degree of SSC and
SSL is higher in August compared with other months primar-
ily due to more discharge resulting from high liquid precipi-
tation (Kumar et al. 2018). These observations are in agree-
ment with other studies in the Himalayan region, showing
added transportation of the suspended sediment during the
monsoon period (Singh and Hasnain 1998; Haritashya et al.
2006; Kumar et al. 2018). In order to understand the regional
suspended sediment load and its transportation, we compared
our results with other glaciers of Indian Himalaya and other
regions (see Table 2). Also, to determine the variability in SSL
within the basin, the daily mean SSL values were converted
into daily mean SSL per unit basin area (SSY) and the results

Table 1 The mean monthly

discharge, suspended sediment Month Discharge (m* s™") Discharge volume (x 10® m®) SSC (g™ SSL (x 10* 1)
concentration (SSC), and
suspended sediment load (SSL)in ~ June 5.83 15.11 0.99 1.49
meltwater draining from the July 14.48 38.78 229 8.88
Chaturangi glacier during the ab- 501, 39.81 106.63 420 44.89
lation season of year 2015

September 12.69 32.89 1.84 6.05
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Table 2 Comparison between suspended sediment load, suspended sediment yield, and rate of erosion for Chaturangi glacier catchment and other
glaciers in Indian Himalayan region and other parts of the world during the melt season
Glaciers Region Basin area Suspended sediment Erosion rate of the ~ Reference
(km?) catchment (mm)
Load Yield
(x10°t)  (tkm?)
Chaturangi Uttarakhand 67.7 0.63 2264 0.85 Present study
Gangotri Uttarakhand 556.47 2.69 4834 1.82 Haritashya et al. (2006) and Wulf et al.
(2012)
Dokriani Uttarakhand 14.81 0.04 2700 1.02 Singh et al. (2003) and Wulf et al.
(2012)
Chhota Shigri Himachal Pradesh  34.7 0.058 1689 - Singh et al. (2016b)
Raikot Nanga Parbat 100 04 4000 1.5 Gardner and Jones (1984) and Wulf
Kashmir etal. (2012)
Siachin Karakoram 1782.17 1.26 707 0.27 Bhutiyani (2000) and Wulf et al. (2012)
Changme Sikkim 4.49 0.003 668 0.25 Puri (1999) and Wulf et al. (2012)
Haut Switzerland 11.7 0.05 4500 1.7 Hodgkins et al. (1997)
Scott Tumerbreen Svalbard, Arctic 12.8 0.006 530 0.2 Hodgkins et al. (1997)
Batura Gilgit-Baltistan 649.03 395 6086 2.3 Collins (1998) and Wulf et al. (2012)
Pakistan
Langtang Nepal 326.53 0.08 245 0.09 Ohta et al. (1987) and Wulfet al. (2012)

indicate that the SSL per unit basin area of Chaturangi glacier
catchment is lower than other valley glaciers, followed by
Dokriani and Gangotri glaciers in Uttarakhand (Table 2).
The low SSY values from Chaturangi glacier are primarily
due to its large basin area, compared with the Dokriani glacier.

Relationship between meltwater discharge
and suspended sediment

The relationship between discharge and SSC is a consistent
indicator for characterizing sediment transport (Williams
1989). The sediment yield in glacier catchment depends chief-
ly on meltwater which is insignificant during the non-ablation
period (November to April) (Haritashya et al. 2006). By using
daily discharge and SSC data, we made an attempt to obtain
discharge and SSC together with best linear fit for individual
month (Fig. 7) and such a relationship was examined for early
(June, July), peak (August), and late (September) melt period.
We observed a strong relationship between discharge and SSC
during the early melt period (R*=0.91) and late melt period
(R*>=0.94), whereas, a weak relationship (R*=0.56) was
viewed during the peak melt period. Strong relationship in
early melt season is largely due to the rising meltwater dis-
charge and increased sediment availability. Rapidly increased
discharge during August, without an analogous rise in SSC,
has contributed to a less strong relationship during the peak
melt period. A scatter plot between mean daily discharge and
SSC was also prepared for the entire ablation season (Fig. 8)
and a strong relationship (R*=0.88) was observed between
mean daily discharge and SSC. The strong coefficient of
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determination (R* = 0.88) indicates close relationship between
discharge and SSC on daily basis during the study period. The
magnitude of SSL and discharge vary from day to day, month
to month and year to year (Haritashya et al. 2006). Therefore,
on the basis of average values for the whole ablation season,
we found that about 53.13% of total discharge was released in
August, transporting about 73.21% of the total sediment load.
In the month of June, the discharge contributes about 7.81%,
transporting 2.43% of the sediment load. These results also
show that the SSL correspondingly fluctuates with the dis-
charge. This pattern is common for most of the glaciers
(e.g., Chota Shigri, Dokriani, Dunagiri, Gangotri, etc.) of the
Indian Himalaya (Hasnain and Thayyen 1999; Singh et al.
2014; Srivastava et al. 2014; Singh and Ramanathan 2018).
Hasnain and Thayyen (1999) in their 6-month observations of
sediment transport from the Dokriani glacier, also stated that
the monsoonal months of July and August account for 64% of
the total discharge, 70% of the total sediment transport and
74% of the monsoonal rainfall. Our study suggests that the
variations in suspended sediment concentrations in meltwater
are related to the climatic conditions and flow regimes of the
streams.

The results also indicate higher variability in SSL (CV =
1.17), compared with the meltwater discharge (CV =0.76)
and the similar pattern of SSL variability has also been ob-
served in the Gangotri and Dokriani glaciers (Singh and
Ramashastri 1999; Kumar et al. 2002; Haritashya et al.
2006). Higher SSL variability with respect to meltwater dis-
charge suggests that the transportation of the sediment is not
only controlled by the capacity of stream but also by the
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Fig. 7 Log-transformed relationship between discharge and SSC data for the individual month (June, July, August, and September), 2015

availability of sediment in the catchment (Alley et al. 1997). In
addition, the higher variability might also be due to local phe-
nomena, such as the falling of moraine filled ice blocks (Bisht
etal. 2017). The relationship between discharge and SSC were
also looked at by plotting daily trend for these two variables
for the entire ablation period (Fig. 6), indicating that both the
discharge and SSC are increased from June onward with
highest values in August, and suggesting that both are posi-
tively correlated with each other, though at times, the higher
SSC was observed without a periodic rise in discharge,

perhaps due to sub-glacial sediment flushing events caused
by outburst of the glacial lake (Thayyen et al. 1999; Kumar
et al. 2002). Most of the previous studies in other glaciated
region have also suggested that the meltwater discharge in a
glaciarized catchment is positively correlated with the SSC
(Singh and Ramashastri 1999; Srivastava et al. 2014). The
contribution of different components (e.g., solar insolation,
rain, snow and ice melt) is an essential factor, controlling the
amount of discharge and consequently the sediment load
(Kumar et al. 2016).

Fig. 8 Scatter plot between mean 6 -
daily discharge and SSC data for
ablation season of 2015 5 rY .:
— 4 b
C)
2]
n 5] y =0.085x + 0.794
R?=0.880
14 /
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0 10 20 30 40 50 60
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Suspended sediment yield and erosion rate
of the catchment

Sediment is a natural part of the stream, which is influenced by
the surrounding geology. The natural processes that added
sediment in streams include instream scouring of a river bed
and banks and erosion of the sediment within the catchment
from any exposed debris, soil, and natural slip. The catchment
scouring is dependent on the bed rock density and constituent
particles because currents in the river create vorticity which
causes scouring of soil and bed rock in and around the catch-
ment (Yamini et al. 2018). Sumer et al. (1992) showed that the
formation of scouring by the waves is different from the scour-
ing by the current but the maximum scour depth will be in-
creased by nearly 2.36 times by 50% increase in the current
and wave velocity (Yamini et al. 2018). In glaciated catchment
of high mountainous environment, the sediment transfer
through glacier meltwater erosion is one of the main hydro-
logical mechanisms. The SSY is the total suspended sediment
load outflow from a per unit area of the catchment quantifiable
at one point during a specific time period (Singh and Singh
2001). The responses of SSY and discharge are related to each
other, but the magnitude and frequency of the yield varied
monthly and yearly (Haritashya et al. 2006). The glacial catch-
ments of Uttarakhand are found to have more SSL per unit
catchment area, compared with other Indian glaciers (Table 2).
This is because of more liquid precipitation due to Indian
Summer Monsoon causing more erosion, which is also evi-
dent by high discharge (Jeelani and Deshpande 2017). The
annual yield of sediment from the catchment is another pa-
rameter which indicates rate of annual weathering and is af-
fected by proportion of glaciarized and non-glaciarized areas
in a basin (Kumar et al. 2018). The sediment yield during the
different month of the melt season (JJAS) was 220.08,
1311.66, 6630.72, and 893.64 ton kmfz, respectively, and
the average sediment yield was found to be
2264.03 ton km 2. The monthly variability in sediment yield
might be due to various factors, e.g., glacier dynamics, varia-
tion in prevailing weather conditions, type of sub-glacial
drainage system and variation in discharge (Collins 1990;
Hodson et al. 1998; Singh et al. 2003). Sometimes the sedi-
ment supply is not equal to the rate of sediment transport in the
glacial meltwater streams (Collins 1979), and this is due to
partial flushing of sediment in the beginning of the melt sea-
son (Singh and Singh 2001). Because of this, the highest sed-
iment yield may not correspond to the higher discharge of
glacier meltwater (Haritashya et al. 2006). The amount of
SSY derived from the Chaturangi glacier catchment was com-
pared with Indian other glaciers (see Table 2). Comparing
these results, we found that the SSY of Chaturangi glacier
(2264.03 ton km ) is comparable with the Dokriani glacier
(2700 ton km ?) and Chhota Shigri glacier (1689 ton km 2)
(Singh et al. 2003, 2016b) which indicate more or less similar
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rate of sediment delivery during the melt season (Table 2). In
glaciated region, the erosion rate of the catchment may differ
by several orders of magnitude, for examples, Polar glaciers
have erosion rate as 0.01 mm year ', while it varies from 10 to
100 mm year ' for large and fast moving temperate glaciers in
tectonically active areas (Hallet et al. 1996). In the Himalaya,
the erosion rate in Gangotri, Dokriani, and Rakiot glacier
catchments is measured as 1.8, 1, and 1.5 mm, respectively
(Gardner and Jones 1984; Singh et al. 2003; Haritashya et al.
2006). Based on our database from the year 2015 and using a
standard bedrock density of 2.7 g cm > (Hallet et al. 1996;
Singh et al. 2003), the erosion rate of Chaturangi glacier was
estimated as 0.85 mm, and this is in concurrence with the
erosion rate of Dokriani glacier catchment. This suggests that
both the glaciers are active and contributing a considerable
amount of sediment flux into the Bhagirathi River.

Conclusion

The present study dealt with the quantification and variability
of discharge, SSC and SSL, delivering from the Chaturangi
glacier. We infer that the temporal variation in meltwater dis-
charge and suspended sediment is mainly influenced by sea-
sonal variability. The daily average SSC varied significantly
from 0.38 to 4.97 g 1!, while the average daily SSL varied
from 187.60 to 23,396.60 ton day '. Higher variation in SSL
(CV =1.17), compared with the SSC (CV =0.54) is possibly
due to a combined effect of discharge and SSC. The discharge
volume was higher in month of August, contributing about
55.13% of the total discharge volume, mainly due to higher
solar insolation and high liquid precipitation. This study also
provides insight to the response of SSC and SSL with melt-
water discharge. The obtained results conclude that the glacier
meltwater discharge and SSC are strongly correlated with
each other, though at times, the peak of discharge is higher
than the SSC possibly due to outburst of the supra-glacial
lakes. The pattern of discharge and SSC clearly indicate that
both the variables show increased values from June onwards,
attaining the highest values in August and subsequently start
decreasing. We infer that the Chaturangi glacier contributes
about 57.75% of the total sediment load into the Bhagirathi
River and thus, it is a largest contributor for the transportation
of sediment, compared with other tributaries of the Gangotri
glacier system. Furthermore, the erosion rate of the
Chaturangi glacier catchment is estimated to be 0.8 mm which
is almost similar to the Dokriani glacier catchment. The pat-
tern of suspended sediment yield during the entire ablation
season suggests that the sediment transport in meltwater
stream is mainly controlled by debris cover, surrounding rock
material, glacier movement and moraine laden ice. The pres-
ent study also suggests that the meltwater discharge and sed-
iment yield from all the inactive tributary glaciers
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(Raktavarna, Thelu, and Meru) should be studied in detail to
establish a long-term record for the catchment of Gangotri
Glacier system. The pattern of discharge and SSC, estimated
in our study, may be helpful for planning, development, and
management of water resources in the high altitude region and
maintaining hydropower projects, and to avoid the mechanical
disasters such as siltation in the reservoirs and damaging of
turbines.
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