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Proglacial streams play an important role in water–rock interaction due to different climatic conditions at
different altitudes. The main objective of the present study is to analyze the variation of glacier hydrochemistry and sedimentation processes at different altitudes. The results show that the bed sediments in
higher altitude streams are Bne sand, poorly sorted, leptokurtic in nature and dominated with high
proportion of feldspar and biotite. At lower altitude, the bed sediment is coarse sand, moderately sorted
and platykurtic in nature with relatively high proportion of quartz. The high concentration of biotite and
feldspar in silt/lay size fraction are responsible for high proportion of magnesium in Gangotri proglacier
meltwater than others. Meltwater is slightly acidic and hydrochemical facies shows Ca+2–
Mg+2–HCO3 type. The concentration of Ca+2, Mg+2, Na+, and K+ decreases with altitude due to
dilution produced by augmentation of freshly monsoonal recharged groundwater from meadow and forest
in downstream. The cation exchange, carbonate/silicate weathering and groundwater, subglacial water
sources control the hydrochemistry of proglacial streams at lower altitude.
Keywords. Gangotri proglacier streams; sediments texture; streams hydrochemistry; weathering
processes.

1. Introduction
Gangotri proglacial meltwater stream is the source
of the Ganges–Brahmaputra river system. This
river system plays an important role in world
hydrological, sedimentological budget and aAect
the large human population of the world. The
understanding of the glacier-fed meltwater streams
processes are closely related with the comprehensive knowledge of the sediment budget and hydrological composition of rivers in Himalaya. The
headwater of this river system is covered with glacier/ice. In glacier cover catchments, physical
weathering processes have long been recognized as

an important source to supply sediments in the
Cuvial ecosystem. Plucking, quarrying, crushing,
shearing and abrasion are the main physical
weathering processes in Himalayan glacier catchments. Studies have demonstrated that the speciBc
yield may increase downstream due to the remobilization of sediments pushed by the glaciers (Ferguson 1984; Warburton 1990; Chauhan and
Hasnain 1993). The sediment loads of Himalayan
rivers are reported to be highest in the world,
delivering *17% of the global sediment input to the
oceans (Milliman and Syvitski 1992). Along with
sediment load, these rivers also contribute about
5% of the total dissolved solids in the ocean. The
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solute acquisition processes of the Himalayan rivers
in Ganga–Yamuna plains have been studied by
numerous scientists in last four decades (Abbas and
Subramanian 1984; Subramanian 1985; Subramanian et al. 1987; Sarin et al. 1989). Numerous studies
have also been completed on hydrochemical aspect
of small glaciers basins in Himalaya (Ahmad and
Hasnain 2000; Singh et al. 2012, 2013; Singh and
Ramanathan 2015). Most of these studies were
conducted to investigate the hydrochemical processes in high altitude region with the emphasis to
revealing the rock–water interaction. The hydrological and hydrochemical variability of glacier
meltwater streams have been studied in detail by
Singh and Hasnain (1998), Pandey et al. (1999) and
Ahmad and Hasnain (2001).
Hydrochemical researches in the glacier cover
catchments of Himalaya have been conducted to
characterize the hydrochemical species, temporal
changes with season, glacial and subglacial pathways. However, the interactions of proglacial meltwater stream with channel sediments and forest
streams have found a little attention among hydrochemists and hydrologists. In recent years, the
interactions of lithology, geomorphology, weathering kinetics and land cover with proglacial stream
have been studied (Wu et al. 2005; Baraer et al. 2009;
Chakrapani et al. 2009; Han et al. 2009; Panwar et al.
2016). The results indicated that the chemistry of
meltwater controlled by groundwater interactions of
the proximal environment has very high velocity in
proglacial streams in headwater. The understanding
of evolution of the hydrochemical characteristics of
headwater stream water is crucial to predict the fate
of chemical interaction with pollutant in downstream. These complex interactions cannot be
identiBed in main composite streams in Ganga
plains. Therefore, the higher altitude pristine environment provides unique opportunity to reveal the
processes of sediment–water interaction. In the
present study, an integrated approach was applied
to investigate the variation in hydrochemical, geochemical, sedimentologoical and mineralogical
characteristics with altitude to envisage the interaction of proglacial streams water in different
environmental parameters.

2. Study area
The Gangotri proglacial stream drains from the
Gangotri glacier and the total catchment of the
stream is 873 km2. It is the longest valley glacier in
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Garhwal Himalaya situated in the Uttarkashi
district, Uttarakhand, India. It is bounded by latitude 30°440 –30°560 N and longitude 79°040 –79°150 E
and streams draining in the south western direction
(Bgure 1). The proglacial streams originate from
Gangotri glacier at an altitude of 4000 amsl and
Cow in deep glaciated valley. The famous Gangotri
temple is situated on the right side of the proglacial
river at the altitude of 3000 amsl. Hydrometerological conditions in the catchment area of proglacial streams vary with altitude. The climate is
cold and mild warm at Gangotri town and severe
cold at Gangotri glacier. A variation with the
altitude in the study area showing different ecological zones in the catchment; above 3000 amsl
forest is sparse and represented by the Bhojpatra
and near the glacier snout hardly any vegetation
survived except few herbs. The Gangotri proglacial
streams receive water mainly from two types of
sources; glacier meltwater and groundwater from
forest/meadows.
The basement rocks of the Gangotri proglacial
stream catchment are Gangotri granite and
Bhaironghati granite (Bgure 2). The Gangotri
granite is the western end of the Badrinath granite,
one of the largest bodies of the higher Himalayan
leucogranite (HHL) belt in the Garhwal Himalaya.
It was exposed along the upper reaches of the
Bhagirathi river around the Gangotri glacier
region. The granite was Brst described by Heim
and Gannser (1939) from the higher Himalaya
along upper Alaknanda valley near Badrinath
tample. Later, Auden (1949) described, the Bne
grain granite constituted by tourmaline, muscovite, biotite and garnet. The Gangotri granite is
intruded as lenses either the metamorphosed base
of the Tethyan sedimentary as mica porphyritic
granite (Scaillet et al. 1990; Searle et al.
1993, 1999), which has been named as Bhaironghati granite by Pant (1986) and mainly constituted
by quartz, feldspar and muscovite.

3. Materials and methods
For revealing the rock–water interaction, different
types of rock/water/stream bed samples were collected during 25–31 October, 2014 from Gangotri
snout to Gangotri town during post-monsoon in
proglacier environment. The altitude, longitude,
and latitude information of the samples were documented from GPS Garmin Etrex-10 and slope
information along the meltwater stream were being
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Figure 1. Sample location map along the Gangotri proglacial streams.

Figure 2. Geology and rock types in Gangotri region (after Jowhar 2010).

extracted from SRTM DEM (Shuttle Radar topographic Mission) using PCI Geomatica 9.1.1.
Stream bed sediment samples were collected in
zip-lock polythene bags using a plastic scoop. The
sediment grain size distributions were determined
by sieve shaker (Fritsch Analysette 03.502) and
textural analysis was carried out by Folk and Ward
method (1957). The pebble size fraction of bed
sediment samples were analyzed under thin section
studies (Hamphries 1992). In thin sections,

different gravel samples were viewed and
photographed under the microscope with magniBcation factor of 20 and 50 lm. The major mineral
compositions were analyzed through Trinocular
stereo zoom microscope (Nikon-SMZ1500). In each
sample, minerals were identiBed and perform based
on physical method for the 200 particles in a
sample (Ingersoll et al. 1984). The mineralogy of
clay fraction of bed sediments were studied using
an X-ray diAractogram technique (Carrols 1970;

65%
95%
95%
95%
99%
99%
60%
80%

99%

1.27
0.54
0.62
0.79
1.34
0.68
0.48
0.73
4.99
0.47
0.48
0.16
0.89
–0.02
0.43
–0.09
0.86
0.3
0.35
0.53
–0.47
–0.22
0.29
0.35
0.96
1.55
1.51
1.43
0.77
1.24
1.29
0.37
0.76
1.28
1.25
0.35
0.51
1.75
1.3
1.65
0.25
1.2
1.23
3.14
2.63
1.53
1.24
0.36
18.08
14.28
15
13
16.66
25
22
20.19
31
19.79
25
0.74
12.76
10
12.5
14
14.44
15
15
15.38
15
13.54
28.33
0.64
69.14
75.71
72.5
73
68.88
60
63
64.42
54
66.66
46.66
0.80
3.35
4.43
5.39
3.88
3.45
2.45
4.06
1.89
6.48
7.79
4.46
0.16
9.87
13.86
8.84
6.92
7.28
5.89
5.8
10.48
7.42
6.8
8.63
0.45
78°560 40
78°570 00
78°550 20
78°580 80
79°010 20
79°030 00
79°030 00
79°030 60
79°040 20
79°040 80
79°050 40

1
2
3
4
5
6
7
8
9
10
11
Correlation
with elevation
ConBdence level

30°590 40
31°000 00
30°590 40
31°000 00
30°580 80
30°570 00
30°570 00
30°570 00
30°560 40
30°550 80
30°550 80

3057
3184
3197
3328
3572
3776
3782
3867
3904
3927
4089

Skewness
(U)
Sorting
(U)
Mean
(U)
Mica
(U)
Feldspar
(U)
Quartz
(U)
STD
Slope in
degree
Altitude
(m)

The bed sediment characteristics and their relationships with altitude and slope in glacier and
proglacial environment were presented in table 1.
Fine sand is the characteristics of the bed sediments in glacier environment, but coarse sand size
is the characteristics of the proglacial environment
at lower altitude. The low slope near the glaciated
environment indicated that strong levelling of the
topography by the glacier action, while inactive
glaciations and tectonic forces are responsible for
the high slope of proglacial streams at lower altitude area. These conditions lead to increasing
stream velocity and subsequently increases drainage capacity in downstream direction. This process removes the selective Bne size particles and
leads to increase grain size in downstream region.
The sorting of bed sediment increases downstream, less sorting in glaciated environment is the

Longitude

4.1 Grain size characteristics of the stream bed
sediments

Latitude

4. Result and discussion

Sl.
no.

Gibbs 1971). The samples were used as powder and
run diAractometer along with Ni-Blter and Cu-Ka
radiation with chart drive speed of 1 cm1/min.
Morphological features of the clay fraction of bed
sediments were identiBed and studied under the
scanning electron microscope (SEM) (Krinsley and
Doornkamp 1973). The geochemical analysis was
carried out using Electron Dispersive X-ray Spectroscopy (EDXRF) method. The geochemical
analysis error of major elements in sediments
considered about ±0.1% (Goldstein et al. 2003).
The stream water samples were collected in prewashed polyethylene bottle. Soon after the sample
collection, electrical conductivity and pH of the
samples were measured using a conductivity meter
and pH meter. Bicarbonate was analyzed by the
potentiometric titration method keeping 4.5 pH as the
end point. Sulphate concentration was determined by
the turbidimetric method, absorbance was measured
at 420 nm by using a UV/VIS spectrophotometer. Cl
was determined by titration method. Dissolved silica
was determined by the molybdosilicate method at 812
nm using a UV/VIS spectrophotometer. The concentration of Ca+2, Mg+2, Na+ and K+ in melt water
was determined by one of the American Public Health
Association (APHA 1980) method. The cationic and
anionic charge balance (\10%) were checked for each
water sample for precision.
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Table 1. Sedimentological and mineralogical character (only sand) of the sediment in Gangotri proglacier streams.
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characteristics of low energy conditions and also
some of the variable sources act as sediment production such as slumping of unstable moraine and
channelized system. However, high discharge in
downstream consequently lead to removal of Bne
sediment from stream bed caused to increase in
sorting at lower altitude.
The kurtosis of bed sediment shows the
peakedness of grain size distribution. In the meltwater streams, the bed sediment kurtosis decreases
with increasing altitude. At higher altitude in the
glaciated environment, the bed sediments are
showing leptokurtic nature and platykurtic in
downstream regions. Near the glacier, the Bne size
sediments are delivered to channel by subglacial
abrasion activity, unstable moraines and alluvial
cones. The limited sources of sediment environment resulted in leptokurtic nature of bed sediment
near glacier. At lower altitude, the variable sources
indicate platykurtic nature of bed sediment. The
skewness of bed sediments indicates positive
skewed ranging from symmetrical to course-skewed
in nature. At lower altitude, the carrying capacity
of meltwater streams increases due to augmentation of groundwater and other streams along with
high slope in downstream regions. Enhanced
carrying capacity at lower altitude resulted in

4.2 Mineralogical characteristics of the stream
bed sediments
The mineral compositions were evaluated for the
gravel, sand and clay fractions of bed sediment in
proglacier meltwater streams (table 2). The gravel
and sand fraction are the most dominant sediment in
streams bed. Petrographic study indicates that in
gravel fraction, quartz (56 ± 4.6%) is the most
dominant mineral followed by biotite (17 ± 5.1%),
muscovite (14 ± 4.3%), and feldspar (9 ± 5.7%),
respectively. The comparative analysis of country
rock and gravel fraction indicates that major mineral
constituents in gravel fraction are intact and chemical
weathering were not impacted on them. The sand
fraction is the most dominant in bed sediment and in
sand, quartz is the most dominant component with
average of 65 ± 8.7%, followed by biotite/muscovite
constitute 20 ± 5.4% and feldspar constitute about
15 ± 4.2%. The high percentage of quartz in sand
fraction than in gravel fraction suggests the reworking of sand grade sediment in meltwater stream drain
from Gangotri glacier environment. Therefore, high
percentage of quartz in glacier environment cannot be

y = 0.0008x - 1.5289
R² = 0.1307

3.5
3

Sorting (ɸ)

2.5
Mean (ɸ)

removing Bne material from the stream bed and
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Figure 3. Variation of textural characteristics of bed sediments with altitude in Gangotri proglacial streams.
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Table 2. Mineralogical composition of the gravel, sand and clay fraction in bed sediment of Gangotri proglacial environment.
Mineral in
percentage
Quartz
Illite
Feldspar
Keolinite
Muscovite
Biotite

Gravel fraction in bed
sediment (Gaumukh)
(n = 4)

Sand fraction in
proglacial stream
(n = 11)

56 ± 4.6%

65 ± 8.7%

9 ± 5.7%

15 ± 4.2%

14 ± 4.3%
17 ± 5.1%

20 ± 5.4%

Clay fraction in bed
sediment (Gaumukh)
(n = 6)
18.4
5.8
71.4
0.7

±
±
±
±

Clay fraction in bed
sediment (Bhojwasa)
(n = 3)

3.1%
2.8%
11.4%
0.2%

26.5
18.1
53.5
1
0.9

±
±
±
±
±

5.8%
6%
4%
0.5%
0.2%

3.7 ± 1.4%

Table 3. Hydrochemical characteristics of the Gangotri proglacier streams meltwater (all the concentration in milli eq/litre except
TDS in mg/l and EC in l/cm).
Sl.
no.

Latitude

Longitude

Altitude
(m)

TDS

pH

EC

Ca+2

Mg+2

Na+

K+

H4SiO4

HCO3

SO2
4

Cl

1
2
3
4
5
6
7
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9
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30°590 40
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30°590 23
30°590 44
30°590 24
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30°580 07
30°560 57
30°560 00
30°550 57
30°550 34
30°550 35
30°550 31

78°0570 05
78°0560 23
78°0550 21
78°0580 51
78°0550 23
79°0000 52
79°0020 16
79°0030 05
79°0040 19
79°0040 24
79°0040 51
79°0040 55
79°0050 06

3088
3090
3170
3228
3246
3539
3742
3769
3916
3923
3967
4005
4065

52.17
109.68
105.64
79.89
126.13
69.9
124.03
173.28
166.84
127.41
147.63
75.92
115.94

6.3
7
7.3
7.1
7.1
7.2
6.9
6.3
6.4
6.5
6.8
6.3
6.7

52
110
106
80
126
70
124
173
167
127
148
76
116

0.56
0.72
0.96
0.56
1.44
0.56
1.04
0.8
0.96
0.96
0.96
0.48
1.2

0.49
0.89
0.89
0.49
0.81
0.73
0.57
0.97
1.06
1.22
1.22
0.49
1.14

0.1
0.11
0.11
0.14
0.13
0.07
0.13
0.4
0.31
0.25
0.4
0.2
0.27

0.03
0.09
0.14
0.02
0.15
0.02
0.1
1.31
0.22
0.12
0.14
0.06
0.09

0.1
0.13
0.18
0.16
0.22
0.09
0.16
0.15
0.13
0.13
0.13
0.15
0.09

1.05
1.61
1.86
1.05
2.01
1.29
1.81
1.78
2.02
2.18
2.18
0.97
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0.06
0.12
0.17
0.07
0.19
0.15
0.14
1.45
0.42
0.2
0.28
0.19
0.2

0.16
0.17
0.15
0.19
0.08
0.05
0.07
0.36
0.2
0.02
0.26
0.13
0.02

regarded as indicator of stable cratonic conditions.
The detritus mineralogy of the bed sediments of river
in central Ganga basin also suggested that the detritus is mainly derived from recycled orogen provenance with granite-gneisses (Singh et al. 1993). The
clay fraction was least dominant and composed with
feldspar and clay minerals (Illite). However, quartz
was observed as the least abundant mineral in clay
fraction due to high viscosity of the meltwater in low
temperature conditions along with high hardness of
quartz.
The changes in sand mineral constituents at
different altitude have been evaluated to reveal the
relationship of chemical weathering intensity presented in table 1. In Gangotri valley the temperature changes with altitude, at the Gangotri town the
climate was cold to mild warm and severe cold at
Gangotri glacier. Therefore, low temperature in
glaciated environment lead to chemical weathering
with low intensity. This result also indicates high
percentage of feldspar in the bed sediment near the
glacier than bed sediments at Gangotri town. The

studies conducted in Harsil sub-basin of Ganga
headwater also suggested that the high stable slope
at lower altitude, high temperature and high vegetation cover was responsible to intense chemical
weathering at lower altitude than higher altitude
(Ahmad and Hasnain 2007). The relationship
between minerals percentage of sand fraction in bed
sediment samples and their altitude attributes
exhibited by correlation matrix in table 1. The
strongest negative relationship was exhibited by
feldspar fallowed by positive relation with quartz
and biotite/muscovite. Positive and negative relationships were observed due to change in percentage
of quartz and feldspar with altitude. A sudden
decrease in feldspar percentage from an altitude of
4089 to 3900 m a.s.l. suggests the quick mobilization
of solute in this zone. The low gradient, poorly
sorting of bed sediment results indicate that sluggish
movement of water which provide sufBcient contact
time between rock meltwater interaction. The
chemical reactions during this time results degrading the chemically susceptible minerals and caused
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sudden decrease in volume percentage of feldspar at
lower altitude in proglacier stream. Tracer studies
conducted on subglacial aspect of the Gangotri glaciers revealed that the well developed subglacial
channel exist beneath the glacier. The stream
velocity in this subglacial channel is 0.6 ms1 and
dispersivity value 2.1 m in post monsoon season. It
reveals that the sluggish movement of meltwater in
subglacial environment with freshly abraded material resulted in quick mobilization of solute in
proglacier streams (Jose et al. 2014).

4.3 Chemical characteristics of the streams
meltwater
The Gangotri proglacial basin altitude ranges from
3000 m near the Gangotri town to 4000 m amsl
near Gangotri glacier. Therefore, the hydro meteorological conditions vary from cold to warm moist
at Gangotri town and severe cold at Gangotri
glacier. Hence, the hydrological and solute acquisition processes also changes from lower to higher
altitude. Three major hydro-meteorological and
hydro-morphological conditions can be distinguished on the basis of climatic and geomorphic
characteristics namely glaciated cover, meadow
and sparse pine forest. The temporal and spatial
dominance of particular hydrological processes in
one or other geomorphic units inCuence the solute
acquisition processes and inCuence the hydrochemistry of proglacial streams. The hydrochemical characteristic of meltwater was evaluated to
investigate the solute acquisition processes in the
basin during post-monsoon season (table 3).
Average pH of the meltwater is 6.76 ± 0.38, mean
EC (electrical conductivity) is 113 ± 36 lS/cm
P and
EC show strongP
relationship between EC/ cations
(TZ+) and EC/ anions (TZ) with r [ 0.999. The
hydrochemical processes were identiBed through
using standard diagrams, i.e., Gibbs, Piper, scattered, etc., the Gibbs diagram indicated that water
samples from higher altitude glacier stream show
strong rock-water interaction (Gibbs 1970). However, the proglacier streams at lower altitude shown
less rock-water interaction and equal dominance of
precipitation (Bgure 4). The concentration of TDS
(Total Dissolved Solids) decreases with altitude
(r [ 0.80) indicates that low concentration of
freshly recharged monsoon ground water leading to
low concentration of ion concentration in proglacier
streams during post-monsoon period. Average
chemical composition of meltwater in Gangotri

Figure 4. Impact of hydrogeochemical processes on chemical
characteristics of proglacial meltwater streams in post-monsoon period (after Gibbs 1970).

Figure 5. Hydrogeochemical facies diagram of meltwater
samples in proglacial streams.

proglacial streams shows that calcium and magnesium were the most dominant cations and the order
of abundance is Ca+2 [ Mg+2 [ Na+ [ K+ and
piper diagram indicate the meltwater is Ca+2–
Mg+2–HCO3 type (Bgure 5).
A comparative analysis of the cations abundance
with other proglacial streams in the Garhwal Himalaya indicate the dominance of Ca+2 and Mg+2 (Ahmad and Hasnain 2000; Singh et al. 2015). However,
the difference between Ca+2 and Mg+2 concentrations is significant in other proglacial streams than
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the Gangotri proglacial streams. The substantial
contribution of Mg+2 in proglacial streams were
mobilized through geochemical weathering of biotite
mineral present in gravel, sand and clay fraction.
Biotite/illite mineral in clay size fraction constitute
substantial part in bed sediments and contribute to
the high concentration of magnesium mobilization in
meltwater. Calcium is the most dominant cations in
the entire proglacial streams and mobilized through
the geochemical weathering of feldspar, which is a
dominant mineral in clay fraction. Near the glacier
environment, the bed sediments were characterized
with small grain size with leptokurtic in nature. This
mixture is highly geochemically active and made by
two components namely the Bne fraction of unstable minerals and relatively stable gravel size inactive
fraction. Chemical unstable material controls the
solute acquisition processes in the subglacial environment. Fresh chemically active feldspar and biotite
mineral go under the chemical weathering processes

Figure 6. Relative mobilization of (Ca+2+Mg+2)
(Na++K+) in proglacial meltwater streams.

and

and resulted in high mobility of Ca+2 and Mg+2. The
equivalent ratio of (Ca+2 + Mg+2)/TZ+ is about
0.83 ± 0.11, while (Na+ + K+)/TZ+ is 0.16 ± 0.1
(Bgure 6). A high level of r [ 0.8 between Ca+2/
Mg+2 and HCO3 indicating carbonate weathering
process is the main solute acquisition mechanism in
basin. Further, the high silica concentration in stream
water suggests the active silicate weathering also
inCuencing. Hence, solute acquisition processes in the
proglacial environment can be a considered as mixture of both the carbonate and silicate weathering
processes (Garzanti et al. 2010; Bickle et al. 2015;
Shukla et al. 2018; Ansari et al. 2019).
The sources and characteristics of the solute in
meltwater were also evaluated through correlation
analysis among the variables (table 4). The result
indicates that silica is less significant and has
negative relationship with altitude, while the
cations are showing positive relationship. The high
concentration of silica at lower altitude is a function of high intensity of chemical weathering of
silicate rocks owe to high temperature and soil
development. However, the Na+, Mg+2 positive
relationship with altitude is related to augmentation of the sub-glacial solute enriched melt water
and freshly recharged low TDS groundwater from
meadows and forests. The best positive relationship with altitude was exhibited by Na+ and Mg+2,
while K+ and Ca+2 show relatively weak positive
relation. Highly mobile Na+ is a lithogenic element,
which gets easily aAected by the dilution produced
in the meltwater streams. However, Ca+2, Mg+2,
and K+ have higher capacity to get exchanged on
clay adsorption site and do not show the good
relationship with altitude. The rate of decrease
of Ca+2/H4SiO4, Mg+2/H4SiO4, Na+/H4SiO4 and

Table 4. Correlation matrix of hydrogeochemical parameters of proglacial streams.
Parameters

Altitude
(m)

TDS

pH

EC

Ca2+

Mg2+

Na+

K+

H4SiO4

HCO3

SO42

Cl

Altitude (m)
TDS
pH
EC
Ca2+
Mg2+
Na+
K+
H4SiO4
HCO3
SO42
Cl

1
0.47
0.5
0.47
0.18
0.47
0.71
0.18
0.29
0.46
0.29
0.07

1
0.21
1
0.58
0.71
0.77
0.61
0.25
0.71
0.65
0.42

1
0.2
0.22
0.08
0.55
0.38
0.32
0.05
0.43
0.29

1
0.58
0.71
0.77
0.61
0.25
0.71
0.65
0.42

1
0.54
0.22
0.05
0.42
0.84
0.04
0.27

1
0.66
0.24
0.17
0.86
0.29
0.05

1
0.6
0.11
0.51
0.67
0.54

1
0.14
0.15
0.06
0.68

1
0.02
0.08
0.14

1
0.17
0.17

1
0.68

1
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K+/H4SiO4 ratios with altitude shows that Ca+2/
H4SiO4 and Mg+2/H4SiO4 decrease sharply than
the Na+/H4SiO4. It further indicates the depletion
of Ca+2 and Mg+2 due to dilution of groundwater
from freshly recharged meadow/forest augmentation in proglacier streams. This groundwater was
highly inCuenced by cations exchange capacity of
clay fractions in forest and stream bed sediments.
An investigation of relative silica concentration
and positive relation with Ca+2, Mg+2, and K+
suggest that concentration of these cations have
been decreased ranging from 90 to 95% and Na+
concentration decreased by 20% from higher
altitude to lower altitude. Further, a decrease in
ratio of Ca+2/H4SiO4, Mg+2/H4SiO4, Na+/H4SiO4
and K+/H4SiO4 were observed (12  3 = 9),
(11  3 = 8), (2  0.6 = 1.4) and (8  0.12 = 7.8),
respectively (Bgure 7).
Nature of decrease in cations/H4SiO4 was related
to relative exchange processes of cations on clay
particle in meadows/forest and bed sediment soil.
The high uptake of the Ca+2, Mg+2 and K+
from the soil solution at adsorption sites of clay
particles results in Ca+2, Mg+2 and K+ deBcient
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groundwater contribution to proglacial streams.
But low exchange capacity of Na+ results in continuous mobilization of these ions in groundwater
and further in proglacial streams.
High concentration of calcium and magnesium in
proglacial meltwater streams along with dissolved
silica in stream water may result in precipitation of
clay minerals in glaciogenic sediments. The silt and
clay from lateral moraine also mobilized along with
slope, and contributed Bne sediments in the proglacial environment (Plate 1a and b). Saturation
index of the possible different mineral species is
calculated using USGS (PHREEQC). The results
indicate that mineral sepiolite has saturated state
in proglacial stream water due to high concentration of magnesium and active silicate weathering
(Plate 2a and b). The studies conducted by
Mahaney et al. (2009) also found that soil and
moraine have spediolite in cores of late glacial and
neoglacial moraines of Humboldt glacier, northwestern Venezuelan Andes. The present study also
suggest high possibility of Bnding such clay minerals in Gangotri regions and further research is the
need in this aspect.

Plate 1. (a) Gaumukh where Bhagirathi stream started and (b) Bhagirathi stream channel.

Plate 2. (a and b) Soil proBle near the glacier cover area at altitude of 3700 m amsl.
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Figure 7. Impact of altitude on different ionic ratios in Gangotri proglacial streams.

4.4 Geochemical characteristics
Geochemical composition of the clay fraction,
showing the order of abundance are Si [ Al [
Na [ K [ Fe [ Mg [ Ca (table 5). A change was
observed with altitude in order of abundance and it
shows Na, K, Mg and Ca. The impact of elemental
change with altitude shows decrease in ratio of Ca/
Si and Na/Si more significantly than the K/Si.
However, Mg/Si ratio does not show any relationship with altitude. The close behaviour of Na/Si
and Ca/Si with altitude was related to common
source, and correlation matrix indicated that Ca
and Na are strongly associated. A positive association of Mg, K, Al and strongly negative relationship has been observed with Si (table 6). The
association reveals that chemistry of the clay
fraction of bed sediment was largely governed by
feldspar and micas in geological rock material
which is abraded by glacier activity and hydraulic
reworked sediments.
4.5 Morphoscopy
The shape of sediment particles and textural
patterns on their surfaces are good source of
information about the physical and chemical processes in the environment. Textural characters and

morphological features of sediments in the glacial
environment are generally large and depends on
numerous factors such as rock types, rapid changes
in glacier motion, shifts in the subglacial drainage
system, failure of channel banks, etc., (Collins
1989; Hammer and Smith 1983). The Scanning
Electron Microscope (SEM) has been proved as a
principal tool for examining surface texture of
sediment particle. Many researchers have attempted the explanation of relief structure on quartz
sand grain to speciBc glacial sub-environment
based on different processes in those regimes
(Margolis and Kennel 1971; Whalley and Krinsley
1974; Whalley 1978).
The morphoscopic characteristics of sand particle in the supraglacial, subglacial and proglacial
environment have been identiBed in Himalayan
glacier environment by Singh et al. (1995). Sources
of suspended particle were identiBed based on
morphoscopical character of subglacial, supraglacial and proglacial environment in Pindari glacier
basin (Pandey et al. 2002). These studies were
limited to glacier regimes, which occupy few percent of the area in higher altitude basins and produce large volume of sediment to the Cuvial
system. The systematic changes occurred on morphoscopy of sediments can be useful for understanding the processes of sediment interaction
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Table 5. Elemental composition % in clay fraction of bed sediments collected from Gangotri
proglacial streams.
Sl. no.

Latitude

Longitude

1
2
3
4
5

30°590 40
30°580 80
30°54.0
30°54.00
30°550 .80

78°560 40
79°010 20
79°060 00
79°060 00
79°050 40

Altitude (m)

Na+

Mg+2

Al+3

SiO2

K+

Ca+2

Fe+2

3100
3600
4000
4200
4100

7.4
5.9
6.2
6.5
6.5

1.8
3.2
0.7
2.3
2

17.1
20.3
16.5
17.4
17.8

64.1
56.9
64.6
62.9
62.1

5.5
6.8
5.7
5.1
5.8

1.4
1.2
1.3
1.1
1.3

2.7
5.8
5.1
4.7
4.6

Table 6. Correlation analysis of clay fraction of bed sediments.
Parameters

Altitude (m)

Na+

Mg+2

Al+3

SiO2

K+

Ca+2

Fe+2

Altitude (m)
Na+
Mg+2
Al+3
SiO2
K+
Ca+2
Fe+2

1
0.560
0.146
0.162
0.082
0.254
0.629
0.589

1
0.251
0.528
0.603
0.593
0.586
0.997

1
0.890
0.867
0.518
0.485
0.288

1
0.995
0.845
0.353
0.539

1
0.851
0.401
0.613

1
0.020
0.567

1
0.635

1

Figure 8. (a, b) Hazy poorly sorted mixed glacier stream bed sediment, cleaned well sorted grains from bed sediments from low
altitude proglacial streams.

between higher and lower altitude basins. The clay
fraction of bed sediment samples were collected in
post-monsoon from the Gangotri proglacial
streams and examined by SEM for surface textural
studies. Grain morphoscopy and surface texture
were recognised and interpreted on the basis of
individual surface texture as well as particular
combinations of texture diagnostic of speciBc sediment transport mechanism and environment. In
this study, it indicates that the bed sediment in
glacial environment was characterized by poorly
sorting along with sub-angular to subrounded shapes with variable size near the glacier

(Bgure 8a). However, the grain size distribution
shows moderate sorting of bed sediment in proglacial streams near Gangotri town at lower altitude (Bgure 8b). In glacier environment, elongated
grains were also found and indicated stretching of
the grains due to glacier movement (Bgure 9a).
Some grains show conchoidal followed by step-like
features along with chemical activities on the present samples that are evident with surface etching
(Bgure 9b). Strong impacts of glacier abrasion on
grains are visible in the form of steps and striations; sub-rounded to rounded particles with
smoothening of the conchoidal edges, elongated
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Figure 9. (a, b) Elongated grains and glacier abrasion resulting in conchoidal fracture, steps like striations and etching due to
chemical weathering.

Figure 10. (a, b) Evidence of glacier strong abrasion on grains resulting breakage steps and curved striations.

sub-rounded grain with secondary replacement
dissolution, secondary growth in sediments collected from lower altitude (Bgure 10a and b). The
bed sediment in glacier environment shows etching
on the surface, these grains are showing hazy type.
However during transportation, the etching surface
was removed and surface of grain in downstream
shows polished and less striation along with grains
with secondary growth and replacement.

5. Conclusions
An integrated approach has been reported in this
paper to investigate the spatial change in mineralogical, sedimentological and hydrochemical
characteristics of proglacier streams with different altitude in Gangotri basin. The altitude plays
an important role in determining the composition
and physical character of the bed sediment in

melt water streams. At higher altitude, the bed
sediments were characterized by Bne sand, poorly
sorting, leptokurtic in nature and dominated by
feldspar and micas. While at the lower altitude,
coarse sand, moderate sorting, platykurtic, and
quartz dominate in the bed sediment.
The subglacial abrasion produces highly chemical active clay fraction feldspar and biotite grains.
These chemical active grains in sluggish subglacial
and gentle slope in proglacial environment releases
the solute in meltwater streams. High Mg+2, Ca+2
and H4SiO4 in melt water may produce saturation
of sepiolite in glaciogenic sediments. The concentration of Ca+2, Mg+2, Na+, and K+ decreases with
altitude due to dilution eAect produced by augmentation of freshly monsoonal recharged
groundwater from meadow and forest in downstream. The cation exchange, chemical weathering
and mixing of groundwater from forest/meadows
control the hydrochemistry in lower altitude
during post-monsoon time.
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