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MT study. The sediments beneath Sanchore, Patan and
Mehsana sub-basins are much thicker and comparatively
less thicker over Diyodar and Tharad ridges. The resistive
blocks on the western margin of CRB represent igneous
intrusives whereas on eastern margin, they indicate the
Precambrian formations of the Aravalli-Delhi fold belt.
The electrical resistivity variations across these basins
infer that the subsurface structure is highly heterogeneous
in nature, due to the faults within the rift basins. Thus the
results of our MT study together with other geophysical
studies and well data, may further refine the sediment
thickness estimates across the rift basins.
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The regular monitoring of glaciers is important to
determine their retreating rate and mass balance for
overall glacier health. Chaturangi glacier, a major
inactive tributary of the Gangotri glacier system was
selected for the present study due to its dynamic nature
and also because there are no previous records of its
retreating rates. In order to reconstruct past retreat-
ing rates, total area loss, volume change and shift in
snout position were measured through multi-temporal
satellite data from 1989 to 2016 and kinematic GPS
survey from 2015 to 2016. The results obtained
from satellite data indicate that in the last 27 years
Chaturangi glacier snout has retreated 1172.57 %
38.3 m (average =45.07 £ 4.31 m/year) with a total
area and volume loss of 0.626 + 0.001 sq. km and
0.139 km’ respectively. The field measurements through
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differential global positioning system survey revealed
that the annual retreating rate was 22.84 £0.05 m/
year. The large variations in results derived from both
the methods are probably because of higher difference
in their accuracy. Nevertheless, the results derived
from both the methods are in agreement that Chatu-
rangi glacier is retreating at a considerable rate.

Keywords: Glacier snout, kinematic survey, retreat
rate, satellite data.

THE Himalayan region consists of a large number of
glaciers. The regional hydrology and climatic variations
in the Indian subcontinent are directly influenced by the
Himalayan glaciers, which cover an area of about
33,000 sq. km (ref. 1). In the context of global warming
and retreating rate, the Himalayan glaciers have always
been a sensitive topic of discussion. Apart from climatic
conditions, the dynamics of glaciers is also dependent on
their characteristics and local aspects’. Change in snout
position varies for different glaciers®; so it is important to
monitor them regularly. The past terminus position of the
glacier can be reconstructed from satellite imageries and
terminal moraines®. To monitor the glacier length, area,
snout position, volume and equilibrium line altitude
(ELA), remote sensing technique can provide useful
information’. Since the past few decades, remote sensing-
based approach has been widely used for mapping
glaciers utilizing various multi-temporal and multi-
spectral data. This method allows monitoring of glaciers
and has the ability to recognize the past retreating trends.
The ground-based method is another technique for the
estimation of glacial retreat. In this technique the geo-
morphological evidences and global positioning system
(GPS) survey method are used to determine the retreating
rate of a glacier®. Surveying glacier terminus using GPS
is a straightforward and effective method to determine the
actual retreating rate. The mapped terminus position by
differential global positioning system (DGPS) over time
provides a record of change in length, area and volume of
the glacier®. Many tributary glaciers of the Gangotri
glacier system are in withdrawing stage, while some are
in disappearing stage. Several studies were conducted on
the Gangotri glacier to estimate its recession by ground-
based method”® and satellite imageries™'®, while few
studies were published about recession of its tributary
glaciers''. To the best of our knowledge, there have been
no attempts made earlier to measure the retreating rate of
Chaturangi glacier, either by satellite data or ground-
based methods. Only hydrochemical analysis of glacier
melt water was carried out in the Chaturangi glacier
region'?.

Therefore, the present study focuses on the Chaturangi
glacier, which is one of the longest inactive tributary
glaciers (not connected with the main trunk) of the Gan-
gotri glacier system. This glacier has been selected for
the present study because of its more dynamic nature and

CURRENT SCIENCE, VOL. 116, NO. 2, 25 JANUARY 2019

unknown recession rate. The main objective of this study
is to reconstruct the snout position, temporal changes in
areal extent and volume loss using multi-temporal satellite
imagery and DGPS-derived data. Another objective is to
compare the results obtained from both the methods, i.e.
satellite-based monitoring and kinematic GPS-based
study.

The Chaturangi glacier lies between 30°54'08"—
30°5428"N and 79°15'19"-79°6"18"E, in the Uttarkashi
district, Uttarakhand, India (Figure 1)’. The Chaturangi
glacier consists of more than three active (connected with
the trunk) tributary glaciers (Seeta, Suralaya, Vashuki,
etc.) which form the Chaturangi glacier system’. It is an
east-west-flowing, valley-type glacier; at present, it is
21.1 km long and occupies an area of about 43.83 sq. km.
The snout of the glacier is situated at an elevation of
4380 m amsl. It consists of about 20-25 m high ice wall
and a glacier portal from where the Chaturangi river ori-
ginates (Figure 2a and b). The Chaturangi glacier was
connected with the Gangotri glacier in 1971 (ref. 13), but
now it has been detached and has lost its identity at the
junction (Figure 2 ¢). This is also evident from the satel-
lite images of different years (Figure 3). These images
show that the Chaturangi glacier was connected with
Gangotri till 1989.

To obtain past position of Chaturangi glacier snout,
retreating rate, total area and volume loss, multi-temporal
satellite imageries (Landsat TM 1989, Landsat ETM +
PAN 1999, IRS LISS III 2009 and Landsat Sentinel
2016) were downloaded (http://earthexplorer.usgs.gov/;
http://bhuvan.nrsc.gov.in/), processed and geo-rectified
using ERDAS imagine (ver. 14) and Arc GIS (ver. 10.2)
software. Table 1 provides the comprehensive details of
multi-temporal and multi-spectral satellite data acquired
in cloudless condition (October and November). The reg-
istration error calculated while registering the images
1989 (Landsat TM), 1999 (Landsat ETM + PAN) and
2009 (LISS III) to base image 2016 (Landsat Sentinel)
was 0.6 pixel or 6 m, 0.4 pixel or 4 m and 0.5 pixel or
5 m respectively. In order to assess positional accuracy in
results, the uncertainty was calculated using the formula'*

e=+(al)’ +(a2)’ +E,

where al is the spatial resolution of image 1, a2 the
spatial resolution of image 2 (base image) and E,, is the
image registration error.

Hence, the uncertainty for 1989 Landsat TM data can
be estimated as follows

e=+(30)> +(10)*> +6=37.62 m.

Similarly, the uncertainty was 22.03 m for Landsat
ETM + PAN and 30.54 m for LISS III. The temporal
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Figure 1.

changes in areal extent of the glacier were measured
with an accuracy of 0.002, +0.0006, =0.001 and
+ 0.0002 sq. km for Landsat TM, Landsat ETM + PAN,
LISS III and Sentinel images respectively, using the
formula'

U,

area = 2 eV’
where U,., is the uncertainty in area, e the terminus
uncertainty and V is the spatial resolution of the satellite
image.

The volume of the glacier was calculated as a product
of glacier area and thickness. The thickness of the glacier
was measured using DGPS elevation difference at the top
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Location map of the study area with current position of Chaturangi glacier snout.

and bottom of the snout. The total loss of glacial volume
is a sum of loss caused by border shrinking and fall in
surface level"”. The volume loss is calculated using hybrid
method'®, where area loss is measured through satellite
imageries and surface lowering is measured through stake
survey (Figure 2d). A total of 14 stakes were emplaced
on the glacier surface up to 4 km upstream with the help
of ice-drilling machine (Figure 2 e), and the annual moni-
toring of these stakes through tape measure and DGPS.
The annual retreating rate of the glacier snout was also
delineated through kinematic GPS survey during 2015—
16. In this method, a pair of Leica SR520 GPS
receivers and AT502 antenna were used. One antenna
was mounted on a solid bed rock located off the glacier
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Shivling Peak

Figure 2.

(C) Chaturangi River

a, Scenic frontal view of Chaturangi glacier with glacier portal and debris cover on its surface. b, Photograph taken from Cha-

turangi glacier, river flowing towards Shivling peak. ¢, Chaturangi river meeting the main trunk glacier, snout of Chaturangi is far away
from the Gangotri glacier. d, Inserted ablation stake on the glacier surface to measure surface thinning. e, Drilling on the glacier surface for
inserting stakes. f, Kinematic GPS survey along the snout of Chaturangi glacier.

Table 1.

Details of multitemporal and multispectral satellite data from 1989 to 2016

Satellite/sensor Date of acquisition

Spatial resolution (m)

Spectral resolution (pm)

Sentinel 9 October 2016

Liss IIT 23 October 2009
15 October 1999

Landsat ETM + pan

Landsat TM 15 November 1989

10 G=0.56
R=0.66
NIR = 0.84

G =0.52-0.59
R=0.62-0.68
NIR = 0.77-0.86

15 G =0.52-0.60
R=0.63-0.69
NIR = 0.76-0.90

30 G =0.52-0.60
R=10.63-0.69
NIR = 0.76-0.90

with one receiver and another as a rover with moving
antenna. In the rover survey, terminus of the glacier was
mapped by walking along the snout with the GPS receiver
at the nearest possible track, 1-4 m distance from the
glacier snout to avoid accidents from ice and debris fall
(Figure 2 /). This prefixed distance was considered dur-
ing the processing of data. The generated raw data were
processed using Leica SKI-PRO 3.0 software and posi-
tion coordinates were presented in the form of WGS 84
coordinate system.

The results obtained from long-term satellite imageries
and DGPS were used to determine the past position of
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snout, retreating trend and temporal changes in area of
the glacier (Figures 3 and 4). The satellite-based remote
sensing study suggests that the Chaturangi glacier has re-
treated 1172.57 £ 38.3 m from 1989 to 2016. Total retreat
rate computed during three different periods, viz. 1989—
99, 1999-2009 and 2009-16 was 482.98 £43.59 m,
269.96 £37.66 m and 419.63 £33.65m respectively
(Table 2). Reconstruction of the past snout position and
cumulative retreating trend clearly showed that the retreat-
ing rate of the Chaturangi glacier was higher (48.29 £
4.36 m/year) during the initial period, i.e. 1989-99, when
it started detaching from the main trunk, lower
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Satellite images of Chaturangi glacier with position of the snout in different years: a, 1989; b, 1999; ¢, 2009; d, 2016.

(a) shows that till 1989 the Chaturangi glacier was connected with the Gangotri glacier.

Table 2. Recession rate, area and volume loss of Chaturangi glacier estimated using satellite data from 1989 to 2016

Time duration Total recession Retreating rate Area Area loss Volume Volume loss
(years) (m) (m/year) (sq. km) (sq. km) (km®) (km®)
1989 44.461 + 0.002 1.104

1989-19 482.98 £43.59 48.29 £4.36 —0.264 —-0.052
1999 44.197 £ 0.0006 1.051

1999-2009 269.96 £ 37.66 26.99 £3.77 —-0.158 -0.049
2009 44.039 £ 0.001 1.001

2009-16 419.63 £ 33.65 59.94 +4.81 —-0.204 —-0.036
2016 43.835 £0.0002 0.964

Total 1172.57 £38.3 45.07 £4.31 -0.626 -0.139

(26.99 + 3.77 m/year) during 1999-2009 and again higher
(59.94 + 4.81 m/year) during 2009-16 (Table 2). The
area of the Chaturangi glacier during each observation
year 1989, 1999, 2009 and 2016, was 44.461 +0.002,
44.461 £ 0.002, 44.461 + 0.002 and 44.461 + 0.002 sq. km
respectively (Table 2). The area derived from the satellite
data showed that the Chaturangi glacier exhibited loss up
to 0.59% (—0.264 sq. km), 0.35% (—0.158 sq. km) and
0.46% (—0.204 sq. km) during the observation period
1989-99, 19992009 and 2009—16 respectively (Table 2).
The volume of the glacier was calculated for the period
1989-2016. The average thickness of the glacier in 2016
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was 22 m and surface lowering was nearly the same in all
the stakes with an average value of 10.5 cm/year. It has
been assumed that the surface lowering will be the same
throughout the glacier valley. The same surface lowering
rate was also used to reconstruct the past volume because
of unavailability of any other data. Even the best availa-
ble DEM (USGS 3DEP, 1 m resolution) was not suitable
for measuring surface lowering because of uncertainty.
The result showed that the volume in 1989, 1999, 2009
and 2016 was 1.104, 1.051, 1.001 and 0.964 km® respec-
tively. The calculated volume loss was —0.052, —0.049
and —0.036 km® for the period 1989-99, 1999-2009 and
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Figure 4. Temporal changes in the position of snout and glacier area, estimated using satellite imageries at

10-year interval from 1989 to 2016.
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Figure 5. Retreat of Chaturangi glacier using kinematic GPS survey
from 2015 to 2016.

2009-16 respectively (Table 2). These temporal fluctua-
tions in retreating rate, area and volume loss of the glaci-
er may be attributed to variation in climatic conditions,
and behaviour of the summer and winter monsoons'®'”.
The average annual error in satellite-derived results
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varied from £ 3.77 to + 4.81 m/year for different sensors.
The co-registration errors and low spatial resolution were
the main cause of errors in the glacier mapping through
satellite data'®. In addition, some unavoidable factors like
snowfields, debris cover and refreezing of water bodies
also affected the accuracy'’. The accuracy varied for dif-
ferent sensors, as sensors with spatial resolution 79 m
(Landsat MSS), 30 m (Landsat TM), 5.8 m (LISS IV) and
2.5 m (Cartosat-1) showed uncertainty up to 40, 20, 15
and 10 m respectively’’. The results derived from
kinematic GPS survey during two consecutive years, viz.
2015 and 2016 showed that the average annual retreating
rate of the glacier was around 22.84 + 0.05 m/year (Table
3), while it was 59.9 £ 4.81 m/year for the same duration
calculated from satellite data. The retreating rate of snout
measured by satellite data was more than twice the GPS-
derived result, which is considered more accurate due to
its higher precision. The retreating trend and shape of the
snout constructed using DGPS points clearly reflect a
higher recession of 43.59 £ 0.05 m in the central part and
lower recession of 4.88 + 0.04 m in the southern flank
(Figure 5). A close examination of these results shows
that the southern flank of the snout has retreated less than
the northern flank (36.34 £ 0.07 m). The southern flank
of the glacier is retreating less probably because of the
combination of three factors: (i) The glacial portal (ice
cave from which the river originates) is present in
the northern side of the snout, due to which subsidence of
ice mass in the northern side is relatively higher than the
southern side. (ii) Presence of debris on the surface of
the glacier can significantly reduce its melting rate*'. The
southern flank of the Chaturangi glacier is thickly cov-
ered with debris than the other parts due to which there is
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Table 3. Position coordinates of differential global positioning system and resultant change in snout position of Chaturangi glacier during 2015
and 2016

Position Change in Change (m) Resultant change in
Year/points X (North) (m) Y (East) (m) quality (cm) N (dX) (m) in £ (dY) position (ma™)
2015-1 1035527.85 5382152.28 4.03 -4.75 1.11 4.88 +0.04
2016-1 1035523.09 5382153.39 0.57
2015-2 1035502.05 5382155.11 4.61 -8.18 2.98 8.70 = 0.05
2016-2 1035493.87 5382158.09 1.22
2015-3 1035483.98 5382136.95 4.94 —29.06 32.48 43.59 +0.05
2016-3 1035454.92 5382169.44 0.47
2015-4 1035483.09 5382108.51 6.02 -20.38 15.93 25.87 £ 0.06
2016-4 1035462.71 5382124.44 1.75
2015-5 1035466.47 5382100.12 4.18 -14.21 10.44 17.64 = 0.04
2016-5 1035452.25 5382110.57 0.94
2015-6 1035466.03 5382071.40 6.86 —26.552 24.816 36.34 £ 0.07
2016-6 1035439.48 5382096.21 0.49
Mean -17.19 14.63 22.84 £0.05

a lower melting in the southern portion of the snout. (iii)
The solar insolation can enhance or reduce melting of ice.
The Chaturangi glacier valley stretches in the EW direc-
tion, bounded by mountains in the northern and southern
sides. This type of valley geometry can control the
amount of solar radiation falling in the valley. In the
Himalaya, the southern slope of the mountain receives
higher solar insolation than the northern slope?. In case
of the Chaturangi glacier, the northern flank of the snout
joins the southern slope and the southern flank joins the
northern slope due to which there is less melting in the
southern flank. A similar pattern of retreat has also been
reported from a previous study on the Gangotri glacier®.
A major loss of glaciated areas was also reported from
the northern slope of Garhwal Himalayas® driven by
solar insolation®*. The variability in retreating rate is not
only controlled by climate change but is also governed by
glacier size, type, topographic setting'’ and debris cover.
The retreating rate of the Chaturangi glacier (22.84 +
0.05 m/year) is higher than the Gangotri glacier (12.10 £
0.04 m/year)® because of its smaller size (smaller relative
to the Gangotri glacier) and fast response time to climatic
variability”>. A GIS-based study, supported by remote
sensing data and DGPS survey was used to determine
temporal changes in areal extent of glacier and shift in
the snot position. Both methods have their own advantag-
es and disadvantages. For example, in sifu measurements
of glaciers year after year using DGPS are logistically
difficult and costly, but provide precise retreating rate.
Whereas satellite data provide a bird’s eye view of the
whole glacial body, from which we can easily calculate
the area and delineate the glacial catchment boundaries.
The shortcoming of this approach is its uncertainty; even
the Cartosat, 2.5 m resolution has an uncertainty of 10 m
(ref. 20). Another constraint of using satellite data is
separation between stagnant glacier ice and active debris-
covered ice, which is challenging during glacier terminus
mapping®®. The presence of ice blocks in front of the
snout after its disintegration sometimes creates a problem
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in identifying the actual snout position through satellite.
The present study concludes that remote sensing method
is suitable for large area and long-term study, while
kinematic GPS is more appropriate for the annual moni-
toring of retreating rate of individual glacier snout. Both
the studies performed individually are not sufficient to
compute the actual retreating rate; however, a combina-
tion of both can provide significant insights into such
studies with better interpretation of the results. Therefore,
the choice of using both the approaches depends upon the
objective of the study. The present study also emphasizes
on mapping of all the tributary glaciers in order to assess
the overall changes in the main glacier system and its
health.
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Analysis of iron ore, iron slag and soils
of termite nest from Wui village,
Nagaland, India
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Analysis of iron slag, iron ore and soils of termite nest
traditionally utilized in iron forging was conducted in
Waui village, Nagaland, India using various techniques.
The present study helps in understanding and identi-
fying various chemical properties/compositions, mine-
ralogical qualities and quantities of iron content along
with other oxides from the region.

Keywords: Iron ore, haematite, metallographic analy-
sis, slag, termite nest.

EARLY metallurgy is known to have been an intellectual
and social activity, wherein technology is the product of
complex ideology and careful social negotiations'. The
significance of iron socially has been demonstrated on a
global level. Possibly the earliest use of iron was in the
form of ochre pigment. Colourful iron oxides of yellow,
red and brown shades have been used throughout history
as pigments in art and decorations’. According to
Schweitzer’, metals have been widely used for thousands
of years, commencing from the Bronze Age to the Iron
Age. The timeline of human civilization is represented on
the basis of processing technology and the classification
of traditional metals into ferrous and non-ferrous®.
Archeologically, bronze and iron objects are considered
as the most important materials that bear crucial informa-
tion on the technological and socio-political environ-
ments of a past community, a notion previously
confirmed by C. J. Thomsen in 1831 through his classifi-
cation of archaeological objects and further categoriza-
tion of human societies into Stone, Bronze and Iron
Ages’. Metal production involves a series of engineering
processes vis-a-vis smelting of raw materials from ores,
making of alloys and various other thermo-mechanical
treatments applied in fabrication in understanding the
formation of structures that could be traced only through
strict scientific methodologies®. The present study helps
us understand and identify various chemical properties/
compositions, mineralogical qualities and quantities of
iron content along with other oxides that might provide
crucial data on early iron technology.
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