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ABSTRACT Measurements of natural and artificial radioisotopes (3281 29Ph and

7Cs) and oxygen isotopes (8"0) have been carried out on surface snow and ice, shallow
snow pits and an ice core collected from Dokriani Bamak glacier, central Hlmalaya to
study the dynamics of glacier ice and short-term climatic changes. Based on the *Si and

P} activities in the meltwaters, the > age of the snout ice is 400 years and the flow rate of
ice along the glacier length is ~14ma . The specific activity of ""Cs, Correspondlng to 1963
fallout, in the surface ice at the equilibrium line yields a flow rate of 39 ma , a factor of two
hlgher than that derived for the snout ice. The depth variation of */Cs concentration in a
shallow ice core ylelds a mean accumulation rate of 043 ma ~ for the glacier ice over the
past decade. The 6'°0 of snout ice (~13.4%o) is significantly depleted compared to the aver-
age value of —9.2%o in the shallow ice core, indicating that cooler climatic conditions pre-
vailed around AD 1600. Based on the oxygen isotopic ratios in the shallow pits, an “altitude

effect” of 0.9%o per 100 m in 6'%0 variation is documented for this glacier.

1. INTRODUCTION

Glaciers and ice sheets play an important role in the under-
standing of present and past environmental changes, as well
as providing information on the areal deposition patterns of
nuclear and volcanic events. Polar glaciers are known to pre-
serve these records systematically for many thousands of years
due to the minimal melting of ice in Arctic and Antarctic
regions (Delmas and others, 1982; Von Gunten and others,
1983; Jouzel and others, 1987). In contrast, temperate glaciers
(located 1n high altitudes) hold potential records of environ-
mental changes covering time-scales of a few centuries
(Thompson and others, 1997). In this context, radioactive iso-
topes serve as excellent time markers, while stable isotopes
are sensitive indicators of climatic change. The natural radio-
isotopes of both short and long half-lives (*H = 12.3 years;
20Ph = 993 years; **Si = 178 years (as revised by Nijampurkar
and others, 1998); "*C = 5730 years) and the artificial radio-
isotope "’Cs (half-life = 30 years) have been used to derive
the accumulation rates and ages of young and older ice in
polar and temperate regions. The stable-isotope composition
of snow (60 and 6D) deposited in the polar and mid-lati-
tude regions depends mainly on the air temperature and
sources of moisture (Njampurkar and Bhandari, 1984; Peel
and others, 1988). The 6'®0 and 0D measurements, therefore,
can be used to understand the depositional history of ice, past
climatic variations, sublimation and homogenization pro-
cesses occurring in the upper layers of glacier ice.

During the past 30 years, several studies have been carried
out in polar and temperate regions, particularly Antarctic,
Arctic and Alpine regions, using radioactive and stable iso-
topes (Dansgaard and others, 1969; Jouzel and others, 1987).
Studies from the Indian and Nepal Himalaya are relatively
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sparse (Yasunari 1976; Grabczak and others, 1983; Njam-
purkar and Bhandari, 1984; Mayewski and others, 1986;
Wake, 1989; Nijjampurkar and Rao, 1993). Recent studies
based on 6O in snow/ice and ice core from the Tibetan
(Xizang) Himalaya have addressed the seasonal relation-
ship between 6'%O in snow/ice and air temperature and
moisture sources (Aizen and others, 1996; Yao and others,
1996; Thompson and others, 1997). Yao and others (1996)
demonstrated that the 6" O~T relationship has a positive
slope over the northern part of the Tibetan Plateau and sug-
gest that the slope “inverts” over a narrow band between the
Himalaya and the central plateau to the north.

The climate of the glaciated central Himalayan region is
influenced by precipitation during the summer monsoon
which develops over the Asian countries. Over India, the
monsoonal rains begin by mid-June. The southwest mon-
soon also plays an important role during the ablation period
of Himalayan glaciers. Precipitation in the form of snow
occurs only during October to March, when the primary
source of moisture is related to the winter monsoon and
western disturbances. The accumulation is maximum when
the snowline recedes to about 1500 m in the western Hima-
laya and to about 3000 m in the eastern Himalaya.

The main objectives of this study are: (1) to obtain infor-
mation on the ice dynamics and snow-accumulation rates of
Dokriani Bamak glacier, and (i1) to decipher the relation-
ship, if any, between the annual mean 60 content in sur-
face snow and elevation with respect to glacier orientation.
The isotopic data on snow/ice and shallow ice core, thus col-
lected, are evaluated in terms of their implications for short-
term climatic changes and the depositional history of the
glacier ice.
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Fag. 1. Contour map of DB glacier. The location of snow and ice samples and the shallow ice core collected along the central flowline

of the glacier are also indicated ( see lable 2).
2. LOCATION

Dokriani Bamak (DB) glacier, located at 31°49' N, 78°47" E
and at an altitude of 3900-5000 m, 1s a well-developed valley
glacier of the Gangotri group in the central Himalaya. It lies
southwest of Gangotri glacier (Fig. 1). DB glacier is 6 km long
and its width varies from 0.86 km near the snout to 1.5 km in
the accumulation zone. Within its catchment area of 152 km?,
9.8 km? is covered with ice and 4.1 km? with permanent snow-
fields. DB glacier is formed by two cirque glaciers: one on the
northern slopes of Draupadi ka Danda (5614 m a.s.1) and the
other on the southwestern slopes of Janoli (6632 ma.s.l) (Fig.
1). It then flows from the accumulation zone with a gradient of
12°. Tt terminates at an altitude of 3882 m and flows between
the eroded lateral moraines formed during the past glacial
periods. Lateral moraines are prominent glacial features of
Din Gad Valley (Fig. 1). Three-quarters of the ablation zone
of the glacier is overlain by a thick cover of supraglacial debris.
Marginal and transverse crevasses are well developed in the
ablation zone, particularly in the altitude range 42004300 m;
longitudinal and splaying crevasses are developed on the
northeast flank of the icefall. Avalanches occur very fre-
quently in the accumulation zone of the glacier. The geomor-
phology of the glacier 1s discussed in detail elsewhere (Gergan
and Dhobal, 1996). DB glacier is one of the few glaciers in the
Bhagirathi basin that is easily accessible throughout the year.
Located on the southern slopes of the Himalaya, it faces
southward with respect to the Himalaya. The major source
of moisture is the rainfall that occurs during the summer mon-
soon (June—September), passing over the glacier from west to
east and giving an average precipitation of 1000—1200 mm
below the equilibrium line. The second phase of precipitation
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occurs as snowfall from October to March (at times it extends
to April), when western disturbances move eastward over
northern India.

Recession of glaciers is observed worldwide, and Hima-
layan glaciers are no exception. DB glacier receded at an
average rate of 1725 ma ' during the period 1990-95. Mass-
balance studies carried out on the glacier during the
sampling period 1992-95 show a negative trend. The equi-
librium-line altitude calculated from mass-balance data
shows an increase in height in successive years, which indi-
cates that the accumulation—area ratio of DB glacier
decreased from 0.68 to 062 during 1992-95 (Gergan and
Dhobal, 1996). A rise in the atmospheric temperature is indi-
cated by an increase in the height of the equilibrium line.

3. SAMPLE COLLECTION AND ANALYTICAL
TECHNIQUES

3.1. Sample collection

The snow and surface ice samples were collected at altitudes
of 3800-4900m along the central flowline of the glacier
during 1992-94. The snow samples from four different pits
(Fig. 1) were collected during May—June 1994 at varying
altitudes and depths along the central axis of the glacier flow.
A 6m long ice core was raised during October—November
1993, at an altitude of 4863 m in the accumulation zone, and
was subsampled at an interval of 20 cm. During the 1992
expedition, large quantities (~1000kg) of surface snout ice
were collected and processed for determination of **Si activity
and dating of the snout ice. The chemical procedures adopted
in the field as well as in the laboratory for the extraction,
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Table 1. DB glacier: snout-ice ages

Isotope  Sample size Specific activity” Apparent age’  Corrected ageI
kg years years
25 850 3.7 405 uBqkg " 297 400
20pp, 14 132 £13 mBqkg ' 75 -

Specific activities are computed from the measured count rates and
counter efficiency parameters.

Apparent age is derived from the radioactive decay equation as used by
Nijampurkar and others (1982).

Corrected age is calculated by correcting **Si activity for the contribu-
tion from fresh water based on the measured *°Ph activity in the snout
ice (Njjampurkar and others, 1982).

purification and estimation of **Si and */Cs are described in
our carlier papers (Nijampurkar and others, 1982; Njjampur-
kar and Rao, 1992); ?Pb was assayed by alpha spectrometry
(Sarin and others, 1992).

3.2. Analytical techniques

P81 analysis

About 1000 kg of meltwater was collected from snout ice in
plastic drums and spiked with NaySiO3 and FeCl; solutions.
After equilibration, silica was co-precipitated along with
Fe(OH)5 at a pH of ~8. In the laboratory, silica (along with
%2Si) was separated from Fe(OH )5 and allowed to equilibrate
with its daughter isotope, **P (t1/o = 14.3 days). After 34
months, **P was recovered as Mgy P;0O7 and its activity was
assayed on a low-background Geiger—Miiller counter operated
in anti-coincidence with a NaI(T1) detector (Nijampurkar and
others, 1982). The counting system had an efficiency of 27%.
The in situ **Si concentration in the snout ice was ascertained
from the measured **P activity.

o analysts

Samples of snow, surface ice and those from the shallow ice
core were filtered to remove suspended dust, if any, and
acidified with 8M HNOs. The filtrate was evaporated to
dryness, and the residue was counted on a high-resolution,
low-background HPGe well detector for assessing ’Cs
activity under the 661.5 keV photopeak.

6" 0 measurements

About 10 g samples of meltwaters from the snow/ice, pits and
shallow ice-core samples were collected in airtight plastic
bottles, transported to the laboratory and kept frozen until
analysis. Oxygen isotope analysis was carried out using an
auto-mass spectrometer at the Glaciology Laboratory of the
Niels Bohr Institute, Copenhagen, Denmark.

4. RESULTS AND DISCUSSION

The results of the isotope analysis on snow/ice, pits and shallow
ice-core samples from DB glacier are given in Tables 1-3 and
Figures 2—6, and are discussed in relation to glacier ice flow
and accumulation rates and short-term climatic variations.

4.1. Radioisotopic studies for ice dynamics

Dating of snout ice of the glacier by **Si and " Pb

The specific activities of #8i and ?°Pb in the snout-ice
samples collected during August 1992 are calculated to be
37405 uBqkg 'and 132 £13 mBqkg |, respectively (Table
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Table 2. Specific activity of "’Cs in snowfice samples
collected at different altitudes on DB glacier

Sample code  Sample Altitude Volume Specific activity 7Cs

m kg mBq kg '

A. Snow samples collected after the first snowfall, 6 November 1993 (4 cm snowfall)

S-93-53 Snow 4320 1.16 <lL5
S-93-52 Snow 4200 1.00 <lL5
S-93-51 Snow 3960 048 38+25
B. Snow samples collected after the second snowfall during 7-8 November 1993 (20 cm
snowfall)

S-93-54 Snow 4380 0.86 <15
S-93-55 Snow 4295 1.19 <lL5
S-93-56 Snow 4096 046 <lL5
C. Surface ice samples collected at different altitudes

S-93-41 Surface ice 4380 0.62 22£38
S-93-43 Surface ice 4295 0.56 <L
S-93-44 Surface ice 4200 0.64 <L

1). Using a two-component box model (Njampurkar and
others, 1982), the corrected value of *Si activity in the snout
ice is calculated to be 25 uBqkg . Using this value and
assuming the average *“Si concentration of the snowfall in
the Himalayan region to be 11.7 uBqkg ', a radiometric age
of 400 years 1is obtained for the snout ice of DB glacier. The
basic assumption made in the **Si dating method is that the
production rate of **Si, as well as its atmospheric fallout over
the Himalayan region, has remained constant over the past
few centuries. Based on a radiometric age of 400 years for the
snout ice and a glacier length of 6 km, the average flow rate of
ice over the last four centuries is estimated to be 4 ma . The
%2Si fallout concentration in snow, 11.7 uBq kg ', is an average
value based on experimental data from two different glaciers,
Nehnar in Kashmir, and Changme-Khangfu in Sikkim,
which range between 5 and 167 uBqkg ' (Nijampurkar and
others, 1982). A10% change in the fallout concentration would
change the snout-ice age by ~7%.

Accumulation rates and surface flow rates

The specific activities of "’Cs in snow and surface ice
samples collected during 1993 are given inTable 2. The con-
centrations of "'Cs in snow samples at different altitudes are
generally <1.5mBqkg . These activities represent the back-
ground level of ’Cs concentration, as there was no signifi-
cant emission of artificial radioactivity during the period of
sample collection. However, the "*’Cs activity measured in
the surface ice collected at 4380 m (~500 m below the equi-
librium line) is 22 +3.8 mBqkg . The enhanced activity of
B7Cs is attributed to its peak fallout resulting from nuclear
bomb tests during the early 1960s. Such an observation sug-
gests that the snow deposited during 1963—64 in the accumu-
lation zone (~300 m above the equilibrium line) could have
travelled all along the glacier flowline and emerged at
4380 m altitude after nearly 30 years, traversing a total dis-
tance of ~1000 m. This linear movement allows us to esti-
mate a glacier ice-flow rate of about 32ma ' near the
equilibrium line, which is higher than the average flow rate
ofice (I4ma ' as determined from snout age) all along the
glacier. It could be argued that "*/Cs activity in the surface ice
at 4380 m is not related to 1963 fallout and instead is associ-
ated with the Chernobyl accident in April 1986. However, the
B7Cs activity arising from the former event is further
supported by the measured *Pb activity of 35 mBqkg ' in
the same sample. The constant fallout activity of *°Pb in the
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Fig. 2. The depth profile of "’ Cs specific activity (mBqkg ')
in a 6m ice core collected from the accumulation zone of the
glacier. The peak value at ~3m depth is attributed to the
deposition of Chernobyl fallout in 1986

Himalayan glacier is ~100mBqkg ' (Nijampurkar and
others, 1982). This buried activity after a time-span of
30 years could correspond to ~38 mBq kg ', quite similar to
that observed in the surface ice at 4380 m. Thus, the flow rate
of ice as deduced by us 1s quite representative near the equi-
librium line. InTable 3, the snout-ice ages and time-averaged
flow rates of the surface ice of some temperate Himalayan
glaciers are compared (Njampurkar and Rao, 1993). The
snout ages vary from 160 to 840 years, whereas the ice-flow
rates vary from 4 to 23 ma .

The depth profile of '’ Cs specific activity in a 6 m ice core
(raised at 4863 m in the accumulaton zone) shows a maxi-
mum value of 192 mBqkg ' at ~3 m depth (Fig. 2) compared
to an average value of 33 £2 mBqkg ' up to 2.5 m depth and

Table 3. Physical characteristics of the Himalayan glaciers,
snout ages and ice-flow rates

Glacier Location Altitude  Glacier Snout Ice-flow
length age”  rate
ma.s.l km years ma '
Nehnar 34°09'N,75°30'E 3920-4925 34 840 4
Chhota Shigri 32°15"N,77°31I'E 4050-5000 90 310 23
Dokriani Bamak 31°49'N, 78°47" E 3900-5000 6.0 400 14
Gara 31°30'N, 78°26" E 4710-5600 60 355 10
Gorgarang 31°26"N, 78°24' E 4765-5360 3.5 160 18
Changme Khangpu 27°58'N,88°42"E 5800 58 185 22

* Snout-ice ages are calculated using a revised half-life of *2Si as 178 years
(Nijampurkar and others 1998) and an atmospheric fallout value of **Si
as 11.7 uBq kg .

Note: All data from Nijampurkar and Rao (1993) except DB glacier (this study).
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Fig. 3. Variation of 8" O in fresh snow and ice samples collected
during 1993 from different altitudes along the central flowline
of the glacier.

of 5+ 3 mBq kg 'at 4-6.25 m depth. The maximum activity is
higher by a factor of 4 than the average value in snow samples
above and below 3 m depth. This episode of enhanced *'Cs
activity in the ice core is attributed to Chernobyl fallout,
similar to that observed on Chhota Shigri glacier (Nijam-
purkar and Rao, 1990). Using this activity as a time marker,
the accumulation rate of ice at 4863 m in the accumulation
zone of DB glacier is estimated to be 043 m a ', which is com-
parable with that observed on neighbouring glaciers in the
central Himalaya.

18 . . . .
4.2. 6 °0O concentrations in snow, pits, surface ice and
a shallow ice core

8" 0 concentrations in snow and ice

The results of the analysis of the fresh snow and surface ice
samples collected at different altitudes (in both the accumu-
lation and ablation zones of the glacier) are shown in Figure
3.The 6O in snow samples varied from —5%o to —9%o; how-
ever, there is no systematic variation of  "*O with increasing
altitude, as these samples represent only a single snowfall
event and not the annual precipitation. These oxygen iso-
tope ratios are similar to those reported in our earlier
studies on Himalayan glaciers (Njampurkar and Bhandari,
1984; Nijampurkar and Rao, 1992). The 6'*O values of sur-
face ice samples at different altitudes range from —11%o to
~13.4%o. The 6'20 value of snout ice is —13.4%o, the most de-
pleted oxygen isotope ratio on the entire glacier. Compari-
son with the observed mean value of —9.2%o in a 6 m ice core
from 4863 m elevation suggests that the depleted value of
6'%0 in snout ice (~134%0) could be associated with the
cooler climatic conditions prevailing a few centuries ago
during the Little Ice Age (LIA).
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Fig. 4. Variation of "0 in snow samples with depth in four pits ( PL P3, P4 and P5) collected at different altitudes during June 1994.

6" 0 concentrations in snow pits

The 6O composition of snow samples, collected at varying
depths from four pits at altitudes of 3826—4695 m, shows a
large variation from —4%o to —23%o (Fig. 4). For pit Pl
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Fig. 5. The average 6" 0 values for the individual snow pits
are plotted as a function of altitude. The “altitude effect” in the
oxygen isotope ratio is 0.9%o per 100 m for DB glacier.

https://doi.org/10.3189/172756502781831511 Published online by Cambridge University Press

(3826 m), 6'*0 values range from —4.5%o to —7.2%o, whercas
for samples collected from pit P5 (4695 m) they range from
—5%o to —23%o (Fig. 4) for the same depth range of 0—1.6 m.
A decreasing trend in 6'®0 concentrations with increasing
elevation is thus observed in the snow pits (Fig. 4), with the
most depleted values occurring in pit P5 from the highest
elevation (4695 m). Snow samples within the same pit also
show a seasonal variation in 6'®0 with depth (Fig. 4), sug-
gesting that the earliest snow deposited during October—
November is more depleted in 6'®O than the snowfall
during later months (February—April). The larger degree
of isotopic enrichment in subsequent precipitation at succes-
sively higher elevations is attributed to the orientation of the
glacier (south with respect to Himalaya, windward). These
results clearly demonstrate the varying sources of moisture/
precipitation during the winter monsoon and those related
to western disturbances moving over the central Himalaya.
The “altitude effect” for the annual mean §'*0 in snow is
0.9%o per 100 m (Fig. 5) for this glacier.

The radiometric age of 400 years for snout ice, associ-
ated with a 6O value of ~13.4%o and mean 6O (~9.2%o)
ina 6 mice core, yields a difference of 4.2%o, suggesting that
air temperatures in this region during the LIA were cooler
by at least a few °C. The empirical relationship between
6'80 in annual precipitation and the mean surface air tem-
perature (at the sample location sites) for the polar regions
has been established by earlier workers (Dansgaard, 1964).
However, in this study it has not been possible to establish a
6"®0 — T relation, due to lack of data on mean surface air
temperatures.

6" 0 concentrations in shallow ice core

The 60 measurements on samples from a 6m ice core,
from the accumulation zone of the glacier, show a highly
depleted value of —15.2%o at 0.25 m depth (Fig. 6). A likely
explanation for this extreme negative value is isotopic vari-
ance and enrichment in the 6'®O values at greater depths
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Fig. 6. Depth profile of 6" O values is shown in a 6 m ice core

Jfrom an altitude of 4863 m in the accumulation zone. The
significance of the extreme low value of —15.2%o at 0.25m
depth is discussed in the text.

that may have been modified via repeated freezing and
thawing; and that there has not been enough time for these
processes to smooth the isotopic signal in the near-surface
ice. In addition, the highly depleted 6O value could be
associated with the episodic stormy conditions and the dom-
inance of one of the varying sources of moisture.

5. CONCLUSIONS

The main conclusions that can be drawn from our study are:

1. Based on the "/Cs activity in a surface ice sample col-
lected at 4380 m altitude, the flow rate (ice transfer) of
surface ice is estimated to be 32 ma ' near the equilib-
rium line. This is in contrast to the time-averaged flow
rate of 14ma ', along the entire glacier length, during
the past four centuries.

2. The peak concentrations of *Cs (192 mBq kg ') observed
at 3 m depth in an ice core confirm the presence of Cher-
nobyl fallout activity, based on which the accumulation
rate of snow at ~4900 m altitude 1s calculated to be 043
ma .

3. An “altitudinal effect” of 0.9%o in 6O per 100 m eleva-
tion on DB glacier is observable in the annual snowfall.

4. A significantly depleted 6'°O value (~134%o) in the
snout ice compared to the mean 6O (~9.2%o) value in
a shallow ice core suggests that climatic conditions
during the LIA period were a few °C cooler than the
present-day environment.
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