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ABSTRACT

L 4
Runoff from the Upper Indus Basin depends upon snowfall at.high

elevations in the northern mountains of Pakistan. However, very little is known
concerning the amount of snowfall in the major source area, the high

‘Karakoram, or its spatial and temporal distribution.

Glaciers-contain well preserved records of snow accumulation and
provide a unique tool for retrieving data. A number of studies on temperate
and tropical glaciers indicate that variations in chemical content and
microparticle concentrations delineates seasonal stratigraphy. In addition, the
chemical record of the snowpack can usually be used to determine the source
of precipitation.

Field work in the Central Karakoram during the summer of 1986
consisted. of a physical analysis of, and sampie collection from seven snowpits.
one snow/firn core -and seven fresh snowfall events. Snowmelt samples have
been analysed for ion concentrations (including Na, Cl, NO2, NO3, PO4.& SO4)
and oxygen isotope ratios. A limited number of samples were amalysed for
microparticle concentrations, conductivity and total beta activity.

Seasonal trend can be delinsated for all of the snowpits and the upper
122 m of the snow/firn core from an analysig of the time-series profiles
(Figures 5.1, 5.2 & 5.3). The net annual accumuiatnon (Table 6.1 A & B)
provides the basis for interpretation of the spatial and temporal variation in
snow accumulation in the Karakoram: Glaciochemical dating techniques are seen
as an effective and efficient technique to determine net annual accumulation

- in_high altitude alpine environments. Sampling over a range of geogvaphic
locations and elevations provides valuable information concernmg the altitudinal

and lateral vanatnon in snow accumualtion.

ii
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- CHAPTER 1
INTRODUGTION
1.1 PREAMBLE o
. b 4 . @

Pakistan depends heavily upon the waters of the Upper Iindus Basin

¢ i - .

(U1B) for power generation, irrigation and water supply. Runoff from the. U.B.
. * . 4

depends Fimarily upon snowfall at higher elevations along the northern portion

of the watershed. The tremendous arc of the Karakoram Mountains, which

extends over 350 km, holds the greatest concentration of snow and ice in

Asia {Hewitt 1986; Figure 1.1). On average. 70-80% of the total annual runoff

~—,

from the UIB. originatgs as snow and ice melt in the Marakoram. The Bulk of
' this meltwater runoff occurs during the summer season from mid-June to
mid-September. The overwhelming role the Karakoram plays in the hydrology

B »
of the U.B. draws attention to the snow conditions in this mountain range.

Unfortunately very little is known concerning the mountaindus }
headwaters of ‘the indus. A concértbd research efforf ¢oncentrating on the
glacial hydrology of the U.Basvas beglgm in 1985 as part of the Snow and Ice
Hydrology -Project (SIHP). This is a collaborative project funded jointly by theJ

Canadian International Development Research Centre, the Water and Power

&

Development Authority in Pakistari, and Wilfrid Laur;er University, Waterloo. _{' ]
Canada. The main goal of the SIHP. is to improve our understanding of glaucialk
conditions in the UIB. with a view towards developing 4 monitoring and .
forecasting network so that Pakistan can better manage its limited, water

\\_//

resources.
L4

>
-~

The presen augy.s concerned with moisture input into the region, ’

“which represents oné crucial r\:ompopent of the hydrological system in the U8,

1 )
v o , -
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Most of the“precipitation in the Karakogam occurs at elevations above 3000
& masl (above level). It is this precipitation. in the form of snow. that

8

v

b

o

creat;e/s the only large moisture surpius for the region. However, precipitation
records -for the ‘U.l.B. come from wqather stations which lie below 3000 m.
mostly in semi-ard Rand “valley locat(ops. The stations are in the man towns
and subject to the powerful topoclimgks effects of valley wind systems (Butz

and Hewitt, 1986‘5'/
, ,/ﬁ.;')

. o

‘«*f}ccumula’cion zogjes of glaciers often contain well preservéd records of
snowfall and provide a unique opportunity for retrieving data. Traditional work
attempted to delineate annual stratigraphy by interpreting the physical
characteristics of the snowpia‘\:ék Melting events during the surmmer resuit in the
conc{e%trifion of surface debris into a single, distinct, dirty horizon and the
formation of ice layers. Howea\zeri this interpretation i1s probleme;tio For
exgmple, temperate and tropical glaciers that experience two seasons of .
accumulation, two or more periods of melting, or intensified periods of debris

transport are likely to develop snowpacks which display two or more dirty

horizons and/or several ice layers within each year of snow accumulation.

More recent studies of pola‘z and high altitude alpine glaciers indicate
that a wide rang geochemical dating techniques can accurately and
confidently identify annual stratigraphy within snowpits and snow/ice cores.
These glaciochemical dating techniques are discussed in detail‘in Section 18?; in
regions that exgerience two seasons of accumg@tiom the chemical record of
the snowpack provides additional information that can be used to delineate the

seasonal snowpack stratigraphy and therefore determine the relaﬁve seasonal

contribution of snow. In addition. the chemical record can usually be employed



+

to determine the source of precipitation. This is of particular interest in glacier
- s

basins where moisture is derived from two -different sources.

Previous studies that have employed glaciochemical dating techmiques in
high altitude glasjer basins have concentrated on recovering a chemical record
from one, or possihly two locations. In general. these studies focus upon the
temporal vanation of show accumuiatnon, of stable isotope ratios. and of 1on

concentrations, in order to- produce a paleochmatic record.

The basis of smow accumulation research in the Karakoram i1s to look_ at
snow accumulation as a fandamental component of the hydrology of the
Upper Indus Basin. This presents the opportunity to use glaciochemical dating
.techniques to determine both the temporal and spatial variation of snow
accumulation in the Karakoram in relation to the hydroiogy of the region. This
1s accomplished by developing a sampling network that covers a range of
elevations and ?graphuc locations within a glacier basin. This type of network

is essential to Bdick out the altitudinal and lateral variation in snow

4
accumulation. In essence. this study attempts not only to determine the spatial

and temporal variatan in snow accumulation within the Karakeram to produce
a paleoclimatic record. but also to apply a unique and sensitive teehn:,aue to
hydrological stud%l;s in alpine environments.

- 2
1.2 RESEARCH OFJECTIVES ¥

The goal of this research 1s to delineate annual snowpack stratigraphy
and determine the rate of snow accumulation in the Biafo Glacier Basin. This is
done by interpreting the variation with depth of the physical characteristics

(density, posjtion of-ice layers and debris band. and microparticle
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concentrations) and chemical content (sodium, chloride, nitrate. sulfate, oxygen
isotopes, and total 3 activity) of thegj;snowpack. at several locations f.;:ver a
range of elevations. This informatiohh' will then be used to determine the
temporal, spatial and altitudinal variations of annual snow accumulation From

such data it is possible to:

1. provide a first estimate of annual moisture input to
the Biafo Glacier Basin;

2. detarmine the short term response of the hydrological
system to variations in summer and winter snow
accumulation;

3. provide basic data concerning moisture input to @
calibrate hydrological forecasting models -
(Ferguson. 1986; Quick. pers. comm.);

4. determine the provenance of moisture and its seasonal
variation and;

5. provide an input, from a data sparse area. to a
global data set developed to improve our
understanding of atmospheric circulation and
the Earth's geochemical cycle.

X

S

1.3 LITERATURE REVIEW

1.3) Snow accumulation measurements in the Karakoram. Hindu Kush and
Western Himalaya.

L]

The Karakoram mountains, the major contributor of ruﬁoff from the
UiB. remain one of the least studied glaciated areas on Earth. Only one study.
limited both in scope and analytical technique. has attempted to measure
accumulation rates in the accumulation areas of Karakoram glaciers. In 1973
the Batura Investigation Group (1979} recorded a net winter accumulation of
1.03 m water equivalent (we) at 4840 m on the Batura Glacier. (Figure 2.1

illustrates the location of the snow accumulation stucdhes qiscussed in this

e

4



section.) A/, stratigraphic analysis of ice layers in two different crevasse walls
_ at 5000 m revealed an apparent net annual accumulation rate ranging from

103 - 1.25 m we. over the previous 5 years.

Mayewski et al. {1984) drilled a 166 m core on Sentik Glacier. Ladakh
Himalaya at an ‘elevation of 4908 m. Core chronology was determined by
correlating a maximum total 3 activity (found in. the depth range 15.4;15.9 m)
with the increased concentration of total act-ivity found in the atmosphere
due to 1963 series of thermonuciear weapons testing. The results indicate an
average annual net accumulation of 0.62 m w.e. which is lower than the 0.90
m of rainfall recorded at the valley bottom station adjacent to the core »sl)utq. k
Maximum precipitation in this region 1s a result of the Indtap summer monsoon

circulation which occurs during July and August

i

During 1965, Gilbert et al. {(1869) worked on a oné square kilometre
northwest facing cirque glacier«in the Hindu Kush. Annual layers in the
bergshrund at 5000 m were dehneated by naturally occurring. yellow-brown
discoloured ice, interpreted as the summer surface. For an .8 year dfriod of
record. the mean net accumulation rate was 1.30 m we with a rané'@ from

0.30 to 2.30 m we. The late summer firn line occurs at 4300 m. They

suggest that most of the snowfall occurs during late winter and spring.

A5km2

north facing valley glacter. the Gara Glacier. in the Western
Himalaya was studied ?y Raina, Kaul an% Singh (1977). They determined the

net balance for the 1974-75 season over the entire glacier (4700-5600 m). A -
positive balance was recorded above the 5050 m levei. The mean net
accumulation of 5 elevation bandsifrom 5400 - 5600 m was 225 m w.e. The

majority of snowfall occurs during the: winter with as much as 6 m of snow -



accumulation. They indicate that the basin receives very little precipitation
during the monsoon period. The timing of maximum precipitation contrasts
sharply with the results of Mayewski et al. (1984), who suggest that maximum
precipitation océurs dusing the summer monsoon. Of the two regions studied,
Gara glacier lies further to the south (Figure 1.2). and therefore closer to the,

effects of the summer monsoon circulation.

In a study of snow and ice conditions on the Pamir firn plateau.
Dyurgerov et al. (1980) found that snow falls throughout the year at

elevations of 5500 to 7000 m. The average rate of snow accumulation for

this elevation band is 1.20 m,

1.3l Glaciochemical Dating Techniques

il

lce cote studies in Antarctica. Greenland and the Canadian Arctic have
provided theﬂopportunity to trace the chemical evolution of precipitiiion and
tharefore de\;elop a long-term data base free from local anthropogenic
infiuences. identification of the seasonal and long term variation of stable and
radioactive 1sotopes and ions, the seasonal signature-of microparticles and

]

distinct reference horizons has enabied researchers to: -

1. estabjish a chronology for the cores and determine the rate of snow
accumulation;

2. provide detailed records of past atmospheric conditions: and

3. determine the source of the impurities.

Of special interest has been interpretations con;:erning the long term variation

in global temperatures (Dansgaﬁrd et al. 1969), and the increased 6

concentration of acid content in the upper portions of cores, attributed to

t
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increased levels of anthropogenic emissions in the last few decades (for °

example: Koerner and Fisher, 1982: Neftel et al, 1985; Mayewski et al, 1986).

These glaciochemical techniques have been successfully applied to

studies of temperate and tropical glaciers (see Table 1.1). The inherent

- difficulties involved in the interpretation of cores from temperate wnd tropical

glaciers prove to be greater than for polar ice sheets. In order to confidently
date and interprét the glaciochemistry of ice cores recovered from tropical
and temperate regions. the glaciers must experience rather stringent“conditions
that will preserve the seasonal signatures of the chemical constituents. This
implies a chmatic regime of regular snowfall throughout the year combined
with minimal post depositionzﬂ alteration of the record. The extent to which
post depositional alteration can affect the chemical record in temperate and

tropical snowpacks is discussed in detail in Chapter 4.

A variety of chemical and physical properties have been used by
various investigators in order to identify seasonal snowpack stratigraphy in
tropical and temperate glaciers. The techniques employed in these studies -gre

listed in Table 1.1 and are discussed below.

@

-9
Total 8 activity, Tritium

Stratospheric fallout of radioactive debris from thermonuclear bomb
testing, which began in 1952, proguced a series of easily recognizable
reference horizons in glaciers (Picciotto and Wilgain. 1963). These horizons,
identified by sharp pes;a;s in the total § activity and tritium profile, have been
recognized in Antarctica. Greenland. the Yukon Territories, the Himalayas and

the Alps. The variety of widespread lotations indicates the global extent of
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this reference horizon.

Miller ot al. (1965) collected snowmeit samples from a 20 m section of
crevasse wall at an elevation of 6160 m in the accumulation area of Khumbu
Glacie;', near Mount Everest A chronology was established for the 20 m iof
record from the identification of four tritium peaks produced by nuclear

weapons test series in 1954 afd 1958 (USA). 1961 and 1962 {USSR). Mean

: I
annual net accumulation was 1.70 m w.e. Applying the chronology established

with the tritium reference horizons, they noted that on average. each annual
layer displays two distinct stratigraphic layers. This is attributed to two
accumulation seasons: direct snowfall accumulation during the summer
monsoon and minimal snowfall supplemented f[:y wind deposition of snow

during the winter.

Ambach et al. (1976) investigated the total § activity profile from two
12 tm cores driiled in the accumulation area of kesselwandferner in the .
Oetztal Alps, Austria. They discovered that summer ablation horizons were
characterized by higﬁ values of total 3 activity. even during periods of
comparatively low atmospheric fallout Records from three locations in Austria
indicate a decrease, by approximately a factor of ten. in the total activity
of precipitation for the period 1966-?973. as compared to that of 1961-64.
Ambach et al. (1968) and Prantl et al (1974) have proposed a model to
explain the formation of high 8 active deposits in summer ablation horizons.
Their work is summarized bslow. The total 3 activity of snow results mainly
from radioactive substances attached to aerosols enclosed in snowflakes.
Atmospheric radioactivity is at its annual peak during the spring, and therefore

spring precipitation is characterized by a higher than average total 3 a\ctivity.
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Melting and evaporation during the summer causes the aerosols to
agglomerate on the surface, forming a horizon of concentrated radioactive
material. The concentration of beta active particles of this aerosol layer is
further enhanced by dry fallout during the months when the surface is
exposed. Both studies also indicate that follov;ing burial, a further
redistribution of radioactive material occurs. Raaioactive substances from
overlying deposits are transported downwards with meltwater or rain, and are
retained by the summer ablation horizons. These horizons consnstaof aerosols
and dust that have a higher absorption and retention rate of various
radioactive substances, and therefore act as an adsorption filter for the
percolating meltwater. Percolating meltwater doe;s not wash out the total J
acts?ity profile, but concentrates arttintensifies it Whie this model fits ther
data. nerther study incorporates any data which relates high ¢ active deposits
with dust layers. The authors do not discuss the amount of meltwater
produced in the snowpack under ir;vestigation. However, the redistrioution of
radicactive material following burial presumably only occurs in areas that
experience periods of substantial downward percolation 6f meltwater or rain.

as it requires water to percolate through at ldast one winter's snow

accumulation. o

k4

7
v

) The distribution of tritium concentrations from a separate core weré //
also studied by Ambach et al. (1976). The peak in tritum concentrations’in the e
core was assigned to the 19?3 accumulation year by_relating it to the 1963
maximum tritium content measured in precipitation. This indicates a mean net
annual accumulation of 1.8 m of snow from 1963 to 1972. This corresponds

well with the results determined from the total § activity profile. :



Stable Isotopes

Seasonal variations of stable isotopes in precipitation have been used
widely to establish a chronology for snowpacks and snow/firn cores. The
following discussion is a summary after Dansgaard (1964) and Patterson
{1980). The isotopic composition of water changes during natural cycles of
evaporation and condensation. Isotope fractionation dL;ring phase transitions
results in characteristic seasonal and spatial distributions. The content of heavy
isotopes in precipitation increases with condensation temperature and are
therefore dependent on both the season and orographic altitude of
precipitation. Water molecules with a heavier isotope content (D. 18g)
evaporate less readily from a liquid and condense more readily from vapor.

Precipitation from any given air mass becomes progressively depleted in heavy

isotopes as it travels further from its source.
'

The ratios of heavy to light.isotopes (ie 180/ 16O; D/H) are more easily
measured than absolute concentrations. The results are given as a relative
deviation, &, of the heavy isotope content of a sample from that of a

~standard (standard mean ocear; water) in parts per thousandv (°ro0)s As the

heavy isotope content of precipitation decreases, the & value decreases.

Early investigations of the stable isotopes in temperate regions (Epstei}\
and Sharp, 1959; Sharp, Epstein and Vidziunas, 1960: Macpherson and Krouse,
1967: Judy, Msiman and Friedman, 1970; and Friedman and Smith. 1970)
concentrated on the isotopic content of the previous winter's snowpack and
glacier ice. These studies identified the alti'iude effect on the heavy isotope
content in precipitation and minima and maxima § values corresponding to

winter and summer precipitation, respectively. However. no attempt was made

4

L
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to date the snowpack using this information. These studies emphasized the

homogenization of the isotopic record at locations and elevations that

experience significant meltwater percolation.

Jouzel et al. (1977) measured the 8D, tritium and total 8 activity in a
16 WSnOw core taken at an elevation of 4785 m on Mount Blanc.
Meteoroiogical data indicate that the air temperature is aimost aI§vays below 0°
C and ac@nulation occurs in both summer and winter. Annual variations in
both tritium and total 3 activity were attributed to stratospheric-tropospheric
exchange: peaks occur jn spring or early summer. Two series of ice Ié;xses
were observed at depgvs which correspond to zones of high deuterium
content. interpreted as the summer strata. Both the tntium and 3 activity
profiles confirm the chronology established with the deuterium record. which
indicates 2 mean annual snow. accumulation of 2.8 m we. This study shows
tha_t stable isotope, tritium and total 3 activity records recovered from high

elevations on temperate alpine glaciers can be used to accurately delineate
g -

[} - <

snowpack stratigraphy.

The drilling and recovery in March of 1979 of three cores at an
elevation of 3150 m on VéMhgtferner, Oetztal Alps, Austria is discussed by
Oerter. Reinnarth and Rgﬂi (1982)—-During the driling program borehole | filled
with water at clezi\ﬁwdefined depths, ina.i‘c;ating the existence o; a seasonal
water table in the firn. The chemical profiles from cores drilled again in 1983
at the same location display a strong smoothing in comparison with the
profiles from the 1979 core for depths of 17-20 m. This homogenization
process is explained by isotopic and cMemical exchange between meltwater

and the firn occurring below the upper limit of the seasonal water table

11 .



(Oerter ot al. 1985). Tritium measurements on cores | and Hl (81 and 45 m
deep, respectively) from Verngtferner display clear peaks, formed during the
period of extensive nyclear weapon testing 1953-62 (Oerter and Rauert,
1982). Cores | and Il show mean annual net accumulation rates of 0.70 and

0.90' m w.e. respectively.

Both the stable isotope record and the oscnllatnonkm the deuterium
‘excess d were used to date the core (Stichler et al.. b82) The ‘excess d' of
the snow cover is altered by isotopic fractionation due to evaporation,
condensation and mel;;g at the surface, after the snow is déposited. The
decrease that occurs in the ‘excess d' content of the snow as a result of
processes that qredominate in surﬁmer are used to identify snow layers
exposed during»the summer. jfrom the ‘excess W' profile Stichler et al. (1982)
calculated a mean annual accumulation rate between 0.77 and 085 m. we. A
rise invtemperature in the second half of the 1940's, as measured at a
meteorological station 8 km away. is clearly reflected by a corresponding rise

in isotopic ratios of the core.

Oeschger et al. (1977) present the first results from two cores drilled
to depths of 55 and 65 m on the Colle Gnifetti (4450 m), Monte Rosa. Swiss
Alps (final results are presented by Schotterer et al. (1981) in German). The
area is subject-to-high winds and portigns of the precipitation ma;' be missing
due to strong wind erosion. Some chronological indications were givelf by the
d:strnbutlon of ice layers over the whole core length. Both the tritium and
oxygen isotope profiles show seasonal variation. Pronounced tritium peaks
were rélated to periods of extensive nuclear weapons testing and provide

reference horizons for dating the upper 21 m of the core. This technique
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indicates that 21 m of the core represents 70 years of record, corresponding
to a mean annual net accumulation rate of 0.30-0.35 m w.e. Only 35 annual

cycles are apparent in the 180 profile, indicating the oxygen <isotope cycle§

occurring in precipitation are not fully preserved at the sampling site. The
° %
cause of this discrepancy is related to irregular snow accumulation over a
o
whole years period, due either to strong wind erosion or little precipitation

during certain seasons. The electric conductivity profile displays maxima that

18 210, profiles were also used to

coincide with peaks in the § 0 profile.
date the core (Gaggeler et al. 1983).

1)
in a 4 m snowpit dug at Colle Gnifetti Haeberli et al. (1983)

investigated a wide range of parameters which in combination provided a key
for identifying snowpack/core stratigraphy. This location is extremely Wind
‘exposed. Their conclusions coﬁcerning the value of the parameters as
stratigraphic indicators are summarized below. Clear ice layers are good
indicator:s of summer layers as they indicate melting procésses at o:‘J' near the
surface during warm summer temperature. Of three summer seasons recorded
in this pit. only two containgd ice layers. These melt }Iayers are easily
distinguished fro?n wind crL:sts. Peaks in tritium concentrationg egccur in spring
or early summer layers. However, annual vgriations do not alWéys exist

18O values-cannot be used alone to

Haeberlii et al. (1983) state that the &
develop a stratigraphic interpretation as high values indicate either a summer
surface or precipitation from a warm arr mass and low values indicate either
a winter layer or precipitation from a cold (continental) air mass. High values
for electric conductivity correspgnd well with dust layers. However, nsither of
these parameters display distinct annual variations. Low dust content in the
snowpack does not necessarily correspond to low atmospheric dust

13



concentrations, but could resuit from the deposnt:on of fresh snow which was
not subject to redistribution by the Wind. w’g polien values do exhibit
annual variation, it ns not consistent. A chronology was produced by

consudenng all parameters together, whlch suggests an accumulation rate of

0.40 m we. and 065 m w.e. for the years 1976/77 and 1977/73, respectively.

*

~

if no portion of the snowpapk rec?rd is missing, the stable isotc)pé
record should display broad seasonal variations v?ith some superimposéd‘ ]
anomalous peaks and troughs due to isolated preclpttatnon ‘events. ‘fhe weak
seasonal signal in the & Omvalues pollen tritium and dust comé'ntratuon is

probably due to extensiv ixing and losses-of surface sngiv due to the

strong role wind play$ in _the redeposition of snow at Gnifetti. This

would result in the preservation of a discéntinuous record of precipi‘tat‘?n.
» : g
Holdsworth et al. (1984) dated 27 m of a firn core retridved at 5340°
m on Mt Logan in the 'Yukon Territory using total § activity and tritium
ac{ivity and 510 value!s. ‘Bhere is no melting at this site as the mean annual

firn temperature is —283 C. Mean annual accumuiation rates for the period

1957 to 1980 are 0.39 m we.

r
Other studies that have used stable isotopes along yith. other
glaciochepiical techniques to da::f(ores. such as Mayewski et al. (1984) and

hompgyon et al. (1984; 1@8&% % discussed below. under the heading which

relates to the main focus of the §tudy.

~

lon Concentrations

"

~Only recently have ion concentration profiles been employed to identify

14



- mowe. for 19{8 and 1977, respectlvely

seasonal snow layers in high altitude temperate glaciers. Showpit and core
studies from high altitude temperate glaciers show that ion concentrations

profiles from areas of snow accumulation provide a record of seascnal

variations in atmospheric chemistry. Not only can these variations be used to
. b L

‘delineate seasonal snowpack stratigraphy, but they provide valuable data

concerning atmospheric circulation and its seasonal variations.

Butler et al. (1983) analysed the chemistry (nitrate, phosphate, iron and

reactive silicate) in a 74 m snow pit excavaied at 2694 m on Athabasca

¢Iacier, Alberta. They recognized trends in the NO IPO4and Si/Fe ratios, and

3

interpreted these as seasonal trends in the chemical deposition, with maxnma ‘

forme& during spring/summer due to increased plant growth and soil

exposu;-e‘ This corresponds to a net aqnual mass balance-of 1.5 and‘i?.4-2:7 )

47

A .
Mayewski et al. (1984) interpreted a physical and chemical ‘time series
of a 16.6 m core recovered from Sentik Glacier (4908 m).in the Ladakh
Himalaya. This study location was chosen because it is close to the northern
limit of the summer monsoon in an area that is potentially su;ceptibfe to
monsoonal fluctuations. AIthouéh melt events do occur, as evidenced by the
presance of several ice bands, the quality and periodic variation of the

chemical record indicates that these melting events have not obscured the

seasohal chemical sigrature of the snowpack. Core chronology was determined

using the 8 activity record by correlating a peak in the -profile with tmuéss
wo) ” y : ' -
5/ - . ) .
thermonliclear test level. Spectral analysis of chemical properties (chloride,

18

sodium, reactive |ron reactive silicate, -reactive phosphate. ammomum 570, &

D, pH and total g activity) and physical properties (density )nncﬁmcroparﬂcles

15 . | .
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in size ranges 0.5-063, 1.00-1.25 and 8-10/um) revealed subannual

periodicities for nearly all time series sets and strong annual periodicities for

L

chloride, reactive silicate, reactive phos}:hate and small microparticles (0.5-0.63u
m). Only trends"in the denéi;; time series do not correspond with the trends
in chemical properties or microparticle concentrations. Visible debris bands in
the core do not matph the core chronology established with the 3 activity
regcord. This suggests that debnis t:ands are not a good stratigraphic marker J
but rather are indicative of periods of intense ablation or high atmospheric
dust conéentrations. The identification of spectrally defined periodic events
w;\1ch coincide with subannual and annual snowpack stratigraphy in this study
1s of particular importance. It demonstrates that stratigraphic records

recovered from high, altitude temperate glaciers in the Himalayas can be used

-to determine annuat net balance and prowvide information concerning former

“

“climate.

Lyons et al. (1985) discuss glagiochemical data from samples coliected

in 3 m snowpits at 5690 m on the Quelccaya Ice Cap in the Peruvian Andes.

('S "
Reactive silicate, reactive iron, sodium. and microparticles (0.63 um) display

'

similar trends in concentration with depth, which they attribute to a common

-

source'of weathered crustal material. Peak concentrations in all four

parameters occur in the dry. winter season. This appears to be a function of

4
the dominant winter wind direction which transports material from the high,
3 .

dry Altiplano and the lower rate of snow accumulation.

’ " ‘ .

.

* . ;
The glaciochemical record of a 3m snowpit at, an elevation of 2450 m

on Heard Island in the South Indian Ocean was investigated by Spencer and

others (1985). Chloride, sodium and gulfate display corresponding seasonal

<
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trends and are therefore good seasonal indicatofs. A marine origin 1s
suggested as the primary source for these three chemical fhpcies. Seasonal
variation n_1on concentration with depth is related to the seasonal extent o&_‘

Antarctic sea \ce distribution.

There is some question as to the validity of directly relating snowpack
chemistry with atmospheric chemistry. Studies W%ge (1977). Boutron (1979),
and Bouiron and Lorius (1979) in clean air cgnditlonsziﬁ‘ Antarctica, indicate
that the chemical composition of the surface snow reflects the atmospheric
chemistry during the precipitation event On the other hand, Rahn and
MacCaffrey (1979) recog;{zed the effects of air-snow fractionation in Alaska.
Current investigations concentrated on the‘uanr«-snow fractionation process

should solve this controversy. In addition. postdepositional processes can

change the ion content of the show (these are discussed in Chapter 4).

Microparticles

The analyses of microparticle concentrations from snowpits and cores in

. tropical and temperate glacters exhibits a strong seasonal signal. suitable for
e

dating purposes. Thompson, Hastenrafh and Arnao (1979) recognized broad.
parallel seasonal trends in microparticle concgntrations oxygen tsotope ratios
and § activity of a 15 m long core taken :\t 5650 m on the Quelccaya lc?
Cap. They determined the net accumulation for the eight years of record |
preserved in the snowpack. At this location the least negative & values occur

during the dry winter season. This is opposite to the seasonal varation

i

"commonly found in cores taken at higher latitudes.

Thompson et al. (1986} recovered two ice cores. 155 and 166 m deep.

17
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from the Queiccaya Ice Cap. Both the visible stratigraphy and annual variations
in microparticle concentrations {(0.63 to 16.0 um), conductivity and oxygen

iIsotope ratios were used to date the cores. Visible dust layers, high

18

microparticle concentrations, high conductivities and less negative § ~Q ratios

are characteristic of the dry season. However short term variations in each of

180. microparticle concentrations and conductivity records occur within

the &
a single year. This emphasizes the importance of measuring more than one
variable in order to clarify the annual sngnal when ambiguities occur. With the
long period of record the authors were able to identify long term trends in

the isotope record which identifies decreased temperatures at the core site -
from 1530-1900 AD. This trend corresponds well with the Little Ice Age
(1530-1920; Sugden and ‘John, 1976). In summary. very liﬁle IS known
concerming snow accumulation in the Karakoram. The data that does exust

originates from valley bottom stations which do not reflect conditions at

higher elevations. Fortunately. accumulation zones of glaciers in the Karakdram

prese?xfe a fossil record of snowfall. A number of different glaciochemical
dating techniques have been employed in the snow accumulation areas of
temperate and tropical glaciers around the world to identify seasonal layers
and thus detérinine the annual rate of snow accumulation. Analysing a series
of different glaciochemical parameters to date cores increases the confidence
and accuracy of the results. Different impurity sources are incorporated. into
the snowpack by different mechanisms (Herron, 1982) and therefore can
display peak concentrations at different times of the year. Cycles which are
uncertain in one record may be clear in another. Records from different

chemical profiles can also be cross—checked.

It is clear from a review of the literature that glaciochemical dating

L3
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techniques can be successfully employed in temperate and tropical glaciers to
determine the rate of snow accumulation. With a large number of high altitude
glaciers. the Karakoram represents one region of the world where these h
glaciochemical techniques can be applied. On; can appreciate the importance
of determining the rate of sno:N accumulation in the Karakoram as it 1s this

moisture surplus which supports tens of millions of people in Pakistan.
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FIGURE 1.2

LOCATION OF SNOW ACCUMULATION STUDIES IN THE KARAKORAM,

HINDU KUSH, WESTERN HIMALAYA & PAMIRS
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CHAPTER 2

CLIMATE AND GEOGRAPHY
T

Ed b
2.1 ovrzf{wsw had
-

_ The Upper Indus Basin (U..B) is defined as the watershed above the
Tarbela Resevoir, and comprises an area of approximately 164,000 kmz(Figure
2.1). The Tarbela Resevoir is of: fundamental. jmm&ance for power generation,
flood control, irrigation water and general water supply in Pakistan. Thirteen
percent of the basin is covered by perennial snow and ice; 'glaciers arlg

concentrated along the northern edge of "the watershed in the Karakoram

mountain range. Runoff from the U.B. is dominated by snow and ice melt

During the 1960's the Water and Power Development Authority
(WAPDA) set up a network of gauging stations in the UIB. The location of
these stations is shown in Figure 2.1. Runoff data indicate that snow and ice
melt from the Karakoram accounts for approximately 75% of the total runoff
o? the U.IB. Four-fifths of this occurs during the warm summer season, from
mid-June to mid-September. Figure 2.2 displays the runoff hydrographs for
two gauging statior:s in the U.LB. and clearly illustrates the seasor:ual nature of
the runoff. The rising limb of the hydrograph is due “primarily to melting of the
seasonal snowpack in the foothills and at lower elevations within the
glacierized basins. In June and July the transient snowline rises rapidly.
exposing large areas of glacier ice. By darly July. melting ice has bec?;ne a

significant contributor to runoff and subsequently dominates the runoff

hydrograph from mid-July to mid-September. 1

Under the Indus Waters Treaty. the left bank tributaries of the Indus

23
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River forms a smaller portion of Pakistan's water supplies. As India increases

w»
- its use of the water from thea left bank tributaries, this source of water for

Pakistan will continue to decrease in the future. {i‘o a large extent, these
traditional soJrces’g; water for the Punjab have been replaced by water from
the Indus River throurgh an extensive network of barrages and canals. This has
increased Pakistan's dependenc? on water from the Indus, which has therefore
increased their dependence on snow and ice meit in the Karakoram. it is only
through an understanding of the snow and ice conditions and the terrain
characteristics in the Karakoram, and a knowledge of the climatic variables

which control melting, that Pakistan will be able to predict runoff into the

Tarbela Reservoir.

The following discussion deals with the broad climatic controls of the

region in general before focusing on the local climate and geography of the
i :
Karakoram/ The' last section of this chapter -deals specifically with the Biafo

Glacier Basin.
2.2 CLIMATE

2.2] Broad Climatic Controls

This discussion follows the summary of the broad pattern of climate of
iheyU.I.B. given by Hewitt (1961)..and of the Indian subcontinent by Boucher
(1975) and Barry, Richard and Chorley (1982). The climate of the Karakoram is
the product of global and regional influences. The exceptional elevation of the
mountain range over a large area, the abrupt edges of the mountain block
and thermal effects combine to isolate the region from the lower air masses

of the Indian subconﬁnent The orographic barrier of the range plays an

&



important role in the region’s climate. The mountains extend into the mid
troposphere and are directly affected by upper air circulation. The seasonal

character of the upper air flow pattern influences the climate in the Karakoram.

The region is dominated by the influx of westerly air masses.
Throughout the winter, the subtropical vgesterly jet stream stears depressions
towards the Karalgoram and Northern India. These lows appear to penetrate
across the Middle East from the Mediterranean. It is from these westerly air
masses that the bulk of precipitation in the Upper Indus Basin is thought to be
derived. Boucher {1975) states that on average five disturbances a month
affect northern India from December to April. However. conditions in wnnte;

are subject to great variability as they depend on the scale. frequency and

intensity of westerly disturbances (Hewitt. 1961).°

@

During the wjntel" the jet~stream 1S split into two distinct branches; one
passing to the north and the other 1o the south of the Tibetan Plateau. Early
studies attributed the bifyrcation of the I})e-'( stream to the role of the Tibetan
Plateau as a topographic barrier. but later wor sized the thermal

effects of the plateau acting as a high level heat source (ie. Lockwood. 1965).

In May and June the jet stream slowly weakens, and by mid-June s
altogether diverted to the north of the plateau. As the southern branch of the
wésterly jet stream shifts north, an area of high pressure 1s established over
the Tibetan Plateau due partly to surface heating by the sun. As warm air is
less dense than cold air, pressure falls less rapidly with height ove‘the
Tibetan Plateau. The formation of the Tibetan anticyclone is concurrent with
the development of a high level easterly jet stream over southern Asiah»(at ~15¢

4

N. At this time the summer monsoon begins to move across the Indian
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subcontinent.

The effect that the reorganization of the upper air flow has on the
) climate of the Karakoram is unclear. The regional airstream continues to be
- influenced by the westerlies and westerly depressions may continue to effect
the region?'Temporary destruction of the Tibetan anticyclone can result in the
incursion of monsoonal air masses into the Karakoram, resulting in heavy
precipitation. The potential for fluctuations in the summer circulation creates

an environment that is open to substantial variability.

W: know from the records of numerous climbing expeditions in the
Karakoram and from our own experiences that significant amounts of snowfall
can occur in the northern portions of the basin during the summer.
Finsterwalder (1960) reported that the summer monsoon crossed the Himalaya
in early July of 1959 and resulted in heavy ra;infall in the Hunza Valley and
raging snowstorms at higher élevation& Snowfall during the late summer of
s“ . 1985 and 1986 appear to héve been examples of the influx of monsoonal ar

masses. However, there exists no reliable data to determine the frequency of
these mongoonal incursions. The relative roles of westerly disturbances and
incursions of monsoonal air masses on summer precipitation in the Karakoram

is a question that is addressed in Chapter 5 of this thesis.

221l Local Climate: The effect of altitude and topography

¢ Seasonal variation plays a major role in all aspects of climate in the,
Karakoram. The annual variation in monthly averaged minimum and maximum :
temperatures and precipitation for Gilgit and Skardu is illustrated in Figure 2.3.

The strong seasonal variation in the hydrological response of the Karakoram

[ ] L
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- . e compa e ,
due to melting snow and ice is a result of warm summer temperatures and a
decrease in summer cloud cover over much of the rqgion. Superimposed on g
the seasonal nature of climate in the Karakoram is the considerable variation
of local climate due tq the effects of altitude and topography. Qutstanding
features of. this variability are the ovemh;Iming increase In precipitation with

elevation, rainshadow effects, the existence of dry valley wind systems and

aspect. oL k .

The main river valleys in the Karakoram are extremely arid. The valley
bottom towns of Gilgit jg;\d Skardu show a mean annual precipitation of 132
and 202 mm (Figure 2.3). In these valleys the poten’:ial for evaporation is high;
water balance calc&lations indicate a strong negative balance for both Gilgit
and Skardu (Butz and Hewitt, 1986). The ¢ombined effects af a negative
water balance and dry valley wind systems create a sgilerely desiccated
landscape. These conditions persist up to 3000-3500 m. Any e;griculture Jthato
does exist is supported b( irrigation water from melting snow and ice at

higher elevations. (Butz, 19é7).

There are two clear effects on chmate that occur with an increase in
elevation from valley bottoms. First. as both the aerosol content and the ’wgr
vapor pressure decrease wi{h elevation, the direct solar radiation reaching the
surface increases (Barry, 1981). The region in general l:nas“a high incident
radiation level becayse of the rainshadow effect which reduces cloud cover.
especially during the summer months. Secondly. temperature decreases with
elevation. Whiteman (1985) calculated an environmental lapse rate of 6.5-7.8 °
C/1000 m from mean monthly air temperature records from 11 stations over

a range o'f“elevation from 1260 to 3088 m.
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Above 3000 m, preclpltatlon mcreases rapldly with elevation. Orograph:c
effects dominate the form and spatial distribution of precipitation. Work by
the Batura Investigation group (1979) discovered net annual accumulation rates
of 1.00 to 1.30 m we. at 5000 m on the Batura Glacier. it is this ﬁgwfall "2:
that supports the vast snowfields and large \_/alley i;.;laciers that characterize i
the Karakoram. Espécially important ip regards to the moisture Vbalance in the
Karakoram is the elevation zone of maximum precipitafion. This is thoughtjq

be near the 5000 m level (Hewitt, 1961: Batura Investigation Group, 1979).

Aspect has a fundamental effect on local radiation income and
temperature conditions. South facing slopes receive direct solar radiation for -
much longer periods during the day. resuilting in a greater degree of melting. A

*

The transient snowline on south facing Siop&s at any given time during the

.ablation period is usually 500-1000 m higher than on north facing slopes. This

has important implications for the hydrological response of snow-covered’
basins. A basin with a large percentage of south-facing slopes would produce

meltwater sooner under clear sky conditions. While radiation is probably the

_key factor’ in controlling; melting on south-facing slopes, air temperature is

presumably more important on north-flacing slopes (Hewitt, 1961). Glacier

E - : A
‘coverage, especially the number and extent of small cirque or hanging glaciers,

is noticeably less on south-facing-slopes.—

Wind

During the summer c:% 1985 and 1986, a record of wind velocity was
recorded at the Bai ,rﬁeteorologica! station, located on the mainstream
Biafo Glacier ice at al elevation of 4080 m .(Figures 2.4 and 2.5). Downglacier

[ 4

\
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(katabatic) winds preglominate, with wind speed commonly ranging from 3 to 7 \

metres per second (m/sec.). Short term wind measurements were undertaken in
ﬁLukpe Lawo in 1985 and at all snownit locations during ]sﬂas. In the b;-éad

accumulation basins wind conditions were generally g;alt:n, and wind speed

ﬁéver exceeded 5 m/sec. Winds were always muchw stronger at hig:"p&

T L"}
elevation exposed areas such as ‘Shark Col' (5660 m) and Khurdopin Pass

&

(5800 m).

2.3 GEOGRAPHY OF THE KARAKORAM
2.3.i Regional Setting )

The Karakoram Ijes in the northwest of a region that consists ‘f:-f a
series. of mountain ranges that extends over 2500 km from the eastern
Himalaya to the Hindu Kush. This large positive 1dnd mass was created by
continental collision and subsequent suturing c;f the Indiap! subcontinent and
Eurasia (Molna and Taponnier, 1975). This resulted in crustal shortening
accompanied by tremendous uplift to form the broad arc of mountain ranges.
The Karakoram are bordered by the Great Himalaya to the southeast. the
Kunfun Shan to the northeast. the Pamirs to the northwest and the Hindu Kush

to the southwest ™

a—

The Karakoram consists of a series of well outlined ESE-WNW trending ‘
mountain ranges which parallel the main rock formations (Gansser, 1964). ¢
According to Wissman (1959) ap;;roximately 37%-of-the area is covered by
perennial snow and ice. The ranges and glaciers of the region are summarizétd
by Mercer (1975). The Great Karakoram represents the main crestiine of the
entire mountain system and jncludes“three mountain massifs—over B/CQOf'matru
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(K2, Gasherbrum and Broad peak) as well as more than 25 peaks over 7000
~m. North of the Great Karakoram lies the G?ujerab moﬁntain& To the south lies
Vthe lesser Karakoram with such noteable 7000+ m mon.;ntain massifs as

Raﬁggposhn, Haramosh, Masherbrum and Saltoro-Kangr.

A .

2.3.1t Geomorphology

“

The UILB. in general and the Karakoram in particular are characterized
by exireme relief and a dynamic environment The 5940 m of relative rehef
from the peak«of Rakaposh (7790 m) to the Hunza River (:850 m) over a
distan;:e of 11 km makes this one of the steepest places on Earth. High

-

‘slevation mountain blocks are dissected by deep main valleys which ars

occupied by the Indus River and its right E-:ank tributaries. Relative relief n
' these valleys is often greater than 4000 m. Within the mountain blocks
themseives high sharp ridges descend by steep slopes to tributary valleys.
Reiative relief here 1s commonly greater than 2000 m. Plateau features are

rare.

' Three periods of widespread glactation in the U.LB. during the
Pleistoscene have left thi¢k deposits of glacial and glacial-‘ﬂuvxal sediments In
the mamn valleys (Hewitt, 1961). These deposits are cut by the main rivers
thereby creating terraces which usuall_y lle 100-200 m above the level of the
river. Transport of Eebrts by ,meltwater\streams from higher elevation
catchments has built large alluvial fans on top of the thick valley deposits. The
relatively flat areas represented by alluvial fans combined with the availability

of water makes these areas prime locations for settlements-and agricultural

activity.
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The combination of available relief, steep slopes, large scale of debris
accumulation and climate result in ma?,ﬁ'Y movements of debris and catastrophic
events. The evidence of mass move&xents is ubiquitous. Slope failure increases
in importance with altitude as precipitation and weathering activity increase. -
(Goudie et al. 1984). At higher elevation avalanching snow and ice
predominates. These avalanches havé the potential to transport substantial
quantities of debris.

Large guantites of debris are deposited in the river valleys ?y a .
combination of slope processes and glacial erosion. On average. ab%ut 250
million tonnes of sediment are dehvered to the Tarbela,ReserQour every year.

This results n a denudation rate for the Whole mountan range of over 1500

tonnes km'2yr'1s (Ferguson. 1984).

2.3 Glacters -

The main crestine of the Karakorat. extending from Batura Mustagh
(7.795 m) in the west through K2 (8611 m) to Sasir Kgngn (7672 mB in the
east holds the greatest concentration of perennial snow and ice in Asia (Fjl u
1.1). From this topographic high flow some of the worlds longest glac:ers‘
outside of polar regions. Of the glaciers that lie within the Karakoram. over 15
are longer than 20 km. Five of these are longer than 50 km in length. The
glacter cover on J\rwdus flank of the Greater karakoram is almost 60%
(Hewitt. 1961). ¢

Glaciers in the Karakoram extend through a wide range of climatic

gnvironments. Accumulation zones extend from -4500 to 7000 m. show a
%,
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negative mean annual temperature and receive over one metre water

>

equivalent of solid precipitation per year. Most glaciers have extremely high

gradient accumulation areas. Accumulation in this type of glacier system is

predominantly by avalanching snow and ice. Conversely, glacier snouts reach

into subtropical desert conditions at elevations in the range 2300 to 3000 m
Echiahnttantd

(Goudie et al. 1984). A substantial number of these glaciers have flowed

across major river valleys and created ice dammeq lakes. The subsequent

failure of the ice dam creates large catastrobhic floods. There 1s evidence of

35 disaétrous ncejgam bursts since 1862 (Hewitt, 1982).

2.4 STUDY LOCATION THE BIAFO GLACIER BASIN

The Biafo glacier descends south-west from the main crest of the
Greater Karakoram in the'central portion of the range. The glacier itself 1s a
large valley glacier stretching over 59 km. The Biafo Glacier basin c;vers an
area of 852 square kilometers. of which 64% is covered by perennial snow
and ice (Appendix A lists the glacier inventory data for the Blafo basin) There
exists a reliable topographic map of the Biafo Hispar glacial region produced
by the Royal Geographical Society (Mott. 1950). A schematic version of this
map is shown in Figure 24. A topographic map of the Biafo Basin, redrawn
from the original Shipton survey maps. appears in Figure 2.5. The area-aititude
relationships for the glacier covered area of the Biafo basin are illustrated in
Figure 26. Features of the ablation and accumulation areas of the Biafo

ar

glacier are discussed beiow.

241 Ablation Zone :

2

The Abiation Zone of the Biafo Glacier below the firn line occupies

’
-

32



approﬁmately 1/3 of total glacierized portion of the basin. The snout of tre
gla::ier descends to an elevation of 3300 m, reaching into a semi-arid climate.
Terminus fluctuations are described in detail by Hewitt (1986). Brléfly, from
1899 to about 1909 the terminus advanced by approximately 3—-4 km. From
1909-1861 it experienced gradual retreat There was little change in the
position of the snout in the 1960's and 70’'s. Since then the terminus has
advanced about one kilometre to its present position. Hewitt (1964) argues
from geomorphoi;:gncal evidence that the Biafo Glacier had at one time formed
a glac@;r dam across the Braldu. confirming a report by local residents to

Godwin Austen (1864).

The lower 20-30% of the ablation zone i1s covered In supra:lac:lal
debris. This 1s less than t;n—e estimated 50% debris cover on the Hispar Glacier
or 90?0 debris cover on the Baltoro Glacler and refiects the role of direct
precipitation. as opposed to avalanching. as the predominant form of
accumulation for this glacier. Cléan ice predominates in the upper half of the
ablaﬂon zone. Two adjacent large medial moraines, presumably derived from
thg 2 junction of Lukpe Lawo and Sim Gang ice, surface approximately 7 km
down f;om the firn line. In the lower half of the ablation ;*.One several more °

’
rnedial moraines appear. The margins zf the Biafo are covered in thick
supragiacial debris; stagnant ice 1s a common feature here. Both the medial
and lateral moraines broaden and -thicken downstream, eventually spreading
out to cover th'ev entire glacier surface. Whiie the relationship between debris
cover and ablation rate 1s a complicated one. the overall effect of this debris !
cover is to reduce ablation. allowing the glacier to descend even lower nto

semi-arid regions. . —
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Surface movement measurements at three profiles in the ablation zone
indicate a ‘block schollen’ type of motion. The velocity of the glacier increases
rapidly away from the margins and then remains constant across most of the
width. Maximum surface movement in the middle of the ablation zone is
approximately 130 m per year. A report discussing the surface movement

measurement program and results appears in Appendix B.

The depth of the winter snow cover in the ablation zone is extremely

vari%ble, presumably due félind drifting. Holiows may accumulate as much

as 1-2 m of snow whilefpositive features. such as medial moraines, show

]
only a thin veneer of snow cover.

Observations during our summer measurement program indicate that the
ablation season extends from mid June to mid September. Field measurements
show average summer ablation rates. in relatively clean ice. of about 60 mm
per day. although this can vary considerably Wwith aspect, elevation and the
concentration of fine particles on the ice (a fine dust cover is found nearly

o

everywhere, presumably transported to the glacier surface by the wind)

!

Measurements indicate that the ablation rate on the medial moraine under

extensive debris cover s roughly 1/2 that in r atively clean ice: seasonal

¥
snow cover melts at approximately 1/3 the 4f relatively clean ice. With a

rough knowledge of these parameters. an even )ou.gher estimate of water

production from the ablation zone can be calculated (see Table 2: note that
this does not include off glacier seasonal snowmelt). These calculations indicate
that for a 90 day ablation period. the meiting of snow and ice in the ablation

3

zone of the Biafo Glacier produces on the ofd‘ér,of 0.7 km“of water. This

represents 1% of the total runoff of the U..B. measured at Besham Qila from



0.1% of the total basin area. While this is an extremely gross estimation, it
provides us with a first estimate of the water production of the ablation zone

of the Biafo Glacier.

From our observations during 1985 and 1986 and a study of the
available Landsat imagery, the firn line in recent years is found at
L

[

approximately 4650 m on the Biafo Glacier (close to the location of the
‘Equilibrium I:i;me' snowpit, illustrated in Figure 2.5). It is lowest on the
south-west margin of the glacier and gradually increases in elevation, by as
much as 250 m, towards the north-east margin. A triangular patch of ice
becomes exposed in the late summer on the north margin of the Sim Gang.
This is due‘to the thermal “effects of the adjacgnt south facing wall. It is
precisely at the fi‘rn line eldvation that the surface morphology of the Biafo
glacier transforms. Below this line the glacier flows in a constricted valley. 2-3
km wide. Above this line the glacier valley opens up into a broad. relatively
flat plateau. A small increase in the elevation of the late summer firn line
would expose substantial areas of glacier ice in the broad, flat plateau area.
Considering the three-fold increase in the ablation rate of ice compared to
snow. a larger area of exposed glacier ice would increase runoff late in the
melt season. The combination of morphology and present location of the firn
line makes the Biafo Glacier very sensitive to climate changes that could

increase the elevation of the firn line. such as an increase in temperature or

decrease in solid precipitation.

2411 Accumulation Zone

The Biafo Glacier flows from a broad. gently sloping accumblation zone
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consistiné of two large accumulation basins; the Sim Gang Glacier {o the west
and Lukpe Lawo (also referred to as ‘Snow Lake') to the north (Figure 2.5).
These basins are separated by steep narrow ridges which occupy a small
percentage of the area in the accumuiation zone. While avalanches of snow
and ice descend onto the Sim Gang Glacier and Lukpe Lawo from the
surrounding steep walls, the area represented by elevations at which
avalanching predominates accounts for less than 15% of the accumulation
zone. The majority of precipitation falls onto the broad, relatively low elevation
surface of the accumulation zone, which accounts for an overwhelming 85%
of the area in, the accumulation zone and 2/3 of total basin glacier cover
(Figure 2.6) . Direct precipitation is the predominant form of nourishment In

this regard, the Biafo Glacier appears to be the exception in relation to other

~ valley glaciers in the Central Karakoram. However. because of the minimal

influence of avalanches on overall accumulation rates, the basin does provide

f
an ideal location for determining the altitudinal. lateral and temporal ~

distribution of snow accumulation.

Debris cover is rare in the accumulation basing. Exceptions include the '
cones of dirty avalanches and a surface moraine deévésit adjacent to the north
wall of the Sim Gang glacier. The predominance of clean accumulation zone

reflects the minor role avalanches play in the nourishment of the glacier~basin.

While the accumulation*);asins are relatively flat, they show considerable
microrelief in the form of hollows and dunes. These are concentrated
downstream from ice falls and are presumably a result of differential melting
of the chaotic mass of ice at the bottom of the ice falls and perhaps due to
the drifting of snow by the wind. The geometry of the Bia% accumulation

-



zone creates a large heat trap. Dayiime maximum temperatures in the
accumulation basins are as high-as 20°C. Pools and lakes are found as high as

5000 m ;im some of the hollows described 3bove.
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TABLE 2.1 ESTIMATE OF MELTWATER PRODUCTION FROM THE BIAFO GLACIER
|

PERIOD OF  SNOWLINE AREA*,l MELTWATER "FROM TOTAL MELTWATER
MELTING ELEV(m) SNOW ICE DEBRIS SNOW ICE DEBRIS PRODUCTION

June 15-30 4200 60 70 40 18 63 18 99 — !
July 1-31 4500 30 100 40 13 186 37 242

Aug 1-31 4650 10 120 40 6 223 37 266

Sept 1-15 4570 20 110 40 6 99 18 123

T30 TOTAL
:106 m3 ) ' 4

Ablation area with firn line at 4650 m = 170 km
Ablation rates: snow-20 mm/day; ice-60 mm/day: debr1s-30 mm/day.
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FIGURE 2.3
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CHAPTER 3

METHODOLOGY AND PROCEDURE
S3# FIELD WORK

During the 1986 summer field season two Canadians and four high
altitude porters spent 2 months in thekaccumulation zone of the Biafo Glacier
Basin. The snow accumulation field work was extremely successful due both
to very good weather whiQ_h dommated during our time above snowlme. and

to the combined effort of all party members,

Overall we e??hq;gmed and collected samples from 7 snowpits 5-10m
deep. 15m of a snow/firn core driled from the bottom of a 5m pit and
collected freshﬁ snow samples througiicut the sé;immer (Table 3.1). The seven
snowpits cover q:\n elevation range of 1010 m, from 4650 to 5660 m (Fugu;e
3.1). This elevation band accounts for almost 85% of the glacter covered area
in the accumulation 2one. The elevation of each snowpit In relation to the
hypsometric curve 1s shown in Figure 26. The geographic locations of the
snowpits are illustrated in Figure 25. All but the Khurdopin Glacier site he
within the Bia%o Glacier basin. In general the names which appear on the Royal
Geographical Society map of the area (Mott. 1959) have been used to name
the locations of the snowpits. Names assigned by us in areas for which né

L]

names exwted have been placed In quotations throughout the text

The importance of selecting suitable sites at which to collect data
cannot be underestimated. Obtaining a ‘representative’ sample in an area that
<
covers 370 kmz. over a range of elevations from 4500 to 6500 m is. to say

the least. difficult The problem 1s compounded by the remote nature of the
A

[oye
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study area. Most of one’s time is spent transporting logistical and scientific
equipment to and from the various study sites, and- therefore the number of

14

snowpits thSt can be investigated is limited.

There exists strong local variation in accumulation due to aspect, local
relief and the effects of avalanches. Sample sites can therefore not be chosen ™
at random. Rather, it is through a familiarity of the physical processes that
govern snow accumulation, and a familiarity with the region in general, that
Study sites are chosen in areas that are free from the redistribution of snow

by ;vaTanches and little affected by the local redistribution of snow by the

*

wind.

In ordef to compare data among pit locations, some sites should have
one common physical characteristic. such as elevation,\;_as;:ect or location. The
snbwp;.xck should, aside from the surface,sremain below freezing for the entire
year to limit the percolation of meltwater. Other things being equal. the higher

“

the aititude the snowpit/core site is, the cooler the temperature. This increases
[}

the potential for preserving a chemical record unaltered due to meltwater

percolation. Flow geometry is not a critical factor in the study of shallow

snowpits.

Five of the seven snowpits, the exceptions being the ‘Hispar Dome and
“Shark Col" sites. were dug in relatively flat, broad areas which appear to be.
representative of the surrounding basin. The' Hispar Dome site was located on
top of a large, gently sloping snowdome. Except for the *Shark Col” site. all of
the snowpits were far removed from the influence of avalanches ay showed

little or no sign of heavy winds. in general winds were calm over the study



area throughout the summer.

At 5660 m. the "Shark Col" site is the highest sample location; however
as a snowpit study site it has some severe limitations. The col is quite
narrow: steep snow covered slopes rise sharply on the north and south sides.
We recorded strong winds (10 m/s) on 3 of the 5 days we were camped at
the col. No avalanche debris was apparent at the col. however the possibility
of avalanches from the surrounding steep slopes depositing snow at the col
cannot be ruled ou;. While appealing due to its high elevation. caution must

be— used in interpreting the results of A\aw accumulation investigations at this

site.

The seven snowpits were dug over a 45 day perndd. from June 15 to
July 31. Work on the snowpits was preceded by three snowfall events on
June 5 (16 cm of snow), Juneb11-12 (50 cm of snow), and June 14-15 (45
cm of snow). Accumulation from these three storms was about’ 0.30 m we.
These were the only significant snowfall events (ie. greater than 10 cm of
snow) that were witnessed through the entire snowpit study program.
The site of the ‘Equilibrium Line snowpit 1s close to the firn ine of the Biafo
‘Glacier, where significant melting occurs. V\”(r"ule most of this snowpack
disappears during the course of the summer (snow depth on August 5 was
20-30 cm) little ablation had occurred prior to June 15, the day the pit was i
dug and sampled. The water equivalent measured on June 15 therefore
closely represents annual accumulation at this elevation. The six snowpits dug
above the firn line ”expenence minmal ablation. The amount of meltwater
) produced and the depth to which it percolates is discussed in detail in Chapter

4. However, based on our observations in the field and interpretation of the
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geochemical record, there is no significant change in the water equivalent of
any of the annugl layers due to the downward percolation of meltwater, in
any“ of the six snowpits dug above the Equilibrium Line. This, combined with
the lack of any significant precipitation events during the course of our work,

_implies that the data from all seven snowpits and be compared directly.

Losses due to evaporation are unknown. These are assumed to be
equal for all of the snowpit locations as there is only minor variation in the
intensity and t{me period of direct beam radiation and cloud cover between
the sites (Wake, 1985). Any evaporation thatfoes occur will not significarftly
glter the relative amount of net _annual accumulatioq between snowpit sites.
The effects of absolute losses due to evaporation will be investigated during=

the 1987 field season.

Snowpits were dug in 2 m intervals in order to §implify the sampling
procedure. Snowpack stratigraphy was dflineated on the basis of \layer )
thickness. hardness, and colour, crystal size and shape. and the position of ice
layers and debris bands. Density of each stratigraghic layer was measured

= "using a 24 cm stainless steel tube with a cross-sectional area of 41.7 cm2.

ﬁFollowing collection, the cored snow sample was placed in a nylon stuff sack
and weighed with a 2 kg Homs spring scale. In six of the snowpits, snowmelt
_ samkaere collected over- 15 cm intervals. The complete interval of 15 ¢m
‘ was sampled in order to obtain a complete chemical record of the snowpack. *
A 30 cm sample interval whs used at the 'Whaleback Glacier pit Extreme
care was exercised at all times during sample collection to ensure the
collection of uncontaminated samples. All sample bottles were ringed 3 times,

allowed to stand full for at least 24 hours. and rinsed another three times
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with distilled. double deionized water that had subsequently been treated with
a Milli-Q water purification system. A non-particulating clean suit in
combination with an over the shoulder hood. particle mask and plastic gloves
were worn by the sample collector. The“ north facing snowpit wall to be
sampled was first scraped back approximately 30 cm with a lexan shovel and
subsequently scraped clean with a plexiglass scraper. Samples iygre collected
in 125 mi polypropyleﬁe wide mouth containers with polyethylene caps.
Following melting. the samples were transferred into 2-20 ml linear

polyethylene (LPE) scintillation vials.

At the Hispar Dome site a 15 m core was recovered from the bottom
of the 5 m pit by hand drilling with "a PICO auger. Before drilling the core.
samples were collected from the snowpit wall using the methods described
above. Subsequently, thirty centimetre samples from the wall of \the 5 r;nt
were scraped Into ziplock bags using lexan scrapers. Thirty centimetre sections
of the 15 m core were placed directly into ziplock bags after the stratigraphy
had been analysed and the density measured. The resulting 68 samples in the

7 ziplock bags were then melted and transferred into 20 mi scintillation vials
and 500mi LPE containers for isotope and total beta activity analyses.
respectively. The core was nofysampled for ion analysis. The borehole
remained dry throughout the entire drilling period. Temperature at the bottom
of the borehole (20 m) was -4.5°C. Fresh snow sampies were collected
as soon as possibie following the termination of a precipitation event The
sample site was approached from. a downwind diréction in order to avoid
contamination of the fresh snow. The sampler wore a gortex suit.
non-particuiating clfan hood. particle mask and plastic gloves. Samples were
collected in 125 mi cups and were subsequently processed in the same

—
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manner as the samples obtained from snowpit walls. Special care was taken
to sample the complete depth of the fresh snow without sampling any of the
underlying snow. In a few cases, 125 mi containers were opened and placed
upwind from our camp at the beginning of the snow/rainfall event and left
open for the duration of the storm. These were collected shortly after the the
end of the storm. Overall 23 samples of fr_gsh snow/rainfall were collected
from seven different precipitation events. One suite of sevljn fresh snow
‘samples were collected from the same storm gver an elevation range from
5105 m to 5450 m. All sample containers shipped to Canada had their tops

taped shut prior to their departure from the field to prevent leakage.

Seasonal Snowcover

While the focus of this research is the rate of snow a.f;cumulation
within the area of perennial snowcover, two surveys were rr;ade of the
seasonal snow cover in the lower half of the Biafo Glacier Basin. In addition
the seasonal snowline in the lower vhalf of the basin was photographed every
week. On May 28th the seasonal snowline lay at ~4600 m on the south-west
facing slopes behind Baintha Ba‘se camp. Snow depth increased to 0.80-1.00 m
at 5055 m. Snowline elevation on the northeast facing slopes on the other
side of the glacier was ‘;estimated at -4000 m. From this elevation it was
relatively easy to identify the transient snowline on the Biafo Glacier. Below

4000 m about 99‘% of the ice and supra glacial debris was exposed.

From 4900 to 4300 m snowcover on the glacier increased. until
betwegn 60% and 90% of the glacier surface was covered in snow. Snow

was as deep as 0.5-1.0 m in hollows and on the north-east facing slopes of
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the large medial moraines. At this time the snow in hollows was completely
saturated with water. Above 4300 m the snow cover on the glacier exceeded

90%. This snow was relatively dry compared to the snow at lower elevations.

Three snowstorms between June 5 and June 15th deposited about 1.10
m of snow (0.30 m w.e) at 4650 m. Only trace precipitation was recorded at
Baintha Base Camp (4080 m) during the period from June 5 to June 15. On
June 18, the transition zone of the water saturated, patch nowcoveu: lay in
the range 4200-4400 m. Snow depth measurements were taken about every
600 m, between 4300 m to 4600 m. Table 3.2 lists‘{he results. The physical
characteristics of the snowpack above 4500 m suggested that relatively littie
melting had occurred at or above this elevation at this time. There is a sharp
increase in snow depth from 4560 to 4590 m. This thought to reflect an
increase of precipitation abave 4560 m during the early June snowfall events.

While this data is imited, 4t indicates that moisture input increases above

4080 m and perhaps even above 4560 m.

By the 30th of June the upper limit of the transition zone lay at about
4500 m. Above this elevation three large lakes had formed on the plateau

beneath the icefall at 4560-4590 m. At this time the glacier showed 100%

u(’l/ .
/ y,

snow cover at this elevation.

Reconaissance Snowpit Studies in 1985

During the summer of 1985, two 4 m snowpits were dug and analysed
in the accurmulation area of the Biafo Glacier (Young, Hewitt and Wake. 1986).
One .of the snowpits was in the centre of Lukpe Lawo at about 4950 m, the

other at 5060 m on Hispar Pass. For each snowpit the stratigraphy was
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described anc the density measured. Overall, the snowpack stratigraphy was

quite similar in the two snowpits. Thick ice layers overlain with slightly dirty,
hard granular snow containing lumpy ice were found at 330 cm in the Lukpe
Lawo pit. and 325 cm in the Hispar Pass pit These layers are interpreted as
the previous summer’'s surface. This corresponds to a net annual accumglation
of 160-180 m we. at the 5000 m altitudinal level. for the 1984-85

accumulation season. ~
3.2 LABORATORY WORK

Over 375 snowmelt samples were collected and returned for chemical
and microparticle analyses. Anions (Chloride, suifate and nitrate) have been
analysed using a Dionex model 2010 ion chromatograph with an AS-4 column

and 0.0021M NaHCO3/0.0017M Na2003eluent and a computer—driven

© autosampler. The detection limit for chloride, suifate and nitrate is 0.5. 1.0 and

1.0 ppb (parts per billion). Ten percent of these samples were anaiysed in
duplicate using two separately drawn samples. This procedure resulted in a
relative deviation from the mean of 2% for chlqride, nitrate and sulfate.
(precision calculations after Skoog and West, 19476): Sodium was analysed by
stabilized-temperature furnace atomic absorption spectrometry using a Perkin
Elmer model 2280 equipped with a model 400 furnace. The detection limit for
sodium, using this method, is 0.5 ppb. All of these samples were analysed in
duplicate, resulting in a relative deviation from the mean of 3% Both the anion
and cation analyses were completed using the facilities of the Glacier Research
Group at the University of New Harwshire. The oxygen isotope analyses were

done by the Geophysical isotope Laboratory at the University of Copenhagen
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using gas source mass spectrometry. All of these samples were analysed

twice. The relative deviation from the mean was 0.3%.
‘ ‘

Forty samples from Hispar Dome 5m snowpit. were also analysed for
total conductivity and for microparticle cohcentrations in 15 different size
ranges using a Coulter Counter TA i, by the Institute 9f Polar Studies at Ohio
State University. Sixty-eight samples from the combined 5m snowpit and 15m
snow/firn core from the Hispar Dome were analysed for oxygen isotope ratios
and total B activity. The total 8 activity was measured at the University of
New Hampshire. using a Canberra model 2404 alpha-beta~gamma counter with
a 12 hour counting period for 47 cm Whatman SA-1 cation filters through

~which 500 ml samples had been gravity filtered twice.

As described below. two sets of field blanks, one set of transfer
duplicates and ;)ne set of laboratory blanks were made to determine if--snow
samples collec:ed in the Karakoram had been contaminated in any way during
the sampling. trénsport and laboratory analysis phases of this project Before
leaving for the field. six 20 ml scintillation vials were filled with Mill-Q water
at the University of New Hampshire. The blanks, termed 'UNH blanks’. traveiled
with all of the other samples and remained sealed throughout the field
program. As previously mentioned,‘samples were collected in 125 ml cups
and. after melting, were transferred into 2-20 mi scintillation vials. Seven
transfer blanks were made by transferring Milli-Q water directly into the

s

scintillation vials in the field at the same time the snow samples were

transferred. The results appear in Table 3.3.

Six ‘transfer duplicates’ were made by transferring snow samples into a

third 20 ml scintillation vial to test for ion contamination. The analytical resuits
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of this set of duplicates is listed in Table 3.4. The resul{s shown in Tables 3.3
and 34 indicate that, on the whole, the transfer process and the transport of

samples introduced very little contamination.

One. out of every ten samples analysed by ion chromotography and
atomic absorption spectrometry was a sample of Milli-Q water. Throughout the
laboratory procedure, these Milli-Q samples showed no signs of contamination

indicating that the laboratory procedure did not contaminate the samples.

o
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TABLE 3.1 SUMMARY OF SNOW PITS DUG IN THE CENTRAL KARAKORAM, SUMMER 1986

PIT NO.* DATE LOCATION ELEVATION  ASPECT DEPTH(m)
1 06/15 EQUILIBRIUM LINE  4650m/15,250° SW 2.c6
2 06/21 WHALEBACK GLACIER 4900m/16,070'  SE 4.50
3 ® 06/26-27 SHARK COL 5660m/18,570' E-W 7.75
4 07/4 APPROACH GLACIER '5100m/16.730" E 4.80 -
5 07/5-6 KHURDOPIN GLACIER @5520m/18.100' W 10.00 s
) 07/27-28 SNOW DOME (pit) ! 5450m/17.880° - 5.00
SNOW DOME (core) —— M e - 15.00
7 4.80

& 07/31 HISPAR GLACIER 4830m/15.840' E

* pit numbers refer to location of snowpits on Figure 1.
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TABLE 3.2 SNOW DEPTHS ON THE BIAFO GLACIER,
JUNE 18, 1986

ELEVATION KM FROM . SNOW*

(m) EQ. CAMP DEPTH( cm)
4200 - 14 0-30,
4300 11 20-90
4320 10 60
4340 9.4 70
4360 8.8 35
4380 8.2 5
4400! 7.6 50
4420 7.0 45
4435 6.4y 50 -
4450 5.4, 120
4465 5.2°0) 60 v
4480 4.6 75
4500 4.0 120
4510 3.6 145
4520 3.2 110
4530 2.8— - 100
4540 2.4 90
4550 2.0 100 (below ice fallj
4590 1.5 200 (above ice failj ,
4650 0 230

*jverage of four soundings

+ snow density 1s assumed to be equal to mean snowpack
density measured at She Equilibrium Line snowpit on
June 15/86 (390 kg/m”).
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TABLE 3.3 RESULTS OF 'BLANK' ANALYSES

No.

L

1y, 7
2 9
3 8
3. 8
5 12
) 3
7 2
8 4

TRANSFER BLANKS

CT (ppb) Na (ppb)

W

b

—

UNH BLANKS
CT (ppb) Na (ppb)

P A e R

coOoOoooQ

TABLE 3.4 ION TRANSFER DUPLICATES

Sample
No.
TN
169
188
280

20
40

mean

53.
20.
26.

— ) =

stnd
dev(s!

— =4

‘mean

i46.7
71.9
45.9

88.5

stnd
devi{s}

(S 2w N ]

0.
0.
2.5
0.8
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mean

12.9
5.8
13.9
3.0

stnd
dev(si
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FIGURE 3.1 ELEVATION RANGE OF SNOW PITS
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CHAPTER 4
1}.
b e

POSTDEPOSITIONAL ALTERATION

4.1 POSTDEPOSITIONAL ALTERATION

An important consideration in all snow chemistry work is sample
alteration due to post depositional changes. Post depositional processes. such
as meltwater percolation, dry deposition. redeposition of snow by wind,
gaseous transfer and recrystallization. can alter the chemical content of fresh
and old snow. The extent of this alterati_&_)_p‘ in snow and ice s of pal\'iiz:ular
interest to chemical studies of cores recovered from glaciers. i’he majority of
research on alpine snowpacks has‘: been concerned with post depositional
alteration caused by the percolation of meltwater through the snowpack. This
research 1s briefly reviewed below. and provides a basis for intefpreting the

extent to which meltwater has effected the high elevation snowpack in the

Central Karakoram.

‘i’he physical movement of water through snow s discussed in detail by
Gerdel (1954) and Colbeck (1972, ’1977)‘ Upon the introduction of meltwater,
three processes occur which drastically change the physical character of the
snowpack. Initially, downward percolating meltwater develops its own vertical
drainage tubes. Ice layers block the downwara flow of water forcing it to
follow a horizontal path. In fact. meltwater can also be temporarily ponded on
top of the‘relatively impermeable layers. As more meltwater ns"mtroduced the
network of vertical draimage becomes more intricate. Secondly, the presence of
liquid water 1s accompanied by rapid gran growth until grain diameter reaches

approximately 1 mm (Wakahama. 1968). This can cause an increase in the
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permeability of the snowpack since permeability increases as the square of'the
average particular diameter (Shimizu,1970 cited in Colbeck, 1977). Thirdly.
under the presence of large quantities of meltwéter. the permeability of high
density layers (ie. ice layers) increases rapidly. Associated with this is a
morphological change and eventual breakdown of the high density layer. It is
clearly the axistence of free water itself which increases the ability of

meltwater to travédl through a snowpack.

Il

A number of studies have lcpked at the effect of meltwater percolation
&

on the isotopic record of a snowpack. Hattersley—-Smith et al. (1975) studied
the annual accumulation from a 32 m core retrieved from an ice ¢ap on
Northern Ellesmere Island. While this study 1s 1n a polar region, it addresses
the role of oxygen isotopes as a tool for stratigraphic analyses within the
zone of meltwater percolation facies. The stratigraphy revealed an extensive
ice lens and pipe system. However, the snowpack continued to display strong

8O record. This implies that the formation of an

ice lens and pipe structure was localized and did not effect the overall 6180

. . 1
seasonal variations in the §

values of the snowpack.

! 80 content

Ambach et al. (1972) studied the vertical profiles of the &
of old firn in the accumulation area of Kesselwandferner in the Oetztal Alps.
These profiles show an enrichment of approximately 1.6 /00, due to
fractionation processes occurring bretween percolating meltwater and the snow,
which results in a slight smoothing of the 6180 profile. The influence of

1 8O profile.

meltwater is much greater on the large negative peaks in the &
Samples were also collected from January to May from a snowpack at 1600

m near Innsbruck, Austria (Ambach et al, 1972). in spite of the infiltration of
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rain and meltwater the ‘21 O vertical profile remained essentially unchanged.

»

Deuterium measurements from a snowpa;:k in Upper Bav:.ria were
undert:ken from January to July by Moser and Stichier (1975).~ From January
to March the stratification of the isotope profile was maintained. Heavy
snowfall in April considerably increased the snow depth; the isotope
composition of differe;nt precipitation events varied widely due to chmatic
conditions, and therefor_e d not produce a distinct pattern in the iIsotope
profile. However, the deep layers retained thewr 8D values over the complete
seven month period. This compares f;exvourably with the results of Ambach et
al. (1972) and indicates that no significant vanation in the isotope profile of

lower layers occurs due to meitwater percolation.

Laboratory experiments by Moser and Stichler (1975) show that after a

80 content is

10% weight loss of the snow sample due to melting. the 61
enriched by about 2 ©/00. Moser and Stichler (1975) aiso investigated the

diurnal variation in isotope content of surface snow for an eight day period
at 2540 m in Switzerland. A general enrichment of approximately 10% in the
deuterium content of the snow occurred during the day due to snow

evaporation. This enrichment was partially offset by condensation J,mng the

night !

Two conclusions c¢an be drawn from the studies discussed above. While
the percolation of meltwater can alter the ratios of stable isotopes within the
snowpack, it appears that limited r:neltwater percolation in alpine snowpacks
does not remove the seasonal signature of the stable isotope profile. Studies
that have recognized a smoothing of the 6180 profile due to meltwater

percolation indicate a change of 1-2 °/00. When considering annual variations
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in the &80 profile in the Karakoram snowpack of 18 to 27 /oo units (Table

5.1), a change of 1-2 %00 is insignificant.

Experiments in the field and laboratory in Norway (Johannessen and
Henriksen,1978) indicate *that impurities in the snowpack tend to become
concentrated in the initial meltwater: 50-80% of the impurities leave the @&

5

snowpack in the first 30-50% of the meit

In additioﬁ-\ to the fractionation proce?s. the preferential elution of
specific ions into the earliest partion of meitwatg_n: has been recognized (Davies
et al. 1982; Brimblecombe et. al., 19“85: Tsiouris et al.. 1985). These works
examine the elution of ions ’in both field and laboratory snowpacks. The order
of elution of 10ns varies somewhat between studies and even within single
studies, but repeatable overall patterns are evident Nitrate and suifate elute
quickly from the snowpack and are commonly present in the first ‘meltwater
fraction. Sodium and chloride on the other hand, are removed from the
snowpack at a much slower rate. As the surface becomes depleted in ions,

accumulation appears to take place at lower depths above low permeable

layers.

Tsiouris et al. {1985) interpret the slow elution of chloride and sodium
as a result of the importance of sea salt aé condensation nucle: in the
atmosphere. Much of the chioride and sodium occurs at the centre of the
snow crystal, and is therefore removed slowly du"'ing meiting. lon species sgch
as sulfate and nitrate that are associated with atmospheric pollution are
attached to the Surface of the snow crystals and could easily be removed in

the first portion of meltwater. |
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The elution studies were underfaken in snowpacks which are both
chemically and physically different from the snowpack in the Central
Karakoram. The snowpacks investigated by Davies et al. (1982). Brimblecombe
et al. {1985) and Tsiouris et al. (1985) suffered from the production and
percolation of significant quantities of meltwater and show ion concentrations
that‘ére at least an order of magnitude greater than those ‘in Central
Karakoram snow;aac:ks‘ The .results of these elution studies r;nust therefore be
applied with caution to the snowpack in the Central Karakoram.

<7

42 MELTING IN THE KARAKORAM

Direct solar radiation reaching the surface increases with elevation due
to a decrease in the aerosol content and water vapour pressure of the |
atmosphere (Barry. 198 1). Shortw;ve radiation measurements during July and
August at 4080 m showed repeatable maximum incoming short wave radiation
of 1100-1300 Wim? which represents 80-95% of the solar constant (1360
W/mz). The broad. relativel‘y flat snow covered accumulation basins of the
Biafo Glacier. combined with the surrounding steep snowcovered walls act as
a heat trap. intens/ifying the effect of direct solar radiation. Maximum daytime
temperatures re¢orded under”clear sky conditions in the shade, within the
broad basins at 4900m was 20°Cﬂ. Minimum daily temperatures were always
below freezing. Incoming solar radiation accounts for melting at the snow
surface at higher elevations. The stratigraphy of the snowpits showed that
6-14% of the snowpack water equivalent was comprised of ice layers and |

lenses (Table 4.1), indicating that melting events do occur.

The studies dealing with the physical movement of ‘water through the
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snowpack, reviewed in Section 4.1, are primarily concerned with water
movement through a ripe, isothermal snowpack. This type of snowpack does
not exist above about 4800 m in the Centrat Karakoram. Of interest to this
study are the distinct physical characteristics of the snowpack produced by
pércolating meltwater, such as vertical drainage tubes, homogeneous grain
sizes and discontinuous ice layers. Very few vertical drainage tubes were
observed in any of the snowpits in the Karakoram. Those that did exist were
only of very local significance. Free water was never observed ponded on ice
layers. Ice Iayers’.were characterized by a continuous. Jayer visib.le on all-four
sides of a 2m by 2m snowpit While they varied in thickness, they showed no
discontinuities. A homogeneous distribution of grain sizes greater than 1 mm
was ébserved at depths greater than 20 cm in three of the lower elevation
snowpits. In the ‘Whaleback Glacier snowpit (4900 m), a soft, iow density layer
with medium grain size (1-2 mm) extended 62 cm below the upper snow
surface. indicating that meltwater had percolated through the upper portion of
the snowpack. However, significant meltwater percolétlon was limited to the
upper 62 cm, as the‘ soft, low density layer was underlain by a 1.5 ¢m

continuous ice layer. A similar situation existed in the ‘Equilibrium Line' (4650

m) and 'Approach Glacier' (5100 m} snowpits.

From a physical standpoint, there is Iittlé evidence for significant

meltwater percolation in snowpacks abbove 4800 m in the Central Karakoram,

- although' grain sizé distributions at the*iowe#elevahmsiie&suggest that some — —
liquid water was présent However, the depth to which these grain size
distributions exist indicate that the free water was limited to the upper

stratigraphic layers.
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Interpretation gof glaciochemical data recovered from snowpits in which
there has been melting, sucﬁ as in the Karakoram. relies upon the assurmnption
that the redistribution of ions due to meltwater percolation is limited to the
uppermost stratigraphic layers. This assumption is suppor';ed by two separate
lines of evidence. First, the snowpack Vtempe’rature drops below freezing
slightly beneath the air-snow interface. Upon encountering a below freszing
layer. meitwater percolating down through the snowpack would theoretically
freeze and form an ice layer. As the snow shows very low ion concentrations,

even the elevated dissolved ion content in the initial meltwateér would have
little effect upon the freezing point of that water. The presence of ice laye:-s
in the top metre of all the snowpits anatysed suggests that this is the case
(Figures 5.1 through 5.3 show the vertical density profile for each snowpit The
ice layers are represented by thick black lines with a density greater than 700
kg/m3). The ice layers thus formed may then act as a barrier to further
meltwater percolation. Other physical characteristics of the snowpack. such 4s
the lack of vertical qrainage tubes, the lack of homoge:\eous grain size below
60 cm and ice layers that show no discontinuities, indicates that any

- meltwater that does form on the surface does not percolate to depths greater

than about 60 cm.

Secondly. the chemical profiles from a snowpack in which there has -
be‘fsignificant meltwater percolation. resuiting in the mtxng cn“ ions from
two differ?nt years of accumulation. would appear "washed out” and show
weak, if any, seasonal variation {Mayewsk: et ai.. 1981). The ion concentration
and & 8O profiles from the high elevation, sites (Figures 5.1 & 5.2) display
distinct séasonal variations, and do not appear to have been significantly

effected by meltwater percolation. Conversely, the ion concentration profiles
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from the lower elevation sites (Figure 5.3) do not reveal a distinct seasonal
pattern. It appears as though meitwater percolation during the summer at the
lower elevation sites has effected the annual variation in the ion concentration
profiles. However, the oxygen isotope profile for the lower elevation sites

continues to show strong seasonal variations.

From the studies of Davies et al. (1982), Brimblecombe et al. (1985)
and Tsiouris et al. (1985) it is expected that the effects of a smoothing
process z;used by the percolation of meltwater fwould be most pronounced in
the sulfate and rutrate profiles. At the Hispar Dome pit (Figure 52 A & B)
both the suifate and nitrate profiles show relatively uniform concentrations in
the upper 1.5 m. This could be attributed to the transfer of ions by
meltwater. It is possible that this downward transfer of ions actually enhances
seasonal variation, by increasing the thickness and magnitude of the peak ion
concentration, while washing out the profile above this. This line of reasoning
suggests that the process of ion redistribution by percolating meltwater could
have produced the observed variation in the chemical profile. If this is the
case, one would expect to find peak concentrations for all of the chemical
species at the same depth, bordered by a washed out profile, for all of the
snowpits. However. for the Hispar Dome site. this pattern does not occur in
the_sodium, chloridew or oxygen isotope profiles. Also. this pattern is not
evident for any of the snowpit profiles illustrated in Figures 5.1 through 5.3.
indicating that percolating meltwater is not responsible for the observed

variation with depth in most of the chemical profiles. *

In summary, it is possible that in some of the snowpits the seasonal

variation, especially in the sulfate and nitrate profiles has been enhanced by
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the downward transfer of ions by p&rcolating meltwater. This supports Fthe
view that suifate and njtrate are eluted quickly from the snowpack. The
observed variation in the ion and ;:xygen isotope records from the high
eleyation sites reflects seasonal \;ariations in the,c:‘.hemical content of
precipitation, and can therefore confidently be used to establish annual

18

accumulation rates. For the lower elevation sites, the & ~O profile is the only

glaciochemical parameter which shows strong seasonal variation.

\
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TABLE 4.1 PERCENTAGE OF ICE IN SNOWPITS

SNOWPIT

Equilibrium
Hispar Glacier East
Whaleback Glacier
Approach Glacier

Hispar Dome
Khurdopin .Glacier
Shark Col

%ICE

97
10%
13¢

72

5%
74
T4
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CHAPTER 5
‘ T
%Q
ANALYSIS OF CHEMICAL AND PHYSICAL TIME-SERIES

AND FRESH SNOW DATA

A summary of the chemical and physical atiributes for each snowpit
appear in Table 5.1. The snowpits are split into two distinct groups on the
basis of elevation: the tigher elevation sites (5450-5660 m) consist of three
'snowpits, while four snowpits make up the lower elevation sites (4650-5100

m; Figures 26 & 3.1).

Some important overall chemical features of the snowpits are apparent
in Table 5.1. Th;are is no trend in the oxygen isotope ratio with elevation. The
low minimum ion concentration, especially for sodium and chioride,’
demonstrates that field.sampling and subsequent analytical procedures have
not bintroduced sngnifit::ant levels of contamination. This is consistent with M

&5y .
results of the two sets of blanks ar:d singie set of duplicate analyses

discussed in Chapter 3. _

5.1 ANALYSIS (éF SNOWPIT DATA

The time-series profiles of the chemical properties (sodium, chloride.

sulfate, nitrate, 6180) _and physical properties (density. debris and ice band
Y

locations) for all of the snowpits investigated, plus the total § activity. ;
conductivity and microparticle concentrations profiles specific to the Hispar
Dome site, appear in Figures 5.1 through 5.3. Seasonal trends can be identified -

1
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in all of the time-series profiles from the high elevation sites (Figures 5.1 &
5.2). Only the oxygen isotope profile shows good seasonal trends in the low
elevation sites (Figure 5.3). The seasonal stratigraphy can be dellne;’fe:i .in all
of the snowpits. The oxygen isotope record is the single most usoful profile,
as it consistently displays a regular pattern of sedsonal variations. Winter
precipitation is characterized by a relative depletion in the heavy isotope
conte;nt, which results in 2 more negative 6180 value: summer precipitation is
characterized by a relative increase in the heavy isotope content, which results

18O value. More negative values., termed ‘troughs’, i’gientify

in a less negative &
winter strata; less negative values, termed ‘peaks’, identify summer strata.-
Because of the strong seasonal pattern, distinct changes in the oxygen isotope
profile are used as reference horizons to define summer and winter strata in
all seven snowpits and the 15 m core. For the high elevation sites, seasonal
cycles that are not clear in the oxygen isotope profile can be clarified through
an analysis of the ion profiles. Confidence in the results increases with the

greater the number of different profiles which display concurrent seasonal

variation.

An analysis of the physical and chemical proflles from each snowpit are

—— g

summarized in Tables 5.2 through 5.8. These tables contain considerable -

information in a condensed form and provide a simplification of the pattern
displayed in the time-series profiles. In essence, the tables eliminate the 'noise’

in the profiles and identify the major trends which identify summer and winter .

strata.

The format of Tables 5.2 through 5.8 are briefly discussed below. The

first column identifies the parameter in question. The next four columns refer
¢
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to summer strata, while the four after that refer to .winter strata. Variations

_in the parameter for summer and winter are described using four catagories:

1. characteristic (peak or trough);, 2. timing of peak or trough (early, middle or
late in the season): 3. intensity of the peak or trough (weak, medium or ‘
strong): and 4. thickness of the peak or trough (narrow, medium or broad).
Underlining in certain cases identifies the predominant trend. The -last column
estimates the quality of the seasonal pattern (good, fair or poor). The bottom
two lines of each table deal with the timing and existence of dirt and ice

layers.

The following discussion only summarizes the data in Tables 5.2 through
5.8. and emphasizesi some important points. The snowpits are discussed in
order from the highest to the lowest elevation sites. The seasonal stratigraphy
assigned to each snowpit appears on the right hand side of Figures 5.1

through 5.3.

5.1 Highest Elevation Sites

Shark Col (5660m)

As previously discussed, ‘Shark Col' is subject to the effects of high
winds and avalanches which can aiter the record of precipitation. Rasults from
this site must therefore be viewed with caution. Despite this, seasonal
snowpack sﬁaﬁgrmhy can be determined from the time-series profiles (Figure
5.1A). A summary of the analysis'of the profiles is listed in Table 5.2. The net
annual Naccumula’ffon at Shark Col, for the 3 years of record, is consistently

60% of the net annual accumulation at the Hispar Dome (Table 6.1A). This

n
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. suggests that the record of accumulation at Shark Col is, in fact, reliabie.

Tﬁe oxygen isotope record displays good seasonal variation. The ion and
5180 profiles show medium to strong peaks during the summer. Sulfate and
nitrate show peak values which tend to occur in mid to Ia%'e summar. Peaks in
the sodium and chloride profile occur before or concurrently with those of the
sulfate and m;rate profile. The single most obvious ambiguty in the data from

Shark Col' 1s the discrepancy between the strong negative trend in the oxygen

isotope profile between 45 and 59 m and the weak to“fnoderate peaks in the- "

sodium, chioride, sulfate and nitrate profiles between 50 and 55 m. The

strong trend in the 6180 profile 1s given more weight than the weak to

N L4
modergte trend in the four chemical species. The layer is therefore interpreted

as wihter strata

}u(hurdopin Glacier (5520m) )

<

The profile; from the snowpit on the Khurdopin Glacier also display
good seasonal trends (Figure 5.1B). A summary of the anaiysis of the profiles
appears in Table 5.3. As with the Shark Col data. some ambiguities do exist
between the various chemical profiles. The oxygen isotope profile shows good
seasona;l variation. Superimposed on the broad summer peaks are several
narrow negative tr::ghsf ’Fhese are probably the result of a relatively colder
ar mass moving through the region durmg the surnmer. The broad trends in

" the oxy&n isotope proﬂle are gnven more weight than the narrow, relatively
Smgll s&@e dnsc:repancnes Peaks in the sodium, chlongie. sulfate and nitrate
*profile occur together _during mii:i to late summer. While the oxygen isotope
, Jorofile showsj Strong negative trend from 3.8 and 5 m, the sodium, sulfate
~ and mtrate proﬁles show moderaté peaks frgg A.to 46 m. More wsnghi» is

a7 y
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given to the oxygen isotope profile, and the layer is therefore considered as
winter strata. An ice layer at 3.8 m aiso contains high concentrations for all

four ions.

Hispar Dome (5450m)

The oxygen isotope. total B activity and density record from the
combined 5 m snowpit and 15 m core at the Hispar Dome provide the
deepest. and therefore the longest, record of snow accumulation. The record
of ion concentrﬁtrons. micropﬁrticle concentrations and conductivity extends
only to 525 m below the surface. Similar and straightforward seasonal
variations are evident in most of the time-series profiles (Figure 53 A & B). A

summary of the analysis of the profiles is listed in Table 5.4.

As mentioned’ at the beginning of this chapter distinct trends in the
oxygen isotope profile have been used as reference horizons to define
summer and winter strata The oxygen isotope profile shov:s strong seasonal
war:iatnOn for the first three summers. lon concentrations also show good
seasonal var;é\t:on. The sulfate and nitrate profiles are chgracterized by strong,
broad peaks which occur in mid to late summer. ‘The chionde and sodium
profiles show only a weak seasonal variation. Peaks tend to occur in mid to
late summer. however solitary peaks are also evident in the winter portion of

»

the profile. Peaks in the conductivity préﬁle aiéo occur in summer, but are .
generally na.rrow‘er', and not nearly as strong as the sulfate and nitrate peaks. v
Peak concentrations in both the small ‘(0.5070.63um) and total (0.50-12.7 um)
microparticies occur ea;Iy in the summer: the small size particle{s"diSplay

stronger peaks and a more distinct seasonal variation.

El
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The total 8 activity profile displays distinf:t peaks in early to mid
summer, for the first three summers. The peak values in the total g activity
profile coincide with horizons containing visible dirt The correlation coefficient
between total 3 activity_ 7and total microparticle concentration is 0.72 at the
0.001 significance level \(Appendix C). Unfortunately. the microparticle data -
stops at 5.25 m below the top of the snow pit, and therefore a concrete
relationship between the microparticlie concentrations and total 8 activity
cannot be established. Only the physical, total § activity and oxygen isotépe
records are available below 5.25 m. The summer strata in 1984'is clearly
identified by a sharp peak in the tc»talw B activity and a strong, broad peak in
the oxygen isotope profiles. The interpretation of the chemical profiles below
this is uncertain. The very weak peak in the oOxygen isotope profile extending

from 84 to 105 m can be interpreted as summer strata, bordered above and

below by weak winter troughs. This interpretation results in net annual

accumulation of 251 and 2.12 m water equivalent (w.e.) for 1983-84 and ‘sf“‘
%—83, respectively. On the other hand the trough extending from 7.5 to

122 m coulid represent one wigter‘s worth of precipitatio}\, resulting in net
annual accumulation of 463 m w.e. for 1983-84. 'I;his value seems very high
when compared to the net annual accumulation of 1.20 and 065 m w.e for
1984-85 and 1985-86. The second interpretation is supported by; the Iack of
any peak in the total 8 activity profiles. However, there is one sample missing
from the § activity profile, and there is a conspicuous {ack of a visible dirty
horizon at this level in the snowpack. On the basis of consistency two anmnual

layers are assigned to the snowpack from 36 to 122 m

R/ -
From 7 to 12 m below the surface.the seasonal variation in both the

8180“ and total § activity rocordasgfrdm the core is reduced (Figure 5.3A). Both

3
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record appear smoothed. Mass exchange by vapour diffusion can reduce the
amplitude of seasonal variations. This js limited when the annual accumulation
is greater than 0.25 m w.e. (Dansgaard et al. 1973), such as in the Karakoram
(Table 6.1 A & B). However. melting events do occur. Therefore the. ‘'smoothing
of the chemicai records in the core below 7 m is probably due to both the
percolation of meltwater, predomir;antly within summer strata. combined with
compaction. and perhaps distortion. of the record with depth. Molecular
diffusion n ice I1s a very slow process and would therefore not seriously_}___ﬂ

effect shallow cores of this nature (Patterson, 1980).

A distinct transition occurs in the physical characteristics of the core at
12.2 m (Figure 5.2A). An abrupt contact marks the chan?ge from fine grained
granhlar snow with a density of 590 kg/m3. to a clear. icy layer contaiming
enclosed air bubbles, with a density of 820 kg/mg. Below 12.2 m the density
profile shows a distinct pattern 63‘ alternating high density. clear, icy layers
(represented by the stipled pattern) and lower density, white granular layers.
These characteristics suggest that meltwaterﬂhas played a role in the relatively
shallow transition of firn to ice. Perhaps this'portion of the core represents a
period of accelerated meiting. Other studies gn the wet snow zone of glaciers
have identified abrupt firn ice transitions at similar depths. Sharp (1951)
recognized a sharp transition of firn to ice at a depth of 13 m on the Upper
Seward Glacier. Vallon et al. (1976) found anﬂabrupt firn 1ce transition at 32
m in the Vallee Blanche in the Alps. Meltwater speeds up the transformation
process by increasing the setting rat@* 3t sintering of snow crystals

{Patterson, 1981).

-

[l

Of special interest in the total 8 activity profile (Figure 5.3A) are the
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two sharp peaks: one at 5.10-5.40 m—733 dph/kg) and the other at 19.1 to
194 m (1v630 dph/kg), below the snow surface. The first peak at 5.1 to 54 m
is- of the same magnitude as the maximum total § activity peak (639 dph/kg)
found at 15.4-1596 m in the core from Sentik Glacier in the Ladakh Himalaya
The peak in the total § activity profile from Sentik Glacier coincides with the
(1963 thermo-nuclear test level. (Mayewski et al., 1984). The peak at 5.1 to .5.4‘
m in the Hispar Dome Core is assigned to the summer of 1984. This peak

does coincide with a dirty. ice layer suggesting that the of the total g activity
has been concentrated by surface melting and subsequent adsorption of beta

active material onto dust particles (Prantl, 1973; Ambach, 1968).
¥

The peak at 19.1-19.3 is extremely hign There appears to be no
comparable peak in the Sentik Glacier core. This peak could bé assigned to the
Chinese nuclear weapons tests in the early 1?70‘5 or the early 1980s. Total
activity measurements of precipitation in Taiwan show a sharp peak in June
of 1973, which is attributed to atmospheric nuclear weapon testing at Lop Nor
(40 N: 90 W) in mainland China (Weng et al. 1577). Assigning this peak to
increased atmospheric levels of Ytotal o activity in 1973, results in a mean 7
.annual accumulation rate from 1973 to 1982 of ~0.73 m w:e. This is low in
“Al:elations to the mean annual a;ccumulation rate from 1982—1586 of 162 m
Q.e. if the chronolc;gy for the total 8 activity peak at 19.1-19.4 m is correct,
the data sugges;ts that a portion of the reco‘;d has been -lost, presumably

through intensive ablation at the Hispar Dome site. Assuming this period of

. intensive melting did occur, the resulting downward percolation of meltwater ~
. N 4 =3
carrying with it radioactive material, provides an appealing mechanism for the *:

«

concentration of beta active particles resulting in the large total' 8 activity

spike at 19.1-193 m.
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High.concentrjatio:;:s in the total 6 activity of air and precipitation
samples were measured in 1981 by Health and Welfare ‘Canada (Dr. Eaton,
pers. comm.), presumably due to atmospheric nuclear wea;pons testing by the
Chingse in October of 1980. Assigning the peak at 19.1-19.3 m to the winter
of 1980 resultssin a mean annual accumulation rate of 290 m w.e. which Is
almost comp;arable to the rate of 251 m we. in i983~84, but still much

¥
greater than the four year mean of 162 m w.e. This question remains

unresolved.

1

u

The vertical distribution of+ice layers. a:nd horizons that contain visible
debris is similar for all three higher elevation snowpits. The data is
summarized at the bottom of Tables 52 53 & 5.4. Only one out of twelve
summer strata (Shark WCoI, summer 1985) does not contain at least one ice

!

layer. On the other hand, six of the ten winter Strata also contain ice layers. -,
For the higher elevation sites. ice layers are considered a ‘poor indicator of “
summer strata.

* Horizons with visible debris are basicaily restricted to summer strata,
but occur in only six of the twelve summer layers. While debris bands are
characteristic of summer strata, the}r occurrence is not ubiquitous. Debris
bands therefore help identify summer strata, but do not necessarily define
summer horizons. Rather. debris bands }e indicative of events such as

pronounced surface ablation or an increase in the amount of debris

transported to the site.

<
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5.1 Lower Elevation Sites

All :of the four lower elevation snowpits display similar chemical profiles
and are therefore discussed together. The chemical and density profiles are
illustrated in Figure 5.3. A summary of the analysis of the chemical and
physical records from each snowpit appears in Tables 5.5Q through 5.8. As with
the higher elevation sites, the 6xygen isotope record from these four snowpits
displays a stroﬁg, distinct pattern of segsonal variation. Iﬁ the three snowpits
above the Equilibrium Line, the end of the 1985 summer season is also

S .
identified by a horizon containing visible dirt, adjacent to an ice layer. Visible

dirt layers occur nowhere else in the profiles. This is a strong indication that a_

physicat -analyses of snowpits at these elevations can accurately delineate

annual snowpack stratigraphy for the most recent year of snow accumulation.
This increases confidence in the results from the two snowpits investigated in
1985 (Young, Hewitt and Wake, 1986).

% —

The invesﬁi(gationmof the four low elevation snowpits over a 46 day '
period allows for an analysis of the evolution of the upper snow surface
within Lukpe Lawo. The three snowr'aits investigated from June 15 to July 4
display no visible dirt at or near the surface despite clear, oper/ sky -
conditions for most of this period. Only at the Hiépar Glacier East snowpit,

e

which was examined on July 31, was there a dirty horizon near the surface.
o

This example suggests that in this elevatlon range. dirty horizons are formed

only *after a lengthy period of ablation, or perhapd during periods of increased
debris transport. ~ While samples from all four snowpits were analysed

for their sodnum content only samples from three snowpits were analyséd for

o

their. anion content The one obvious charactenstnc which - separate; the lower

1y Lo

&
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elevation sites from the higher elevation pits is the poor to non-existent

! W
seasonal pattern in all.of the ion concentration profiles. Peak ion D
concentrations occur both in summer and winter strata, but do not reveal

distinct, seasonal patterns.

There are three possible explanations for this. First. the lower elevation
sites experience warmer ar temperatures. Percolation of mgltwater could have
transported ions downward, thereby altering the chemical record in the
snowpack. This appears to be the case in the Hispar Glacier East and
Approach Glacier profiles (Figure 6.3 C & D). Second, three of the four
snowpits show only one year of data The ‘short period of record makes it
difficult to clearlf decipher annual cycles. Thirdly. the source of c_hamncal
inputs could be different for thé lower and higher elevation sites. Mayewski et
al. (1983) collected a series of fresh snow samples over a range ofglevations

in the Ladakh Himalayas. All fresh 'sno,w samples were collected within 24

%
hours, following the end of the precipitation event They noted a distinct

—

‘change in the chemical content of fresh snow above and bplow 5300 m in the

Ladakh Himalaya. This was att;ii:uted to precipitation from two discrete air
V) .
masses with different chemical signatures.

52 ANALYSIS OF FRESH SNOW DATA J L

| ﬁ

2 .
A summary of the time and Iocaison of fresh snow sample collection
along with the chemical characteristics of the samples are listed in Table 59.
Overall ‘the samples éhgw relatively‘, low cor;gpntraﬁons of sodium andgchloride.
That is characteristic of the win and early summer strata displayed in all of Q

L
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the chemical profiles (Figures 5.1 through 5.3). Nitrate and sulfate
i'E'cfsm:en'\’tratic:ns display considerable variation. Perhaps this accounts for some

of the isolated peaks visible in records of these ions.

The suite of nine fresh snow s;mp!es collected over a range of
elevations on July 28 provides a good comparative set of data. The storm
that éeposited this snow approached from the west Cloud base was at the
5,500 m level. The mean sodium and chloride concentrations are low, 12 and
33 ppb. resf:ectively. This indicates that air coming from the west holds
relatively little sodium and chloride. The sulfate and nitrate content of the
samples show a cor;siderable increase in concentrati;:n Wi&' increasing
elevation (Figure 5.4B). While there 1s some variation in the sodium and '

chlioride concentrations with e[evation, there 1s no obvious trend.

"Three fresh snow samples were' collected within 10 1:m of each other
on top of the Hispar Dome at 08:00, 1100 and 14:30. July 28 was
characterized by clear sk);:conditit;ns:’the» maximum temperature was 12 ° C.
Figure 54A clearly ‘illlustrates the elution of all four 1ons from the fresh snow
on the surface. Chloride was eltited most quickly from thé snowpack, a;nd
between 08:00 andi1 4:30 show a five fold dec}eajse in concentration. Sulfate

and nitrate eluted at about the same rate, and ';-espectlvely show a three and
. ) .
two-fold decrease in Eoncentration. Sodium shows a two-fold decrease ‘in

(%
concentration.

1



TABLE 5.1 SUMMARY OF SNOWPITS INVESTIGATED

Q |

LOWER ELEVATION SITES

EQUIL.
y LINE
DATE June 15
ELEVATION 4650/
“{m/ft) 15.250
ASPECT SW
DEPTH(m} 2.3
# of samp. 16
den51ty(kg/m3)
mean 415
s 189
mean '-14.0
min -22.9
max -4 .9
Na:Cl
mean 0.41
min 0.24
max 0.65
Naippb)
mean 17
min b
max 39
Cl(ppb)
mean 40
min 20
max 88
NO.,(ppb!
mean 218
min 73
max 503
S0,(ppb)
mean 143
min 17
max 428

i

33

HISPAR
GLAC. E.

July 31

4830/
15.840

E
4.8

33

470

-14.5
-26.3
-5.1

© 0.85

0.14

1.92

117

50

143

224
430

121
397

WHALEBCK APPROACH
GLACIER GLACIER

June 21

4900/
16.070

SE
4.5

20

490

-18.1
-24.1
-3.2

IN THE CENTRAL KARAKORAM

HIGHER ELEVATION SITES

HISPAR
DOME
July 4 July 27
5100/ 5450/
16,730 17,880
£ -
4.8 5.0
40 41
535 450
-17. -13.0
-26.8 -21.6
-3.8 -2.9
0.51 0.46
3.10  0.11
0.1 - 0.95
16 13
1 2
7 37
19 28
1 9
80 5¢
¥
96 154
-3 22
299 475
47 82
5 13
188 285
81

KURDOPIN SHARK

GLACIER
July 5

5520/
18,100

W
10.0

73
470

-16.2
-29.7
-2.1

625

50
10
370

167
33 .
625

128
20
1210(?)

coL
June 26

5660/
18,570

E-W
7. 8‘\\
54

440

-13.9
-24.6
-0.5

0.43—
g.08
0.77.

19
1

“110

44
11
220

197
41
1000

135
15
527
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’ o CHAPTER 6

A3

"DISCUSSION AND CONCLUSION ,a
g
. ‘ . ,
A detailed description and analysis of the time series profiles from the

snowpits and core, as well a}w analysis of fresh snow data, is given in Chapter
t 4 a

5. The net seasonal and annual accumulation for each site, determi?ed from

the analysis in Chapter 5, appears in Tables 6.1, A & B. These results provide
the basis for the interpretation of the altitudinal lateral and temporal variation
of snow accumulation within the Central Karakoram. The timing and source ‘?f:

chemical inputs and the effects of. regional atmospheric circulation are also

discussed bé\lo%“g/ -

6.1 ALTITUDINAL VARIATION

in order to compare snow accumulation data from as wide a range of |

elevations as possible, th"interpretation concentrates on the net annual
accumulation for the 1985-86 accumulatron. year. On the basis of net annual
accumulation, the study sites within the Biafo Glacier Basin can be separated
into three distinct groups whicP; represent three elevation bands (Table 6.2).
There is a significant increase in net annual accumulation for the middle’
elevation 'éites. -as compared to the ‘high and ’low’ elevation sites. Maximum

accumulation in the Biafo Glacier .Basin therefore occurs in the: elevation band

from 4900 to at least 5100 m. This band could extend .as high as 5200 or_

5300 m; unfortunately no data was collected at these elevations.

The zone of maximum accumulation from 4900-5100 m is best
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explainog by the combined effects ofbtwo different processes. Many sources,
including Peattie (1936), Fiohn (1974), Barrie (1981) and Price (1981), hafle
identified an increase in the amoJ.nt of precipitation with altitude in the Alps,
the Rockies, the Hlmalayas and other temperate and subtropical mountain
ranges throughout the world. Precipitation increases with altitude primarily
becausa mountains obstruct the movement of air and cause it to rise. The
effect of orographic lifting becomes stronger as the wind velocity increases
with height (Flohn, 1974). The Alps show an increase in the amount of
precipitation with height up to 3000-3500 m. In the Hindu Kush, the Pamirs

and the northwestern Himalaya precipitation increases with altitude up to

3200-4200 m.

In 1973 the net annual accumulation at 4840 m in the a'ccumulation
zone of the Batura Glacier was 1.03 m water equivalent (w.e), more than ten
times the annual precipitation “measur.ed a?2680 m in the valley bottom
(Batura Investigation Group, 1979). Three snowstorms in early June 1986
deposited about 0.30 m we. of snow at 4650 m. However, during this perlod
only trace precipitation was recorded at Baintha Base Camp (4080 m). As
discussed in Chapter 3, the increase in snow depth with altitude on the Biafo

—_—

Glacier, as measured on June 18, 1986 (Table 3‘1) reflects the increase in
precipitation with elevation. The increase in ;:\cfr;ulation up to an elevation of
5100 m in the Bia\;o Glacier Basin can certainly be explained by an increase in
precipitation with height, caused by orographic lifting. Howgqver, a second very
important process, involving change in the pattern of deposition of snow due

to the action of the wind, must aiso be considered.

Wind Eonditions in summer within the Biafo Glacier Basin are generally



,‘T‘
moderate to calm in both the: ablation zone, and in the broad, relatively flat
areas of the accumulation zone, of the Biafo Glacier (ses Chapter 2 fog,
disc.:ussioi;a). We know from our experience that during the summer, wind
speed is considerably greater over exposed ridges and peais at high

L

elevations?Uﬁfortunately. wind\* conditions at higher elevations in wir;ter are,
unknown. However, Hewitt (pers. comm) states that storms on the Biaf;
Glacier in the winter of 1961-62 occaéionally resulted in high winds that were
diffic;lt to stand up in. Strong winter winds are certainly rgflected by the 14 e
— wind-swept surface of large medial moraines, and the 2 to 3 m of -
wind-drifted snow that accumulates in hollow: within the lower half of the
Biafo Glacier. One expects that t;mese wings wc;uld* be even stronger in

exposed areas at higher elevations.

-

It is ir{terestinfg that the zone of maximum accumulation from
4800-5100 m cdincides perfectly with the broad. open areas in the
accumulation zone of the Biafo Glacier. which accounts for the bulk of glacier

cover.in the basin (Figure 2.6). The strong relationship between snow

! .

wind conditions in winter, suggests that a portro’rf of the snow accumulation in - -

accumula';ion and basin morphology. cc;mbined with a rough knowledge of

the elevaton range from 4900-5100 m is due to the redistribution of snow
by strong winds, both during precipitation and foilowing deposition. This, ﬁin
effect, creates an overcatch situation within the broad, flat, protected-areas of
Lukpe Lawo. This is a function of strong winds at high altitude, especially
those accelerating over peaks and ridges. keeping snow in suspension, while

-«

the relatively sheltered, deeper air column over the broad, flat areas of the

accumulation zone acts to trap snow.

92
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higher elevation. The 'similarity in basin morphologies. combined with the \

)

- - -

The net annual accumulation for the Khurdopin.Giacier (5520 m) for
1985-86 ;vas ;’231 m w.e. This is much gr;eater than the‘net annual
accumulation of 0.71 and 1.20 m we. measurgd at Shark Col (5660, m) and
Hispar Dome (5450~ m) )'espectwely A similar relatlonshlp exists for net annual
accumulation betweeri the three sites in 1984-85 (Iable 6.1A). This duscrepancy
between the r&‘ta of snow accumulation at the higher elevation é[;;s can be
explained by thgt'obvious differences with respect to site characteristics. Bath
Shark Col and the’ Hispar Dome are relatlvely exposed sites at high elevations.

iy
While the Khur;jepm Glacier snte is also at a relatively high elevation, the

»
snowpit was located in the broad, flat area of the accumulatlon zone, The
basin is surrounded by steep walls. Morphologically. the accumulation zone of 4

*

the Khurdopin Glacier is much like Lukpe Lawo, on a smaller scale aod"&tse

N

4

relatively high rate ¢f snow accumulation in the broad, flat, protected areas of
the accumulation zones within both glacier basins suggests that the elevation
Y\

of maximum snow accumulation at both sites 1s dependent upon basin

morphology.

In summary, élevations from 4900-3100 m represent the zone of
maximum accumulation within the Biafo Glacier Basin. This 2 ; probably
extends as high as 5500 m in the Khurdopin Glacier Basin. The al'éitudinal
varia:ion of snow accumulation within the Central Karakoram is best explained
by a combination of two processes: an increase in precipi%tion with elevation;
and ‘the redistribution of snow by strong winds resulting in an overcatch
situation within the broad, protected areas of the accumulation zone. The
elsvations over which winds redistribute snow is dependent upon the
area-altitude relationships of the glacier basin. As the amount of snow

v
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deposited by direct precipitation is altered by the redistribution of snow by

wind, a quantitative assessment of the increase in precipitation with elevation,

— : R
or the identification of a zone of maximum precipitation, are doubtful

! ~possibilities, even with an increase in the number of data points. However, the

. /
data we have indicates that precipitation increases at least up to the 5000 m
level, and net accumulation is greatest within the fiat, broad protected areas

.of the accumulation zones of Central Karakoram glaciers.

6.2 LATERAL VARIATION

"There is little variation in the net annual accumulation between the
groups of lower and middlé elevation snowpits. The Equilibrium Line and
Hisr;'ar Glacier East snowpits, separated by 7 km, show a difference in net
annual accumulation of 0.17 m w.e. The difference. between the Whaleback
and Approach Glacier sites, separated by 5 km, is only 0.083 m w.e. The Hispar

’,
Pass and Lukpe Lawo snowpits investigated in 1985 show a difference of

0.15 m w.e. This suggests 3hat accumulation for any given elevation band

within the broad, flat areas in the accumulation zone of the Biafo Glacjer is

relatively uniform. Moreover, this is also a good indication that, within any:

elevation band, the snowpit locations chosen during 1985 and 1986 provide a
LS

‘representative’ safiple for the whole basin, inthe sense that none seems

subject to major disturbances by wind or avalanches. "

~

Ed

On the other hand. we know there exists strong local variations in
accumulation due to aspect, local relief or proximity to steep basin walls
within the accumulation zone of the Biafo Glacier. Wind and avalanches play a

[ 4

Bl
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key role in the local r;d;s‘h'ibution of_snow. However,"as long as samples of

net annual accumulation can be obtained that measure or bredict average

L3

basin accumulation by elevation, we can then det\?rmme the large scale .

variation in accumulation, as opposed to small scale local variation. . '

With this stratified view of snow 'accumula_tion in the .accumulation zone
of the Biafo Glacier combined with area altitude relationships, a crude estimate
of the moisture input during the 1985-86 accumulation year can be calculated
(Table 6.3). Each elevation band covers 300 m. Snowpit data exists for 4 of
the 7 elevhtion b:?s These 4 elgyation bands represent 90% o?tm glacier

b

M i £ LI
covered area in asin. Moisture iné.lt in the accumulation zone of the

. Biafo Glacier is estimated to be on the crder(&of (55 km3 of water (Table 6.5).

This represents 75% of the estimated meltwater production from melting icew in
the ablatio;-\ zone of the Biafo Glacier (Table 2.1). Accepting the relatively )
crude method of estimation, these results are“promising. The error of such ‘-
extremely simplified, large scale estimations is probably greater than the
observed differenSes. However, these estimations provide us with a rough
framework from which we can begin to quantify the vari‘;.»us components of

the hydrological system in the UIB. This represents a crucial step towards a

better understanding of snow and ice hydrology in the ulB.

o
N

6.3 TEMPORAL VARIATION -

This section deals with two different scales of temporal variation;
seasonal and annual. The seasonal variation is interpreted using the data from
all of the snowpits. Variations on the annual scale concentrate on the net
annual accumulation data from the high elevation snowpits, and deals

- 95 ’
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especially with the 122 m of reliable data from the Hispar Dome site. J

A3

The data from all sites for 1985-86 sites show that-30-50% of the net «

i

annual accumulation occurs during the summer. However, the 1986 net

summer accumulation listed in Table 6.1 does not include accumulation from a

"l;rge snowfall évent that we know ‘occurreg in early August This suggests

that  the relative contribution of summer aécumt.cgation is possibly greater than

50%. This supports our original feelings, after witnessing large snowfall events
. . o i

during the summer of 1985 and 1986, tha? snow accumulation during the

‘summer can be considerable. T .

Net summer accumulation at theﬁHispar Dome site in 1983 and 1984
was 3 and 6 ’times net summer accumulation in 1986, respectively. It has
been demonstrated that summer snowfall in glacierized basins substantially v
decreases the rate of melting for short perioﬁs of time (Young, 1977). The
experience of the Snow and Ice Hydrology Project during 1985 & 1986 at
gauging stations ‘i‘n the U.B. indicates a dramatic drop in discharge during, and
for some time after. extended summer storms, even thoufh these storms are
accgmpanied by ﬂh’é’avy rainf;Il in and below the ablation.zones (Figures D.1 &

D.2). Summer precipitation from storms that extend over a few or more days

is therefore inversely proportional to discharge. The reductlpn in discharge is e
most likely due both to the increase.in cloud cover accompanying summer *

storms which decreases the amount of energy reaching the surface and

therefore decreases the rate of melting (Wake, 1985), and an increase in the
surface albedo, predominantly in the upper portions of the ablation zone, This

type of response to precipitation within the ULB. demonstrates that melting

snow and ice provide the predominant control on the (';emporal variation of

N\

- ¥
-

[
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runoff.

i

+  With a significant increase i summer accumula:tion in 1983 and 1984,
one might expect a corr&cbonding decrease in annual discharge. The annual
variation in discharge for three gauging statiogs in the U.B. are illustrated in
Figure 6.1 and listed in Table 6.4. Contrary tis expected trend, all three

stations show above’ average discharge in 1984; two of three stations shoy\% -

- above average discharge fo} 1983. Th“ereforms the summer of 1983 and

&

1984 show no reduction in annual runoff, it is unlikely that increased e

accumulation was caused by storms occurring throughout the summer. Rather,

_tha _high levels of summer accumulation were probably a result of an «

intensified period of precipitation, similar to our experience in August both

1985 & 1986 (Figures D.1 & D.2). The sharp decrease in the runoff

. hydrographs from the gauging stations in the UIB. on July 3 & August 8,

1983, and July 3 & August 18, 1984 (Figures D.3 & D4) are indicative of
intensive summer precipitation ;ccompanied by extensive cloud cover.
Therefore, data from 1883 through to 1986 suggests that increased summer
accun‘:'lulation is a result ’of;e.lc:vt frequehcy-high magnitul:le precipitation events,
on the seasonal scale. These storms result in a dramatic short term decrease
in discharge. A more concrete relationship could be established by first,
determining the variation in runoff for 5 day periods with respect to the long
/term mean, and second, by obtaining a fonger term record of summer

accumulation. In addition, a more complete chemical analysis of the snowpack

~ would help identify the predominant source of moisture for ﬂ%se summer

_storms.

)
J

\ ¥
'k‘ N
‘V’ [

Finsterwalder (1960) stated that when the monsoon broke into the
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Karakoram in the summer of 1959 snowstorms, which resulted in substantial
accumulation of snow at higher - slevations, were accompanied by very heavy
precipitation in the valleys. The summer prgfipitation records for Karimabad
(36 19 N; 74 40 E) in the Hunga Valley appem; in Table 6.5..The 1983 and
1984 summers show below average values for summer precipitation. .This
reinforces the point that precipitation measurements at valley bottom stations,

' 4

such at that at Karimabad, provide little indication of conditions at h'vgher
“
1 &

elovatfons.

A rough indication of the strength of the summer monsoon in the
north-west quadrant of the subcontinent js provided by the summer rainfall
récords from Srinagar (34 05 N; 74 50 E). This dat‘a"éfiginates from the
Monthly Climatic Data for the W;rld’ (NOAA, 1982-1986), and appears in Table
66. The 1983 and 84 sum;mers show substant%ally moré” precipitation than the
summers of 1985 and 1986. For tl'ielfour summers from 1983-86, the |
variation in summer precipitation at Srinagar roughly corresponds to the
variation in net annual accumulation at the Hispar Dome (Table 6.6). Concrete
conclus;i;ns cannot be drawn due to the” short time period represented by ﬁtha
data set | Hoyvever. the deta do suggest tttq!;e is a relation between summer

precipitatioh in Srinagar and summer accumuiation in the Central Karakoram. .

6.4 SOURCE OF VARIATION IN"CHEMICAL INPUTS _
Variations and timing of peak concentrations in the ion profiles with

depth not only delineates seasonal layers, but can aiso potentially provide

_ valuable information concerning the source of chemica) finputs and atmospheric

98
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- sites 'is also discussed. As previously mentioned, the ion concentration records

from {he lower elevation sites are difficult tc interpret The correlation
between the various geochémical parameters with depth appears in Appendix
C. anc}jpdicates that variations in sodium and chioride are well correlated, as

sare variations in sulfate and nitrate. These two groups of ions will b&

s

discussed separately.

Sodium and Chioride

e J
p—— -

Variations in sodium and chloride concentrations with depth are closely
related: correlation coefficients for sodium and chloride for each snowpit are
0.83, 0.92 061, 0.73. Y71 & 0.81, at the 0‘,001 sig,nificance level (Appendix C).
This close relationship between sodium and chioride suggests a c;mmon .,
source. The mean sodium-chloride ratio for all samples from the Karakoram is
054, and is very close to the sodium chioride Eatio of 0.56 calculated for
seawater (Duxbury, 1979). It is apparent from the Na:Cl pro:‘iles in Figures 5.1
through 5.3 {h(;t the sodium~chioride ratio varies from sample to sample. )
HowevWiation seldom results in a substantial deviation from the
mean. The strong relationship between variations in sodium and chioride
concentrations for all of the snowpits, combined w?th the bulk édium-chloride
ratio_for all of the snow samples tha{ is very close to the average
sodium~—chloride ratio in se;water strongly suggests a marine source for the
bulk of sodium and chioride v:iithin the Central Karakoram snowpack. Sodium-
concentration does not increase in samples with visible dirt Therefore crustal _
weathering of local material is not considered as an important source of

<
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sodium in the Karakoram.

]
.

Sodium and chloride commonly show relatively low concentrations in

wmteﬁ_ indicative of moisture derived from the west A storm that approached
x -

from the west on July 27 deposited 5 cm of snow at the Hispar Dome site.
Fresh snow samples collected from this snowfall show relatively low
concentrations of sodium and chloride (Table 59). This provides further
evidence that moisture brought to the region by the Westerlies are

éharactenzed by a low sodium and chloride content.

Interpretations by Mayewski et al. (1984) suggest that high
concentrations of sodium and chioride in the Ladakh Himalayas occur in

summer, and are due to moisture derived from the Arabian Sea. Peak

‘concentrations of sodium and chloride commonly occuf in mid summer in the

Central Karakoram. The i:omcxdlng summer peaks 1In the sodium and chioride
proﬁ]p‘é for the Karakoram are therefore tl;aught to reflect the influx of
moisture from the Arabian Sea. Low winter concentrations, especially for
chloride, are attributed to westerly marine source§ more distant than the
Arabian Sea. most prébably the Atlantic Ocean or the Mediterranean Sea
Lowe*mean concentrations of sodium and chioride from the Central
Karakoram, compared to those from Se‘iatik’-‘_) g‘ﬁcxer n thf Ladakh Himalaya
(Table 6.7) demonstrates the great%r influence Westerly derived moisture -has
on grlgipitation in the Karakoram. The concentration of ch{ornde in a marine air
mass deéreases as a function of increasing distance from the coast (Eriksson:

1959 & 1960).

8

For the higher elevation sites. the sharp summer peaks in chioride and
' .
sodium, indicativer of moisture derived from the Arabian Sea, commonly span a

100
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vertical distance of only 15-45 cm (Figures 5.1 & 5.2). This suggests that o
during 1985 & 1986, only 15-45 cm of summer snowfall was derived from
the Arabian Sea. The low sodium and chioride concentrations, which dominate

B . i L3
in the winter portion of the snowpack, are also apparent in the summer strata.

* These Iow*concentrations are indicative of moisture derived from the west
Summer snowfall therefore appears to originate from both the Atlantic Ocean
and the Arabian Sea. Varnations in the strength and intensity of the summer
monsoonal circulation could account for the large variations in net summer
. accumulation that occurred during 1983 and- 1984 in the Karakoram. As stated
above, summer precipitation in the Central Karakoram appears to be related to
the strength of the Indian Monsoon. This suppo;ts the conclusion of Mayewski
et al. (1980). They attribute the advances in Karakoram glaciers c;iu@n_g the

.

period 1890 to 1910 to strengthened circulation of the monsoon. This would

have increased the influx of moisture to the Karakoram from the south.

X

~

Sulfate and Nitrate

The sources of sulfate and nitrate are numerous and often cannot be
positively identified: The following is only mearit to be a discussion of the

possible sources of suifate and nitrate for the high Karakoram.

Sulfate and nitrate display-peaks which commonly occur in mid to late N
summer and tend to span a vertical distance greater than 60 cm. Sulfate and
nitrate are weil correlated in all of the snov;/pits (Appendix C). Both anions
display a good. very similar seasonal pattern in the profiles from the higher
elevation sites (Figures 5.1 & 5.2). Several studies have identified specific

sources of suifate in Greenland snow (Herron, 1982; Neftel et al, 1985:
B R
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Mayewski, et. al, 1986). Sulfate originaf'es from the ocean, voicanism,
anthropogenic activity and biogenic emissions. Sulfate supplied by the ocean is
transferred to the atmosphere by two principal mechanisms. Aerosol formation
by injection of droplets into the atmosphere by breaking bubbles within
whitecaps is well described by Blanchard (1963) and Macintyre (1974). All
dissolved ions in seawater are effected by this process. The degree of
geochemical fractionation is variable, but recent work suggests that it is
negligible for the major ions (Macintyre, 1974; Hoffman et al. 1980). Both
sodium and chloride can be used as a reference to estimate the seasalt
contribution of sulfate to marine aerosols. By muitiplying the overall me&
concentrations for sodium (24 ppb) and chloride (38 ppb) by the
sodium-sulfate (0.25) and chloride-sulfate (0.14) ratios in seawater.
respectively. the sea salt-associated sulfate can be estimated. The results
indicate that. on average, only 5-6 ppb of sulfate 15 associated with sea-salt. -
While this obviously varies from sample to sample. it indicates that sea
salt-associated sulfate represents a very small percentage of total sulfate in
the samples. and can therefore not account for the seasonal &Sriatnon In
sulfate. Subtracting this sea salt-associated sulfate from the totgl sulfate

results in “excess’ sulfate.

Biological activity is sea surface waters supplies sulfur dioxide to the

marine atmosphere (Nguyen et al., \d_g_zg).ﬁExcess sulfate concentrations of

marine origins- can be explained by the oxidation of(\ marine sulfur dioxide

(Bonsang et al. 1980). The biogenic sulfate flux 1s comparable to the sea sait

production, indicating an enrichment oT sulfate in marine aerosols by a factor

of 2 (Bonsang et al. 1980).

Tm—
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While a volcanic source of "excess’ sulfate. in the high Karakoram

cannot be ruled out, the random nature of volcanic events éannot account for

the seasonal variation in the sulfate record. India is the closest source of

//—-\

anthropogenlcally produced sulfate. This sulfate could be transported into the

Karakoram during the summer at the same time that moisture derived from

h

the Arabian Sea is drawn into the region. Biogenic emissions are a source of
both sulfate and nitrate and are therefore discussed together in the following

paragraphs. A

w0

A variety of different sources for nitrate plus nitrite in the Ladakh

_Himalaya are reviewed by Lyons and Mayewski (1983). Their interpretations

concerning the potential sources of mtrate in remote reguons are. in a general
senss, apphcabl& to the Karakoram, with one exceptuon Above 5450 m, nitrate
and sulfate concentrations in the Karakoram §nowpack show a stro"ng seasonal
variation. Relatisgiy broad peaks are charactef;istic of summer horizons. Regent
studies jin tropical to semi-tropical rain forests (Lawson and ‘Winchester, 1979:
Staliard and Edmont 1981) indicate that both sulfur and nitrogen are injected
into the atmosphere by biological emiésions, primarily from plant exudates. -
Nitrogen gases are also more readily liberated from the soil during the warm
season (Yaalon, 1964). The valley bottc;ms in the Karakoram are in a semi-arid
re?ion which experiences a short growing season. Biological output is
seasonally controlied. Intensive pliant growth nf restricted to villages in the
main river valleys below about 3000 m. Open pasture is common up t(: 4000
m and extends above 4600 m. I the biological activity of the crops and
pgstures isvsufficient to produce a substantial portion of the nitrate and
sulfate content measured in the snowpack above 4650 m, then seasonally

controlled biological emissions could account for the observed seasonal
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variation in the sulfur and nitrate profiles (Figure 5.1 & 5.2). The extensive tise
q
of natural fertilizer during the summer is another possible seasonal source of

nitrate.

A second difference is apparent between the nitrate records from the
Sentik Glacier and the Central Karakoram. The mean nitrate :oncentrhation of
the samples from the Karakoram is almost 3 times the r;'rean nitrate plus »
nitrite concentrationof the Sentik Glacier core samples (Table §.7). it is
tempting to attribute thig excess nitrate in the Karakoram to biological

emissions, as it would conveniently explain the seasonal nitrate signal in the

Karakoram snowpack. This s:ubjéct deserves further investigation.

6.5 CONCLUSIONS

This research provides the first detailed assessment of snow
accgmulation in the Karakoram, and its variation with respect to space and
time. Net annual accumulation is determined at seven different sites in the ™~
Central Karakoram through an'an‘alysis of the chemical and physical
charactzristlcs of the snowpack. The sites cover a range of elevations from
4650 to 5660 m asl., over a wide geographic area (Figure 2.5). The deepest
record shows reliable data for a four year period from 1982 to 1986. The
results (Table 6.1, A & B) provide information on a number of different

aspects of snow accumulation in the Central Karakoram.

For the Biafo Glacier Basin maximum accumulation occurs in the
elevation band from 4900-5100 M. and for 1985-86 net annual accumulation

was 190 m water equivalent This probably extends as high as 5500 m in the

LN



Khurdopin Glacier Basin. This zone of maximum accumulation is thought to
result from a combination sof two processes. First, pregcipitation inﬁreases w}th
increasing elevation, at least up to 5100 m. Second, the Biafo Glacier and
khurdopin Glacier Basins are rélatively protected from the strong winter wig;ds
whi;:iw are characteristic of the area. This creates an overcatch situation wh;re
blowing snow, originating both during precipitation events and resuspended

- . - A
following deposition, is trapped within the broad, flat areas.

For any given elevation band, accumulation in the broad flat portions in
the accumulation area of the Biafo Glacier is relatively uniform. This is a good
i;ndication that the locations chosen for gthe snowpits within the basin are
represent;tive of the basin in general. Crude estimates. were calculated for
moisture input in the acct;mulation zor:; of the Biafo Glacier., using the snow
accumulation data presented in this study. For the 1985-86 season, moisture

3

input was on the order of 0.5 km°of water. If this value is correct it

represents about 0.7% of annual runoff from the ‘Upper indus Basin.

Net summer accumulation appears to have increased substantially during
1983 and 1984. Interpreting a wide range of hy&rological and meteorological
‘data, in relation to summer precipitation events, suggests that increased

Y -
summer accumulation is due to one or two intensive storms, as opposed to a

large number of storms occurring throughout the summer.

The timing and strength of peak concentrations in the sodium and

~ chioride profile indicate that precipitation from westerly air masses dominate

during winter and spring. The data also suggests that air masses derived from
the Arabian ocean deposit precipitation «in the Karakoram each summer. Nt
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summer accumulation during 1985 and 1986 accounted for about 30% of the
total. The large increase in the amount of summer precipitation durlng 1983
and 1984 could be attributed to strengthened monsoonal circulation, however

this needs further investigation.

Evaluation of Techniques

The results demonstrate that glaciochemical dating is an efficient and

effective method by which to determine the spatial and temporal variation of

El

net annual accumulation in remote, high altitude., temperate alpine

environments, such as the Karakoram ’Especim important in regions for which
!
a noO data exists, this techniqueglables one to prdFuce paleociimatic records for

—— - P,
use in both climatic and hydrological™ investigations: In addition. the chemical

records provide valuable data concerning the source of morsture.

The oxygen isotope record represents the single most useful time-series -

' profile because in consistently shows a recognizable pattern_ of seasonal

-

* .
variation for each and every snowpit At depths greater than 7-8 m below the
surface -at the Hispar Dome site, the extent of seasonal variation is reduced

making it difficult to delineate‘seasonal stratigraphy. . L

/
o

The total § activity tnme—serles profile shows strong seasonal varlat}o/
for 3 years of accumuk:tnon Conversely, from 7-18 m below the surface the
profile lacks a recognizable pattern of seasonal variation. The sharp peak at
19.1-19.3 m.has not been positi\;ely assigned to any one series of
atmospheric nuclear weapons testing. However, peaks of this magnitude have
the potential to act as reference horizons from which a chronology for the

—

snowpit or core can be established.
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The‘ conductivity profile shows a good seasonal variation and displays
the same trend as the ion profiles, especially sulfate and nitrate. Microparticle
concentr‘ations, both small (0.50-0.63um) and total (0.50-12.7 um), display
seasonal variation but do not strongly identify summer and winter strata. The
good relationship between total microparticle concentrations and total §

activity is worthy of further investigation. .

The sodium and chloride records prove to be the most valuable for
determining the source of moisture in the Karakoram. This is a reflection of

the limited potential sources of these two ions.

»

For the Ios;ver elevation sites (4650-5100 m) the oxygen isotope record
shows strong seasonal variation. However, the ion concentration profiles ~
display no recognizable seasonal pattern. The breakdown of the seasonal
signature in the ion concentration pro:‘iles below 5100 m is most likely due to
the redistribution of ions b)f | meitwater percolation. The position of dirty .
horizons adjacent to ice layers within the snowpack at the lower elevation |

=

sites clearly identifies the 1985 summer surface. While this is promising, the

\\ 2

short period of record from the low elevation sites prohibits the development

of a concrete relationship’ between dirty horizons and annual layers.

6.6 RECOMMENDATIONS FOR FUTURE RESEARCH

w—-

A number of questions raised by this study cannot be answered with

confidence due to the short period of record. A longer term record of snow

v
L 4 +
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accumulation in the Karakoram is. a crucial component of hydrological ressarch -

in the UlLB. The glaciochemical analysis of a deeper core would resuit in the
production of a longer term record of snow accumulation. This is essential if
we are to confidently determine the relationship between snow accumulation
and runoff, as well as the role the summer monsoon plays in the hydrology

of the region.

é

{5 The possibility that portions of the snow alccumulatlon record have been
lost below 122 rn,‘at the Hispar Dome is of “conﬂsid’erablé interest to future
glaciochemical research in the region. The Hispar Dome is a strong positiv;
feature at a reI%tively high elevation. Because of this it receives sunlight for
longer periods of time than thelg ad, flat basnﬁs of the Sim Gang Glacier,
Khurdopin Glacier and Lukpe Lawo. The distinct morphology has probably
resulted in increased rates of ablation at the site. VThg Hispar Dome is
therefore probably not representitive of melting conditions of the region in

general. There is no other da;a to confirm or deny that portions of the snow
o

- &
accumulation record have been lost at other locations in the/Karakoram. This

question should be answered prior to the investigation of a deeper core.

The ih‘Vestigag of lateral variation could be complimented with similar
studies on different stalésLocal variability could be studied by investigating a
series of snowpits ovté'rw relativeLI?y small area. On the c;cher hand, a
knowledge of the late;'al. as well as altitudinal, variation of snow accumulation

over the whole mountain range is desirable for obvious reasons.

. 108

!



¢

TABLE 6.1A SEASONAL AND ANNUAL NET ACCUMULATION - HIGH ELEVATION SITES

;
W o}

> ot
SHARK COL (5660m) , 3
1 OF CNET
SNOWPACK” © ANNUAL  ANNUAL
SEASON DEPTH(m)  W.E.(m) ACC.(m) ACC.(m)
$86 ° 0-1.05 0.347 48% 0.1
W85-86 1.05-1.95  0.37 52% 'i:
585 1.95-2.30  0.13 325 - ‘0 o
W84-85 2.30-2.98  +0.28 68 '
584 2.98-4.35  0.63 445, | 42 .,
W83-84 4.85-5.90  0.79 56%
KHURDOPIN GLACIER (6520m)
3 % OF NET:
B3 SNOWPACK . ANNUAL  ANNUAL .
SEASON DEPTH(m)‘Q W.E.(m) ACC.(my ACC.(m}
S86 0-2.70 1-12° 48+ 2 31
W85-86 2.70-5.60  1.19 525 : .
585 5.60-8.92° 1.73 85" 2 04 ‘
W84-85 - 8.92-9.54(?) 0.31(?) 15: .
HISPAR DOME (5450m) y
; ’ 5 OF NET
SNOWPACK ANNUAL  ANNUAL
SEASON DEPTH(m) .  W.E.(m) ACC.(m) ACC.(m)
586 0-0.70 0.32" 27¢ 1 20
W85-86 0.70-2.05 0.88 73 . b
585 2.05-2.70 0.22% 34r o
W84-85 2.70-3.60  0.43 66 '
- - - »
584 3.60-7.50 1.95 78 2 51
Wg3-84 | 7.50-8.40 0.56 220 ¢
583 8.40-10.50 1.10 521 2 12
W82-83 10.50-12.20 1.02 482 :
) .
g
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TABLE 6.1B SEASONAL AND ANNUAL NET ACCUMULAT&ON - LOW ELEVATION SNOW PITS

APPROACH GLACIER (5100m) «

V ] 1 OF NET
SNOWPACK ANNUAL  ANNUAL .

SEASON ' DEPTH(m) W.E.(m) ACC.(m) ACC.(m) .

586 0-1.35  0.65".  35% Lee8

W85-86 1.35-3.75  1.23  %5% - W8

WHALEBACK GLACIER EAST {4900m) !

) % OF NET . e
- SNOWPACK ANNUAL  ANNUAL' . -
. SEASON DEPTH(m) W.E.(m) ACC.{m) ACC.(m)
586 0-2.1 0.88" 495 1.79 )
We5-86  2.15-4.1 0.91 51% . —— =
. ‘
— HISPAR GLACIER EAST (4830m) _ —

- ‘ 4 OF NET , .
showpack ANNUAL  ANNUAL ~

SEASON DEPTH(m) W.E.(m) ACC.{m) “ACC.(m)

586 0-0.92  0.49°  46: 1.07

W85-86 0.92-2.10  0.58 54~ 07 i

EQUILIBRIUM LINE (4650m) .

N - < OF NET .

SNOWPACK .. ANNUAL  ANNUAL .

SEASON DEPTH(m) W.Eo(m)  ACC.(m1  ACC.(m).

” » . _
86 - 0-0.70  0.28 312 0.90
2 69% 30

w85-86 10.70-2.25 0.6

* Net summer accufulation for 1986 1s 1ncomp1ete\ﬁs snowpit
investigations were completed prior to a large snowfall event
1n August. Accumulation at 4900m in the Barpu Glacier Basin
(see Figure 2.4 for location) was greater then 50 cm of wet snow.

i

o - #
1984-85 SNOWPITS X
-
LOCATION —_ - ELEVATION SNOWPACK  NET ANNUAL
(m) DEPTH(m)  ACC.(m)
Lukpe Lawo 2950  0-3.65 2.02
Hispar Pass 5060 0-3.47 1.83
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Relative
Elevation

High

«Middle

Low

-

Snowpit

Shark Col (5660 m)

“

Hispar Dome (5450 m)

Approach Glacier (5100 m)
Whaleback Glacier (4900 m) %

Hispg

Equi

r Glacier East (4850 m)
ibrium Line (4650 m)*

* Value for annual accumulation only

e

TABLE 6.2 1985-86 NET ANNUAT ACCUWfATION

Accumutlation
mw.e.

0.71
1.20

1.88
1.79

1.07

0.90°

TABLE 6.3 ROUGH, ESTIMATE OF MOISTURE INPUT THE ACCUMULATION

ZONE OF THE BIAFO GLACIER (1985-86) %
, | AREQ NET ANNUAL  10° md
. ELEVATION BAND.. {km") ACC(m w.e.) WATER
4572-4877* - 84.0 1.0 . 84.0
4877-5181* 109.5 1.8 197.1
5181-5486* * 99.2 1.5 148.8
5486-5791* 61.8 1.0 61.8
5791-609 , 27.6 0.8 (?) 22.1
6096-6401 8.6 0.6 (?) 6.2
6401-6706 . 1.3 -—- ———-
. 519  TOTAL
*elevation -bands for which data exists. ~ .
‘ — —
x“"‘ j/
#
o3

111 ¢ o
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TABLE 6.5 KARIMABAD (2400 m)

YEAR
1979
1980
1981"
1982
1983
1984
1985

*x
mean=75 mm

TABLE 6.6

PPT(mm)
57
86
96
51
42

40
23

SRINAGAR (1518 m)

. YEAR

1982 -
1983
1984

1985
1986

SUMMER
PPT (mm}

158

200

109
142

*mean=191 mm

SUMMER PRECIPITATION (JUNE-SEPT)

*
DEPARTURE
-18
+11
+21
-24
-33
-35
-52

DEPARTURE

-33
229
+4

-82
-49

ACCUMULATION (mm)

HISPAR DOME (5450 m
SUMMER

- e

+38 1100
1950

220
320

“
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TABLE 6.7 COMPARISON OF CHEMICAL CHARARTERISTICS IN SNOWPACKS
FROM THE CENTRAL KARAKORAM AND LADAKH HIMALAYA

Na
Na:Cl

50,

N9,

s 189

Total B act.

Microparticles
0.50-0.63 um
1.00-1.25 um
8.00-10.00 um

v‘g

All 1986 Snowpits
Central Karakoram

24 ppb (251)

38 ppb (265)

0.54 (246)

111 ppb (246)
178 ppb (243)

-18.9 %700 (272)

164 (66)

132 X 193/m1 (41)
50 X 10°/m1 (41)
200/ml (41)

Sentik Glacier
Ladakh Himalaya
(Mayewsk1 et. al.. 1984)

104 ppb: (114)
72 ppb (114) i
0.70 (114} J |

- - i '

62 ppb*(103) |

-16.1 %/00 (197

3

225 (21)

680 X 193/m1 (114) .
40 X 10°/ml (114}
60/m1 (114)

gumbers 1n {brackets} represent number of samples .analysed.
L umol/1) x (molecular weight) = ppb or ug/1.
from Lyons and Mayewsk1 (1983).
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APPENDIX A
PAKISTAN GLACIER INVENTORY'

MOUNTAIN AREA__KXarakoras. GLACIER _ Biafo Gvang
SOURCES: -

Map Title and Mumber__ Hjspar-Biafo Glacial Regions (The Geographical Jowrnadi .
. July-Septepber 1950}

Compiled by_ E.E Shipton _  Dste_1950 (Survoved 1939)

Scale__ 1:253,440 Contour Interval_ 250 feet

Map Title and Number__ [ndig gnd .Pakistan (Jammy and Kashmir) Topographic Serjes:
Maps NJ 43-15 and NI 43-3

Compiled by 1.S. Army Map Service Date 1953 (Compiled from Supvey of Indig;1945)

Scale___ 1:250,000 Contour Interval _ 500 feet

TERMINUS CO-ORDINATES:

Longitude 75°g5t g
Latitude  35°40' N
URIENTATION:

Basin Long Axis_145° (SSE)

MID-BASIN CO-ORDINATES:
Longitude 75°33* E °

Latitude 35°55'N

Ablagion Area___14s® (SSE}

Accumulation Ares__ Lupke Lawo 180° (S) Sim Gang 270° (W)

£LEVATIONS:. “
Maximum Basin Elevation_:_2=286 ®m Glacier Terminus Elevation 3,110 L]
Basin Elevation Range 4,176 m Ablation Line Elevation 4,650 [
Mean Accumulstion Area Elevation "(Js) S,Q?IB a* (b) 5,270 T T T
Mean Ablation Ares Elsvation (a) 3,880 a* (b) 4,146 n*
LENGTH AND AREA:*+
Maximum Glacier Leagth 59 km Mean Maif™Stream Width 2.5 ko
Maxisum Length Ablation Area 45 km Maximum Length Accumulation Ares _ 14 B kn
Total Basin Area  gcs c-o km? Glaciated Ares cad NQ kmd
Connected Glacier Area 535,47  km?
Ablation Area__ 32 % 173.18 m? Accumulation Ares_ 68 %__ 370,91 km?
>LOPE-ASPECT DATA: TOTAL BASIN
North facing 17.95 % 153.01 km? South facing 38,19 V325,54 kn?
East facing_ 21.64 % 184.46 km? West facing____ 22,22 S__189,51 km?
SLOPE-ASPECT DATA: GLACIATED SLOPES
Average Glacier Slope_—Rtafo 1:15.719  Sim Gang 1:19 .33
North facing 1211 % - 93,21 km? South facing__ 40,79 4_* 221,9% ka?
East facing  21.69 % 117.96 km? West facing___20.41 V111,01 ke?

+ Prepared by David Butz.

« Ablation and accumulation area elevations are calculated in two ways: (a)

sversge of highest

and lowest elevations; and (b) mean of area-altitude calculations above and below ablation

l1ine.
**Al1l area data refers to plan area.
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Co;xdenud From
g PAKISTAN GLACIER INVENTORY.

L~ 3 ) AREA-ALTITUDE RELATIONSHIP
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APPENDIX B

SURFACE VELOCITY OF THE BIAFO G:LACIER. 1985-86

INTRODUCTION " k‘ .

As part of the overall glaciological program conducted on
the Biafo Glacaer/dti{rgng the summers of 1985 and" 1986 lines of N
wooden s*take‘s were drilled int@ the ice in profiles transverse to
the direction of glacier flow and were surveyed by theodolite to
determine rates of ice movement While most of the information
obtained during these surveys applies to flow ratas during the’ -
“summer”, two stakes from the‘71985 survey were resurveyed during

‘\

‘:the 1986 survey alloVyinQ for the calculation of "winter’ flow

rates. In cor.junctioh with depth sounding along the same

profiles, the ice flux through the transverse sections will be

estimated; the flux at the equilibrium line will give a first w

e ——
approximation of the annual mass balance of the glacier.

-

- LAYOUT OF SL;RVEY POINTS

Two excellent theodolite survey stations were established t
the Mango Baintha, and Equilibrium Line profiles. These

statlons werea set up on prominent, stable locations some 50-200m

o
¢

-B1



&5

above glacier surface level. The stations are identified by
large cairns and each set of stations is clearly intervisible.
The Sim Gang set of survey points is margmally adequate. Trgy
distance between the survey points is small (356m) and access is
difficult and af times dangerous. However, unless one climbs up

very high, these are the only apparent locations for.survey

stations in the equilibrium zone of the glacier.

¢
All stake profiles were positioned on a line at right angles

to glacier flow from the primary survey station. It was this
stat}on which was used at the beginning and en:d of the survey
period to determine the angular movement andbhence the distance
each stake moved. Angles measured from the secondary survey

station were taken at the start of the survey period to fix the

‘initiat ocations of the stakes.

STAKE PROFILE LAYOUT

.

Figure A1 illustrates the position of the stake profiles in
relation to the Biafo Glacier. The 1985 and 1986 Baintha stake
profiles were the most detailed, consisting of 9 stakes placed at
approximately 300m intervals (see surface velocity profiles,

Figure A.1). The glacier is some 3.3km wide at this location.

.9
o

The other three profiles were not as detailed. The Sim Gang
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profile consisted of 4 stakes each separated from the other by -
600m. Tﬁe glacier is approximately 3.0 km wide at this_ vprofile. |
The Equilibrium Line profile originally consisted 'Sf 6 stakes. r o
Unfortunately stake 6. positioned 700m from the NW edge §f ‘fm“
glacier was not sighted during the July 20/86 survey. Therefore
surface movement at this profile is limited to the SE haif of the
glacier. Glacier width here is approximately 2.3 km. The Mango
profile was established on ice which was far more difficult to
travel on than the other three profiles due to large-amounts of
supra-glacial debris and- significantly greater relief ofJ the ice
surface. Stakesﬁe;}ere drilled in clean ice commencing 450m from
the NW edge of the giacier; 250m separates, stakes 1 & 2 and 2 &
3: 110m separates stakes 3 & 4. Glacier width at this profile is

approximately 1.8 km.

Profiles consisted of 2m hardwood stakes drilled vertically
almost 2m into the ice. These were redrilled when necesary in

order to prevent the stakes from falling over.

BASE LINE LAYOUT AND SURVEY STATION COORDINATES

Temporary baselines were established on relatively flat
sections of the glacier. The Mango (100.00m) and the Baintha

(260.08m) baseliries were measured with a 50m steel tape: the

B3 —
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Equilibrium Line (100.0m) and Sim Gang’ (106.5m) profiles were
easured with a 50m climbing rope. All four baselines were
. medsured at the same time that angles ti? the survey points were
made. Coordinates of survey stations and stakes were
subsequently calculated in arbitrary northings and eaftmgs
relative to the baselines. The calculated distances between
survey stations for the Mango, Baintha, Equilibrium Line and Sim

Gang sites are 1203.1m, 811.0m. 6749m, and 356.5m, rgspectively.

Baseline measurements- are assumgd good to within 0.10m.
Chec_ks on the caiculations have shov;/n that. despite the
unsatisfactory necessity of surveying and setting up base hnes
on ’glacier ice, the coordinates of the survey stations are good
to within approximately 1.0m. Total movement measurements are
therfore certainly good to within 0.10 an;i movement per day

calculations' good to within 0.01. Confidence in the results 1s

therefore high. “

DISCUSSION

PN
S

The results of the 1985 and 1986 surveys are listed in Table
A.1. The Baintha profile. and to a lesser extent the other three
profiles, show that a wide section in the middie of the glacier
3

is moving at approximately the same rate (Figure A.1); there seem
S
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to be rapid increases in the movement rates within a few hundred
meters of the glacier margins. In the case of the Mango and

Baihtha profiles this largely coincides with the zones of heavy

supra—glacier debris cover.

Other things being equal one would expect that surface
movement rates at the Equilibrium Line would be substantially
greater than at any other location on the Biafo glacier. In
fact. flow rates are not substantially different from the Baintha
profile. This, In combination with the fact'that the glacier is
actually narrower by at least 1 km at the Eaquilibrium Line would
imply that the glacier is perhaps twice as deep at the

Equilibrium Line than at Baintha

Two stakes from the 1985 Bainthg profile wer"? resurveyed
during the 1986 survey. The results, isted in Table/A2, are }\
not entirely representative of seasonal movement as the “winter” -

\ﬁyfseason. defined by the last survey of 1985 on August 12 and the
kfirst survey of 1986 on May 29. includes some “summer” movement
This indicates that, at the very least. summer flow rates are

twice as high as@ée in winter on the Biafo Glacier.
- ¢
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TABLE B.1  BIAFO GLACIER SUMMER SURFACE MOVEMENT

STAKE LENGTH OF TOTAL MEAN DAILY
PROFILE SURVEY STAKE # MOVEMENT (m) MOYEMENT {m}
1985

BAINTHA 23 DAYS 1 8.1 0.35
{4085m/ Z 11.4 0.50
13/400") 3 12.3 0.53
N4 12.9 0.56

S 5 13.0 0.57 -

6 13.4 0.58 -
1 13.0 0.57
8 11.9 0.5¢
9 9.1 0.40

1386
MANGO 39 days 1 22.4 0.58,
(3885m/ l 24.1 0.6¢
12,750") 3 23.7 0.61
4 23.7 0.6l
BAINTHA: 63 days 1 30.8 *0.49
(4085m/S o o 2 39.5 0.63
13.400") 3 39.0 0.62
4 38.0 0.60
5 37.8 0.60
6 37.7 0.60
7 37.3 0.59
8 34.2 0.54
9 25.3 0.40
EQUILIBRIUM 41 days 1 27.0 0.66
LINE 2 30.4 0.74
{4650m/ 3 32.6 0.80
15.250') 4 35.0 0.85
5 36.5 0.89
SIM GANG 41 days 1 10.7 0.26
GLACIER 2 12.9 0.31
(4800m/ 3 11.8 0.29
15.750') 4 9.6 0.23
- Bo




TABLE B.2 “SUMMER" & “WINTER" SURFACE GLACIER MOYEMENT

BAINTHA PROFILE. BIAFO GLACIER

LENGTH OF
DATES SURVEY
20/7-12/8/85% 24 days

( "summer* )

12/8/85-29/5/86 313 days
{"winter"™)

- 29/5=30/7/86 63 days
(" summer ")

TOTAL
STAKE-#  MOVEMENT (m)

2 11.4

4 12.9

2 65.1

4 86.7

2 40.0

4 38.0

‘ [

B”

MOVEMENT PER
DAY (m)

0.50

oo o

oo

.56

.22
.30

.63
.60



FIGURE B.1
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CORRELATION COEFFICIENTS BETWEEN GLACIOCHEMICAL PARAMETERS.

Shark Col. (5660m) n=42

518

Na
C1
NO
SO

0

3
4

APPENDIX C

WITH DEPTH

18

570 Na

1.00

1.00

Cl

0.83+
1.00

Khurdopin Glacier (5520m) n=67

s18g

Na
C1
NO

503

4

18

6§70 Na_

1.00

1.00

Hispar Dome (5450m) n=35

518

Na
C1
SO
No2

0

Beta

Cogd.
Part.

18

5770 Na

1.00

1.00

-

Cl

0.20%
0.92+
1.00

C1

0.61+
1.00

Approach Glacier (5100m) n=32

518

Na
Cl1
S0
NO

0

4
3

18

5770 Na

1.00 -—-
1.00

C1

0.73+
1.00

NO

0.49*
D.41%
0.71+
1.00

NO

0.32*

0.26%
1.00

S0

0.61+
0.50+
0.28%
1.00

S0

0.29%
0.50%
1.00

Ci

0.48*
0.45*
0.68+
”,g:+
1.00

S0

0.30*
0.26%
0.33%
0.42+
1.00

NO

0.56
0.30%
0.36%
0.86+
1.00

NO

0.36%
0.63+
0.69+
1.00

Cond.

0.38%
0.56+
0.68+

0.59+

1.00

Part.

0.42*

-

0.42*
1.00

Beta.

0.28%
0.32%

- -

0.48*
02+
1.00



b

Hispar Glacier East (4830m) n=25

18

s8%  Na e so, NO,
s 100 ce- i oo
Na 1.00  0.78« 0.56%  0.443
ci 1.00 0.62  0.57%
50, _ 1.00  0.72+
NO 1.00

3

Equilibrium Line (4650 m) n=13

18

s80 Na ci 50, NO.,
6180 100  ---= =21 0.53%  0.66* "
Na 1.00  0.81+ 0.52%  ---
C] 1.00 0.535 0.66*
so, ™ 1.00  0.56*
NO 1.00

Significance Levels .-

$ 0.10

* 0.0l

+ 0.001

Low correlation coefficients with significance levels above-(_.10

have been omitted from the tables.

t
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__APPENDIX D

UP?ER INDUS BASIN HYDROLOGICAL RECORDS 1983-1986

UPPER INDUS BASIN
DISCHARGE — 5 DAY RUNNING MEAN
1986

o T TR

Indus R. at Pertab Br.

per sec)
g

L]

L]

:: Indus R. at Kotchura

.
-

DISCHARGE (cubic feet
g
¥
5
S~
//
———

ol
L

. \J
Shiagar R. \
e J /\ Y

B N .

:_r—‘/\/

& T

3 813182328 3 813182328 3 813182328 3 8 1318232

JUNE JULY AUG SEPT

T | ' " PUNEPY Sosond.
o—presry T LI S S M

FIGURE D.1 The solid black arrows correspond to an extended period of
precipitation (August 3-9) that was accompanied by extensive cloud cover.
Note the sharp decrese in discharge at all gauging stations. The location of the
gauging stations is shown in Figure 2.1.
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APPENDIX E

‘ .+ PHOSPHATE & NITRITE $

Along with the analysis of chloride, sulfate and nitrate, the
samples were also analysed for nitrite and phosphate. For all of the
nitrite samples and most of the phosphate sarr;ples, concentrations
were equal to or less than the detection limit of-5 and 20 ppb.
.respectively. The horizons that did show ph’c;sphate concentrations
above 20 ppb are listed in Table E.‘I.. The lack of any recognizable
pattern in the distribution of phosphate makes an interpretation -

concerning the source of this ion difficult

»

TABLE E.1 PHOSPHATE CONCENTRATIONS (ABOVE 20 PPB) IN SNOWPITS

SNOWPIT DEPTH THICK TIMING P04 Na C1
Stark Col. 745 15 summer 2 27 70
760 15 summer 5% 41 75

Khurdopin - 85 15 early summer 47.: 75 105
Glacier 17% 15 all summer 30 38 65
190 15 - all summer 44 112 119

205 15 all summer 46 143 205

R 220 15 all- summer 35 91 118

) 280 15 late winter 24 48 64

993 71ce  Ssummer 36 140 224

Hispar 310 Jice mid winter 172 11 58
Dome 355 5ice late summer 22 12 25
Hispar 265 15 mid winter 27 60 117
Glacier E. 380 . 20 ‘\gte summer 100 40 74
435 10ice early summer 23 24 43

El

S0

24
70

74
68
36
119
144

2711

13
18

238
49
75

NO

84
122

99
87
65
88
124
95
351

52
43
228
75
23
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Glacier looking west from Hispar Dome
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