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Preface

These volumes detail a comprehensive series of inter-related studies
carried out by seventy-three scientists from China, Pakistan and Britain
who visited the Karakoram mountains in the summer of 1980. These men
and women were members of the Royal Geographical Society Project to the
world's highest mountain range as part of the Society's 150th anniversary
celebrations.

The proceedings are divided into two volumes; the first volume being
reserved for papers presented and discussed, in conference, in Islamabad,
Pakistan prior to the field work. The second volume is reserved for papers
based on the field work conducted during the course of the International
Karakoram Project, or IKP for short, and read at a conference at the
Royal Geographical Society, London.

The two volumes present a comprehensive cover of the earth sciences,
ranging 1in scale from surveys to measure the effects of impacts between
the Eurasian and Indian tectonic plates, to electron microscope studies
on weathering processes. The six general subject areas are: geology,
glaciology, geomorphology, seismology and topography (survey). The sixth
subject is concerned with the indigenous population namely social, economic
and health aspects of villagers, the architectural form and structural
stability of their homes and the order of priorities they have to accept
when combating the greatest number of natural hazards known to man
which include earthquakes, drought, fire, floods, famine, landslides,
avalanches and disease.

These proceedings therefore bring together a collection of papers to

provide a datuum for future scientific research 1in the Karakoram. The
IKP also proved to be a catalyst for the founding of the Karakoram Research
Cell (KRC) by the University Grants Commission of Pakistan. The KRC

will be responsible for co-ordinating the research work conducted in the
Karakoram by future researchers; see Volume 2.

The varied scientific programmes undertaken were supported by many
national and international bodies, listed elsewhere, but a special mention
must be made of Academia Sinica, Beijing and the Ministry of Science and
Technology, Islamabad who joined the Royal Geographical Society in
sponsoring the venture. These three together with The Overseas Development
Administration of the UK Government and the British Council initially made
the project a reality and finally an international success in scientifi
collaboration.

K. ]. Miller
Leader of the
International Karakoram Project

Sheffield 1982

Other publications related to the International Karakoram Project: Continents in Collision,
212 pp, K.J. Miller, ISBN 0 540 010669. George Philip and Son Ltd. London.




Preface to Volume 1

This volume contains a unique set of inter-related technical papers.
The text, supported by 55 figures, 62 maps, 44 photographs, 58 graphs
and 36 tables of data, is a record of a conference at which, for the first
time, scientists from many countries gathered together to discuss the multi-
disciplinary problems created within, and by, the Karakoram and
neighbouring high mountain ranges. Here are the world's largest glaciers
outside the polar regions, the greatest precipices on the land-surface of
the earth, the most rapidly changing topography known to man, and the
greatest concentration of 7000 m peaks.

Furthermore, although the conference concerned itself predominantly
with the earth sciences and the conditions of human life amidst an
unimaginable chaotic landscape, a most important aspect of the meeting
was to discuss recent scientific and technological developments that could
assist the many programmes of research to be conducted during the course
of the International Karakoram Project (1KP).

As the conference progressed a third and most important feature
developed, namely the interaction between members of various teams. Usually
an expedition to the Karakoram is limited in time and manpower because
of finance, weather and logistical problems, but this large scale venture
permitted, for example, geomorphologists to discuss transient landforms
with the housing and natural hazards team examining the optimal siting

of buildings. This second team in turn necessarily involved itself with
earthquake studies whilst the seismology team interacted with the surveyors
measuring surface deflections of tectonic plates. Similarly the glaciologists

discussed modern survey systems to measure the dangerous movements of
the immense glaciers that threaten the day-to-day pattern of existence of
the indigenous population. Thus it can be seen that the conference allowed
a full circle of debate to take place between all the scientists involved
with the project and the many other experts who attended the conference
as delegates. There were many varied forms of interactive discussions,
some based on the usefulness of specific sets of data to the different groups
of investigators, some based on the requirement to develop similar and
collaborative, data-collecting techniques, while some discussions were
concerned with methods of data analysis and their comparison.

Another important thread which passes through these proceedings is
one related to the history of the Karakoram and many papers present a
review and bibliography of man's knowledge of the Karakoram Range, thereby
forming a datum for future work. Papers such as the analysis of the
1913 trigonometrical survey linking the grids of the Indian subcontinent
to that of the USSR to form the greatest land survey network on earth is
of note, particularly since the 1913 link is now known to have crossed
the suture zone between the Eurasian and Indian tectonic plates. Other
examples are the papers by the Chinese members who have briefly and
succinctly presented many of their own long-awaited results from extensive
research programmes in and around the Karakoram between 1974 and 1976.



Xvi

This volume also presents details on modern systems, equipment and
techniques for investigating difficult problems in the earth sciences and
which were to be employed in the Karakoram, many for the first time.
Additional information is presented that relates to other parts of the world
but which have an important bearing on the initiation of specific Karakoram
studies, e.g., the first ever recording and presentation of depth profiles
of wet ice of temperate glaciers and ice caps. A few papers discuss
problems of great concern to all mankind, problems that, once solved, will
bring benefits to the peoples of the Karakoram.

The importance of the conference and these proceedings can perhaps
best be judged from the opening speechs made by the President of Pakistan,
General Zia-ul-Haq, and Lord Shackleton to whom we are indebted for their
assistance in the entire Project as well as their attendance at the conference.
Lord and Lady Hunt together with the British Ambassador, Oliver Forster
and the staff of the British Council also gave valuable assistance through-
out the period of the I1KP. Finally a special mention and our grateful
thanks must be awarded to Dr S. A. R. Jafree of Quaid-i-Azam University
who organised the conference on behalf of the International Karakoram Project.

K. J. Miller

Sheffield 1982
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Inauguration ceremony

Inaugural address
by
The President of Pakistan
General Mohammad Zia-ul-Haq







Federal Education Minister. Mr Muhammad Ali Hoti;

Vice-Chancellor of the Quaid-i-Azam University, Dr Ahmed Mohiuddin,
Former President of the Royal Geographical Society, Lord Shackleton;
Leader of the Chinese delegation, Professor Zhang;

Honourable delegates; and

Distinguished Guests;

Assalam-o-Alaikum

1 am thankful to you for giving me the honour to inaugurate this inter-

national conference on Earth Sciences. I am also thankful to the Royal
Geographical Society that it selected the great Karakoram Range as its sub-
ject for scientific research to celebrate its 150th anniversary. I welcome

all participants of this important conference, particularly foreign delegates,
and 1 hope necessary facilities will be available to them to make the ex-
pedition a success.

A welcome aspect of this Conference is that besides Pakistan, prominent
experis from our great neighbour, the People's Republic of China, and from
a developed country of the West, Britain, are taking part in the Conference.
In modern times, the task of scientific research has become so complicated
and expensive that countries instead of monopolising science and technology
should undertake such work with one another's association. It is necessary
that the developed and the developing countries should co-operate with one
another in this field so that the entire human race should benefit simul-
taneously from scientific knowledge. This association and co-operation will
help accelerate the speed of scientific advancement.

Pakistan is not only desirous of research promotion in the field of science
and technology but is making all necessary effort in this respect witiin
lis resources. Besides other sectors we are concentrating on two aspects
(1) research for increase in agricultural productivity; and (2} discovery
of the country's resources of energy and their development.

In the first sector. the Pakistan Agricultural Research Council is endeavour-
ing to bring about a revolution with the help of modern research, so that
we should not only be self sufficient in agricultural requirements, but should
also meet the needs of other countries. In the field of development of energy
we are trying to discover all resources of energy and develop existing ones
so that our energy requirements are met locally. In this connection the
sources of energy which are being given special attention include, besides
the search for oil, solar wind, hydro, bio-gas, geo-thermal energy resources
etc. We hope that by developing these sources, we would attain self-
sufficiency in the field of energy.

In the context of Pakistan, 1 wish to emphasise that we have reached a
stage in the field of science and technology, including Earth Sciences, where
we have lefi behind the dark ages of the past. But we have to go a long
way to achieve our objective. By the grace of God we have among us noted
and competent scieniists who are working with devotion in their respective
fields. They need further opportunities and facilities to advance their work.
This is being looked after. The Government has high hopes that these experts
who are working in the fields of agriculture water and mineral resources,
will achieve results. In many seciors of life such as agriculture and in-
dustry, the advancement, to a large extent. is due to their efforts. I expect
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from these scientists and engineers, as also from our universities and re-
search institutions. that with their research they should find solutions to
problems facing Pakistan. 1 have in mind particularly those research sec-
tors on which depends our agricultural, industrial and mineral development.

Like Pakistan, other countries are also engaged in research in science and
technology to suit their requirements and meet their priorities. 1 feel very
strongly that it is necessary to benefit from the efforts of individual coun-
tries and to co-ordinate their work to mutual advantage. The Karakoram
Project 1980 is an admirable example of such international association and
co-operation. I hope that the Pakistani, Chinese and British scientists,
engineers and surveyors will consider all those aspects which are important
for the present and the future.

1 have in view those research fields which relate to floods, mineral wealth,
underground resources of energy, hazards of earthquakes and their preven-
tion. Surely, in your capacity as experts in Earth Sciences, when you under-
take this expedition, new vistas of research will dawn on you.

1 wish this tripartite association was extended to other countries and other
centres of research, so that more and more people should benefit from it.
The Pakistan Government will co-operate to the fullest possible extent.

The other thing [ want to emphasise is the need for a constant liaison and
co--ordination between the sciences and their application. What 1 mean is
that the research should be put to test in practical life and the information
gathered in actual expeditions should be used in the advancement of research
itself. The Karakoram Project 1980 will, by the grace of God. prove extremely
useful in this respect. I hope that besides the civil, mechanical and elec-
trical engineers, experts in Geology, Geophysics and Science of Survey who
are associated with this Project, will bring out important and useful con-
clusions. DMoreover, it is a rare opportunity for Pakistani experts in scien-
tific and research fields to work in co-operation with the delegates of the
People's Republic of China, on the one hand, and the representatives of
the developed countries, like Britain, on the other. We can learn a loi
from these countries in the field of science and technology.

1 hope that Pakistani scientists and experts will not only benefit fully from
this Conference, but will also help make it a success.

For us, the Karakoram Range is important, as it links our country with
our great neighbour. the People's Republic of China, with whose co-operation
the great Karakoram Highway has been constructed. This mountainous re-
gion has been the centre of attraction to great scientists and travellers
of Pakistan in the past. The geographical and scientific information collec-
ted by those travellers and scientists, along with their experience, has made
a valuable contribution to the Earth Sciences.

1 am sure that after the three-day Islamabad Conference the expedition
which will be sent to the Karakoram will be more fruitful and meaningful
than previous expeditions.

The inspiration behind this meeting, and the proposed expedition, is the
Royal Geographical Society, which has served, for the last 150 years. the
science of geography.

The Society has made a great contribution in collecting topographical infor
mation on land and sea and about new species of vegetation. 1 hope the
proposed expedition will be successful.



We have deep relations with the People's Republic of China resulting in
useful co-operation and association in many fields. I am happy that our
Chinese guests are present here. We appreciate their association with res-
pect and expect that the friendship and co-operation between the two coun-
tries will be further promoted.

I also appreciate the efforts of the Quaid-i-Azam University, which has or-
ganised this important international Conference. Such a Conference is in
accordance with its fundamental objectives. 1 hope that this University will
continue to perform the same role in the field of research and knowledge.

I, once again. thank you for inviting me to inaugurate this Conference.
I wish to pray that God Almighty may grant success to your efforts which
should lead to the welfare of humanity.

Amen.






Address by
Lord Shackleton K.G.




Mr President, Your Excellencies, Ladies and Gentlemen:

We, the members of the British part of this international project, consider
it a very great honour that you, Mr. President, should have consented to
inaugurate the conference that initiates it. It is a notable fact that the
Royal Geographical Society has always been able, because it is by its very
nature, working for the increase of science and for the good'of mankind,
to have the support of responsible national leaders for its expeditions. 1
remember being told as a small child- how the Queen at that time, that is
Queen Alexandra, came on my father's ship before he went to the Antarctic,
and only a fortnight ago we celebrated the 150th anniversary of the foun-
dation of the Royal Geographical Society, and the present Queen of England
and Prince Philip honoured us by their presence.

One hundred and fifty years ago, the scientists and adventurers of that day
were concerned with some of the great geographical secrets; the discovery
of the North West Passage, and then later on the discovery of the sources

of the Nile and the Niger. The controversies then aroused (and that still
go on) over the sources of these and other rivers such as the Oxus, have
filled the minds of scientists and explorers for many years. Throughout

this time, the Royal Geographical Society has sought to combine the require-
ments of high academic quality with a sense of responsibility for the scien-
tific work that was being done; a combination of adventure and science.
It is in keeping with these ideals that when Captain Scott's body was found
in the Antarctic, there should have been found beside it the geological spe-
cimens that he brought back from his epic journey. We, who in a later
generation were fortunate enough to take part in expeditions and explora-
tions, particularly remember the work of some of the great pioneers in this
part of the world also, in this wonderfully beautiful area that I was enabled
to see today when [ flew to Gilgit, men such as Colonel Mason, who was
my tutor at Oxford and who taught me about the art of the surveyor. Thece
will be some surveyors in the audience today, and they will be aware of
the new techniques whereby they no longer have to carry a heavy theodolit=
to find their position, but can use other and more sophisticated device:.
Indeed, some of the equipment that Professor Keith Miller is producing
so accurate that it would enable us to ascertain the exact position in lat:-
tude and longitude of where 1 am standing at this moment, to within a [
metres.

So this expedition, this international project, has a new look about it; &
it is significant that, in this 150th anniversary year of the Royal Geoy
raphical Society, we should seek both to carry on past traditions and
make new advances. The credit for the philosophy and for much of Ihe
thinking behind the project belongs to its leader, Keith Miller, who is tryin:
not only to make progress in the quality of the sciences concerned, but i
apply the results in technological terms; to apply them in a way that wil
be of practical value. For instance, the work of the surveyors will directly
contribute to the research of other scientists in Pakistan. The work of the
glaciologists will be related to the study of what is perhaps the greates!
wealth that belongs to Pakistan, apart from her people, namely the wates
that is locked up in the glaciers. It is a resource that can be of greai
benefit, even though it can also, on occasion, do great harm. They will
study these glaciers, working alongside the geomorphologists, in an area
where the landscape changes its shape probably more frequently than any-
where else in the world. In this context of land movements, we may note
that the seismologists, the Pakistani, the British and the Chinese (who have
amassed so much valuable knowledge of earthquakes) will be looking at the
fundamental problems resulting from the collision of the tectonic plates in
the Karakoram.
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Finally we hope to learn something about how the people who live in these
earthquake-ridden areas are able to build houses that withstand earthquakes,
and to produce information that will be of great application.

We are very grateful that we have been granted the privilege, in this 150th
year of our Society, of co-operating in a great international project; to
have the support of the Chinese Academy of Sciences, of the University Grants
Commission of Pakistan, of the Quaid-i-Azam University, of the British
Council and of our own Ministry of Overseas Development. Moreover, many
other bodies in Britain, such as the National Environment Research Council
and the Royal Society, have recognised the importance of this work and
have made contributions, along with the world of business and industry,
towards the finance and resources that are required. 1 believe that this
project is an example of the way in which mankind can co-operate peace-
fully for the benefit of us all. In the Antarctic there is co-operation, as
I so well know, and although this is a troubled world, it is my belief that
here in Pakistan also this project will show that, by working together on
research involving the inter-relationships of several disciplines, the scien-
tists of three great nations can contribute to the welfare, not only of
Pakistan, but also to the welfare, and to the peace, of mankind.

Thank you.



Address of welcome
by
Mr Muhammad Ali Khan
Minister for Education, Culture and Tourism

Honourable President, delegates, ladies and gentlemen.

It gives me profound pleasure to welcome you to this "International Con-
ference on Recent Technological Advances in Earth Sciences" which is being
held for the first time in Pakistan with the co-operation of experts from the
United Kingdom, the People's Republic of China and our own scientists.
The assembly of so many distinguished experts today is of special signifi-
cance as they will be working jointly on a project which is expected to
augment human knowledge.

Mr. President, we are grateful to you for sparing time out of your busy
schedule to be with us at the inauguration. This should certainly inspire
scientists in their efforts to develop new avenues of research. Your very
presence here indicates the paramount importance you attach to the develop-
ment of sciences and research in Pakistan.

This Conference is a prelude to the International Karakoram Project 1980,
which is being sponsored jointly by the Royal Geographical Society, London.
Academia Sinica, Beijing, and the Government of Pakistan. While this Con-
ference will review the work done so far on Himalayan Studies and assc
ciated subjects, the Karakoram Project is expected to advance our knowledge
of the Himalaya. The experts understandably will deliberate upon the store
of knowledge pertaining to this great tertiary uplift and the treasure of
precious material lying buried there. Their findings during discussions ana
later work in the field will certainly have a bearing on the development
of resource material to be utilised for the promotion of scientific studies
and the good of mankind.

Mr. President, this Conference, it is hoped, drawing upon the expertise of
the three participating nations, will stimulate research in other countries.
Besides the material benefit that might accrue to Pakistan and the neigh-
bouring countries, the expedition will provide scientific data for study in
the research institutions of the world. Local organisations, directly involved
in this project in particular, will gain salient experience to improve their
techniques and enter upon further research work.

Some fifty years ago, a Yale-Cambridge expedition for the first time explorv‘ed
the Himalayan glaciation under the leadership of H.D. Terra in co-operation
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with teams from the U.S.A., U.K., France, China and the Indo-Pakistan Sub-
Continent. The team for the first time catalogued the flora and fauna of
the glacial region in a chronological order. Their important work entitled
“Study in the Ice Age in India and Associated Human Cultures'" is the only
standard work so far available. Since the early thirties of the present
century when the expedition was organised, we have advanced progressively
in our scientific and technological knowledge and also in developing new
equipment which will be used in the present project. Research will un-
doubtedly contribute to enriching our knowledge of the Great Himalayas lying
between Pakistan and China. We have co--operated successfully with our
great friendly neighbour China in different fields of mutual interest in the
past. In this particular expedition too we are grateful to our Chinese
friends for their collaboration. We are indebted too to the Royal Geographical
Society, London, for sending its team of eminent scientists and technologists
to take part in the project. 1 welcome the guest experts and wish them
success in their deliberations.

The Government of Pakistan has been making efforts to support institutions
within the country which are seriously engaged in this type of research.
Among them the Survey of Pakistan and the Geological Survey of Pakistan
were founded during the British days and have carried on their work in
the light of new developments in science and technology. There are a num-
ber of other institutions which Pakistan has established after independence.
These have opened new fields of research for the benefit of the country.
On the teaching and research side. we have established Departments and
Institutions of Geology in most of our Universities. A Centre of Excellence
for Minerology and Petrology has been established in the Baluchistan Univer-
sity. Other organisations such as the Water and Power Development Authority,
the Pakistan Mineral Resources Development Corporation, the Industrial
Development Corporation of Pakistan and the Mineral Development Authorities
in the Punjab and the N.W.F.P. have contributed as well towards our

advance in this field. Of significance too. 1is the establishment of the
Department of Geophysics under the Institute of Earth Sciences at the Quaid-
i-Azam University. A proposal is also under consideration by the University

to create a ''Karakoram Research Cell'.

We are obliged to the Royal Geographical Society, which is celebrating its
I150th anniversary. for choosing our country as a base for research that is
itkely to benefit mankind in the long run.

[ thank you once again Mr. President. for acceding to our request for
iaugurating this Conference. I also thank the delegates and other guests
who have made it convenient to be present here this evening.



Some recent technological advances
applied to problems in earth sciences

K.]. Miller
University of Sheffield, England
Leader, International Karakoram Project 1980

OPENING REMARKS

This lecture inaugurates the International Karakoram Project, 1980. It is
therefore opportune to emphasise the aims of the Project which were agreed
two years ago by the Royal Geographical Society, to commemorate its 150th
birthday. The Project was to facilitate international co-operation between
scientists, promote inter-disciplinary research work, and seek inter-Govern-
mental support, all of which have now been achieved. It is my hope that this
venture will now set a pattern for others to build upon in future colla-
borative investigations.

I recognise that 1 am most fortunate in being both an engineer/materials

scientist and a geographer/mountaineer. It is this dual existence that per-
mits me to address you today on a topic that 1 consider to be closely related
to the stability, peace and prosperity of mankind. In the International

Karakoram Project, we have scientists from China, Pakistan, Britain and
Switzerland, assisted by advisers from Italy and the U.S.A., plus many other
countries. The papers read at this conference are concerned with geo-
graphical, geological, geomorphological, glaciological, engineering and human
problems and they invoke theoretical and experimental studies in engineering.
physics and chemistry which examine materials and structures ranging from
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atomic dimensions of ice crystals (10 "m) through to the global dimensions

of tectonic plates (106m) i.e. 16 orders of magnitude.

The fact that such a wide ranging Project and conference could be held is
due to the efforts of countless people, many of whom had no hope of direct

participation either at the conference or in the Project itself. Those V{ho
laid the foundations for our studies in the late 19th and early 20th centuries
have presented us with a unique opportunity which we gladly accept. To

all those past and present helpers, including those present here today, I,
on behalf of the Project and The Royal Geographical Society, give thaplfs
and hope that we may repay the trust given to us by producing scientific
results of benefit to the people of Pakistan.

Einstein once said that Pure Science makes history, whilst App}ied Sci.ence
makes progress. | am tempted to say "Theoreticians tell us what is feas1b}e.
whilst technologists are responsible for providing society with an economic,
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practical solution”. Thus engineers have to be scientific, practical and
cost effective. They need mathematical skills, a knowledge of physics and
chemistry and the ability to design, construct and commission safe and
efficient engineering plant to provide the needs of society. Today, without
the engineer, civilized society as we know it would retrace its path back
towards the primeval forest.

This lecture discusses only a few areas in which technological innovation
has had direct application to earth sciences. From these examples, and
from the lectures to be given in the next few days, the importance of tech-
nological achievements and the ability of scientists of any nation to conduct
inter-disciplinary studies will be emphasised by members selected to parti-
cipate in this memorable occasion to celebrate the 150th birthday of The
Royal Geographical Society.

INTRODUCTION

During the Cretaceous dispersal of Gondwanaland, the Indian/Pakistan tec-
tonic plate moved across what is now the Indian Ocean from its position
between Antarctica and Arabia, see Fig. 1, and collided with the Asiatic
plate.

Fig. 1. Reconstruction of Gondwanaland
before the Cretaceous dispersal
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A consequence of that collision was the creation of the Karakoram, the
world's most extensive and beautiful range of high mountains that includes
K2 (8,6llm), Nanga Parbat (8,126m), Rakaposhi (7,788m) and many other
7,000m plus peaks.

Along with this natural beauty however, come unstable glaciers and fast
flowing rivers, earthquakes and landslides, extremes of temperature and
climate, all militating against the construction of permanent settlements.
That the peoples of the Hindu Kush and the Karakoram have resisted these
powerful natural phenomena, have withstood catastrophic events and have
frequently rebuilt their homes, is a testimony to the ability of mankind to
challenge and sometimes win against the most persistent and intensive forms
of natural power and destruction.

GEOTHERMAL POWER

Earthquake prone zones are also the sites at which nature exhibits one of
its great natural resources; geothermal energy, see Fig. 2. Iceland, Japan,
New Zealand, the U.S5.A. and many other countries are now committed to large

Geothermal power exhibited by "Old Faithful” in the U.S.A.
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scale geothermal energy programmes. For example, the geysers of California
now have enough generating capacity to satisfy the electrical power needs of
San Francisco, and this supply capability could be tripled.

Reykjavik, the capital city of Iceland, population 120,000, is entirely heated
by geothermal power. All its hot water supply comes from this natural re-
source. Agricultural, plus heavy industrial demands can be satisfied.
Situated close to the arctic circle, farmers can grow tropical fruit inside
high temperature, high humidity greenhouses. Heating for schools, hospitals,
housing estates, churches, swimming baths and other public buildings, is

also commonplace.

The total world geothermal energy utilization is indicated in the table below:

TABLE 1 The World (Past, Present and Future) Geothermal Energy
Utilization in MW-year Units; reference (1).

1970 1975 1978 1982 2000 2020
Thermal - 5,915 7,045 - - 1,400,000
Electric 724 1,118 1,370 3,287 80,000 ?

Table 2 gives details of the electric power capacity of several countries
which is derived from geothermal activity.

TABLE 2 Geothermal electric-power capacity of several countries;
reference (2).

. . Installed Immgd%ate
counrry Snitseinn | capacity, | paditiona
MW
El Salvador 2 60 35
Iceland 3 62 -
Italy 37 420.6 -
Japan 6 165 55
Mexico 4 150 30
New Zealand 14 202.6 -
People's Republic of China 1 1 -
Philippines 3 59.2 710
Soviet Union 1 5 ~
Turkey 1 0.5 -
United States 13 663 1019
TOTALS 85 1788.9 1849
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The potential of this energy form is obvious but the economic and techno-
logical risks are high. One is never certain, before drilling, if a well,
however shallow, can supply a user's needs. Figure 3 illustrates some of
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Fig. 3 Differences between gas and geothermal wells (1)

the differences between a gas well and a geothermal well. Gas well tect-
nology is now well advanced in the U.K., alongside drilling techniques !{or
oil under the North Sea. However, because less energy is available in =
kilogramme of hot water than in the same quantity of gas, the geotherm:}
wells are considerably bigger. Also, temperatures are higher, and in con
sequence studies on corrosion and fluid seals are at the frontiers of researct:.
It can be seen from Fig. 3 that in order to avoid bore-hole pipe problem-,
nco extraneous seals, safety valves or other control systems are inserted int:
the bore hele.

Probably the most difficult geological problem confronts the engineer wkhr
has to seal off the geothermal fluid from other geological formations, s=*
Figs. 4 and 5. Normally an engineer, when designing seals, would avoid
high temperatures, high pressures, reactive fluids, excessive clearances.
linear motion and inaccessible locations. In geothermal plant none of these
features can be avoided. A typical 2,000m deep bore will have a bottom
temperature of around 300°C and pressure of 7.0 MPa, a casing variation
of 5mm (due to taper and eccentricity) and changes in length of the tube
fexpansion/contraction) of about 6m. No single elastomer seal is suitable
for all these service conditions at present. Unfortunately mechanical
engineering types of failures of structures, as well as distortion of com-
pcnents, are still too frequent. Civil engineering problems are equally
widespread as can be appreciated if one realises the geothermal plant at
Krafla in Northern Iceland bestrides two tectonic plates that are moving
apart’
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In Mexico, to overcome lack of corrosion protection from inhibitors at high
temperatures, the outer case was completely covered by cement. Unfortunately
nobody knows the corrosion resistance behaviour of cement under operating
conditions. The corrosive nature of geothermal fluids can be gauged by
examining the important chemical data given in Table 3.

TABLE 3 Important Chemical Data for Geothermal Fluids (1)

pH value 2-10
H2S 0-600 p.p.m. (usually < 30 p.p.m.)
CO2 0-1500 p.p.m. (usually < 500 p.p.m.)
NH3 0-300 p.p.m. (usually < 20 p.p.m.)
CcL” 10-280,000 p.p.m. (usually < 8,000 p.p.m.)

A schematic of a geothermal steam plant is given in Fig. 6 along with typical
problems and their location, whilst some of the engineering materials prob-
lems and their solutions are presented in Table 4.

Dry
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Production

Well @

Non - Condensible
ITurbine Gas Gas
Flash Extractor

Steam

0]0)] I J
Production @@ Alternator

Well Separator
@@ Condenser d

Excess

01016 Injection Fluid __ Water , | __Hot Well
Treatment S -~ el —

—_—— "
@G —
Type of Operational Problem
D_l Injection Scaling
06 Well Corrosion,Erosion, Mech.Fdilures
Cement Failure
Hazardous Chemicals
Subsurface Flow Diminishing
And Environmental Problems.

Cooling
Tower

0]6)

®

Obhwn =

Fig. 6 Schematic of a geothermal steam plant indicating problem areas (1)
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Place

Problem

Solution

Italy

New Zealand

Erosion of valves
Pipe erosion

High-temperature blowout
preventers

Drill pipe fatigue, loss of
circulation, well cementation
Casing collapse

Thread parting

Erosion corrosion, last stages
of turbine

Corrosion condensate; CO
HZS' NH3, BO3

Turbine blade life

2l

Erosion and cavitation of
pump impellers

Construction cement and
concrete deterioration
Stress, intergranular and
localized corrosion of

AISI 316

Wellhead equipment corrosion
stainless steel 2 to 6-month
life

Chloride attack - turbine
blades

Erosion of lead on iron in
condensers

Sulphide stress cracking in
medium and high-strength
carbon ang alloy steels used
up to 190 C

Stress corrosion of austentitic
stainless steels (aerated,
chlorides, stress, geothermal
media)

Surface tarnishing and erosion
corrosion of commutators

made of Cu, Ag, and alloys
used in geothermal steam
containing H,S

Severe surface corrosion of
carbon and galvanised steel
exposed to salt spray
Tarnishing and corrosion of
overhead power cables,
telephone cables, and con-
trols exposed to atmosphere

+
HZS

Tungsten carbide facing
Thickness allowance and
redesign
High-temperature gaskets-
Viton, lead rubberized
canvas gaskets for 260°C

Heavier well casing
Longer coupling
Stellite shields

Austentitic, ferritic, and
lead-clad stainless steels

132 Cr, low C < 0.1%
materials

Coatings and materials R&D

Low-carbon steel thick walls
Carbon steel, 9-year life

Higher Cr alloys passivate

Design

Materials selection and caution

Keep bores hot, redesign,
deaerate

Platinum contacts, cleaning
continued protective
maintenance

Painting, cladding, remote
discharge

Remote discharge, special
paints, aluminium conductors

(continued over)
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Place Problem Solution
Mexico Casing collapse and Heavier casing and second-
(electric corrosion production casing
systems) cemented into outer casing;
modified high-temperature
cement
Internal casing corrosion Keep hot during standby
External wellhead and casing High-temperature paints
corrosion and lubricants, scraping
Crevice corrosion Avoid metal-to-metal contact
with cement and grease
Turbine cooling system Standby procedures plan,
(Al, 304 stainless Ti substitution.
steel pitting)
North Turbine erosion corrosion 13% Cr steel
California Corrosion condensate, low-pH Materials selection
U.S.A. sulphate-containing fluids coatings
Protective coating
deterioration
é Electrical equipment (H2S) Aluminium transmission
i Clean rooms
! Pt and Au inserts on contacts
§ Corrosion fatigue in 12% Cr Heat treatment changes
; stainless steel
EUnited Downhole pump bearing failure Alumina prototype bearing
i States Downhole heat exchanger Additives (oil, paraffin)
| (nonelectric corrosion (5 to 20-year life, Materials selection
gsystems) black iron pipe)

TABLE

4: IMPORTANCE OF ENGINEERING MATERIALS SELECTION.
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ICE POWER

To anyone who has traversed the fronts of glaciers and ice-caps and wit-
nessed the movement and chaos of terminal moraines, there is no need to

describe the power of moving ice which in total represents the greatest of
all natural forces.

There are several papers in this Conference concerning glaciology. To under-
stand the flow and fracture characteristics of ice, it is essential to appre-
ciate the atomic, crystalline and continuum behaviour of ice. There are
nine known crystalline forms of ice, most of these being stable only at high
pressures. QOur most complete understanding is of the open hexagonal atomic
structure, see Fig. 7, where every oxygen atom (large circle) is surrounded
by a tetrahedron of oxygen atoms. In most ice crystals the two hydrogen
atoms (small circles) are directed, at random, along two of the four possible
oxygen-oxygen vectors.

Fig. 7 A perspective view of the structure of ice
viewed down the hexagonal axis (4)

The deformation of ice from the microstructural (atomic) viewpoint has been
studied extensively by Ashby who constructs diagrams of the form shown
in Fig. 8. These so-called deformation maps have been extensively used
in the study of high temperature materials for the nuclear and aerospace
industries (e.g. 304, 316 stainless steels, MARM 200 etc.). The differgnce
between the two diagrams presented here is the size of the crystals (grains)
which can vary substantially; see Fig. 9. The maps plot normalized shgar
stress against normalized temperature and by considering the micromechanism
of deformation, including recrystallization effects, it is possible to determine
the dominant process responsible for flow.

For example, Lead is known to creep (extend) under its own weig.ht (see
Fig. 10}, a process that can be accelerated by heating. Analysis of a
60-year old hot water pipe indicates diffusional flow of atoms to be the
dominant process whilst an external drain of the same grain size (~50um)
but lower temperature and higher stress creepsby a low temperature creep
process.
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Congelation

(6)

Fig. 9 Grain Size Variations in Lake Ice
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Fig. 10 Lead Pipes on a 75-year-old building in Southern England (5)

The South Polar ice cap has been examined from such a viewpoint. A few
tens of metres below the surface, temperatures do not fluctuate and the tem-
perature gradually rises to 0°C at bedrock where geothermal heat may main-

tain a film of water. As with lead, the flow of ice is gravity driven and
the shear stresses increase linearly with depth which may be determined from
radar echo sounding (see later papers). Grain sizes change from ~1 mm

(surface) to 10mm (depths >200m). From this information, deformation maps
tell us that power law creep is the dominant mechanism and the creep strain

9 -1

rate at bedrock (highest temperature and stress) is approximately 10 ~ sec

Whilst much of the earth's surface is covered by land ice (glaciers and ice-
caps), floating ice on seas, lakes and rivers can present many formidable
problems. Transportation across frozen lakes and along rivers depends upon
the thickness of ice and the rate of accumulation of ice. The most important
parameters to consider are the mean daily temperature, the water temperature
and the latitude. Since 1959, records have been maintained at several
Canadian arctic stations (see Fig. 11) which produce data typified by
Figs. 12 and 13. When the break-up of ice occurs (see Fig. 14), thereby
permitting ease of access to ships, other hazardous problems arise as the
ice drifts towards shipping lanes and fishing areas. Of great concern is
the possible collision of icebergs with offshore oil rigs. In this - respect;
the use of radar for locating and measuring the thickness of floating sea
ice is most important. Recently some dangerous experiments have been con-
ducted in towing away large icebergs from shipping lanes.
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Conversely, iceberg towing could be positively helpful, since several countries
(noteably Australia, Chile and Saudi Arabia) are now considering the towing
of icebergs from Antarctica to their own shores to provide a fresh water
source for the irrigation of their deserts. Statistical investigations are also
being carried out on the size, shape, angularity, perimeter length, major
chord orientation (relative to wind and waves) of ice-floes as well as the
proportion of area below and above the water line. These research studies
will permit environmentalists to study the effects of ice-floes on climate and
marine biological productivity.

lze can fail by a number of processes depending upon temperature and stress,
see  Fig. 15. At high stresses, dynamic fracture is a consequence of the
rropagation of an elastic stress wave. At high temperatures and low stresses,
inter-crystalline creep fracture can occur due to cavitation, but most fracture

processes in this brittle material are due to cleavage. Cleavage type 1 at
low stress is due to pre-existing defects and fracture strength can be deter-
imtined  from fracture mechanics considerations. Cleavage type 2 requires

¢racks to be nucleated by deformation on slip systems whilst cleavage type
5 15 due to slip generating cracks that propagate in an intergranular mode.
>ince the fracture behaviour of ice is the subject of two separate papers in
iris conference, it will not be commeénted on further, but it should be noted
that this has important consequences on the size of icebergs and the depths
" crevasses on glaciers and ice-caps.

The study of stress, strains and flow of ice in ice-caps and glaciers has
1’20 been boosted by the advances made by finite element methods of analysis.
_in engineering components of complex geometries (e.g. bearings, see Fig. 16)
it is necessary to have a three-dimensional appreciation of stresses, par-
T‘icularly concentrations of stress, so as to eliminate initiation sites for
fatigue cracks, fretting and wear of surfaces. Computer programs are
exceedingly time consuming and very expensive, especially those that include
elastic and plastic deformation behaviour, and at this moment, only two-
dimensional and coarse grid elements are used to study ice problems, but
I suspect that a three-dimensional program will have to be constructed to
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such as the Batura glacier, which can cause serious
The Chinese investigations over

the period of 1974-5 are an excellent base to start such a study, and the

application of impulse radar systems,

depths,

dimensional finite element

for accurately determining glacier ice
should be invaluable in these circumstances.

Figure 17 shows a two-

idealization for a model glacier with basal sliding

and Fig. 18 shows the Chinese map of the Batura glacier.
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Fig. 16 Three dimensional finite elements used to study
(a) stresses, and (b) strains in a bearing yoke (10)

s 77 NOLCES
° 120 ELEMENTS

1
i3
TN R

[}
i {ocom
\\\\ ICE
; 0
‘ \ {oo0ms

| i ROCK

00% L] 7. ] [YT) ooors |

VERTICAL VELOCITY, METRES/YEAR

5 METRES

A

WORIZONTAL VELOCITY, METRES/YEAR 48 METRES ]

Fig. 17 Velocity distributions with and without basal sliding from a
two-dimensional finite element idealization of a glacier (11)

It is worth noting that deformation and fracture maps are also of interest
to the geophysicist who wishes to study the material that constitutes
the upper mantle of the earth. In this case an added variable to shear
stress, temperature and time is pressure which, at depths of a few kilo-
metres below the earth's surface, affects the mechanisms of fracture.
However. depths of a few hundred kilometres are required before pressure
affects the deformation behaviour of olivine.
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Figure 19 illustrates the behaviour of olivine with a grain size of 0.1 mm
and at a pressure of 81 kbar. Since both temperature and pressure increase
with depth, a single diagram can describe the behaviour of the upper mantle
e.g. see Fig. 20 which plots the upper and lower bound solutions. At the
surface, and to a depth of at least 20 km, cleavage is dominant rather than
plastic deformation. Below this depth plasticity replaces cataclasis as the
dominant mechanism, whilst between 100 km and 400 km power law creep is
the operative mode of deformation.
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Fig. 19 A deformation map for olivine at a pressure of 81 kbar
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WATER POWER

The life support system of Pakistan is its network of irrigation canals, fed
by the Indus, one of the most important rivers in the world. The expertise
of Pakistan engineers who design, construct and maintain these canals is
internationally acclaimed. '

In the villages of theKarakoram one may find many miles of aqueducts, built
across vertical cliff faces, which supply water to different parts of the vil-
lage, or even different villages. The yield of village crops is maximised by
a judicious and intricate system of canals that starts at the top of the vil-
lage, invariably sited on an alluvial fan formed at the base of a gorge.
The water system descends to valley level in an ever expanding series of
subsidiary canals that feed the multi-level garden plots, each of which has

its own sluice gates that have to be opened and shut at specific times each
day.

On towards the plains of Pakistan it is possible to build dams such as
Mangla and Tarbela, the latter being the world's largest earth dam which
supplies 2100 MW of electrical power to Pakistan. However, due to the steep-
ness and ferocity of the Karakoram rivers, and the unstable slopes above
the river beds, the Indus carries the greatest sediment load in the world.
Figure 21 shows a rating curve for the sediment capacity of this river and
the figures are frightening. For a flow rate of 300,000 cu. ft./sec. (8,500

m3/sec) the suspended sediment in the river weighs 7,000,000 tons per day
(70 GN). It is the deposition of this sediment at Tarbela (estimated at 320
million tons/year) that creates a major problem for the Water and Power
Development Authority of Pakistan (WAPDA). The storage capacity of the 57
mile long Tarbela Reservoir is gradually being depleted by this sediment
deposit which is accumulating at a rate sometimes approaching a depth of
one metre a year. It is therefore important for Engineers and Geomorpholo-
gists to determine, not only the sediment capacity of the Indus and its tri-
butaries, but also the movement of the bed load, which for Tarbela is about
5% of suspended sediment load. The movement depends on the size, density
and shape of the bed load as well as the granular size, distribution of th»;
sediment, the liquid-to-solid ratio of the flow and the three-dimensionz:
geometry of the river. Thus, part of the sediment load is constantly beiny
moved downstream towards the dam structures, a process which is accelerated
by rapid fluctuation in reservoir height through the months of June to Sep-
tember, due to snow melt, then glacier melt, and finally monsoons, with
the annual final shape of the deltas within Tarbela being formed in late
September.

By using high frequency transducers with echo sounders, it is possible to
determine the depth of water above the silt. With low frequency transdugers
fitted to modern equipment developed for deep ocean research, it is possible
to obtain the depth of silt above the original river bed. It is therefore
possible to monitor the elevation, depth and movement of sediment beds.

Qur own project is to carry out investigations in the Hunza riv'er, which
carries one of the largest sediment loads feeding the Indus. This concen-
tration of sediment is due to the huge catchment area of 5,080 sq. miles
which contains some of the world's longest and deepest glaciers outside the
polar regions. Other contributary factors are the lack of plant cover on
the steep hillsides, the frequent landslips due to rain, earthquakes and the
young. easily erodable rocks of the Karakoram. As a consequence gf thege
features, the Hunza Valley is rapidly losing its top soil, put Pakistan is
not alone in having problems of this magnitude. The River Thames of
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England can cause flooding of some 50 sq. miles of Greater London's low-
lying areas. For over 300 years, tidal flooding of the Thames has been
recorded and is due to a combination of geological and meteorological factors.
The maximum flood height has been increasing about 8.5mm per year since
1780. In consequence it has been decided to build the world's largest
moveable barrier, which can be brought into operation within 15 minutes.
Gited at Woolwich, not only will it prevent flooding, but it will also pre-
serve navigation on the river. It is with some pleasure that 1 can report
that Davy-Loewy of Sheffield is responsible for the manufacture, supply and
installation of this barrier. However, climatic pressures, wind directions
and moon gravity may combine to cause a flood surge, and bring a major
catastrophe to London before the barrage is completed. Notices are on
display in all London underground stations warning the population of this
possible disaster.

CONCLUSIONS

Technology and earth sciences are inextricably bound together. In the
Karakoram it is essential that scientists of all disciplines unite to help
overcome some of the worst hazards to man on earth. The recent developments
in engineering, quoted in this paper and in other papers in the conference,
i.e. finite element analyses, impulse radar, satellite survey systems, new
materials, deformation and fracture mechanisms etc. are but a few aspects
of a rapidly developing engineering technology that can be of immense help
to mankind.
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Recent variations of some glaciers in the
Karakoram mountains
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ABSTRACT
In 1974 - 1975 and in 1978, the author was a member of the
Batura Glacier Investigation Group of the Karakoram Highway Engineering
Headquarters of the People's Republic of China. Studies of contemporary
glaciation along the Karakoram Highway have been actively carried out
and some valuable data on glacial wvariations gathered. During our
investigations we were warmly supported by our Pakistan friends. This

article is based on the geomorphological investigation together with
documentary records with especial comparison to the landsat images in
the 1970's and topographic maps in various years, and aims at explaining
recent variations.

RECENT VARIATIONS OF GLACLERS IN THE NEIGHBOURHOOD
OF KHUNJERAB PASS

Friendship No. 1 Glacier is located on the right side of the Khunjerab
Pass, looking towards Pakistan. It is a small valley glacier. By
estimation, the height of the snow line is 5200 m. On both sides of the
glacier in the middle and lower reaches, the large lateral moraine ridges
have a relative height of some 70 m, and continue towards theupper reaches.
Inside the lateral moraine, there are four steps at 4620 m, 4650 m,
4700 m and 4775 m respectively, reflecting three previous stages of ice
surface after the maximum of the last advance. The terminus height of
the ice tongue is 4720 m.

In 1978 we carried out an investigation of the terminus of this glacier
and compared it with the 1:10000 topographical map drawn by Pakistan
in 1966, We discovered that the position of the glacial terminus had
advanced about 320 m (40 m/yr) and descended 118 m in height from 1966
to 1978 (Fig. 1).

Friendship No. 2 Glacier 1is located on the left side of the
Khunjerab Pass. It is a small hanging glacier with a short ice tongue.
By estimation, the height of the snow line is 5100 m. There are three dark
brownish terminal moraine loops visible at the end of the glacier. Heights
of the termial moraine are 4650 m, 4680 m and 4700 m respectively. From
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there upwards, there is a greyish terminal moraine at 4780 m. At present,
the terminus of the ice tongue is at 4795 m. The relative height of the
ice cliff at the terminus is 60 m. For this glacier there is no complete
subglacial drainage system, but drainage by surface and lateral channels
are dominant. The terminus of the ice tongue has risen 90 m and retreated
210 m according to the topographical map (1:10000) compiled by Pakistan
in 1966 (Fig. 2).

Friendship No. 3 Glacier is a larger hanging glacier. The glacial
terminus was at a place 200 m away from the Hunza River in 1966. On
July 30, 1978 we found that the terminus on the right side of the ice tongue
had retreated 600 m and risen 204 m. At the same time, the terminus

on the left side had retreated 290 m and risen 120 m (Fig. 3). Because
the ice tongue had retreated quickly a vast stretch of moraines was left
on the slope. We suppose that the glacier had advanced before 1966 and
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reached its maximum by 1966. Afterwards, the glacier retreated.

RECENT VARIATIONS OF THE BATURA GLACIER

The Batura Glacier is one of eight large glaciers with a length more
than 50 km at middle and low latitudes on earth. There is a special
report on its recent variations; reference (1). For comparative purposes
the present author briefly reports as follows.

During 1885 - 1925, according to documentary records by Woodthorp
(1885), E. F. Knight (1891), Etherton (1909), K. Mason (1913) and Visser
(1925) (see reference (1) and Bibliography), the Batura Glacier's terminus
either advanced or was relatively stationary. The positions of the ice
tongue wandered close to the Hunza River and had slight wvariations.
Aged local residents in the villages of Pasu and Khaibar had witnessed

the advance of this glacier. They said, "50 - 60 years ago, in one autumn
between 1910 - 1930, the glacier advanced and blocked the Hunza River.
The river water, however, could still pass through under the ice. In

the spring of next year, the glacier retreated again and the place blocked
was left on the left side of the mouth of the present-day Batura stream,
leaving very large boulders at two places."

After the 1930's, the glacier began to decline. Thirty-years ago,
the large ice cliff at the terminus was on the lower side of the damaged
30 m bridge. A German-Austrian Himalaya-Karakoram Expedition report

in 1954, reference (2), said 'the terminus of the glacier was on the right
side of the Hunza River in 1944 and retreated to a place 300 m away from
the river in 1954." The large ice cliff retreated to a position about
800 m away from the Hunza River according to the topographical map
{1:10000) compiled in Pakistan in 1966 (Fig. 4). The key to Figure 4
is as follows:- 1. Displacement of contours (ft) and date; 2. Displacement
and date of terminal ice cliff; 3. Bore hole; 4. Highway, temporary roadway,
bridge; 5. Planned alternative line; 6. Drainage cavern and its date;
7. Marked advance and thickening area of the Batura Glacier at present-
day; 8. Thick greyish moraine hills with buried ice; 9. Without buried
ice; 10. Yellowish moraine hills formed two centuries ago.

In 1974, after surveying the topography of the glacier terminus, we
discovered that the position of the large ice cliff had advanced 90 m,
compared with that of 1966. In the same period, within the radius of
I km of the upper position of the ice cliff, the ice surface rose by an
average of 15 m, while both sides of the glacier were continuously declining.
We measured the area again in 1975 and found that the large ice cliff
had advanced further by 9.6 m compared with that of 1974. We measured
again on May 29, 1978 and found that the large ice cliff had advanced
by 32.55 m as compared with that of 1974, while the small ice cliff at
the upper reaches of the main drainage channel on the south side of the

glacier had retreated at least 230 m between the end of 1975 and early
June 1978.

RECENT VARIATIONS OF THE PASU GLACIER

Accordi.ng to measurements from the topographical map compiled in
Pakistan in 1966, the terminus of the Pasu Glacier was at 2550 m a.s.l.

and 1150 m from the jeep road. Based on our investigation and survey
of July 3, 1978, we found that:-
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(1) The drainage ice cavern of the Pasu Glacier had retreated to
1400 m from the position of the old bridge, showing that the draining
ice cavern receded 140 m in the period 1966 to 1978.

(2) The ice tongue on the left side of the Pasu Glacier had extensively

receded. Ice hills had disappeared completely, while the ice
tongue on the right side had only declined slightly and retreated
30 m.

(3) The large ice cliff had retreated to the upper reaches of the
ice threshold at 2640 m. The height of the draining ice cavern
was at 2615 m measured by a barometer. 1f the draining ice
cavern acts as the mark of the glacial terminus, the height of
the Pasu Glacier's terminus had therefore risen by 65 m and the
glacial length had shortened by 150 m (12.5 m/yr.).

RECENT VARIATIONS OF THE GULKIN GLACIER

The terminus of the Gulkin Glacier had been separated into two parts
as shown on the Pakistan topographical map in 1966. The terminus height
of the ice tongue on the northern side was 2520 m a.s.l., some 500 m
away from the left bank of the Hunza River. On the other hand, the tongue
on the southern side was 2520 m and 660 m respectively. This indicated
that the Gulkin Glacier had advanced in the period 1925 - 1966. But
the range of this advance was less than that in early 20th century.

We determined by theodolite on November 5, 1974, that the height of
the ice cavern on the southern side was 2534 m a.s.l. and 800 m from
the Hunza River. This indicated that the ice tongue on the southern side
receded 180 m (22.5 m/yr.) between 1966 and 1974. On July 3, 1978, we
made repeated measurements at the fixed station and discovered that the
distance of the southern ice cavern from the left bank of the Hunza River

was now B860 m. The draining ice cavern had receded again by 20 m
as compared with that of 1974. At the same time, the height of the northern
ice tongue was 2600 m. The terminus height had risen 140 m and the
position of the terminus had receded 40 m when compared with 1966. On

July 13, 1978, Professor Shi and 1 made aerial observations on the middle
and upper reaches of the Gulkin Glacier and found that the ogives were
well developed below the threshold of the upper section of the ice tongue.
The high lateral moraines on both sides of the glacier extended upwards

to higher altitudes. The large lateral moraines are far higher than the
ice surface. The glacial surfaces in the middle and upper reaches of
the ice tongue are clean with only a few superglacial moraines. Surface

slope is relatively gentle with few crevasses.

RECENT VARIATIONS OF THE HASANABAD GLACIER

W. Pillewizer and others; reference (2), used terrestrial stereophoto-
grammetric methods for surveying and drew a topographical map of the

l_arge area of drainage of the Hunza River. The sketch map published
in 1959 .showed clearly that the Hasanabad Glacier had separated into
two glaciers. The measurements on the map indicated that Shispar Glacier

(east branch) and Mutschual Glacier (west branch) had receded 4.5 km
and 7 km respectively as compared with the positions of 1929.

We made aerial observations by helicopter on July 13, 1979 and
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discovered that the long separated east and west branches had met together
again and extended towards the lower reaches well below the confluence.
According to the different colours of the superglacial moraines, the author
supposed that the west branch advanced before the east branch and first
extended below the confluence, while the east branch advanced only to
the confluence at that time and that its ice tongue had overlapped the
west branch. On August 25 - 30, the author and others investigated the
Hasanabad Glacier along the Nala River. Based on the data of field geo-
morphological investigations and documentary records, we determined that
the retreating period of the Hasanabad Glacier was in 1953 - 1954. In
the retreating process, there were two longer periods of relative stationary
and surface decay. This is evidenced by the moraine hills between 2350 -
2400 m and 2400 - 2500 m a.s.l. in the valley. According to the geomorpho-
logical character, we determined the .corresponding position of the ice
tongue terminus at that time, and decided that the ice tongues of the
east and the west branches advanced 1.5 km and 4.8 km respectively in
the period 1954 - 1978. But, we do not know when the advance began.
The Hasanabad Glacier is still advancing at present.

RECENT VARIATIONS OF THE MINAPIN GLACIER

The Minapin Glacier is a surging glacier like the previously mentioned
Hasanabad Glacier. In  August 1978 the author investigated the
Minapin Glacier and found that the glacier was advancing. The shape
of the ice tongue terminus had undergone an obvious change, especially
the left flank with the draining ice cavern distinctly displaced forwards.
The ice tongue had advanced at least 150 m. The ice cliff of the glacial
terminus 1is very steep and its surface height had risen almost to the
top height of the lateral moraine formed about two hundred years ago.
The terminus position of the ice tongue (at 2350 m a.s.l.) had advanced
to almost the same place as in 1954.

RECENT VARIATIONS OF THE PISAN GLACIER

The Pisan Glacier is a small valley glacier and lies on the west side
of the Minapin Glacier. There are no documented data describing the
variation of its terminus. The glacial termini showed on the 1:10000
topographical map by Pakistan in 1966, were at heights of 2070 m and
2220 m a.s.l. respectively on the right and left side. In August 1978,
the author investigated in more detail the lower reaches of the
Pisan Glacier. It was discovered that the ice tongue had distinctly
retreated since 1966. The considerable length of the lower section of the
ice tongue had been divided into two parts by a channel of melt water.
The ice hills with relative heights less than 15 m wholely consist of black
dirty ice. There are large lateral moraines on both sides of the glacier,
which seemed to be formed approximately two hundred years ago and made
a deep impression on us. Both sides of the lateral moraine are not
symmetrical; steep inside but gentle outside. This indicates that the
lateral moraine had been shorn during the last glacial advance. The
terminal moraine and lateral moraine meet together in front of the ice
tongue, but are cut by melt water. The terminal heights of the tongue
on both left and right sides are 2450 m and 2420 m a.s.l. respectwe}y-
This indicates that the terminus had been evidently rising. Accord1_ng
to the relative positions of a ground object point, the sideg of the ice
tongue of the Pisan Glacier receded 300 m and 370 m respectively in the
period 1966 - 1978.
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RECENT VARIATIONS OF THE GLACIERS ON THE
NORTHWEST OF QOGIR FENG

From documentary records, and comparisons with landsat images in
the 1970's and two maps of the 1930's and 1960's, recent variations of
the Insukati Glacier and adjacent glaciers can be discussed. Three out
of five glaciers on the northwest of Qogir Feng are in recession and two
glaciers are advancing. The Insukati Glacier with a length of 41.5 km
is the longest glacier in China. Though its terminus was covered by
thick superglacial moraines and it was stable in the period 1937 - 1968,
the lowest position of bare ice now stretches downward about 5 km. The
Braldu Glacier located in Pakistan is 35 km long with thick debris cover
at the terminus also. 1In the perod 1937 - 1968, the position of its terminus
was unchanged, yet the lower limit or bare ice now stretches 4 km downward
and in 1968 - 1973, the terminus advanced a distance of 900 m. In
contrast, the Skyang Glacier, K2 Glacier and Westm-i-Yaz Glacier had
retreated 4210 m (137 m/yr.), 1700 m (50 m/yr.) and 550 m (18 m/yr.)
respectively. In addition, the Skyang Glacier had retreated again by
1000 m (200 m/yr.) in the period 1968 - 1973. However, the recession
rate of the K2 Glacier obviously reduced during this period.

CONCLUSION

In summary recent variations of some of the glaciers of the Karakoram
Mountains are shown in Figures 5 and 6, which indicate that the glacier
termini  in the Karakoram Mountains have undergone many changes during

recent times. From the 1880's to the 1920's - 1930's, the glaciers either
advanced in general or were relatively stationary. From the 1930's to
1960's, the glaciers usually retreated. From the 1960's on, the changes

in the positions of glacier fronts have presented a very heterogenous picture,
as for instance, a lot of glaciers in the western section of the Karakoram
Mountains have been advancing and others retreating. This reflects the
inherent difference of the time interval between change input and the
achievement of new equilibrium by the various glaciers.
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Some studies of the Batura glacier in
the Karakoram mountains

Shi Yafeng and Zhang Xiangsong
Institute of Glaciology and Cryopedology, Lanzhou
People's Republic of China

ABSTRACT

In 1974 and 1975, using terrestrial stereophotogrammetry, the Glacier
Investigation Group of China made a survey of the Batura Glacier drainage
area and drew a 1:60,000 map. A glacial inventory has been accomplished
and much data on morphological measurements obtained. The Batura Glacier
has some continental-type characteristics but there are a number of maritime
features; we call the Batura '"a complex type glacier". According to our
forecast, the glacier will advance another 180-240 m but in the 1990's
it will once again be on the decline.

INTRODUCTION

Both the ancient Silk Road and the present Karakoram Highway linking
China and Pakistan, pass by the terminus of the Batura Glacier. The
international overland route through this region has long been influenced
by the advance and recession of this glacier and the migration of its
meltwater channels. Since 1885, many travellers and explorers have given
their accounts and impression of the Batura Glacier. The chief ones among
them were: Ph. C. Visser, who led a Dutch scientific expedition in 1925
and reported the first arrival at the upper reaches of the Batura Glacier

(1); K. Mason, who made a comprehensive review of the glacier in 1930
(2); and W. Pillewizer and H. ]. Schneider, who organized respectively
the 1954 and 1959 German-Austrian Glacial and Geological Expeditions and
who made brief reports of their findings (3)(4). A1l these provided us

with preliminary and historical knowledge of the Batura Glacier.

From 1974 - 1975 and 1978, a glacier investigation group was dispatched
by the Chinese government to carry out a detailed study of the Batura
Glacier. The group received much support from Pakistani friends. The

present article is a preliminary report on the major results of our three
years work.

CONTROL SURVEY AND A TOPOGRAPHIC MAP OF THE DRAINAGE
AREA OF THE BATURA GLACIER

Within the distance of 20 km between the terminus and cross section
X1, see enclosed maps, the extended side of a rhomboid baseline network
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has been taken as base control. Between the terminus and a point
40 km upstream, a control network has been established, amounting to
25 stations. The accuracy of the weakest side is 1/21,700. From control

points of the network, we measured the main peaks in the drainage area
of the Batura Glacier and so the control network covered the whole

Batura Glacier.

In 1974 - 1975, Chen Jianming and Zhang Huaiyi et al (5), worked
on terrestrial stereophotographic mapping from 65 photographic base lines.
The average height of the control points and photographic points was
4000 m above sealevel. The average length of the photographic base lines
was 320 m. The maximum photographic distance was 14 km, but in general
it averaged 8 km. The angular error of the photographic base line was
1.1" and photographic dead space about 7%. They utilized landsat images
and camera pictures for subsidiary detail. On the basis of this, the
topographic map of the drainage area of the Batura Glacier was compiled
to a scale of 1:50000 and a colour map published to a scale of 1:60000.

The map of Batura Glacier employed four methods of morphological
illustration, namely, contour lines, conventional signs, hatching and
shading. Efforts have also been made to coordinate harmoniously all points,
lines, and planes in appropriate colours and shades, with a view to show,
as precisely as possible, the glacial type and pattern, and other
peculiarities of the Batura region (6).

According to the topographic map, the existing glacial inventory of
the drainage area of the Batura Glacier has been accomplished and much
new data on morphological measurements of the Batura Glacier obtained.

BASIC FEATURES OF THE BATURA GLACIER

Size and topography of the glacier

The Batura Glacier lies on the northern slope of the main ridge of
the Karakoram, i.e., the Hunza Karakoram that runs from E to W and
consists mainly of granodiorite. The highest peak, the Batura Muztagh,
reaches 7795 m_ above sealevel. The drainage area of the Batura Glacier
totals 687 km 2, while the glaciated area is 332 km 2, occupying 48% of
the drainage area. On its southern side, 12 large and small glaciers
flow into the main ice stream, whereas on its northern side, only 4 glaciers
flow into it. In addition, there are 55 small glaciers with a total area
of 47 km?2, lying apart from the Batura Glacier, yet their meltwater enters
beneath the ice into the Batura Glacier's channel. With a length of
59.2 km, the area of the Batura Glacier is 285 km<#. The firn line reaches
4700 - 5300 m a.s.l. The accumulation area above it totals 144 km?,
not including the area (70 km2) of exposed rock. The ablation area is
141 km . Hence, the glacial ratio (K) of the Batura Glacier is approxi-
mgtely unity. The wvariation of the widths of the glaciers is within the
limits of 1.2 to 2.5 km. The Batura Glacier descends from the 7795 m
high Batura Muztagh to the bank of the Hunza River, 2540 m a.s.l.
This is the greatest fall in elevation of a glacier between its snow field
and terminus in the world. The space extension below the snowline is
aSIhigh as 2460 m, Of the eight largest glaciers in medium and low
latitudes, the terminus of the Batura Glacier is the lowest in elevation.

Accor.ding to our observations, two-thirds of the Batura Glacier's ice
tongue is covered with surface moraines. The last 3 km of the glacier



56

are almost entirely capped by superglacial moraines. An ordinary glacial
surface is often uplifted by medial moraines, but on the lower reaches
of the Batura Glacier, the position of medial moraines is often depressed.
Though the ablation in the middle and lower portions of the ice tongue
is very intense, there 1is no surface drainage system so the meltwater
penetrates the ice body and forms complete subglacial drainage channels.
At the head of the glacier where various ice flows converge, the ice layer
is subjected to great pressure. It cracks and folds and as a result,
a lot of ridges, pinnacles and seracs, forerunners of ice pyramids, appear.
The First and Second Ice Flows which originate from the Batura,K Muztagh,
form attractive wave ogives below the great icefalls. Judging from the
character of the glacial surface, the Batura Glacier is not of a periodic

surging type.

The developmental conditions of the glaciers

The Karakoram Mountains are situated in the interior of Central Asia.
The climate in the deep valleys is dry. The annual precipitation recorded
at Bunji, Gilgit, Batura and Misgar in the Hunza valley 1is merely
100 mm on average. It is obvious that such a meagre precipitation cannot
create these big glaciers. Some researchers such as D. N. Wadia (1953)
and others (7)(8) thought that "they are without doubt the Ileftovers of
the Quaternary Ice age”, and that '"under the present-day climatic
conditions, it was impossible for them to grow to such great proportions".
In August 1974, in order to find out the secret of the alimentation of these
glaciers, we followed them to their upper reaches and measured the thickness
of the five annual layers of ice in two crevasses at a height of 5000 m
a.s.l. on the north-eastern tributary 'of the Northern Ilce Flow, and
translated it inte annual net accumulation. The ice thickness was
equivalent to a water layer of 1030 - 1250 mm. In addition, we measured
the 1973 net accumulation, which was equivalent to a water layer of
1034 mm, at the altitude of 4840 m in the western small cirque of the

Western lce Flow. As the places mentioned above are all near the snowline,
a considerable amount of the accumulated snow and ice melts and evaporates
in summer every year. Therefore, the actual annual precipitation of this
region must be much greater than the 1000 - 1300 mm we measured.

Even so, though less than the actual amount, it is still ten times the
annual precipitation recorded in the Hunza valley. This shows that there
1s an exceptionally abundant precipitation in the upper reaches of the
Batura Glacier. In addition, the distribution of precipitation on the Batura
Slacier differs from that of the Tian Shan in Asia and that of the Alps
'n Eurcpe. where the zone of maximum precipitation occurs at a medium
height (2000 - 3000 m a.s.l.), whereas precipitation in the Batura Glacier
valiey increases from 3000 m wupward and reaches its maximum over
SO0 m.

The high. steep mountains provide an ideal «cold environment and
abundant precipitation for the development of the Batura Glacier. According
to the annual temperature (about 10°C) recorded at the glacier's terminus
12563 m a.s.l.) and the lapse-rate of temperature relative to elevation,
the annual temperature near the snowline (5000 m) should be -5°C or so.
The annual O°C isotherm is at an altitude of 4200 m.

Thus there is not only an abundant snow fall, but also very cold

conditions in the upper reaches of the Batura Glacier. Coupled with its
favourable terrain, the region is capable of developing large glaciers.
The lower reaches of the glaciers descend into dry valleys, quite

incongruous with and contradictory to the surrounding desert outlook,
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and creates a false relationship between the glaciers and present-day
climatic conditions.

Ice formation and temperature

A study of the snow layers was made in the firn-basins of the north-
eastern small ice flow, the western small cirque and the North Ice Flow.
In the firn-basin, of the first zone, there was a layer of deep hoar on

the dirty ice, formed by infiltration and congelation. The layer ran to
a thickness of scores of centimetres. The crystals were mainly cup-like
and with a framework as a core. The biggest ones reached a diameter
of 5 mm. Column-shaped crystals were comparatively few. In two sections

of the second zone and four sections of the third zone, we also saw
remaining crystals of deep hoar deformed by infiltration of meltwater.
The wide distribution and good development of cup-like deep hoar showed
that the evolutionary process of snow layers at the source of the Batura
Glacier belongs to the cold metamorphic type. Sharp temperature gradients
exist between these layers.

According to our observations in the firn-basin, seasonal superimposed
ice layers develop widely below the equilibrium line. The thickness of
such ice layers is 50 cm at an elevation of 5200 m on the Northern Ice
Flow and 30 cm at 4890 m on the Western Small Ice Cirque. This super-
imposed ice belongs to the ice zone of infiltration and congelation. The
altitude of its distribution is 5200 to 5300 m on the Northern Ice Flow
and 4850 m to 4900 m on the Western Small Cirque. The wvertical height
of the superimposed ice zone is 50 - 100 m. Above this zone is the infiltra-
tion zone. The thicknes of these types of firn layers increases with
increase in elevation.

lce temperature is one of the important indices reflecting the physical
features of the glacier. In the summer of 1974, Zhang Jinhua et al bored
holes at three different altitudes and measured their temperatures (9).
The results are shown in the table below.

. Depth Ice
Alt

itude of Hole Date Temperature
(m) o

(m) (°C)

2560 8 June 1 - July 31 0.0
3300 13 July 18 - Aug. 31 -0.5 to -0.9
4500 4.7 Aug. 11 - Aug. 20 -1.5 to =-1.7

ICE TEMPERATURE OF THE BATURA GLACIER
AT DIFFERENT ALTITUDES (1974).

_ From this table, we know that the middle part of the Batura Glacier
Is still a cold glacier and it gradually turns into a temperate one as
It approaches its lower reaches. This is due to there being a very great
difference in elevation between the glacier's head and its terminus,
producing very different climatic conditions.
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The Glacier's velocity

Wang Wenying [see (10) ] measured, at various times, the glacial motions

at 129 velocity stations on 18 cross sections of the Batura Glacier. The
maximum surface velocity was 517.5 m/yr, which was just below the icefall
of the First Ice Flow. In general the maximum longitudinal surface velocity
is near the firn-line, the velocity decreases in speed towards the lower
reaches. But in the lower and middle portion there appear two anomalous
areas. One of them is at cross section IX with its maximum velocity of

179 m/yr, 21 m/yr more than that at cross section X, 4 km away. The
other is at cross section IIl; its maximum velocity reaches 85.4 m/yr,
also 21 m/yr more than that at cross section 1V, which is 1.3 km upstream
from the former.

The surface velocity varies with the change of seasons. In most cases,
the velocity is higher in summer. For instance, at station IX (3), from
June to September, 1975, it was 16% higher than the annual velocity during
1974 - 1975. But the wvelocity in summer at the terminus was a little
lower in speed than the annual one. In 1974 and 1975, the change of
speed observed at most stations on the Batura Glacier was, as a rule,
less than 20%.

Superglacial Ablation of the Batura Glacier

At various times in the summers of 1974 and 1975, Zhang Jinhua et al
{11) set up stakes at 66 ablation stations on 16 cross sections on the
surface of the glacier to measure the superglacial ablation and to obtain

comprehensive data in a period of intensive ablation. They took a whole
year record at four stations at the glacial terminus. It appears that
the mean daily temperature reflects the most suitable index for surface
ablation of the Batura Glacier. From this index, and taking the wvalue

of actual measurements as a basis, we calculated the annual amount of
ablation at various stations in the lower portion of the Batura Glacier.
The features of superglacial ablation of the Batura Glacier are as follows:

(1)  The surface ablation is very intensive. For example at station
1(29), some 2644 m a.s.l., the annual ablation is 18.94 m. The
ablation of bare ice decreases in proportion to the increase in
height.

(2)  The distribution of superglacial moraine has a very strong influence
upon ablation but the moraine thickness of various ice flows
shows a greater difference. Thus, the ablation isoline in the
lower portion of the Batura Glacier appears a special phenomenon
since to some extent it is parallel to the direction of ice flow.

Solar radiation is the main source of heat for the ablation of the
Batura Glacier. According to observations carried out during a short
period of time on the ice surface in July-August 1974, Bai Zhongyuan found
that 89.2% of the total heat was derived directly from solar radiation
and 10.8% from heat conduction of the air and condensation heat of vapour
121, The maximum balance value of the radiation observed was 666.4
cal/cm per day (August 18). Of the total heat output, 83.3% was spent
on ice surface ablation while the rest penetrated into the ice layer to
raise the ice temperature. On the ice surface that was covered with debris
2 - 3 cm thick, the rise of temperature of the debris layer accounted for
9.1% of the heat due to conduction, while the spending of heat on ice
surface ablation decreases to 78.5%. The thicker the surface moraine,
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the more the amount of heat spent therein, and the weaker the ablation
becomes.

In conclusion the Batura Glacier has some characteristics of a continental
type of glaciation but there are quite a number of maritime features.
We, therefore, call the Batura '"a complex type of glacier".

GRAVIMETRIC DETERMINATION OF ICE THICKNESS
OF THE BATURA GLACIER

We used a Chinese made ZS -67 quartz spring gravimeter for measuring

the ice thickness of the Batura Glacier. Five gravity traverses were
established along Profiles 11, 111, VI, VIII and XI. In general, the
distance between two profiles was 100 - 200 m. After having made a terrain
correction, Bouguer correction and latitude correction to the measured

gravity value, Su Zhen et al calculated the ice thickness at all five gravity
traverses in the lower reaches of the Batura Glacier (13).

At Profile XI, the average ice thickness is 310 m while the maximum
is 432 m. With an increasing ablation towards the lower reaches, the
glacier gradually becomes thinner, and at Profile 11 near the glacial
terminus the average ice thickness drops to 85 m while the maximum one
is not more than 115 m. From the given rate of motion and ice thickness,
we have calculated the annual ice discharge of the wvarious profiles.
In an area of 39.8 km?2 between Profiles 11 and XI in the lower portion
of the Batura Glacier, the average thickness is 229 m and the total storage
of ice amounts to 9134 million m*.

The distribution of ice thickness in the lower reaches of the
Batura Glacier shows two features:

(1)  The distributions of ice thickness in the south and north are
asymmetric. The maximum thickness points of various profiles
are not in conformity with the centre line of the glacier. There
is an obvious difference between the two sides. From Profile

X1 downward, the average ice thickness on the northern side
of the centre line is 180.5 m while that on the southern side
reaches 215.7 m. The reason for the asymmetry between the
southern and northern sides in the 1lower portion of the
Batura Glacier 1is, in the main, the uneven supply and waste
of ice between them.

(2)  The bend of the glacial bed has no direct influence on the
distribution of the thickness of ice.

VARIATIONS IN TERMINAL POSITION OF THE BATURA GLACIER

_ According to repeated measurements at fixed stations, geomorphological
investigations, documentary records and recalls of the local residents,
the Batura Glacier's terminus has undergone many changes during the
Quaternary and recent time. -

Glacio—.geomorphological evidence indicates that at least three glaciations
occurred in the drainage area of the Batura Glacier during the Pleistocene
(Shanoz, Yunz and Hunza). Since the last glacial epoch of late Pleistocene,



60

the glacier oscillation amplitude has been smaller. We can see clearly
from geological evidence that the ancient Batura Glacier of the late
Pleistocene was 1.52 times longer than today, with the snow line lower
by about 700 - 800 m.

During the Neoglaciation, the Batura Glacier advanced to a position
2 km lower than the present entrance of the Batura discharge channel.
It left several dark brown moraine hills with a relative relief of some
60 - 70 m on either side of the Hunza River. Later, the glacier retreated
by a big margin. The mudrock flow on the left bank developed fan-like
deposits.

About two hundred years ago, the glacier advanced again, and the
lateral moraines transcended five canals which were built by the local
residents of Pasu village on the above-mentioned dark-brown moraine hills

some 200 - 350 years ago. At the glacial terminus, there formed on the
right bank of the Hunza River, yellowish moraine hills, and below the
moraines, there occurred occasionally buried ice. The obvious polished

surface and the clay mud on the bedrock wall showed that the ice surface
at that time was 50 - 60 m higher than today, and that the lateral moraines
formed at the same period in the middle reach of the glacier were 20 -
40 m higher than the present day. Afterwards, the glacier retreated again.

From the end of last century to the beginning of the present one, the

glacier, however, advanced again. It was recorded in many documents.
For example, in 1925, Ph. C. Visser wrote, "The glacier shows strong
advance”; '"The position of the end of the glacier is now such that the

Batura stream unites with the water of the Hunza River almost without
ever having seen the sight of day" (1).

The aged local residents in the Pasu and Khaibar villages witnessed
this glacier advance. It left a vast stretch of grey moraine hills with
uninterrupted buried ice.

From the 1930's on, the glacier began to decline. Thirty years ago,
the large ice cliff of the glacier terminus was on the lower side of the
damaged 30 m bridge. A German-Austrian Himalaya-Karakoram Expedition
reported in 1954, "The terminus of the glacier was on the right side of
the Hunza River in 1944 and retreated to a place 300 m away from the
Hunza River in 1954". The large ice cliff retreated to a position about

800 m away from the Hunza River according to the topographical map
(1:10000) compiled in Pakistan in 1966.

In 1974, after surveying the topography of the glacier terminus, we
discovered that the position of the large ice cliff had advanced 90 m,
compared with that of 1966. In the same period, within the radius of
1 km from the upper position of the ice cliff, its ice surface rose by an
average of 15 m. while both sides of the glacier were continuously declining.
We tocok measurements again in 1975 and found that the large ice cliff
had advanced again by 9.6 m as compared with that of 1974. Similarly,
on 29 May. 1978, we found that the large ice cliff had advanced again
by 32.55 m as compared with that of 1975, while the small ice cliff on
the upper reaches of the main drainage channel on the south side of the
glacier had retreated at least 230 m between the end of 1975 and early
June 1978.
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FORECASTS OF GLACIER CHANGES

So far, only a few publications have dealt with the theory of variations
in mountain glaciers (14) - (18). N. Untersteiner and ]. F. Nye have,
with this theory, forecast the movement of the Berendon Glacier in
Canada (19); see also references (20) and (21).

In accordance with our calculations on glacial motion, glacial ice
thickness, superglacial ablation, variations in the positions of the glacial
terminus plus tree ring data, together with the calculation of the glacial
advance made by knowledge of the decay rate in velocity at the terminus,
and the fluctuating ice discharge balance, we predict that the Batura

Glacier will continue to advance by 180 - 240 m, i.e., about 300 m from
the highway in 16 - 22 years, so that by 1991 - 1997, the maximum advance
will have occurred. It is judged that the advancing glacier will not
endanger the highway. From the 1990's, the glacier will once again
decline. Up to a point between Profiles IIl and XI, the ice balance
presents a deficit state. During our investigations in 1974, we actually

surveyed the glacial surface velocity on some profiles, 20 km upstream
from Profile X1, but we found no high speed area whose speed exceeded

that of Profile IX. In other words, in the middle and lower portion of
the Batura Glacier, we could find no kinematics wave conducive to make
it advance once again. So we come to the basic conclusion that the decline

of the glacier, beginning from the 1990's, will last for a considerable
time, i.e., more than 20 - 30 years.

The annual rings of trees are an important source of paleoclimatic

data. A description is made of a tree-ring record of 484 years from sabina
on the northern side of the Batura Glacier at an elevation of 3800 m a.s.l.
We found three cycles of 145 - 150 years. From past climate variations
by tree-ring records advance and retreat of the Batura Glacier usually
lags behind the change of climate by about 60 years. Many investigators
point out a worldwide air temperature decline during the forties and
fifties of this century which will continue to the 2000's. If so, we may

suppose that the next glacial advance maximum will appear about the
2060's.

After a further three years, the Chinese Glacier Investigation Group
observed, in 1978, that the ice cliff at the terminus had advanced
continuously a further 32.55 m. This approaches our forecast, but the
increment value of ice flow velocity at Profile 11 is lower than that forecast.
This means the advance of the glacier may finish before the time previously
estimated and that the magnitude of advance is smaller than the above-
mentioned 180 m.
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ABSTRACT

The occurrence of ice surges in both ice caps and valley glaciers is noted,
and their characteristics with particular reference to valley glaciers are
described. Possible causes and mechanisms of surging are discussed briefly.
Some observations which have been made on a surge-type glacier in east
Greenland are detailed, but further studies of both surging and non-surging
types of glacier are required before a complete understanding of the dynam-
ics of surging can be obtained.

INTRODUCTION

Glacier surges occur in many parts of the world, and may affect ice bodies
as diverse as ice caps and narrow valley glaciers. Some 204 surging glac-
iers in western North America alone have been inventoried (1), and their
distribution appears not to be random; they are common in some areas and
absent in others. Both long and short glaciers may surge, and usually the
glaciers appear to be of subpolar type. The existence of a temperate surging
glacier has not yet been thoroughly verified by temperature measurements
{2). though other investigators refer to such glaciers; there may be a prob-

lem of definition. Tributary glaciers often surge after the main glacier has
done so. This paper suggests that a tributary glacier may surge alongside
the main glacier without the latter surging. Such an implied dislocation
of adjacent ice bodies is not inconsistent with the surging of parts of ice
caps. There is evidence of surging of parts of the Barnes Ice Cap (Baffin
[sland) in the past, and it has been suggested that climatic changes are
the cause (3). Bruarjokull (part of Vatnajokull) has also been observed

tc surge (4), while it has been suggested (5, 6) that surges of the Antarctic
ice sheet may have been the cause of the Pleistocene ice ages. Surges may
have been a factor in the rapid decay of the Laurentide ice sheet (3).

While the importance of ice sheet surges, with their consequential effects on
sea level and global climate, is clear, smaller scale glacier surging can
be of more immediate concern. In inhabited areas cultural features such
as roads, dams, irrigation channels and pipelines may be threatened. In
more remote regions mineral extraction or transportation may be at risk.

The causes of surges are not fully understood, although some explanations
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and models have been proposed. A number of surge-type ice bodies have been
studied, many in the purely descriptive sense. In other cases attempts have
been made to deduce possible causes and mechanisms of surging.

CHARACTERISTICS OF SURGES

The observed characteristics of surging glaciers include the following
features: chaotically crevassed surfaces; rapidly opening crevasses; sheared
margins and sheared-off tributaries; bulging, over-riding, advancing fronts;
large vertical and horizontal displacements of the ice; and very often a
higher discharge of silty meltwater. Distinctive surface features exhibited
during the quiescent phase include repeated loops, folds, or irregularities
in the medial moraines, curious pits in the surface, distinctively contorted
ice foliation, and the virtual stagnation of exceptionally large portions of
glaciers. Longitudinal profiles locally steeper than the profiles of adjacent
lateral moraines or trimlines may be noticeable just before a surge (1, 7).

In their studies of surging glaciers in western North America,Meier and Post
(1) and Post (8) identified a number of typical characteristics. It seems
likely that these characteristics apply to surging glaciers in general, and
they are now stated here.

All surging glaciers surge repeatedly. Most surges are uniformly periodic,
and the period appears to be rather constant for a particular glacier. All
active surges take place in a relatively short period of time (<1 to ~6 yr),
after which the glacier lapses into a quiescent phase lasting for a much

longer time (~15 to > 100 yr). The time for a complete cycle, or for the
active phase, has no simple relation to the length, area or velocity of the
glacier. Probably the period is, in general, a complex function of the total

ice displacement during the surge and the net balance rate during quiescence.

Velocities of ice flow during the active phase are always much faster, per-
h_aps at least an order of magnitude faster, than flow rates at similar loca-
tions on the same glacier during the quiescent phase. Flow rates during

surges can be as high as 5 m he™!  for short intervals of time, and can

average more than 6 km yr—1 at a fixed location for a year or more.

An ice reservoir and an ice receiving area can be defined for all surges.

The reservoir may be entirely within the ablation zone. During the quiescent
phase the reservoir thickens, and the longitudinal profile in the lower part
of the reservoir area continuously steepens. The active phase wusually

appears to begin with rapid movement where this steepening has occurred.
The rapid movement propagates quickly up glacier to include all the ice res-
ervoir area and down glacier into the receiving area. The rapid flow removes
ice from the reservoir area causing vertical lowering of the surface in the
order of tens or hundreds of metres, and adds ice to the receiving area
causing a similar or greater amount of thickening there. As the surge pro-
cecds the zones of lowering and thickening may move down glacier, so that
In some areas the ice surface first rises and later falls.

No a.brupt bedrock sills or depressions are suggested by the profiles of most
surging glaciers, nor are 'ice dams', which might weaken to trigger a surge,
usually evident. Practically all kinds and sizes of glaciers surge, and
surges occur in almost all climatic environments. No particular shape of
glac1er' 1s necessary. No special mean air temperature, precipitation, altitude
or activity index is favoured. No specific rock type is indicated. Distinct—
lve differences in permeability or surface roughness of bedrock 1in areas
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where surging glaciers are located do not appear likely. Geological faults
are sometimes present and sometimes not.

The periodic activity indicates the instability of the longitudinal profile of
surging glaciers. As the ice reservoir thickens the basal shear stress appar-
ently tends to a critical value, at which the surge begins. As the surge
propagates the basal shear stress in the reservoir area decreases, although
the total shear stress on the bed may still be increasing owing to the very
large longitudinal stresses. This rapid flow condition indicates a decoupling
of the ice from the bed. The active phase of the surge appears to end when
the basal shear stress, or the total bed shear stress, reaches a certain low
value. This low value may be due to a low thickness in the reservoir area
and a low slope in the receiving area.

POSSIBLE CAUSES AND MECHANISMS

Three main causes have been proposed for the occurrence of glacier surges:
(a) stress instabilities; (b) temperature instabilities; and (c) water-lubricaticn
instabilities. Causes (b) and (c) also involve stress instabilities, but these
are secondary effects that arise from other causes (9).

The advance of a glacier snout during each surge reaches approximately the
same limits as the earlier advances. This suggests that approximately the
same volume of ice is involved in each surge, and this point may be of crit-
ical importance in deciding the merits of different theories. Both causes (b)
and (c) depend on climatic factors; in (b) the factor is the basal temperature
of the ice which results from a combination of mean annual temperatures over
some time and the role of meltwater percolation in firn zones. The thickness
of a water film under a temperate glacier also depends on surface ablation
processes. In both cases, Robin states, it is difficult to suggest a climatic
control which would be sufficiently regular to lead to glacier surges involv-
ing the same volume of ice on each occasion, although one could postulate
a regular period of surges from temperature instabilities in thick, cold
glaciers. On the other hand, build-up of a stress instability behind some
obstruction to glacier flow would seem likely to lead to a history of surging
involving a similar volume on each occasion, but not necessarily a regular
period between surges.

A number of papers have discussed various aspects of the initiation and pro-
pagation of surges. An early study (10) showed how a rise in basal ice
temperature, initially below melting point, might lead by a sort of chain re-
action to the basal temperature reaching melting point, followed by relatively
fast ice flow. This could occur in ice sheets or glaciers where the accumul-
ation area is sufficiently cold to ensure the supply of firn being appreciably
below freezing point.

Later papers, rather than concentrating on the thermal properties of ice masses,
investigated the possibilities of lubrication at the glacier bed. Weertman (11)
sought to show how a water film sufficiently thick to overcome obstacles could
form at the ice/rock interfaces, while Lliboutry (7) studied the effects of cav-
itation behind obstacles. Both studies were heavily dependent on the nature
of the glacier bed, a characteristic not easily determined in practice.

Another study dependent on a lubrication factor has been proposed (12), in
which the sliding velocity of a glacier is assumed to be a function of the
basal shear stress, which is given approximately by the formula

Tt = p g h sin a
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where 1 is the basal shear stress, p the density of ice, g the gravitational
acceleration, h the ice thickness, and a the slope of the upper ice surface.
The basal shear stress increases with time above and immediately below the

firn line, after a surge. It decreases in the snout region. This leads to
stress instability, but the model requires the introduction of a water lubrica-
tion factor in order to trigger the surge. An assumption that subglacial

drainage is limited is required in order for sufficient water to accumulate.

Two further studies (9, 13) discussed the initiation and propagation of surges
in terms of longitudinal stresses. The comment is made (13) that the ad-
hesion component of friction at temperatures close to melting point appears
to be so low that the earlier proposed lubrication models (7, 11) would apply
even in the absence of an appreciable quantity of water. It is noted (13)
that the model is based on stress instabilities which are closely related to
bedrock irregularities, whereas other models discuss rapid sliding due to
stress instabilities caused by thickening water films or changing basal temp-
eratures.

A model for sliding based on the properties of the glacier as a whole has

been developed (14). This model is applicable to all temperate glaciers, and
it is the bed profile and balance profile which determine whether the glacier
is of the cyclically surging type or not. Characteristics at a point are not

directly relevant. The model does require that frictional lubrication be pres-
ent to allow the local lowering of basal stress. Evidence is cited to support
the frictional 1lubrication basis for this surging model, and the model can
be made to match real surges by choosing appropriate values for average
viscosity and the frictional lubrication factor.
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Fig. 1 The growth towards steady state for an ordinary
glacier (1) and a surge-type glacier (2), in
terms of maximum velocity and time; after (14).

For this surging model, all the following principles are adopted:

fa) With constant input consisting of the bedrock configuration, the accumu-
lation/ablation balance distribution, and the properties of ice, a steady-state
glacier does not result, but instead, the glacier builds up slowly then surges
rf.;\pidly, stagnates, then builds up, and repeats the process periodically.
Figure 1 illustrates this cyclic behaviour.

(b) The same lav(s and ice properties apply to the first order to all temperate
glaciers. The final state of a glacier, be it surging or non-surging, would
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then depend on the glacier's bed profile and balance profile.

(c) Surging does not require as a necessary criterion any special features
other than sufficient accumulation for the given bedrock profile. Other prop-
erties such as special bed smoothness, high geothermal flux, etc., are con-
sidered as secondary contributors to surging conditions.

(d) Surging is a large-scale phenomenon which can be adequately represented
at least to the first order by a numerical model using discrete values at
spacings comparable to the ice thickness. It follows that small-scale bed
features are not relevant except in so far as they contribute to bulk aver-
ages over larger scales.

A SURGE-TYPE GLACIER IN EAST GREENLAND

The Roslin Glacier is a subpolar glacier draining southeastwards from the

Staunings Alps, at 71°44'N in east Greenland. The mountains at the head
of the glacier rise to about 2500 m. The glacier is some 38 km long, and
below the firn line has a somewhat constant width of 1.7 km. The elevations
at firn line and snout are about 1300 m and 130 m respectively. Few
meteorological data are available for the glacier itself, but data from a
weather station 60 km to the north show a mean annual temperature of -9.7%
between 1952 and 1961. The mean temperature for the coldest month was

-24.° C, and for the warmest month +5.9°C. Mean annual precipitation was
372.5 mm of water equivalent, the maximum usually occurring in autumn and
winter. Since the end of the 18th century there appears to have been a sig-
nificant climatic warming which has been reflected in a general retreat.
In recent decades, however, a general cobling has been apparent in high
latitudes. Recent data for northeast Greenland suggest a continuing down-
ward trend in mean temperatures (15).

Oblique aerial photography taken on 19 August 1950 (Fig. 2) shows the Roslin
snout area with the chaotically crevassed appearance typical of a surging
glacier, with ice cliffs also visible at the terminus. It is suggested that
the glacier last surged not long before this time. Vertical photographs dated
14 July 1968 (Fig. 3) show the crevasses and cliffs to have disappeared,
although the location of the ice margin is unchanged. An ablation rate of
0.3 m in 15 days has been obtained near the firn line, but no data are
available for the snout area. The aerial photography reveals three elongate
lobes on the north side of the glacier at somewhat regular intervals, and
two tear-shaped lobes on the south side. A number of less prominent lobate
or curvilinear structures are also visible in Fig. 3. The lobes are part of
the ice structure, but their visibility is enhanced by the moraines which are
caught up in them, outlining their form. The elongate lobes in each case
appear to be derived from the medial moraine whose origin is at the junction
of the Roslin and Dalmore Glaciers, while the smaller lobes on the south side
appear to originate from two small tributary glaciers below the firn line.
The features described have not moved any significant distance downstream
between 1950 and 1968, confirming the expected stagnant regime of the glacier
following a surge. As would also be expected, the 1950 photography
appears to show a surface lowering above the firn line only, and a surface
raising below it.

The Dalmore Glacier is a large tributary entering the Roslin from the north
just below the firn line. Its velocity just above the confluence was meas-
ured at 33.2 m yr_1 between 1970 and 1973, while that of the Roslin just
above the confluence was 10.0 m yr_1(16). Just below the junction the ice

_ -1 .
velocity varies from 4.0 m yr1 on the Dalmore side to 9.6 m yr in the
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Fig. 2 Roslin Glacier Snout Area (1950) Oblique

Reproduced by permission (A301/80) of the Geodaetisk Institut, Denmark



Fig. 3 Roslin Glacier Snout Area (1968) Vertical

Reproduced by permission (A301/80) of the Geodaetisk Institut, Denmark
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Left ~,  Right
Bank Bank
(north) (south)
KTM /73
Fig. 4 Transverse profile of the Roslin Glacier, taken
just below the point where the Dalmore Glacier
joins it from the left; after (17),
main Roslin ice stream. The widely differing Dalmore velocities occur only
2.2 km apart. This would suggest that if the Dalmore ice is constrained to

flow into that part of the Roslin north of the medial moraine which separates
the glaciers, then the Dalmore ice must be damming up at the junction. This
northern stream of the Roslin is in fact narrower than the Dalmore but the
question arises whether the surface boundary indicated by the medial mor-
aine is any guide to englacial or subglacial conditions. Figure 4 shows a
transverse profile of the Roslin Glacier, obtained about 0.5 km below the

line where the velocity of 4.0 m yr_1 was observed. The profile indicates
that there is a well-defined subglacial ridge which separates the two ice
streams, and suggests that they maintain their own identity farther down
the wvalley. The profile was obtained by radio echo sounding using a fre-
quency of 440 MHz (17).

Ice depth contours in Fig. 5, show a bedrock ridge extending in from the
edge of the Dalmore just at the junction, and ice surface contours in Fig.
6 show that the slope is steeper at this point (16). A lowsillis also indicated
at the lower end of the Dalmore. The bedrock configuration and velocity dif-
ferences suggest that a pronounced damming effect occurs where the Dalmore
enters the Roslin. The conditions seem to be consistent with a probable
surge regime in the Dalmore. A longitudinal surface profile of the Roslin
from near the firn line to the snout, obtained in 1976, does not reveal any
prominent 'step', a feature sometimes found prior to a surge {(and hinted at
on the Dalmore).

The ablation area of the Roslin Glacier lies within a long narrow valley
while the accumulation area is fairly extensive. This general configuration
restricts the glacier's capacity to handle its discharge, and is probably the
main cause of periodic surges. The Dalmore Glacier also surges, and may
do so with a greater frequency than the Roslin. Neither glacier can surge
without affecting the other, but the relationship between the two is uncertain.
The velocity of the Dalmore in comparison with that of the Roslin, and the
bedrock configuration, seem to indicate sufficient cause for a surge-type
regime to exist in the Dalmore Glacier on its own account. The Dalmore may
be much closer than the Roslin to its next surge.

The pattern of lakes and outer moraines of the Roslin (Figure 3) suggests
a stagnation topography which is a result of surging at a period of greater

mass balance than the present, most likely during the 19th century glacial
maximum.
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CONCLUSIONS

Glacier surges appear to be due to instabilities related to temperature, wate
lubrication or mechanical stresses, or a combination of these. These insta
bilities occur because, for reasons probably mainly dependent on the bedroc]
profile and net mass balance, the glacier cannot regularly discharge th
volume of ice required to maintain it in a steady-state mode. The accumu
lation zone thickens and the ablation zone thins until at some critical poin
the resulting stress instabilities cause a catastrophic failure. Some disloca:
tion of the glacier ice from its bed must occur to explain the fast velocitie
achieved, and some lubrication mechanism is therefore implied. Most of th
theories outlined above seek to explain the mechanisms involved in the buil
ding up of the stress instabilities, and in the provision of lubrication.

Some studies have concentrated on the bedrock detail as a factor in th
lubrication mechanism, while others have shown a progression towards th
broader view of the glacier as a whole. By dealing with the propertie
of the whole glacier, a general solution has been obtained, and comparison
with real surges are encouraging.

In the case of the Dalmore Glacier, the bedrock configuration and ic
velocities measured at different locations seem to provide ample evidenc
for the build-up of mechanical stresses sufficient to cause a cyclical surg
regime to exist. Whether water or temperature instabilities are also a facto
is not known. A similar situation may occur in the case of the Rosli
Glacier, but the indications are less obvious.

The flow laws of ice, whether applied to surging or non-surging glaciers
are not yet fully understood. Detailed fieldwork on all types of ice bodie
is a necessary adjunct to theoretical studies and the formulation of realisti.
models. It is in this light that past and present studies of such glacier
as the Roslin, summarised in this paper, and Batura must be seen. Th
latter, although not of the surging type, terminates very close to th
Karakoram Highway, and has been the subject of detailed studies (18)
According to Hewitt (19), the Karakoram and the Alaska-Yukon region betweel
them account for perhaps 90% of known surging glacier events, though i
should be added that some of the Karakoram examples are not scientificall’
documented.

REFERENCES

(1) Meier, M.F., and Post, A. 1969. What are glacier surges? Canadian
Journal of Earth Sciences, 6, No 4; Part 2, 807-816.

(2) Bindschadler, R., Harrison, W.D., Raymond, C.F. and Gantet, C. 1976.
Thermal regime of a surge-type glacier. Journal of Glaciology, 16,
No 74, 251-259.

(3) Holdsworth, G. 1977. Surge activity on the Barnes lce Cap. Nature,
269, No 5629, 588-590.

(4) Thorarinsson, S. 1969. Glacier surges in Iceland, with special re-
ference to the surges of Bruarjokull. Canadian Journal of Earth
Sciences, 6, No. 4, Part 2, 875-882.



(9)

(10)

(16)

75
Wilson, A.T., 1964. Origin of ice ages: an ice shelf theory for Pleist-
ocene glaciation. Nature, @. 147-149.

Hollin, J.T., 1964. Origin of ice ages: an ice shelf theory for Pleist-
ocene glaciation. Nature, &, 1099-1100.

Lliboutry, L.A., 1971. The glacier theory, In Advances in hydro-

science. 7. Edited by Ven Te Chow. Academic Press, New York.
81-167.
Post, A., 1969. Distribution of surging glaciers in western North

America. Journal of Glaciology, 8, No. 53, 229-240.

Robin, G.de Q., 1969. Initiation of glacier surges. Canadian Journal
of Earth Sciences, 6, No. 4, Part 2, 919-926.

Robin, G.de Q., 1955. Ice movement and temperature distribution in
glaciers and ice sheets. Journal of Glaciology, 2, No. 18, 523-532.

Weertman, J., 1969. Water lubrication mechanism of glacier surges.
Canadian Journal of Earth Sciences, é, No. 4, Part 2, 929-939.

Robin, G.de Q. and Weertman, J., 1973. Cyclic surging of glaciers.
Journal of Glaciology, 12, No. 64, 3-18.

Robin, G.de Q. and Barnes, P., 1969. Propagation of glacier surges.
Canadian Journal of Earth Sciences, 6, No. 4, Part 2, 969-976.

Budd, W.F., 1975. A first simple model for periodically self-surging
glaciers. Journal of Glaciology, 14, No. 70, 3-21.

Allen, C. R., O'Brien, R.M.G. and Sheppard, S.M.F., 1976. The
chemical and isotopic characteristics of some northeast Greenland

surface and pingo waters. Arctic and Alpine Research, 8, No. 3,
297-317. h

Miller, K.J. (Ed.), 1973. Reports of Cambridge University East
Greenland Expeditions 1970, 1972, 1973. Cambridge University

Engineering Department Library.

Davis, J.L., Halliday, J].S. and Miller, K.]., 1973. Radio echo
sounding on a valley glacier in east Greenland. Journal of Glaciology
12, No. 64, 87-91.

Batura Glacier Investigation Group, 1979. The Batura Glacier in
the Karakoram Mountains and its variations. Scientia Sinica, 22,

No. 8, 958-974.

Hewitt, K., 1969. Glacier surges in the Karakoram Himalaya (Central
Asia). Canadian Journal of Earth Sciences, 6, No. 4, Part 2,
1009-1018. -



A surging advance of Balt Bare glacier,
Karakoram mountains
Wang Wenying
Huang Maohuan
Chen Jianming
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ABSTRACT

In November 1977, it was discovered that the Balt Bare Glacier's terminus
had moved downwards 1.6 km since 1974. This movement took place mainly
in 1976. During the investigation in October 1978, it was found that the
terminus had further advanced a distance of 0.4 km but had begun to

thin. The glacier terminus, 2.5 km in length, was surveyed and mapped
at a scale of 1:5000 and a short-term measurement of surface velocity
and temperature on the glacier was taken. We believe that the temperature

in the surveyed section is high, and at melting point on its bottom.
When the thickness and the basal sliding velocity of the glacier are
estimated, one would consider that basal sliding was the dominant mechanism
of the surge. [t was predicted that the glacier would be thinner in the
near future and that this surging advance would arrest.

INTRODUCT 1ON

On April 12, 1974, an extensive mud-rock flow burst out from the
Balt Bare Valley above Shishkat Village through which the Karakoram
Highway passes. The mud-rock flow, with tremendous force, swept away
a household and a pedestrian. With a maximum discharge of about
6300 m /s, it poured out 5 million m or more of earth, debris and rock
after running out of the mouth of the valley. The Hunza River was blocked
and a debris-rock dam was formed which caused a lake to form 8 km in
length which flooded over a 120 m long bridge and a 4 km section of
highway so disrupting communications in the Hunza Valley. This disaster
forced both Chinese and Pakistan highway builders to observe repeatedly,
from helicopters and on-the-ground investigations, the stability of the
area. In December 1974, November 1977 and October 1978, the
Karakoram Highway Engineering Headquarters of the People's Republic
of China repeatedly sent out engineering and technical staff to investigate
the valley, in co-operation with Pakistani friends. They found that the
Balt Bare Glacier, the source of the problem, was of a surging type. During
the last study they particularly observed the dynamic state of the glacier
terminus. They also collected data on the mud-rock flow, surveyed and
mapped the glacier terminus some 2.5 km in length to a scale of 1:5000,
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and took short-term measurements of surface velocity and temperature of
the glacier.

THE DRAINAGE AREA

The Balt Bare Valley terminates in several high peaks, the highest
of which is estimated to be 7000 m. The valley starts near to Shishkat
Village (lat. 36°20'N., long. 74°52'E.). From satellite photographs we
found the length of the wvalley to be 20 km and the drainage area about

50 km 2, including an area of 18 km2 covered by snow and ice; see
Fig. 1. The mean gradient of the channel is about 23%. Most of this

F1G. 1. A SCHEMATIC MAP OF BALT BARE VALLEY.

snow and ice resource converges into the Balt Bare Glacier, which is about
8 km in length and which was considered to have initiated the mud-rock
flow of 1974. The equilibrium line of the glacier is estimated to be at
4800 - 5000 m. On both sides of the glacier there are several cirque
glaciers. There is an obvious firn basin and ice tongue, and a few
hanging glaciers of small size. The channel below the glacier is very
narrow and steep with many drops. In the channel there are four canyons,
the narrowest opening of which is no more than 10 m wide. Nobody can
reach the glacier from the Village during the melt period that lasts from
April to August every vyear.

THE RECENT ADVANCE

During the investigation in December 1974, the glacier terminus lay
al the bottom of the canyon, 3800 m a.s.l. But the glacier, during the
investigation in November 1977, was noted to have advanced 1.6 km when
compared with 1974, and this was witnessed to be a continuous advance.
Mr. Mahar Ban, a herdsman of livestock for over 30 years said that the
glacier terminus always advanced and retreated about the canyon bottom
(where the terminus was located in 1974) ever since his father was able
to remember, but that they had never seen an extra advance like the
late one. He added that the recent advance took place mainly in 1976;
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in the summer of that year, the glacier was raised and came close to
his cattle-shed which was sited on the lateral moraine. The result was
that the ice surface was higher than his shed by more than 10 m. He
was so frightened that he dared not go to sleep inside his shed. During
the investigation in October 1978, the terminus was found to be advancing
continuously over a distance of 0.4 km, but by reading the photograph
taken in 1977, we found that the ice surface was lowered in the middle
and the upper parts of the surveyed section and that Mr. Mahar Ban's

shed was now higher than the ice surface. According to traces on both
sides of the glacier, the surface was judged to be 20 - 30 m lower than
its highest level. From these facts, we consider that the Balt Bare Glacier

is of a surging type.

THE BEHAVIOUR IN 1978

Figure 2 shows a map of the glacier terminus, 2.5 km in length,
surveyed to a scale of 1:5000 during October 1978. As stated above, the
middle and the upper part of the surveyed section began to thin but the
lower part thickened and advanced forwards. There was an ice fall above
3800 m with a slope of approximately 25°,

Debris was spread all over the 2.5 km length, but the debris cover
was not very thick and some exposed surfaces existed. Figure 3 shows
the surface velocity and also the distribution of the main <crevasses.
In general, the velocity is rather high with a maximum of 110 cm/day;

a velocity which has never been measured in China. Since this speed
was towards the end of the surge, one can imagine the speed attained
during the period of rapid advance. There are two comparatively high

velocity areas in Fig. 3, one is the ice fall, another between the cross
section Il and Il1 of Fig. 3 (points 1, 2, 12 and 14 respectively), where
the valley is neither steep nor narrow. In the ordinary course of events,
the velocity should not increase toward the lowest zone and so perhaps
there is a kinematic wave here. Be that as it may, the second
comparatively high velocity area possessed sufficient kinetic energy to
push the lowest part forward continuously. Above this area there was
a region of extending flow with a series of tranverse extension crevasses
whilst below this area there was a region of compressed flow with many
divergent crevasses in the lowest part.

Of course, the area of the ice fall was very broken and full of
crevasses. At the base of the ice fall several longitudinal crevasses
appeared.

At cross-sections A-A and B-B of Fig. 3 several additional points were
studied to examine tranverse variations in velocity but the variation was
not remarkable and this implied the existence of marginal sliding. Along
both sides of the glacier one could clearly see the shear faults, i.e.,
the interface between the main rapid ‘sliding glacier and the unmoved
bank.

lce temperature was taken at 3540 m a.s.l. At a depth of 3 m the
temperature was -2.4°C on October 29 when the ice surface had not yet
been covered by snow and melting was going on weakly but had not yet
disappeared. On the No. 1 Glacier of Urumqi He, Tian Shan, China, at
a depth of 3 m a temperature of -2.8°C was measured at the end of
September 1962, when snow covered the glacier and melting was absent:
reference (1). It is evident, therefore, that the Balt Bare Glacier's
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FIG. 2. A MAP OF BALT BARE GLACIER'S TERMINUS.
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FIG. 3. THE VELOCITY AND THE DISTRIBUTION OF MAIN CREVASSES
ON BALT BARE GLACIER'S TERMINUS.

terminus had a long melt period and a high temperature as compared with
No. 1 Glacier of Urumgi He. Furthermore, at an altitude of 3300 m on
the neighbouring Batura Glacier the ice temperature, taken from July 18
to August 31 at a depth of 13 m, was -0.5 to -0.9°9C; reference (2).
One can perceive that at this altitude the glacier had already transformed
into a temperate one. From these facts we consider that the base of the
glacier was at melting point, and that basal sliding took place there.

Now we can estimate the glacier thickness on the centreline, H, by
means of a perfect plasticity model. The formula is

T
b
H_ngina (1)

where Ty is the shear stress on the glacier bed, which should be equal
to the plastic yield stress of ice (usually being taken as 1 bar) when
basal sliding exists; g is acceleration due to gravity; o is the slope
of the glacier surface; F is a shape factor relating to the sides of the
valley (3). Assuming the cross-section of the glacier to be a semi-ellipse
and applying equation (1) to the lower part of the Batura Glacier where
a gravity survey was taken (2), the calculated value was roughly coincident
with the measured value of H the error being not more than 20%.

We can calculate the velocity due to ice deformation, V with the

d'
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simplified formula of Nye (4),

2A n
Va=nasT v 2

where H and T are same as in equation (1), and A and n are the parameters
in the flow law of ice. For calculation we adopt the parameters from
Nye (5), i.e., A = 0.173 bar-3:07 yr.-1 and n = 3.07, and assume Ty = 1
bar (6).

Thus the basal sliding velocity, Vb’ was found by means of subtracting

V, from measured surface velocity, V i.es,

d s’

vb = vs - vd (3)

Drawing eight cross-sections through the surveyed points in Fig. 2,
we can measure the width and slope of each cross-section and obtain H
on the centreline from equation (1), V4 on the centreline from equation
(2), Vg on the centreline by means of extrapolation of measurements to
the centreline and Vy from equation (3). These data are listed in
Table 1, which gives an extraordinarily high rate V _/V of up to
91 - 99%. b s

Cross Section I IT III IV \Y VI VII VIII
H (m) 85 52 70 51 60 66 32 36
VS (cm/4Q) 23 72 72 58 50.6 45.8 78 83
Vd (cm/qQ) 2.0 1.2 1.6 1.2 1.4 1.5 0.7 0.8
Vb (ecm/d) 21.0 70.8 70.4 56.8 49,2 44,3 77.3 82.2
Vb/Vs (O/ ) 91 98 98 98 97 97 99 99

o

TABLE 1: ESTIMATED GLACIER THICKNESS AND COMPONENT
VELOCITY ON CENTRELINE.

Generally speaking, this rate should be 80 - 90% (possibly 95%) in
the upper part of the ablation area to indicate that basal sliding is the
major mechanism of glacier movement (6). [t follows that on the
Balt Bare Glacier basal sliding was even more dominant.

DEVELOPMENT OF ANALYSIS

Applying the measured and the above calculated data, we can make
a rough estimation about the variation in ice discharge and glacier thick-

ness on the surveyed section. Although the Balt Bare Glacier was in a
furbulent mood, for simplification we can suppose it to be in a steady
state. The result is therefore approximate and only significant for the

glacier state at the end of October 1978.

As§umipg that the eight cross-sections in Table 1 have the shape of
a semi-ellipse, we can calculate the cross-section area from measured widths
and values at H in Table 1. Referring to Raymond (7) the average

velocity in the cross-section is va = O.Z.IS(VS + Vb). Thus V_A is the
a
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ice discharge through the cross-section. The discharge difference between
the front and the back section divided by the horizontal préjection of
the surface area between the two sections is the variation rate of glacier
thickness, ah/d9t (cm/d; positive shows raising), i.e.,

N -1
h/3t), . = . . - A,
(3 h/ )1, i+ 1 (Va,l + 1A1 + 1 va,lAl) ti, i+1 (4)
The estimated result is given in Table 2.
Section Beiow I -II|IT - III| III - IV |1V - V|V = VI| VI - VII| VII - VIII
an/ot 4.37 | 3.07 1.84 | -2.70 0.35 | -0.52 | -3.54 0.71
cm/day | )

TABLE 2: THE ESTIMATED VARIATION RATE OF GLACIER THICKNESS.

If the glacier was in a steady state, the annual raising value should
be counterbalanced by annual ablation, b, i.e.,

365 3h/3t = b (5)

We have not been able to obtain the value of b of Balt Bare Glacier,
but systematic ablation measurements were taken on the Batura Glacier

in 1974 (2). The annual ablation of the Batura Glacier was
800 - 810 cm on the surface without debris at an altitude of 3500 m, and
about 750 cm at 3650 m a.s.l. The ablation condition of glaciers is not

necessarily identical but assuming similarity conditions at the same altitude
and taking b on the surveyed section of Balt Bare Glacier as 800 cm,
this means 2.19 cm per day on average. By subtracting 2.19 cm/d from
dh/3t in Table 2, one can see that the middle and the upper part of the
surveyed section would begin to thin whilst the lower zone would thicken.
This agrees with the present study conclusions namely that when the lowest
part of Balt Bare Glacier's terminus was advancing continuously witnh a
rather high wvelocity it was diminishing in strength; the remainder had
already begun to thin and would get thinner.
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The distribution of glaciers on the Qinghai-Xizang plateau
and its relationship to atmospheric circulation
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INTRODUCTION

The glaciers in the marginal mountainous regions of the Qinghai-Xizang
(Tibetan) plateau have been studied for about a century or so and increasing
attention has been given to the glaciers of the Himalayas and the Karakoram
where P.C. Visser, K. Mason, G. Dainelli and A. Desio, et al have made con-
siderable contributions. However, for many years the glaciers in the interior
of the plateau were ignored; not only their properties and trends but even
the details of their distribution were unknown.

In the past twenty years orso Chinese glaciologists have done much fieldwork
on the glaciers on the Qinghai-Xizang Plateau. In this paper we describe
the distribution of the glaciers on this plateau and examine the relationship
of that distribution to atmospheric circulation.

THE DISTRIBUTION OF GLACIERS ON THE QINGHAI-XIZANG PLATEAU

Reliable data about the distribution of glaciers on the Qinghai-Xizang Plateau
can be obtained from fieldwork studies, topographic maps published in China,

aerial photographs, satellite pictures, etc. Statistics show that the total

2
area of the glaciers on the plateau within Chinese territory is 47,113 km",

amounting to 50% of the total area (94,554 ka) of all the glaciers on the

whole plateau and the peripheral mountainous regions. The data about the
glaciers in the peripheral mountainous regions lying outside China's border
are cited mainly from H. von Wissmann (1) and S.V. Kalesnic (2). The area

of all the glaciers on the Asian Continent is 117,200 km2 so that the glaciers
on the Qinghai-Xizang plateau occupy 81% of the total area of Asia's glaciers.
Most of the great rivers of Asia have their sources in the glaciers on this
plateau. The water equivalent value of ablation of the glaciers within

Chinese territory is at least about 45,000,000,000 m3 per year amounting to
15% of the total annual run off of the rivers on the plateau. On the northern
side of the plateau, glacial meltwater makes up the bulk of the fluvial run-
off and plays a vitally important role in the economic life of the arid re-
gions. On the southern side, glacial meltwater, in addition to its importance
in irrigation, often causes glacier block sliding and glacier surging, which
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in turn give rise to the bursting of glacial lakes and debris flows, resul-
ting in severe natural calamities.

TABLE 1 Glaciers on the Qinghai-Xizang Plateau
and its Marginal Mountain Ranges

Glaciers within
Mountain Range B Glacier Area China's boundary
Area (km2) % Area (km2)
Himalayas 29685 31 11055
Karakoram 17835 19 3265
Kunlun Shan 11639 12 11639
Pamirs 10304 11 2263
Nyenchin Tangla Shan 7536 8 7536
Hindu Kush 6200 7 0
Chang Tang 3566 4 3566
Gangdise Shan 2188 2 2188
Tanggula Shan 2082 2 2082
Qilian Shan 2063 2 2063
Heng Tuan Shan 1456 2 1456
TOTAL 94554 100 47113

Note: Data about glaciers inside China were collected by Lanzhou Institute

of Glaciology and Cryopedology and Lanzhou University; those outside
China are based on references (1) and (2).

Table 1 provides statistics of the glaciers on the Qinghai-Xizang plateau,
whilst Fig. 1. is a map indicating the distribution of the glaciers on the
plateau and its marginal mountain ranges. The glacier area of each zone
is indicated by the shaded circles which are two times the actual size. From
Table 1 and Fig. 1 it can be recognized that the distribution of the glaciers
on the plateau is extremely uneven. The main features are:-

(1) The largest glacial regions lie mainly on the northwestern part
of the Plateau. Here are concentrated many of the biggest glaciers
of the middle and low latitude regions, e.g. Siachen (75km),
Fedchenko  (77km), Baltoro (66km) and Batura (59.2km). The
longest glacier in China, Insukaiti glacier, having a length of
41.5km, is also found here.

(ii) The southeastern part of Xizang, close to the big bend of the
Yarlung Zangbo River, is another zone in which glaciers are con-

centrated. Qiaqing glacier (35km) near Yigong lake is the longest
in the Xizang region.
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(iii) The Himalayas, the highest and greatest mountain range on Earth,
has the largest ice-covered area on the whole plateau. But the
glaciers here are scattered, not concentrated, the lack of large
or long ones appearing anachronistic.

{iv) In the Kunlun Shan, the longest mountain range in Asia, an imp-
ressive concentration of large glaciers occurs in its western part
near the upper reaches of Kalakash and Yulungkash rivers. How-
ever especially in the central and eastern Kunlun, an outstanding

feature is that the glaciers are scattered. This is also the case
with the glaciers of the Qilian Shan and the Aerjing Shan.

(v) In the interior of the plateau glaciers are sparse, the total
number only amounting to 10% of all the glaciers on the whole
Plateau. Nevertheless, the glaciers in the interior of the plateau
have their own distinguishing features. For example there often

occurs tens or hundreds of square kilometres of ice caps or flat-
top glaciers, being quite different from the marginal mountains
where valley glaciers are predominant.

AN INTERPRETATION OF THE DISTRIBUTION OF THE GLACIERS
ON THE QINGHAI-X1ZANG PLATEAU

For many years, a number of scientists have explained the distribution of
the glaciers of the Qinghai-Xizang plateau on the basis of the '"masserhebung
effect. Evidently, this effect is very important. The spreading of the
snow-lines on the Qinghai -Xizang plateau takes the form of irregular con-
centric circles, clearly demonstrated by the rise in the snowline altitudes
from all sides towards the interior. That the glaciers in the interior make
up only 10% of the plateau's ice cover is a result of this effect. However,
the glaciers in the marginal mountains are also distributed very unevenly.
Other causes have to be sought for this, and an obvious one concerns atmos-
pheric circulation. In recent years a lot of research work had been done
by meteorologists, both at home and abroad, into the climate and weather
of the Qinghai-Xizang plateau. Examination of these results provides a basis
for evaluating glacier distribution on the Qinghai-Xizang plateau.

Geological data show that it is only in the Quaternary period, about the last
2,000,000 years, that the Qinghai-Xizang plateau was sharply elevated.
During the Pliocene tropical forests grew on the plateau, and hipparion,
giraffe and antelope roamed across it, rhinoceros dwelling on the banks of
marshes and lakes. The height of the plateau at that time, excepting the
mountain ranges, did not go beyond 1000m.(3) The elevation of the plateau
from modest altitudes to what is now called the 'roof of the world" at an
average height of 4500-5000 m, has created acute changes in the natural
environment of the plateau itself and its adjacent regions. The elevation
of the plateau and its mountains has resulted, not only in glacier growth,
but also in changing the atmospheric circulation and climate of the region.

"_fhe major effect on atmospheric circulation due to the rise of the plateau
15 its powerful heating effect. Especially in summer there forms over the
plateau a special atmospheric condition, being characteristic of a low near
the surface of the plateau and a warm high above it, which punctuates the

;ubtropical plangtary, high-pressure zone. This induces, or at least en-
ances, the Indian Ocean Monsoon circulation of Asia, which is completely
Opposite to the famous Hadley's circulation in its direction. The southern

§101)eh of the Qinghai-Xizang plateau, and its southeastern part in particular,
151 thus an area of heavy monsoon rain, producing the monsoon maritime
glaciers which are very active. When the vigorous westerly circulation
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Fig. 2 The westerly trough induced and enchanced by the platéau's
blocking action and so increasing snow accumulation on the
glaciers in Hindu Kush, Karakoram and the Pamirs.

moves southward to dominate the whole of the plateau in winter an abundant
precipitation of rain and snow occurs in the western mountains of the plateau,
the Pamirs, Karakoram, Hindu Kush and Western Himalayas, owing to the
disturbance caused by the blocking action of the plateau and the natural
thermodynamic effect. These give rise to the development of the most power-
ful glacial region in the middle and low latitudes of the earth. But the
vast interior of the plateau, relatively speaking, lies in a rainshadow area
where the glaciers are very much underdeveloped because of low rates of
nourishment. In general terms the distribution of humidity on the very high
Qinghai-Xizang plateau is a miniature of that of Eurasia. If the heavy
snowfall brought about by the frequent depressions of the west-European
winter are the mainstay of the glaciers from Scandinavia to the Alps similarly
in the northwest of the Qinghai-Xizang plateau, because of the sharp rise
in altitude, a low trough forms in the west-wind zone which provides the
mainstay of the glaciers in the Pamirs, Karakoram, Hindu Kush and the
Western Himalayas, The simulated experiment conducted by Ye Duzheng and
Zhang Jieqian proved that in the 'dead-water area" in the west a low trough
forms in the circulation zone even without the heating effect of the plateau,
and this trough appears more distinct when heated (4). 1In fact when the
big long-wave trough in the westerlies approaches the plateau, the velocity
initially decreases and then the vortex is cut off and deepens. As a result
the Pakistani trough forms in the west and south of the plateau in winter.
In summer when the westerlies migrate northward, the Tashkent low also
forms. These are the two main sources of depression rainfall in the west
of the plateau. One should not be misled by the very low annual precipit-
ation on record in the western mountain valleys or plains near the platecau
(for example Gilgit and Leh have an annual precipitation no more than 100mm)
because in the alpine zone abundant snowfall occurs. This is caused, <¢n
the one hand, by water vapour carried by the upper westerlies and, mocre
significantly, by the fact that as the deepened westerly trough stands to the
west of the plateau, it extends southward, and not only brings warm and
humid air flow from the subtropics to the western mountains along the front
ahead of the trough but it also generates the cloud vortex originating in the
Arabian Sea. Both of these give rise to abundant snowfall. For example,
on 27-29 November, 1972, the Arabian vortex moved along the west-wind
trough and climbed on to the plateau at 40°N, resulting in a snowstorm over
a large area, the snow cover remaining unmelted for months. Again, on
26-29 December, 1977, a particularly strong high altitude west-wind trough
climbed the plateau and caused a snowstorm the like of which had never been
seen for a hundred years, the snow cover being 15 cm deep over the who}e
landscape, setting a new record for the longest-lasting snow cover. Th_lS
was associated only with the action of the low trough. It is because of this



Fig. 3. Azha glacier within dense Fig. 4. The snout of Azha glacier
forest, Zayii Country, Xizang extending to 2400 m a.s.l.

that in the high glaciated mountain ranges an unusual annual precipitation
occurs. For instance, the firn basin of the Fedchenko glacier (altitude
5,000 m) has an annual snowfall of 1,500 mm (water equivalent). In 1974
Chinese glaciologists discovered that near the firn limit of the Batura glacier
the net accumulation was 1030-1250 mm (water equivalent), and considering
the hydrological records, they inferred that the annual precipitation above

the firn 1limit should be more than 2,000 mm. In 1930 R. Finsterwalter
studied the glaciers on Nanga Parbat and inferred that the annual precipitat-
ion above the snow line could reach 6400mm. This seems quite possible.

According to recent studies, a wet zone runs from Afganistan and Pakistan
to the plateau all the year round, and the humid centre and humidity vary
with the seasons. In January, it is situated on the western bank of the Indus,
the specific humidity being 4g/1000g. In April, it moves eastward to the
upper reaches of the Indus, with an increase in the specific humidity to
its highest level of 11g/1000g, after which is decreases. In addition, in
January, April and October, a northward-trending stream line is seen. This
agrees exactly with the circulation situation previously mentioned. D. 'Ne
Wadia once said '"These giant ice-streams of the Karakoram are doubtless
survivors of the last Ice Age of the Himalayas, since the present-day precip-
itation of snow in this region is not sufficient to feed these great rivers of
ice". Obviously, this is incorrect.

The monsoon from the Indian Ocean is what nurtures the glaciers on the
southern slope of the Qinghai-Xizang plateau. In particular, the glaciers
in the southeast of the plateau are not only large in scale, but also have
the lowest snow line altitudes and are the warmest glaciers on earth. The
end of the Azha glacier lies at 2400 m, the annual mean air temperature
being 11.5°. Rice and tea can be grown at this altitude, and dense forests
grow on all sides; see Figs 3 and 4. The concentration of glaciers in this
region and the special features which they display can be explained by
afnlospheric circulation patterns. Situated in the southeast of the Qinghai-
Xizang plateau, the Yarlung Zangbo-Brahmaputra river valley forms a rever-
sed V-shaped gap which drives water vapour northward onto the plateau;
see Fig. 5. In winter and spring, the vigorous southern branch of the
wevsterlies. after rounding the Himalayas, often maintains a trough here, and
this again supplies snowfall to southeastern Xizang. The proportion of
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Fig. 5 Centres and frequency of cloud vortexes in south-west China
supplying abundant snow to the glaciers of south-eastern
Xizang and also adding to the precipitation of western
Sichuan and north-western Yunnan.

precipitation during the winter half-year is 56% and 35% for Chayu and Pome
respectively. In summer, the reversed V-shaped gap acts as a funnel
through which the monsoon from the Bay of Bengal travels northward. From
the satellite cloud chart it can be seen that the Yarlung Zangbo-Brahmaputra
river valley is an area where the monsoon cloud concentration is at its great
est. And it is mainly from here that the water vapour in summer is carried
onto the plateau. Moreover, the Yarlung Zangbo-Brahmaputra river valley is
the chief source of the southwestern low vortex which is one of the main
sources of summer precipitation in China, its influence reaching not only the
southwest, but the eastern areas of China. As a result, the southeastern
part of the Qinghai-Xizang plateau is the wettest part of the plateau, thus
lowering the snow line and maintaining glaciers.
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Fig. 6 Vertical meridional circulation of Qinghai-Xizang plateau
in summer. Note that the descending current on the
northern flank results in very low accumulation on the
glaciers there.

But the circulation pattern is not always favourable. There are few glaciers
in the northern part of the plateau, and the snow line rises higher there.
This is because, on the one hand, it is situated on the lee side of the Asian
mensocon in summer, and on the windward side of the monsoon in winter,
whilst on the other hand, the high altitude circulation pattern also has an
effect. It has been stated in the recent study by Ye Duzheng et al (5) that
the air flow that converges on the plateau from the north in summer occurs
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only on the thinner and shallower 500mb surface, and, in addition, it devel-
ops a branching flow which slides downward along the northeron slope. Such
descending flow is frequently seen on the section along 80 -90"E. Moreover
the Qinghai-Xizang high pressure zone high above the plateau in summer
splits into two sections, and there are sinking air currents which flow down
on the northern and southern margins of the plateau. With reference to
Fig. 6 if the southern subsiding air current is checked because of the deep
and thick southwestern monsoon which climbs up the southern slope of the
plateau, then the northern branch on the northern plateau slope converges
with and is enchanced by the low altitude downward sliding wind below the
500mb surface. Thus the northern part of the plateau is the driest area in
the interior of the Asian continent due to this control of the high pressure
zone. As a result, the glaciers here are of the extreme continental type
because of very low alimentation. In Laohogou glacier in the western sector
of Qilian Shan, the ice temperature close to the snow line has been measured
as -12.8°C, which is, at present, the lowest recorded ice temperature in the
mountain regions of the middle and low latitudes. The annual mean temper-
ature near the termini of the ice-tongues is -6°C to -8°C, and a vast peren-
nial frost zone occurs here, making a striking contrast with ice temperatures
at the pressure melting point in the southeast of the plateau; see Figs. 7
and 8.

Fig. 7 The snout of Lachogou glacier in Fig. 8 Middle reaches of Laohogou
Qilian Shan surrounded by glacier.
barren rocks and permafrost.

Besides the effect produced by the general circulation pattern on the develop-
ment of glaciers, it should be pointed out that the local circulation also
affects the development of glaciers. In summer, each and every mountain
peak is a "warm island", and at the same time a centre for condensation of
water vapour, so that it is a "moist island" as well. In studying the
glaciers of the Himalayas, the scientists of our country once pointed out that
there exists a "second large rain zone" at high levels. In recent years
|apanese scholars have also noticed this effect on the southern slope. In the
f%le,xtheastern part of Xizang, the precipitation of this second wet zone is as
high as that of the wet zone in the middle altitudinal range, the precipitation
of the former generally reaching 3,000 mm; see Fig. 9. Each "warm island"
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Fig. 9. The two =zones of high precipitation. Zone 11 1is the most
favourable to maintenance of glaciers on Qinghai-Xizang plateau.

through sublimation and coagulation, continuously releases large quantities
of latent heat into the atmosphere with the rising air columns maintaining
the powerful Qinghai-Xizang high pressure in summer in the upper stratum

of the troposphere. This large scale transportation of energy provides
the glaciers with a plentiful snow precipitation. Therefore, any single
massif supplies not only the appropriate topographical conditions for
glaciers to form but also generates the necessary precipitation. Figs.

2, 5, 6 and 9 show the effects of the four kinds of circulation discussed
on the distribution of the glaciers on the Qinghai-Xizang plateau.

Finally, according to the source and properties of the precipitation,
the glaciers on the Qinghai-Xizang plateau may be divided into the
following three regional types; see Fig. 10.

1 Mediterranean Maritime glacier and polythermal glacier
11 (a) Monsoon Maritime glacier

(b) Monsoon Continental glacier
111 Inland Continental glacier.
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Fig. 10. The division of glacial regions on the Qinghai-Xizang plateau
according to their properties and origin of precipitation.
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Techniques for the study of glacial fluctuations

F.A. Perrott

A.S. Goudie
Dept. of Geography, University of Oxford

ABSTRACT

The Karakoram Glaciers have fluctuated over a variety of timescales
from decades to millennia. This paper outlines the techniques that are
available to study such fluctuations: mapping and stratigraphy; relative
dating (moraine morphology, rock weathering and soil properties, loess
deposition, lichenometry and extent of plant cover); absolute dating
techniques (historical surveys, dendrochronology, radiocarbon dating); and
the study of glacier equilibrium-line elevations.

INTRODUCTION
The glaciers of the Karakoram Mountains are broadly known to have
fluctuated on various different time scales. Since the first explorers saw
them in the mid-nineteenth century they have shown measurable advances
and retreats lasting a few decades; see reference (1). There is a strong

probability that since the end of the Pleistocene, 10,000 years ago, they
have undergone more substantial phases of advance (Holocene neoglaciations)
(2); while in the Pleistocene the glaciers were greatly expanded during
cold phases and may have reached down to the Potwar Plateau and even
to the site of the Tarbela Dam. The appropriate techniques for studying
these fluctuations depend very much upon the time scale of interest, but
the general aims of the present project can be summarised as follows:

(a) To map the glacial landforms and deposits in selected valleysand to
establish their lateral and vertical relationships.

{(b) To place the mapped features in a relative age sequence using
time-dependent criteria such as surface weathering, soil development
and vegetation cover.

(¢) To calibrate this sequence as far as possible using radiocarbon
dating, and

(d) To reconstruct the variations in glacial extent and equilibrium-
line altitudes through time, as a guide to the magnitude of past
climatic fluctuations in the Karakorams.
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The most important objective is to obtain good dating control, for this
is essentially lacking for this area, and indeed for Central Asia as a

whole (3).

MAPPING AND STRATIGRAPHY

Morphological features of glacial origin, such as lateral and terminal
moraines and outwash terraces, will be mapped on the available topograpnic
base maps, together with any older patches of glacial sediments without
surface expression. One of the prime tasks of the geomorphologist seeking
to identify the extent of former glaciation is to be able to recognise ancient
glacial sediments and to differentiate them from other diamictites such
as mudflow deposits. Detailed mapping and sedimentological analyses
will provide information on the basis of which such differentiation can
oe made.

The sequence of glacial advances through time will be established from
the evidence of the lateral contacts or cross-cutting relationships between
the various fill and outwash bodies, and from any exposure created by
streams or along the new highway. In the Swiss Alps, a very detailed
neoglacial chronology has been established by dating the buried soils
and organic deposits which separate the numerous superimposed morainic
units exposed in natural or artificial sections (3).

We will also be searching for localities where glacial deposits are
overlain by lakes, bogs or former lake sediments, since these provide
a source of datable material. Lakes are a comimon component of glaciated
landscapes as a result of wuneven glacial erosion and deposition. The
palynological and chemical characteristics of the lake sediments are a
valuable palaeoclimatic indicator in their own right, as they provide a
record of conditions since the basin was formed.

RELATIVE DATING TECHNIQUES

A wide variety of age-dependent criteria can be used to differentiate

glacial deposits. They are reviewed Dby Birkeland (4)(5) and Burke and
Birkeland (6). It has been found that different techniques vary in their
applicability, both from area to area and according to the age range
of the deposits. Modern approaches involve the measurement of a variety

of indices at each site, followed by statistical analysis to determine
(a) the most useful techniques for the area being studied and (b) the
relative age sequence of the deposits.

Moraine morphology

_ In many alpine areas, young moraines tend to have steeply sloping
sides and sharp, continuous crests, whereas older moraines have been
degraded by surface erosion (7)(8)(9). Maximum slope angles and crest
widths may therefore be a good guide to age.

Rock weatnering and soil properties

It was noted by the Chinese team which investigated the Batura Glacier
(10) that moraines of different ages showed different colours resulting
[rom different degrees of weathering. We shall be using a variety of
indices to measure the degree of surface weathering in the field, including:
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{a) the percent of fresh, weathered and pitted granitic boulders;
(b) the change in angularity of boulder corners with age;

(¢c) the development of weathering rinds, particularly their thickness;
and

(d) the extent of soil profile development and weathering of subsurface
clasts.

This will be followed up by laboratory analyses of soil properties.

Loess deposition

Both to the north and south of the Karakoram mountains, loess (wind

blown aeolian silt) is known to have been deposited in the past. Several
authors have reported that loessic material has accumulated to varying
degrees on surfaces of different ages (7)(8). Rock glaciers and moraines

appear to be good traps for loess, and thus the presence of absence of
loess, as well as its thickness, may be an index of relative age.

Veg etation
(a) Lichenometry

Since the 1950's the measurment of lichens on surfaces of nown
age (e.g., monuments, grave-stones, cairns, etc.) has enabled
the construction of lichen growth curves which can be extrapolated
to date surfaces of unknown age (e.g., deglaciated rock surfaces,
moraines, etc.). Such techniques are not without problems (11),
and will not be applicable to the limestone lithologies of the
area, but have been tried out successfully in Nepal (]J. Benedict,
personal communication). This technique may permit the establish-
ment of a relative chronology for the past few centuries, even
if no "absolute" dates are available.

(b) Plant Cover
The percentage area of rock surfaces covered by lichens, and
the development of a cover of higher plants such as grasses and

shrubs, are often useful indices of the age of neoglacial moraines
and outwash (8)(9)(12)(13), and will be tested in the Karakorams.

Statistical Analyses

Two computer programs developed in the USA, known as CHARANAL and
GRAPH, are particularly useful for the analysis of relative age data from
small glacial deposits (12)(13). We hope to use these packages to divide
the deposits into groups of different ages.

"ABSOLUTE" DATING TECHNIQUES

Historical surveys

The surveys made in the period since the mid-nineteenth century enqble
a comparison to be made between the glacier's state then and now. Detailed
chronologies and maps are available for some of the glaciers in the area,
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e.g., Batura, Minapin, Pasu, Hasanabad, Figs. 1 - 3, and it is our
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F1G. 1. GLACIER FLUCTUATION IN THE KARAKORAM MOUNTAINS
(AFTER MAYEWSKI AND JESCHKE, (1)).

intention to bring these up-to-date. We shall also establish some
appropriate cairns and markers to provide additional control for future
work. Detailed geomorphological maps of glacier front positions will serve
a similar purpose. The present behaviour of the glaciers is of great

significance because of their effects on road construction, river flooding,
etc. (see, for example, reference (14)).

Dendrochronology

In temperate latitudes tree-ring series, and in some instances, patterns
of width wvariation, have provided a direct means of establishing time

spans of direct relevance to moraine studies. In most environments trees
do not live for more than several centuries and consequently direct
application of this method is limited to that time scale. By counting tree

rings, dates of geomorphic surfaces may be obtained. In addition, however,
some sensitive species vary the nature of their ring growth according
to environmental conditions, such that the nature of ring growth can be
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MINAPIN

FIG. 2. MAP OF FLUCTUATIONS IN THE POSITION OF THE MINAPIN GLACIER
IN THE 20TH CENTURY.
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utilised to interpret past environmental fluctuations.

Radiocarbon dating

All the dating techniques discussed so far are only appticable to a
very short time span, or yield only relative ages. For the study of the
earlier Holocene and late Pleistocene events, geochronometric techniques
are necessary. In particular, we shall be searching for datable materials,
such as wood, charcoal, soil humus or lake sediments, which can be used
to date the moraine or outwash deposits by Cl4. This may enable ages
to be obtained back to about 40,000 years before the present.

LONG-TERM FLUCTUATIONS IN GLACIERS AND SNOW LINES

Using data on moraine ages and elevations, it is possible to estimate
the extent of the glaciers and their equilibrium-line elevations during
individual glacial maxima (2)(7)(15). These are two important measures
of the magnitude of past climatic changes and may also yield useful
information about the spatial variability of net accumulation in the past.
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Survey and analysis systems for the Vatnajokull
ice-depth sounding expedition 1977
]J.F. Bishop
Sir Alexander Gibb & Partners, Reading

K.J. Miller
University of Sheffield, U.K.

ABSTRACT

Traversing an ice-cap under predominantly poor visibility conditions requires
innovation in both recording survey data and its subsequent analysis. This
paper presents the method of integrating the results from pressure and
odometer readings, theodolite surveys and satellite doppler recordings on

magnetic tapes. The analysis includes adjustments of field data and imple-
mentation of conversion parameters from WGS 72 to lcelandic Geodetic and
Icelandic Lambert co-ordinates. The paper concludes with a table of fixed

points on the 295 km traverse on which ice-depth profiles were subse-
quently based.

INTRODUCTION

In 1977 an expedition from Cambridge University went to the Vatnajokull
ice-cap in Iceland (Fig. 1) in order to test and develop equipment for
measuring the considerable thickness of ice found there (1) (2). During
the course of the expedition the equipment, carried in a Weasel snow-tractor,
traversed some 295 km of ice-cap measuring the ice thickness (Fig. 2).
Results of these measurements are presented in another paper at this con-
ference (3).

METHOD OF SURVEY

The requirement of the survey was to fix the track of the Weasel and its
attendant antenna array during traverses over the ice-cap, so that the
position of every ice thickness measurement was known. In addition, vertical
heighting would help to define the actual elevations of the snow surface
and bedrock. Positions had to be related to local maps and also to the
excellent LANDSAT satellite imagery of Vatnajokull. The radio-echo equip-
ment, using a low frequency band, is limited in the size of the object that
It can register and there is little to be gained in fixing a horizontal posi-
tion of a measurement point to be better than 100 m. This also represents
a reasonable plotting limit for available maps and imagery. A standard

error in heighting of 5 m was attempted since electronic and recording errors
are of the order of 0.1 us (about 10 m).
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An ice-cap differs from the more commonly known valley glacier in having
a central accumulation area from which ice flows in all directions. Moun-
tains tend to be visible only around the perimeter of an ice-cap where the
ice is thin, but nearer the centre a few may protrude through forming
nunataks. Thus it was expected that within the central region of Vatnajokull
theodolite resections used to fix the track of the Weasel might be impossible.
It would, of course, be ideal to fix the track by reference to some external

reference frame. Sun sights, beside being time consuming, would not be
sufficiently accurate. It was realised that fixes made off the Transit system
of navigational satellites, which enable ground receivers to be fixed to a
world-wide reference frame, would be ideal. Decca Survey Limited were

approached and agreed to loan one JMR-1 doppler satellite receiver for the
duration of the expedition and ]J.F. Bishop attended a two-week course cover-
ing the principles and operation of the instrument.

The principles of satellite survey are relatively simple. It is in the analysis
and technology that complications arise. Five satellites circled the earth in
polar orbits and the positions of these were known accurately relative to
fixed tracking stations. As the satellite passed above the horizon, the
receiver measured the doppler shift between itself and signals from the
satellite. using a very stable frequency. The pattern of this doppler shift
was used to fix the receiver's position. Two types of orbital data were
available: one was predicted and was broadcast continuously from each
satellite; the other was precise and was obtained directly from observations
at the tracking stations. However, this latter information was difficult
to obtain and was available only for two satellites.

The receiver, powered by 12V batteries, recorded orbital and doppler data
on cassette tape for later processing and was easy to operate. The antenna
was of simple construction; a folding tripod which supported an extendable
pole. Within five minutes, the antenna could be erected and connected to
the receiver, the latter being ready for the next satellite pass having had
temperature, pressure and site data entered through its keyboard. There
was also a facility for waking the receiver at pre-selected times. This
saved on battery power and allowed some discrimination , as potentially
good passes could be selected from previously prepared data sheets of satel-
lite passes.

The receiver was used in two modes: single pass and multiple pass. Single
passes lasting 20 minutes were used whilst traversing the ice-cap. During
traverses the receiver, lead-acid battery, theodolite, tripod, tent and emer-
gency equipment travelled on a small sledge behind a skidoo. Multi-pass
sites, where more than one pass was received from more than one satellite,
were typical of where we stopped overnight. The adjustment of measurements
from these sites is described later in the paper. The receiver could be
left in the open through driving rain and drifting snow and proved excellent
for our operations. And, of course, it was possible to fix our position
during the thickest of fogs or the foulest of weathers at which times conven-
tional survey was impossible.

Whereyer sufficient mountains or survey stations were visible, theodolite
resections were made and elevations computed from the wverticle angles. A

Wild T2 Fheodolite was used. Fixes were made every 3-5 km during a tra-
verse, w1th_the Weasel following a straight course in between stations. A
series of points defining the track was thus obtained. Two further measure—

ments enabled the position and elevation of intermediate ice thicknesses to
be interpolated.
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Trailing behind the Weasel was a bicycle wheel odometer which triggered
a counter in the vehicle at every revolution. The readings from this were
noted every two minutes and could be related directly to film records of
ice depths. Simultaneously a precision aneroid (Baromec) was used to obtain
pressure readings which could be reduced to elevations. An attempt was
made to measure the course travelled using a reconditioned aircraft compass
which was fixed on the Weasel roof and a repeater mounted in front of the
driver. Unfortunately the magnetic dip was so large and the vibration of
the Weasel so great that the compass drifted with gay abandon.

ADJUSTMENT OF F1ELD DATA

Except for the recordings on magnetic tape from the satellite doppler re-
ceiver, all survey results came back to England in the form of notes. One
of the first tasks was to establish methods and formats for putting this
information onto a computer file which could then be accessed during later
processing and adjustment. Fig. 3 shows a flow chart of the processes
whereby three independent sets of data were adjusted and merged to produce
a coherent record of the track of the antenna. A brief description of some
of these steps is given below.

1) Satellite Doppler Measurements

Recordings made in the receiver on the ice-cap consisted of header informa-
tion, measurement of doppler shift and satellite orbit predictions. The con-
tents of many cassette tapes were first transferred by Decca Survey Limited
onto 1600 bits per inch computer compatible magnetic tapes. Initial processing
indicated that some corruption of the data had occurred and the tapes were
sent to us in Cambridge where online editing of the large data files could
readily be carried out. The program used in the computation was a commer-
cial one which could not be released, and for this reason computations were
carried out by Decca Survey Limited on their computer in Leatherhead.
Positions are computed in the satellite ellipsoid, WGS 72.

Where only one or two passes of the navigational satellites had been recor-
ded. elevation had to be treated as a fixed quantity to allow a sufficiently
accurate determination of horizontal position. Where many passes had been
recorded (a multiple pass site), elevation could be adjusted with horizontal
position and the results gave each component to within 5 m.

2)  Theodolite Measurements

Both horizontal and vertical angles were observed with the Wild T2 theodolite.
Reduction involved the identification of targets, whose elevations and posi-
tions in the Icelandic Lambert grid were already known, and the computation
of resections. About 50% of the sites could be treated in this way. The
rest were adjusted in groups using a powerful computer program developed
at the British Antarctic Survey in Cambridge and additional survey infor-
mation. Typically this comprised of an additional azimuth or odometer
distance between sites or the intersection of common points. Thus many
sites were resolved from poor or ambiguous resections.

Once the horizontal positions had been established, adjustment of the ver-
tical angles could proceed. As most sites had a surfeit of vertical angles.
the necessary correction for refraction and curvature in terms of seconds
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of arc per kilometre was obtained by adjustment to give a least-squares
fit. The corrections used range from 9.6 to 17.0 seconds/kilometre with
a mean of 12.2 seconds/kilometre.

3) Conversion from WGS 72 to lcelandic Lambert co-ordinates

Fixes obtained from the doppler satellite measurements are found in terms
of WGS 72, a global ellipsoid developed in the course of ranging to orbiting
satellites. However, no conversion could be traced from WGS 72 to the
Icelandic Ellipsoid, the International Ellipsoid, based on a datum at Hjorsey
near Reykjavik (4). If common points to both ellipsoids could be found,
the necessary translation parameters between the origins of the two ellip-
soids could be computed. Three sites on Vatnajdkull were used, one at
Grimsfjall in the centre and two on the ice-cap to the west, Camps 2 and
3. The positions of Camps 2 and 3 were established in the Icelandic datum
by very careful resections to a large number of stations on and off the
edge of the ice-cap. Grimsfjall was part of the Icelandic triangulation
network.

Thus positions in Lambert co-ordinates for the Icelandic datum were converted
into geocentric co-ordinates in the International Ellipsoid (a = 6378388.0m,
e = 0.00672667) and doppler derived latitudes and longitudes in WGS 72 were
converted into geocentric co-ordinates in WGS 72 (a = 6378135.0m, e =
0.006694318). By subtraction, the necessary & X, AY and AZ translation co-
ordinates were found with a standard error of 13.8 m, adequate for this
survey. The co-ordinates were, for translation from WGS 72 to the Inter-
national Ellipsoid, Hjorsey datum:

AX = + 8lm
AY = - 50 m
Az = + 69 m

These agreed well with translation co-ordinates found for a site occupied
in Reykjavik, 240 km to the west of Vatnajokull.

Using the translation parameters, the remaining doppler sites then had their
position established in terms of the Icelandic Lambert co-ordinates. The
geoid to ellipsoid separations on Vatnajokull for the International Ellipsoid
in the Icelandic datum was interpolated from various spot measurements
around Vatnajokull and taken to be -8.0 m.

4) Barometric Height Adjustment

During the planning of the expedition, it was realised that deviations on
the ice-cap could best be measured by barometric heighting between points
of known elevation. To measure barometric variations during such measure-
ments, a barograph was installed in the Icelandic Glaciological Society's
hut at Grimsfjall and left running while the traverses of 15th - 19th June
were carried out. Unfortunately due to a malfunction, these measurements
could not be used. An attempt was therefore made to allow for pressure
fluctuations by fitting measured pressures to measured altitudes whilst
ambient pressure was allowed to vary with time. Diurnal variations were
represented by the expression



Table 1

Lambert coordinates and heights of traverse fixes

("stakes") established on Vatnajokull

Reference Point Northings Eastings Elevation
Camp 3 425761.0 497613.0 1180.0
Al 426345.0 500076.0 1111.0
A2 428435.0 497404.0 1192.0
Camp 2 430802.0 495204.0 1263.0
Camp 4 430741.0 492585.0 1303.0
Bl 430746.0 491212.0 1334.0
B2 430674.0 489507.0 1355.0
B3 430456.0 486445.0 1391.0
B4 430164.0 483313.0 1439.0
BS 429799.0 479394 .0 1496.0
B6 429690.0 474724.0 1571.0
B7 429600.0 472830.0 1627.0
B8 430448.0 471222.0 1693.0
Grimsfjall 434095.0 464646.0 1719.0
Cc5 434541.0 462166.0 1534.0
c4 437421.0 459421.0 1596.0
Cc3 4338413.0 459041.0 1626.0
Cc2 438833.0 458614.0 l643.0
Cl 439895.0 457406 .0 1650.0
Camp 7 451635.0 446039.0 1612.0
11 454998.0 441659.0 1718.0
12 453229.0 444310.0 1628.0
20 448676.0 444851.0 1609.0
21 445619.0 443503.0 1597.0
22 442924.0 442280.0 1597.0
23 439676.0 440608.0 1541.0
24 435260.0 438779.0 1525.0
25 431071.0 436983.0 1524.0
26 426334.0 434764.0 1576.0
27 421457.0 433499.0 1612.0
28 425171.0 430313.0 1566.0
29 428970.0 427193.0 1515.0
30 432675.0 424055.0 1389.0
Camp 8 431318.0 409298.0 1446.0
34 432456.0 407586 .0 1534.0
35 435952.0 410643.0 1387.0
36 435866.0 415082.0 1366.0
37 435823.0 419521.0 1345.0
41 435015.0 442909.0 1536.0
42 434802.0 447447.0 1546.0
43 434556.0 452435.0 1539.0
Camp 9 434403.0 457275.0 1559.0
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0p = a; cos (nt/12) + a, sin (vt/12) + a, cos (nt/24)

+ a, sin (nt/24)

4

and the relationship between pressure and altitude was taken to be

E=E ,g+2922TIn (P /(P _ - 4p))
where
T = temperature in K
t = time elapsed
E = required elevation
E = reference altitude, usually the mean of the measured
ref ;
altitudes
= reference pressure accorded to the reference altitude
ref .
(one of the variables)
= measured pressure
meas
Ap = diurnal pressure corrections

Where the elevation of a fixed point had been derived from theodolite obser-
vations or from a multi-pass doppler site, this elevation was combined with
a pressure reading at that point and a time of reading, to produce equat-
tions of the type shown above. These equations were weighted according
to the quality of the observations and a least-squares fit applied to give
aj . a,, as a, and Pref for each day's traverse. The residual was

typically near 3 m. Intermediate points where pressure and time had been
measured could then be heighted. The odometer and barometer observations,
made every two minutes whilst the Weasel was travelling, thus enabled
a more detailed surface profile of the various traverses to be computed
and later used with measurements of ice depth to obtain bedrock levels.
Improved heights for single pass doppler sites also resulted and co-ordinates
of the sites were recomputed by Decca Survey Limited.

At this stage the adjustment of fixed points was complete and these final
co-ordinates are presented in Table 1. We needed to plot these points not
only onto existing maps, but also onto available satellite imagery. Tech-
niques developed for transferring these points and a Lambert grid onto
the satellite imagery are described in the final part of this paper.

mMAPPING ONTO SATELLITE IMAGERY

Whilst the expedition was making its traverses over Vatnajokull, much use
was made of available satellite imagery for identification of features and

planning of routes. The best image available at that time for this purpose
was taken on 3ilst January 1973 by Landsat-1. In this, a sun's elevation
of only 7° threw into relief many slight features of the ice-cap. However

coverage was restricted by cloud to the western half of Vatnajokull. Later
in 1977, a computer enhanced image, covering the whole of Vatnajokull, was
received from the United States Geological Survey and from this enlargements
at 1:250,000 and 1:500,000 were made.



Fig. 4 Landsat-1 satellite photo of Vatnajokull from 920 km on 22 Sept.
1973. Routes are shown and a 20 km Icelandic Lambert grid.
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In order to transfer computed positions onto the enlarged image, it is first
necessary to transpose the Icelandic grid in Lambert co-ordinates onto the

image. No conventional projection fits these high level photographs which
are rarely normal to the earth's surface along the axis of the camera.
A Helmert transformation (5) of the type x' + iy' = f(x + iy), which has

been used previously for this purpose in the polar regions, was adopted.

The method used enabled the grid to be plotted with great ease and ac-
curacy. Firstly co-ordinated points in the Icelandic survey network were
identified on the image and pricked through. Then the image was laid
on a D-Mac digitising bed and the co-ordinates of these points measured
to 0.1 mm relative to the bed. Without removing the image from the bed,
these co-ordinates, together with their corresponding Lambert co-érdinates
were fed into a computer program which computed a Helmert transformation
between the two sets of points and then ‘produced a list in terms of the
digitising bed co-ordinates of points defining the Icelandic Lambert grid.
These could then be transferred with an accuracy of 0.1 mm back onto the

image. By interpolation between grid lines, all fixed points could be
plotted directly onto the image and the antenna track related to natural
features shown on the satellite image. The track and grid produced are

shown in Fig. 4.

CONCLUSIONS

1. A satellite Doppler receiver, recording data on magnetic tapes, is a
most rapid and secure means of fixing positions in remote regions.

2. This paper presents a grid transposed onto a satellite image of Vatna-
jokull from which future work and analysis can be based. Surface ele-
vations provide control in determination of bedrock levels and will aid
navigation on the ice-cap.

3. Recent developments based on the experience gained on Vatnajokull have
provided a much lighter and more compact instrument based around the
use of a microprocessor. This should lead the way to easier sounding
of temperate ice sheets and the possibility of rapid measurements from
aircraft or helicopters.
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Electronic design and performance of
an impulse radar ice-depth sounding system
used on the Vatnajokull ice-cap, Iceland
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ABSTRACT

The design and performance of the equipment used to make an extensive
impulse radar ice-depth survey on the Vatnajokull ice-cap in 1977 are des-

cribed. The coupling between separate, resistively loaded dipoles, laid
on the ice is analysed, leading to an estimate of 208 m/ps for the ice-air
interface wave velocity. An "A"-mode run is analysed to yield a figure

of 4.2 dB/100m for the attenuation of the radar pulse in temperate ice. The
system overall performance is found to be 149 dB.

INTRODUCTION

Until recently, ice-dejth sounding radar equipment has always taken a con-
ventional form, using a pulse comprising of a sufficient number of high
frequency carrier cycles to give a small fractional bandwidth about the cen-
tral carrier frequency. Tuned circuit elements are exploited, resuiting in
relatively simiple antenna design and electronic circuitry. A typical ice-
depth sounding gear of this form might operate at 60 MHz with a 200 ns
pulse length, comprising 12 <cycles of the carrier. The velocity of electro-
magnetic waves through ice is 169 m/us and such a device would give com-
plete separation of the return from objects greater than 16.9m apart.
However, the ice of temperate glaciers 1is electrically a very imperfect
waterial and whereas the ''conventional” ice radar apparatus is satisfactory
in polar ice, it has failed to penetrate temperate ice of any substantial

depth. Watts and England (1) observe that the imperfection of water-laden
femperate ice becomes less apparent if frequencies considerably lower than
60 Miz can be used. To maintain even the coarse resolution quoted in the

example above, lowering the frequency involves a reduction in the number
cof cycles per pulse to beyond the limit where the principles applying to

a single-frequency carrier hold. Tuned circuits and resonant antennas can
no longer be used. The radar pulse now carries a wide spectrum of fre-
quencies and impulse radio echo techniques have to be employed. We give

hiere delails of the design and performance of the impulse radar apparatus
which was the basis for the successful temperate glacier ice-depth measure-
ments made on Vatnajokull described in an accompanying paper by Bishop
et alia. Details of the routine operation of the apparatus are given in
the latter. llere some of the specialised aspects of the performance are
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dealt with.

THE RECEIVING AND TRANSMITTING ANTENNAS

The basic antenna design used is the same as that described by Ferrari
et alia (2). This is a resistively loaded linear array with parameters cal-
culated from principles set down by Wu, Shen and King (3), (4) to give
the wide bandwidth necessary to handle the unmodulated radar impulse.
Essentially a centre-fed cylindrical dipole of length 2h and radius a
is considered. The design problem is that of selecting suitable values of
h and a and then calculating the resistive loading required by the theory
of Wu, Shen and King to allow a travelling wave on the dipole without
reflection from its extremities. The half length h was taken such that
hkl = m/2, where kl represents the wave propagation number for quasi-plane

TEM waves in the ice-air interface at the centre frequency value of the
radar pulse spectrum. The design was worked out assuming the interface
wave velocity to be VI = uu/kI = 225 m/us although subsequent measurements

reported here suggest that 208 m/us would have been a more accurate figure.
An effective cylindrical radius a giving kla = 0.021 was assumed. In the

light of the limited depth penetration of the 1976 apparatus described in
(2) an antenna half-length h = 30.7m was chosen, approximately twice the

length of the earlier apparatus. With hk = m/2 a central design frequency

of f = vl/l.h is implied, giving f = 1.83 MHz for vy = 225 m/us (or alter-
natively 1.69 MHz if vy = 208 m/us is taken). The antenna theory indicates

that the resistively loaded array is broad band about the central frequency

and thus suitable for accepting pulses with a wide frequency content spread
about this central value. Because the array is necessarily open circuit

to d.c., any pulse applied has net zero average current. A single period

sinusoid effectively results from the voltage applied in the case here. Such
a pulse of length To can be shown to have a maximum in its Fourier spec-

trum at the frequency 0.837/T0. Equating this to the centre frequencies

obtained above leads to pulse lengths of 0.457 us and 0.495 pys respectively.
The receiving antenna response is an electric current which is scaled to
the time derivation of the transmitter waveform, so that there is a different

Fourier centre frequency. Thus the receiving antenna parameters should
properly be a little different from those of the transmitting array associated
with it. However, here the same parameters were used for both antennas.

The continuous resistive loading set by the above parameters has to be
simulated by a finite number of steps. Five such steps per half antenna
were taken. resulting in the total of 20 resistors shown deployed in Fig. 1.
In the first instance the intention was to use the well-tried rule of thumb
replacing the cylindrical geometry by parallel conductors spaced 4a apart,
setting the lateral dimension given in Fig. 1.

However. the antenna design is not sensitive with respect to the breadth
dimension a. There is much convenience to be gained if a single wire
array can be used, although the theory is singular for a = 0. Furthermore
great advantage is to be had if the receiver electronics can be housed

within the shelter of the wvehicle towing the antennas. The snow-vehicle
becomes an electrical counterbalance behaving approximately like an earthed
plane normal to the antenna axis. In the latter ideal, only a half-length

unbalanced array is required. The transmitter is still conveniently placed
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Fig. 1 Broad-Band Antenna

at the centre of a balanced array trailing yet some distance behind the
receiver antenna. [t was established during the 1976 expedition that the
unbalanced receiver system could successfully be employed. Tests were
carried out during the present work showing that the single wire antenna
could also be used. The antenna configuration actually used thus corres-
ponded to Fig. 1 with the lateral dimension closed to zero and the two
parallel trains contained within a single, jointed plastic pipe. An opti-
mum separation of 39.3m between the trailing end of the receiving array
and the leading extremity of the transmitting antenna was established by

experiment. The unbalanced terminal of the receiving array was connected
to the display electronics in the "Weasel" snow vehicle by means of an 8.5m
length of 50 O coaxial line. This was necessary to bypass the sledge which

had always to be trailed immediately behind the Weasel.

THE TRANSMITTER

The transmitter was designed to produce a train of high voltage pulses
across the antenna, each pulse being 0.5 ps in length. 1Its circuit is based
on a delay line which is open circuited at one end and can be connected
either to a high voltage supply or to its characteristic impedance at the

other. The connection is effected with a transistorised switch as shown
in Fig. 2. In operation, the line is first charged to a potential of 400
volts, then the switch is closed to discharge the line into the terminating
network. A travelling wave of voltage then propagates down the line, is
reflected at the open end and eventually absorbed by the matched termi-
nating network. A rectangular voltage pulse is therefore coupled into the
network which then transfers it to the antenna. The impedance of the

antenna is fixed by the considerations in the Wu, Shen and King design
F3ZOQ here in fact) whereas the impedance required of the transmission line
is determined by the voltage and current ratings of the transistorised

switch. The matching network is then designed to couple these two impe-
dances as efficiently as possible.
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Fig. 2 Transmitter arrangement

THE RECEIVER

The receiver electronics has two functions. Firstly, the signal from the
antenna is filtered to reduce electronic interference from external sources,
and gated to remove the primary transmitted pulse. Secondly a trigger
pulse is generated to start the sweep of the display oscilloscope when the
primary pulse from the transmitter is received. Thus two receivers are
used, a relatively insensitive one to generate the oscilloscope trigger pulse
from the primary received pulse, and a very sensitive one to amplify the
pulses reflected from the ice/rock interface.
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Fig. 3 Receiver block diagram
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A block diagram of the receiver is shown in Fig. 3. The antenna feeds to
a matching network which converts the impedence to 50 @, and removes any
incoming signal which might be large enough to damage the electronics. The
large primary received pulse then feeds into the trigger unit which gates
it out of the delicate receiver circuit, and also triggers the oscilloscope trace.
Secondary reflected signals are able to pass through the gate and into the
filter. The filter is a sixth order Bessel bandpass type,with 3dB points at

0.5 MHz and 4.0 MHz. It effectively removes medium wave broadcast signals
which lie outside the band and which can be a major source of interference,
without introducing any ''ringing" into the received pulses. The filtered

signal is then amplified by the amplifier module, based on two cascaded
MC1590 video amplifiers. This produces a signal of about 1 V peak ampli-
tude, which is fed to the Y-plates of the oscilloscope for use in the A-mode.
Alternatively this signal can be fed to the Z-modulation input for operation
in the Z-mode. In the latter case, a slow generator is used to move the
trace down the screen of the oscilloscope over a period of about thirty
minutes. The sweep generator is based upon a ZN425E counter and a digital-
to-analogue conversion circuit.

EXPERIMENT TO DETERMINE THE COUPLING CHARACTERISTICS
BETWEEN TRANSMITTING AND RECEIVING ANTENNAS

In the apparatus used for the radio-echo sounding survey measurements

the receiver and antenna were separate. The transmitter, at the centre
of 1its balanced antenna, was some 100m distant from the receiver, located
in the snow-vehicle at one end of an unbalanced array. The receiver and
display electronics were triggered from the direct pulse picked up from the
transmitter. Thus it is of interest to determine the coupling characteristics
between the two systems, both amplitude and time-wise. Any theoretical
treatment to predict such characteristics is difficult. The first order radi-

ation field coupling between in-line antennae such as used here is zero.
Determination of the delay between the two antennae requires knowledge
of the characteristics of the quasi-TEM waves which propagate in a plane
interface between two semi-infinite dielectrics. This problem is not to be
found treated theoretically in the literature. In designing the antenna
system before the experiment described here was undertaken, the ice-air
interface wave velocity was guessed to be a value intermediate between
the ice and air values.

Before the radio-echo sounder was dismantled prior to moving off the ice
on 2ist June, 1977, an experiment was performed in which the receiving
antenna was moved successively in-line away from the stationary trans-
mitter.  Amplitude and delay characteristics were recorded with the in-line
(_ﬂistance separating transmitter and receiver varying in 30m steps from
60m to 480m. The data recorded are given in Table 1.

. The ice-air interface electromagnetic disturbance coupling trans-
mitter and receiver may be assumed to be of damped spherical form:

V = A—l e_ulR
= 3 (1)
o being the attenuation constant for plane waves in the ice-air interface.

This is confirmed by the plot of In (VR) versus R in Fig. 4 to which a
straight line of slope a; = 0.00169 can be fitted. It corresponds to an
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TABLE 1 Antenna coupling experiment data
Transmitter to Transmitter pulse Delay between direct
receiver distance amplitude at receiving transmitter pulse and
antenna terminals reflected pulse
\

R peak to trough millivolts T
m us

60 460 4.78

90 330 4,66
120 250 4,51
150 170 4,36
180 140 4.18
210 110 4.06
240 90 3.98
270 82 3.93
300 - 3.88
330 - 3.83
360 56 3.78
390 - -
420 48 -
450 - -
480 25 -

attenuation of 1.47dB/100m.
for wave propagation in

the signal energy connecting the receiver and transmitter directly is carried
the ice,

in the air above

the bulk ice is not

virtually without loss.

surprising.

That this figure is considerably less than that
A proportion of
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v
E ©
bt = (4
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2 °
> =
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Fig. 4 Signal response. Direct coupling

between transmitter and receiver.
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The delay time T, observed at the receiver, between directly received signals
and those reflected from the rock-ice interface may be analysed by con-
sidering Fig. 5.

i R
B e LY

-y B~

AN N \R\ M RRKECETETTRTE TRERRTERERR TR
ock

Fig. 5 Oblique reflection through ice from bedrock
It is seen that

1
[(R/2)*> + D217 - R/2

- L (2)
Vo 1

(ST

where D is the depth of ice, R the distance between transmitter and rec-
ceiver, Vo is the velocity of TEM wave propagation through bulk ice and

vy is the velocity at which electromagnetic energy propagates along the

ice-air interface. The parameters D, vy and v, corresponding to the ex-

periment performed may be determined for a least-squares fit of expression
(2) with the R and T data of Table 1. This calculation is readily done with

a programmable pocket calculator and yields the values D = 426m, v, = 208
m/ us, vy, = 170 m/ us. Figure 6 shows the data compared with the theo-
retical curve of equation (1) fitted to it. The dashed curves in the figure

indicate the limiting relations Dbetween R and T assuming the ice-air inter-
face velocity firstly to be 300 m/pus and finally to be the 170 m/us predicted
for bulk ice.

There is clearly some residual bias involved in associating the least-squares

solid curve of Fig. 6 with the data. A simple and plausible explanation
Is that the observed values of T corresponds to an ice-depth D which varies
with range R. Assuming that the delay time T corresponds to reflection

of the electromagnetic wave energy from a point on the bedrock half-way
between receiver and transmitter, the ice-depth D can be recalculated from
the data as a function of R. This results in the depth profile predicted
in Fig. 7, D varying from 418m to 433m within a horizontal distance of 150m.

It may be noted that the figure of 170 m/us for the bulk-ice wave velocity
extracted from the data here agrees closely with the value 169 m/us which
1s generally accepted and may be determined by more direct methods.

The bulk-ice relative dielectric constant is given by
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= 300 m/ps is the free-space TEM wave velocity. With v, =169 m/s

this yields e, = 3.151. It is plausible to assume that the interference wave
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travels as if a TEM wave in a medium having relative dielectric constant
the arithmetic mean between this value and €, = 1 for free space, viz.

€t = 2.076. Such an assumption yields the value vy = 208.2 m/us, closely
r .

agreeing with the experimental figure obtained here of vy = 208 mAis.

THE "A"-MODE RECORD OF 20 JUNE 1977.

In normal operation the equipment was operated in its so-called ""Z"-mode,
the camera recording an intensity modulated trace swept across the oscillo-
scope screen at a constant rate. An "A"-mode record (x deflection being
the echo delay time and the y deflection being signal amplitude) was only
taken at the beginning and end of each 30 minute run, separated in dis-
tance by several kilometres. A section of the return track from Grimsfjall
to the ice-edge base camp which had already been surveyed on the outward
trip was selected for the purposes of taking more closely spaced "A"-mode
records. The track began at Stake B8, continuing for some 5.5 km west-
wards, (see Fig. 3 of the accompanying paper by Bishop et alia) and cor-
responds to a region where the depth of ice increased from some 250m to
greater than 600m. Recordings were taken every two minutes. On this
occasion the terrain allowed speeds of at least 6 km/hour and it was at-
tempted to hold this figure throughout the run. Thus, in general, the "A"-
mode records were taken at distance intervals of about 200m.

TABLE 2 Data from the A-mode record of 20 June 1977

Distance Received Slant Ice-depth Echo Signal
along track echo delay range amplitude
T Rs = D peak-trough
Hs 169(T+0.48 s) m

km m HV

0] 2.91 573 282 627
0.210 2.72 541 266 804
0.406 2.57 515 253 1117
0.618 2.48 500 245 . 1090
1.044 3.14 612 302 981
1.302 3.44 662 327 409
1.440 3.44 662 327 409
1.640 3.61 691 342 381
1.862 3.81 725 359 150
2.264 4.62 862 428 99.80
2.48 4.92 913 454 62.30
3.040 5.62 1031 513 34.30
3.248 5.62 1031 513 37.40
3.460 5.62 1031 513 37.40
3.674 5.80 1061 528 74.80
3.882 5.38 990 493 21.80
4,082 5.20 960 477 37.40
4,226 5.78 1058 527 24.90
4.432 5.98 1092 544 37.40
4,860 6.22 1132 564 49.90
5.058 6.44 1169 583 34.30
5.264 6.80 1234 615 9.35
5.466 7.00 1264 630 9.35
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The "A"-mode records were analysed to correlate the echo signal amplitude
received (at constant transmitter power) with the ice-depth, as the equipment
was moved over ice of steadily increasing thickness. The results are given
in Table 2 and plotted in Fig. 8. It is clear that as well as the instru-
mental uncertainty in the signal amplitude, there is a considerable variation
which must be ascribed to differences in reflectivity of the rock-ice interface
and perhaps to inhomogeneity of the ice itself.
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Fig. 8 Echo signal return to receiver

The depths D were calculated from the delay T as elsewhere in this paper.
using equation {(2), with the bulk-ice propagation velocity taken to be
v, = 169 m/us, the surface wave velocity as v, = 208 m/us and for the

transmitting and receiving antennae separated by 100.7m.

A damped spherical wave signal amplitude is expected once more. Here it
mav he written:
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. _aR
. s (4)
\ = ﬁ e
s
where R is the total slant range from transmitter to receiver via reflection
S s
at the bedrock-ice interface. The receiver delay corresponding to the

figures given above is 0.48 us so that

RS = 169(T + 0.48 us) m (5)

From equation (4), we have

In (R.V) = InA - aR (6)
s s
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Fig. 9 Least-squares fit to the law of a linearly attenuated
spnerical wave.

Thus a plot of 1n(R5V) against Rs should be a straight line. Fig. 9 snows

the experimental wnlot obtained and the least-squares linear regression
straight line which was fitted by standard numerical methods. A slope
o = 0.004845 is found, corresponding to attenuation in the meliing glacier
ice of 4.21 dB/100 m. This figure may be compared with the results of
Vestphal (see Robin, Evans and Bailey, (5) and Robin (6)), which have
been accepted hitherto as the best available, Westphal obtains, rather in-

girectly, a figure of 4.9 dB/100 m for melting glacier ice. We note that
the value obtained in the work here has been obtained for alacier ice in
situ. However attenuation figures are bound to be dependent to some extent

upon the geological impurities preseat. These impurities may well be special
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in the volcanic Vatnajokull area.

lhe extrapolated values of In(RV) at R = O for the direct and reflected sig-
nals (Figs. 4 and 9) are respectively 3.521 and 1.826 (natural logarithms
relative to 1 volt metre). [f this difference is entirely due to imperfect
reflection at the bedrock-ice interface, then a voltage reflection coefficient
of p = -0.1836 may be inferred for this plane. Simple theory for plane
electromagnetic wave<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>