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These volumes de ta i l  a comprehensive ser ies  of inter-related studies 
ca r r i ed  out by seventy-three sc ient is ts  from China ,  Pakis tan  and Britain 
who vis i ted  the Karakoram mountains in  the summer of 1980. These men 
and women were members of the Royal Geographical  Society Project to the 
wor ld ' s  highest  mountain range a s  p a r t  of the Society 's  150th anniversary  
ce lebra t ions .  

The proceedings a r e  divided into two volumes; the f i r s t  volume being 
reserved for papers  presented and discussed,  in  conference, in  Islamabad,  
Pakis tan  pr ior  to the field work. The second volume i s  reserved for papers 
based on the field work conducted dur ing  the course of the International  
Karakoram Project ,  or  IKP for  shor t ,  and  read  a t  a conference a t  the 
Royal Geographical Society, London. 

The two volumes present  a comprehensive cover of the e a r t h  sciences, 
r ang ing  i n  scale  from surveys  to measure the effects of impacts between 
the Euras ian  and Indian tectonic p la tes ,  to electron microscope studies 
on weathering processes. The s i x  genera l  subject  a r e a s  a r e :  geology, 
glaciology,  geomorphology, seismology and topography ( s u r v e y ) .  The sixth 
subject  i s  concerned with the indigenous population namely socia l ,  economic 
and  heal th  aspects  of v i l l a g e r s ,  the a rch i t ec tu ra l  form and  s t ructura l  
s t ab i l i ty  of thei r  homes and the order  of pr ior i t ies  they have to accept 
when combating the greates t  number of n a t u r a l  haza rds  known to man 
which include ea r thquakes ,  drought ,  f i r e ,  floods, famine, landsl ides ,  
ava lanches  and disease .  

These proceedings therefore b r ing  together a collection of papers to  
provide a datuum for fu ture  scientif ic research in  the Karakoram. The 
IKP also  proved to be a ca ta lys t  for the founding of the Karakoram Research 
Cell (KRC) by the University Grants Commission of Pak i s t an .  The KRC 
will be responsible for co-ordinating the research work conducted in t h e  
Karakoram by future resea rchers ;  see Volume 2.  

The var ied  scientif ic programmes under taken were supported by many 
nat ional  and in ternat ional  bodies,  l i s ted  elsewhere,  but  a special  ment~ori 
must be made of Academia Sinica ,  Beijing and  the Ministry of Science a n d  
Technology, Islamabad who joined the Royal Geographical Society i n  
sponsoring the venture .  These three together with The Overseas Development 
Administration of the U K  Government and  the Brit ish Council in i t i a l ly  mad? 
the project a r ea l i ty  and  f ina l ly  a n  in ternat ional  success in scientifil 
collaboration.  

K .  J .  Miller 
Leader of the 
In ternat ional  Karakoram Project 

Sheffield 1982 

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



Preface to Volume 1 

This volume con ta ins  a  unique  set  of i n t e r - r e l a t ed  t echn ica l  p a p e r s .  
The t ex t ,  suppor ted  by  55 f i g u r e s ,  62 maps ,  44 pho tog raphs ,  58 g r a p h s  
and 36 t a b l e s  of d a t a ,  i s  a  record of a conference a t  which ,  for  t he  f i r s t  
time, sc ient i s t s  from many coun t r i e s  g a t h e r e d  together  to d i scuss  t he  multi- 
d i sc ip l ina ry  problems c r e a t e d  wi th in ,  a n d  b y ,  t he  Karakoram a n d  
neighbouring h igh  mountain r a n g e s .  Here a r e  t he  w o r l d ' s  l a r g e s t  g l a c i e r s  
outside the po la r  r eg ions ,  the  g r e a t e s t  prec ip ices  on the  l and - su r face  of 
the e a r t h ,  the  most r a p i d l y  c h a n g i n g  topography  known to man,  a n d  the  
grea tes t  concent ra t ion  of 7000 m peaks .  

Furthermore,  a l t hough  the  conference concerned i tself  predominant ly  
with the e a r t h  sciences a n d  the  condi t ions  of human l i f e  amids t  a n  
unimaginable chaot ic  l a n d s c a p e ,  a  most impor tant  a spec t  of the  meeting 
was to d i scuss  recent  sc ient i f ic  a n d  technological  developments t h a t  could  
ass is t  the many programmes of r e sea rch  to be conducted d u r i n g  the  cour se  
of the In t e rna t iona l  Karakoram Project ( IKP)  . 

As the conference progressed  a t h i r d  a n d  most impor tant  f e a t u r e  
developed, namely the  in t e rac t ion  between members of v a r i o u s  teams.  Usual ly  
an expedit ion to the  Karakoram i s  l imited in  time a n d  manpower because  
of f i nance ,  weather  a n d  log i s t i ca l  problems,  bu t  t h i s  l a r g e  s c a l e  v e n t u r e  
permitted, for  example ,  geomorphologists to d i s c u s s  t r a n s i e n t  landforms 
with the housing a n d  n a t u r a l  h a z a r d s  team examining  the  opt imal  s i t i n g  
of bui ld ings .  This  second team in  t u r n  necessa r i l y  involved  i t se l f  with 
ea r thquake  s tud ie s  whils t  the seismology team in t e rac t ed  wi th  the  s u r v e y o r s  
measuring su r f ace  deflect ions of tectonic p l a t e s .  S imi lar ly  the  g l ac io log i s t s  
discussed modern su rvey  systems to measure the  dange rous  movements of 
the immense g l a c i e r s  t h a t  t h rea t en  the day-to-day p a t t e r n  of ex is tence  of 
the indigenous popula t ion .  Thus i t  c a n  be seen t h a t  the  conference al lowed 
a fu l l  c i rc le  of deba te  to t a k e  p l ace  between a l l  the  sc i en t i s t s  involved  
with the project a n d  the  many o ther  expe r t s  who a t t ended  the conference 
a s  delegates .  There were many v a r i e d  forms of i n t e r a c t i v e  d i scuss ions ,  
some based on the usefulness of specif ic  s e t s  of d a t a  to the  d i f ferent  g r o u p s  
of i nves t iga to r s ,  some based  on the  requirement to develop s i m i l a r  a n d  
col labora t ive ,  data-collect ing t echn iques ,  while  some d i scuss ions  were 
concerned with methods of d a t a  a n a l y s i s  a n d  t h e i r  comparison.  

Another important  t h r e a d  which p a s s e s  t h rough  these  proceedings  i s  
one re la ted  to the h is tory  of the Karakoram a n d  many p a p e r s  p re sen t  a  
review and  b ib l iog raphy  of m a n ' s  knowledge of the  Karakorarn Range,  t he reby  
forming a datum for f u t u r e  work. P a p e r s  such  a s  the  a n a l y s i s  of t he  
1013 t r igonometrical  su rvey  l i nk ing  the g r i d s  of the  l n d i a n  subcont inent  
to that  of the USSR to form the  g r e a t e s t  l a n d  su rvey  network on e a r t h  i s  
of note, p a r t i c u l a r l y  s ince the  1913 l i nk  i s  now known to h a v e  c ros sed  
the su tu re  zone between the Euras i an  a n d  I n d i a n  tectonic p l a t e s .  Other  
cxamples a r e  the p a p e r s  by the Chinese members who h a v e  b r i e f ly  a n d  
succinct ly presented many of t he i r  own long-awaited r e s u l t s  from ex tens ive  
research programmes in and  around the  Karakoram between 1974 a n d  1976. 



This volume a lso  presents  de ta i l s  on modern systems,  equipment and 
techniques for inves t igat ing diff icult  problems in  the e a r t h  sciences and 
which were to be employed in  the Karakoram, many for  the f i rs t  time. 
Additional information i s  presented tha t  r e l a tes  to o ther  p a r t s  of the world 
but which have a n  important bear ing on the in i t ia t ion of specific Karakoram 
s tud ies ,  e . g . ,  the f i rs t  ever recording and  presenta t ion of depth profiles 
of wet ice of temperate g lac ie r s  and  ice caps .  A few papers  discuss 
problems of g rea t  concern to a l l  mankind,  problems t h a t ,  once solved, will 
br ing benefi ts  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 Pakis tan ,  
General Zia-ul-Haq, and Lord Shackleton to whom we a r e  indebted for their 
ass is tance  in the en t i r e  Project a s  well a s  thei r  a t tendance a t  the conference. 
Lord and Lady Hunt together with the Brit ish Ambassador, Oliver Forster 
and the staff  of the British Council a lso  gave  va luab le  ass is tance  through- 
out the period of the 1KP. Final ly  a specia l  mention and  our grateful  
thanks  must be awarded to Dr S. A .  R .  Jaf ree  of Quaid-i-Azam University 
who organised the conference on behalf of the In te rna t iona l  Karakoram Project. 

K .  J .  Miller 

Sheffield 1982 
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Federal Education biinister k r  Muhammad A l i  Hoti ; 

Vice-Chancellor of the Quaid-i-Azam Universi ty,  Dr Ahmed Mohiuddin, 

Former President of the Royal Geographical Society, Lord Shackleton;  

Leader of the Chinese delegat ion,  Professor Zhang;  

Honourable delegates ;  and  

Distinguished Guests; 

1 am thankful  to you for g iv ing  me the honour to i n a u g u r a t e  t h i s  in ter -  
national  conference on Ear th  Sciences. I  am a l so  thankfu l  to the Royal 
Geographical Society tha t  i t  selected the g r e a t  Karakoram Range a s  i t s  sub- 
ject for scientif ic research to ce lebra te  i t s  150th a n n i v e r s a r y .  1 welcome 
a l l  pa r t i c ipan t s  of th i s  important conference, p a r t i c u l a r l y  foreign de lega tes ,  
and I hope necessary fac i l i t ies  will be a v a i l a b l e  to them to make the ex- 
pedition a success.  

i4 welcome aspect  of th i s  Conference i s  t h a t  besides P a k i s t a n ,  prominent 
experLs from our  g rea t  neighbour ,  the People 's  Republic of China ,  a n d  from 
a developed country of the West, Br i ta in ,  a r e  t ak ing  p a r t  i n  the Conference. 
In modern times, the t a sk  of scientif ic research h a s  become so complicated 
and expensive tha t  countries ins tead  of monopolising science a n d  technology 
should under take  such work with one a n o t h e r ' s  associa t ion.  I t  i s  necessary  
that the developed a n d  the developing countr ies  should co-operate with one 
another in  th i s  field so t h a t  the en t i r e  human race  should benefi t  simul- 
taneously fror;~ scientif ic knowledge. This associat ion a n d  co.-operation will 
help accelerate the speed of scientif ic advancement.  

(Pakistan is  not only desirous of research promotion in  the f ield of science 
and technology but i s  making a l l  necessary  effort in  th i s  respect  wi ih ; i~  
i ls  resources.  Besides other sectors we a r e  concentra t ing on two aspects  
( 1 )  research for increase  in a g r i c u l t u r a l  product iv i ty ;  a n d  ( 2 )  discovery 
.3f tile coun t ry ' s  resources of energy and  thei r  development. 

I n  the f i rs t  sector.  the Pakis tan  Agricul tura l  Research Council i s  endeavour--  
ing to br ing about a revolution with the help of modern resea rch ,  so t h a t  
we should not only be self sufficient in  a g r i c u l t u r a l  requirements,  but should 
,qlso meer the needs of other countr ies .  In the f ield of development of energy 
we a re  trylng to discover a l l  resources of energy a n d  develop ex i s t ing  ones 
50 tna t  our  energy requirements a r e  met local ly .  In t h i s  connection the 
sources of energy which a r e  being given specia l  at tention include,  besides 
the search for o i l ,  so lar  wind,  hydro,  bio-gas,  geo-thermal energy resources 
e tc .  We hope tha t  by developing these sources,  we would a t t a i n  self- 
sufficiency in the field of ene rgy .  

In the context of Pal t i s tan ,  1 wish to emphasise t h a t  we have reached a 
stage in the field of science and technology, including Earth Sciences, where 
we have l e f ~  behind the d a r k  ages  of the p a s t .  But we have to go a long 
way to achieve our objective.  By the g race  of God we have among us noted 
and competent s c i e n ~ i s t s  who a r e  working with devotion in the i r  respective 
f le lds  They need fu r the r  opportunit ies and  faci l i t ies  to advance  thei r  work. 
This is being looked a f t e r .  Tile Government h a s  high hopes tha t  these exper ts  
who a re  working in the f i e lds  of ag r icu l tu re  water and mineral  resources ,  
will achieve resu l t s .  In many sectors of l i fe such a s  ag r icu l tu re  a n d  in- 
dus t ry ,  the advancement, to a l a r g e  extent .  i s  due to thei r  ef for ts .  I  expect 



from these sc ient is ts  a n d  engineers ,  a s  a lso  from our  univers i t ies  and  re- 
search ins t i tu t ions .  t h a t  with the i r  research they should f ind solutions to 
problems facing Pak i s t an .  I have i n  mind p a r t i c u l a r l y  those research sec- 
tors  on which depends our  a g r i c u l t u r a l ,  i n d u s t r i a l  a n d  mineral  development. 

Like P a k i s t a n ,  other countries a r e  a lso  engaged in  research in  science and 
technology to su i t  the i r  requirements and  meet thei r  pr ior i t ies .  I feel very 
s t rongly  t h a t  i t  i s  necessary  to benefit from the efforts  of ind iv idua l  coun- 
t r i e s  and  to co--ordinate the i r  work to mutual advan tage .  The Kqrakoram 
Project 1980 i s  a n  admirable  example of such in te rna t iona l  associat ion and 
co-operation. I hope t h a t  the P a k i s t a n i , .  Chinese a n d  Brit ish sc ient is ts ,  
engineers  a n d  surveyors  will consider a l l  those aspects  which a r e  important 
for the present  a n d '  the fu ture .  

I have in  view those research f ie lds  which re la te  to floods, mineral  wealth, 
underground resources of ene rgy ,  h a z a r d s  of ea r thquakes  a n d  the i r  preven- 
t ion.  Surely,  in  your capac i ty  a s  exper ts  in  Ear th  Sciences, when you under- 
t ake  th i s  expedi t ion,  new v i s t a s  of research will  dawn on you. 

1 wish th i s  t r i p a r t i t e  associat ion was extended to o ther  countries and  other 
centres  of research,  so tha t  more and  more people should benefit from i t .  
The Pak i s t an  Government will co-operate to the fullest  possible extent. 

The other th ing I want to emphasise i s  the need for a constant  l ia ison and 
co--ordination between the sciences a n d  the i r  appl ica t ion.  What I mean is  
t h a t  the research should be put  to test  in  p rac t i ca l  l i fe  a n d  the information 
gathered in ac tua l  expedit ions should be used in  the advancement of research 
i t s e l f .  The Karakoram Project 1980 wi l l ,  by the g race  of God. prove extremely 
useful in  th i s  respect .  I hope t h a t  besides the c i v i l ,  mechanical and elec- 
t r i c a l  engineers ,  exper ts  i n  Geology, Geophysics a n d  Science of Survey who 
a r e  associated with th i s  Project ,  will b r ing  out important and  useful con- 
c lus ions .  Moreover, i t  i s  a  r a r e  opportunity for Pak i s t an i  exper ts  in scien-. 
t i f ic  and research f i e lds  to work in  co-operation with the delegates of t h p  
People ' s  Republic of China ,  on the one h a n d ,  and  the representa t ives  o i  
the developed countr ies?  l ike  Br i t a in ,  on the o ther .  We can  l ea rn  a lci 
from these countries in  the f ield of science and  technology. 

1 hope t h a t  Pak i s t an i  sc ient is ts  and  exper ts  will not only benefit ful ly from 
th i s  Conference, but will a lso  help make i t  a  success. 

For us ,  the Karakoram Range i s  important ,  a s  i t  l inks  our  country with 
our  g rea t  neighbour.  the People ' s  Republic of China ,  with whose co--operation 
the g rea t  Karakoram Highway h a s  been constructed.  This mountainous re-. 
gion h a s  been the centre  of a t t rac t ion to g r e a t  sc ient is ts  and  t ravel lers  
of Pakis tan  in the p a s t .  The geographical  and  scientif ic information collec- 
ted by those t r ave l l e r s  and  sc ien t i s t s ,  along with thei r  experience,  has  made 
a valuable  contribution to the Earth Sciences. 

1 am sure  tha t  a f t e r  the three-day Islamabad Conference the expedition 
which will be sent to the Karakoram will be more f r u i t f u l  and meaningful 
than  previous expedit ions.  

The inspi ra t ion behind th i s  meeting, and  the proposed expedit ion,  i s  the 
Royal Geographical Society, which h a s  served,  for the l a s t  150 y e a r s .  the 
science of geography.  

The Society h a s  made a g r e a t  contribution in collecting topographical  infor 
mation on land and  sea and  about new species of vegetat ion.  1 hope the 
proposed expedition will be successful .  



We have deep re la t ions  with the People 's  Republic of China resulting in  
useful co-operation a n d  associat ion i n  many f ie lds .  1 am happy t h a t  our  
Chinese guests  a r e  present  here.  We apprec ia te  the i r  associat ion with res- 
pect and expect tha t  the f r iendship  and  co-operation between the two coun- 
t r ies  will be fur ther  promoted. 

I also apprecia te  the efforts of the Quaid-i-Azam Universi ty,  which h a s  or- 
ganised th i s  important in ternat ional  Conference. Such a Conference i s  i n  
accordance with i t s  fundamental  objectives.  I hope t h a t  t h i s  University will 
continue to perform the same role in  the field of research a n d  knowledge. 

I ,  once a g a i n .  thank you for inv i t ing  me to inaugura te  th i s  Conference. 
I wish to p ray  tha t  God Almighty may g r a n t  success to your efforts  which 
should lead to the welfare of humanity.  





Address by 
Lord Shackleton K.G. 



M r  Pres ident ,  Your Excellencies, Ladies a n d  Gentlemen: 

We, the members of the Brit ish p a r t  of th i s  in te rna t iona l  project ,  consider 
i t  a very  g r e a t  honour t h a t  you,  M r .  Pres ident ,  should have consented to 
inaugura te  the conference t h a t  in i t i a t e s  i t .  I t  i s  a notable fac t  tha t  the 
Royal Geographical Society h a s  a lways  been a b l e ,  because i t  i s  by i t s  very 
n a t u r e ,  working for the increase  of science a n d  for the good 'of  mankind, 
to have the support  of responsible  nat ional  l eaders  for i t s  expedit ions.  1 
remember being told a s  a small c h i l d .  how the  Queen a t  t h a t  time, tha t  i s  
Queen ~ l e x a n d r a ,  came on my f a t h e r ' s  s h i p  before he went to the Antarctic, 
a n d  only a fortnight  ago we celebra ted the 150th a n n i v e r s a r y  of the foun- 
dat ion of the Royal Geographical Society, a n d  the present  Queen of England 
and  Prince Ph i l ip  honoured us  by the i r  presence. 

One hundred a n d  fif ty y e a r s  ago,  the sc ient is ts  and  adven tu re r s  of tha t  day 
were concerned with some of the g r e a t  geographical  secre ts ;  the discovery 
of the North West Passage ,  and  then l a t e r  on the discovery of the sources 
of the Nile a n d  the Niger. The controversies then aroused ( a n d  tha t  st i l l  
go o n )  over the sources of these and  other r i v e r s  such a s  the Oxus, have 
f i l led  the minds of sc ient is ts  a n d  explorers  for many yea rs .  Throughout 
t h i s  time, the Royal Geographical Society h a s  sought to combine the require- 
ments of high academic qua l i ty  with a sense of responsibi l i ty  for the scien- 
t if ic  work tha t  was being done; a combination of adventure  a n d  science. 
It i s  in  keeping with these idea l s  t h a t  when Capta in  Scot t ' s  body was found 
i n  the Antarctic,  there  should have been found beside i t  the  geological spe- 
cimens t h a t  he brought back from h i s  epic journey. We, who in  a later  
generation were for tunate  enough to t ake  p a r t  in  expedit ions and  explora- 
t ions ,  p a r t i c u l a r l y  remember the work of some of the g r e a t  pioneers in  this 
p a r t  of the world a lso ,  in t h i s  wonderfully beaut i fu l  a r e a  t h a t  I was enabled 
to see today when I flew to Gilgit ,  men such a s  Colonel Mason, who w a s  
my tu tor  a t -  Oxford a n d  who t augh t  me about the a r t  of the surveyor.  T h e c e  
will be some surveyors  i n  the audience today ,  and  they will be aware of  
the new techniques whereby they no longer have to c a r r y  a heavy theodolltc. 
to find thei r  posit ion,  but  can use other a n d  more sophist icated dev ice .  
Indeed,  some of the equipment t h a t  Professor Keith Miller i s  producing a 

so accurate  tha t  i t  would enable  us  to a sce r t a in  the exact  position in la '  - 

tude  and  longitude of where I am s tand ing  a t  th i s  moment, to within a r 
metres. 

So th i s  expedi t ion,  th i s  in te rna t iona l  project ,  h a s  a new look about i t ;  r l-i i 

i t  i s  s ign i f i can t  t h a t ,  in th i s  150th ann ive rsa ry  y e a r  of the Royal Gee!! 
raph ica l  Society, we should seek both to c a r r y  on pas t  t radi t ions  and 
make new advances .  The credi t  for the philosophy and  for much of 
th inking behind the project belongs to i t s  l eader ,  Keith Miller, who is  tryir-.! 
not only to make progress  in  the qua l i ty  of the sciences concerned, but i 
app ly  the resul ts  in technological terms; to app ly  them in  a way tha t  w i t ;  
be of p rac t i ca l  value .  For ins tance ,  the work of the surveyors will directly 
contribute to the research of o ther  sc ient is ts  in  Pak i s t an .  The work of th ' .  
glaciologists  will be re la ted  to the s tudy of what i s  perhaps  the greatesl  
wealth that  belongs to P a k i s t a n ,  a p a r t  from her people, namely the wate; 
t h a t  i s  locked up in the g lac ie r s .  I t  i s  a resource tha t  can be of greai 
benefi t ,  even though i t  can  a l so ,  on occasion,  do g r e a t  harm. They will 
s tudy these g lac ie r s ,  working alongside the geomorphologists, in  a n  a rea  
where the landscape changes  i t s  shape probably  more frequently than any- 
where else in the world. In th i s  context of l and  movements, we may note 
tha t  the seismologists, the Pak i s t an i ,  the Brit ish and  the Chinese (who have 
amassed so much va luab le  knowledge of ea r thquakes )  will be looking a t  the 
fundamental problems resul t ing from the collision of the tectonic p la tes  in 
the Karakoram. 



Finally we hope to l e a r n  something about how the people who l ive  in  these 
earthquake-ridden a r e a s  a r e  ab le  to bui ld  houses tha t  wi ths tand e a r t h q u a k e s ,  
and to produce information tha t  will be of g r e a t  appl ica t ion.  

We a r e  very gra teful  t h a t  we have been g ran ted  the p r iv i l ege ,  in  th i s  150th 
year of our Society, of co-operating in a g rea t  in te rna t iona l  project;  to 
have the support  of the Chinese Academy of Sciences, of the University Grants 
Commission of Pak i s t an ,  of the Quaid-i-Azam Universi ty,  of the  Brit ish 
Council and of our own Ministry of Overseas Development. Moreover, many 
other bodies in Br i ta in ,  such a s  the National Environment Research Council 
and the Royal Society, have recognised the importance of th i s  work a n d  
have made contributions,  along with the world of business  a n d  i n d u s t r y ,  
towards the f inance and  resources t h a t  a r e  required.  I believe t h a t  th i s  
project i s  an  example of the way in  which mankind c a n  co-operate peace- 
fully for the benefit of us a l l .  In the Antarctic there  i s  co-operation,  a s  
1 so well know, and al though th i s  i s  a  troubled world ,  i t  i s  my belief t h a t  
here in Pakis tan  a lso  th i s  project will show t h a t ,  by working together on 
research involving the inter-relat ionships of severa l  d isc ipl ines ,  the scien- 
t is ts  of three g rea t  nations can  contribute to the welfare ,  not only of 
Pakis tan ,  but a lso  to the welfare,  a n d  to the peace,  of mankind.  

Thank you. 



Address of welcome 
by 

Mr Muhammad Ali Khan 
Minister for Education, Culture and Tourism 

Honourable Pres ident ,  de legates ,  l ad ies  and  gentlemen. 

It g ives  me profound pleasure  to welcome you to t h i s  " Internat ional  Con- 
ference on Recent Technological Advances i n  Ear th  sciences" which i s  being 
held for the f i rs t  time in Pak i s t an  with the co-operation of exper ts  from the 
United Kingdom, the People ' s  Republic of China a n d  our  own sc ient is ts .  
The assembly of so many dis t inguished exper t s  today i s  of specia l  signifi-.  
cance a s  they will be working jointly on a project which i s  expected to 
augment human knowledge. 

k r .  Pres ident ,  we a r e  g ra te fu l  to you for s p a r i n g  time out 'of  you; b u s y  
schedule to be with us a t  the inaugura t ion .  This should ce r t a in ly  inspire 
sc ient is ts  in  thei r  efforts  to develop new avenues of research.  Your ve ry  
presence here indicates  the paramount importance you a t t ach  to the develop- 
ment of sciences and  research in P a k i s t a n .  

This Conference i s  a prelude to the In ternat ional  Karakoram Project 1980, 
which is  being sponsored jointly by the Royal Geographical Society, London. 
Academia Sinica ,  Beijing, a n d  the Government of P a k i s t a n .  While this  Con 
ference will review the work done so f a r  on Himalayan Studies and assc  
c ia ted  subjects ,  the Karakoram Project i s  expected to advance our knowledge 
of the Himalaya. The exper ts  unders tandab ly  will de l ibera te  upon the store 
of knowledge per ta in ing to th i s  g r e a t  t e r t i a r y  uplif t  and  the t reasure  0;' 

precious material  ly ing bur ied  the re .  Their  f indings  dur ing  discussions and 
l a t e r  work in the field will ce r t a in ly  have a bea r ing  on the development 
of resource mater ia l  to be u t i l i sed  for the. promotion of scientif ic studieq 
and the good of mankind.  

hlr. President.  th is  Conference, it i s  hoped, drawing upon the expert ise of 
the three pa r t i c ipa t ing  nat ions ,  will s t imulate research in other countr ies .  
Besides the material  benefit tha t  might accrue  to Pakis tan  and  the ne igh-  
bouring countr ies ,  the expedition will provide scientif ic d a t a  for study i n  
the research ins t i tu t ions  of the world. Local o rgan i sa t ions ,  d i rec t ly  involved 
in th is  project in p a r t i c u l a r ,  will ga in  sa l ient  experience to improve thei r  
techniques and enter  upon fur ther  research work. 

Some f i f t y  yea r s  ago.  a Yale-Cambridge expedition for the f i r s t  time explored 
the Himalayan glacia t ion under the leadership  of H.D. Terra  in co-operation 



with teams from the  U.S.A., U.K., F r a n c e ,  Ch ina  a n d  t h e  Indo-Pakis tan  Sub- 
con t inen t .  The team for  t h e  f i r s t  time ca t a logued  the  f l o r a  a n d  f a u n a  of 
the g l a c i a l  reg ion  in  a  chronologica l  o r d e r .  The i r  impor tan t  work e n t i t l e d  
"Study in  the  Ice Age in  I n d i a  a n d  Associated Human Cul tures"  i s  t h e  on ly  
s t a n d a r d  work so f a r  a v a i l a b l e .  Since t he  e a r l y  t h i r t i e s  of t he  p re sen t  
century  when the  expedi t ion  was  o r g a n i s e d ,  we h a v e  a d v a n c e d  p r o g r e s s i v e l y  
in o u r  sc ien t i f ic  a n d  technologica l  knowledge a n d  a l s o  i n  deve lop ing  new 
equipment which wi l l  be used  i n  t he  p re sen t  p ro j ec t .  Research wi l l  un- 
doubtedly con t r ibu t e  to  e n r i c h i n g  o u r  knowledge of t he  Grea t  Himalayas  l y i n g  
between P a k i s t a n  a n d  C h i n a .  We h a v e  co--operated succes s fu l ly  wi th  o u r  
g rea t  f r i end ly  ne ighbour  China  in d i f f e r en t  f i e ld s  of mutua l  i n t e r e s t  i n  t he  
p a s t .  In  t h i s  p a r t i c u l a r  expedi t ion  too we a r e  g r a t e f u l  to  o u r  Chinese  
f r iends  for t h e i r  co l l abo ra t ion .  We a r e  i ndeb ted  too to t he  Royal Geograph ica l  
Society, London, for  s end ing  i t s  team of eminent s c i en t i s t s  a n d  technologis t s  
to t ake  p a r t  in  the  p ro j ec t .  I  welcome the  g u e s t  e x p e r t s  a n d  wish them 
success in t he i r  d e l i b e r a t i o n s .  

The Government of P a k i s t a n  h a s  been making  ef for t s  to  s u p p o r t  i n s t i t u t i o n s  
within the  coun t ry  which a r e  s e r ious ly  engaged  in  t h i s  t ype  of r e s e a r c h .  
Among them the  Survey  of P a k i s t a n  a n d  the  Geological Survey  of P a k i s t a n  
were founded d u r i n g  the  Br i t i sh  d a y s  a n d  h a v e  c a r r i e d  on t h e i r  work in  
the l i gh t  of new developments  i n  sc ience  a n d  technology.  There  a r e  a  num- 
ber  of o ther  i n s t i t u t i ons  which P a k i s t a n  h a s  e s t a b l i s h e d  a f t e r  i ndependence .  
These have  opened new f i e l d s  of r e s e a r c h  for t he  benef i t  of t he  c o u n t r y .  
On the teaching  a n d  r e sea rch  s i d e .  we have  e s t a b l i s h e d  Departments  a n d  
Ins t i tu t ions  of Geology in  most of o u r  Un ive r s i t i e s .  A Cent re  of Excel lence 
for b~inero logy a n d  Petrology h a s  been e s t a b l i s h e d  in  t h e  Ba luch i s t an  Univer- 
s i t y .  Other o r g a n i s a t i o n s  such  a s  the  Water a n d  Power Development Author i ty ,  
the P a k i s t a n  Mineral  Resources Development Corpo ra t ion ,  t he  I n d u s t r i a l  
Development Corporat ion of P a k i s t a n  a n d  the  Mineral  Development Author i t ies  
in the Pun jab  a n d  the  N.W.F.P. h a v e  con t r ibu t ed  a s  well  t owards  o u r  
advance  in t h i s  f i e ld .  Of s ign i f i cance  too. i s  t h e  e s t ab l i shmen t  of t he  
Department of Geophysics unde r  the  I n s t i t u t e  of Ea r th  Sciences a t  t he  Quaid.- 
i-Azam Univers i ty .  A p roposa l  i s  a l s o  unde r  cons ide ra t i on  by the  Univers i ty  
to c r ea t e  a  "Karakoram Research Cell".  

We a r e  obl iged  to the Royal Geographica l  Society,  which i s  c e l e b r a t i n g  i t s  
150th a n n i v e r s a r y .  for choosing o u r  coun t ry  a s  a  b a s e  for  r e s e a r c h  t h a t  i s  
; ~ k e l y  to benefi t  mankind in  the  long r u n  

1 t hank  you once a g a i n  Mr. P re s iden t .  for acced ing  to  o u r  r eques t  for  
l l i augura t ing  t h i s  Conference.  I a l s o  t h a n k  the  de l ega t e s  a n d  o t h e r  g u e s t s  

have made i t  convenient  to be present  here  t h i s  e v e n i n g .  



Some recent technological advances 
applied to problems in earth sciences 

K. J. Miller 
University of Sheffield, England 

Leader, International Karakoram Project 1980 

OPENING REMARKS 

This lecture inaugura tes  the  In te rna t iona l  Karakoram Project ,  1980. It is  
therefore opportune to emphasise the  aims of the Project which were agreed 
two y e a r s  ago by the  Royal Geographical  Society, to commemorate i t s  150th 
b i r thday .  The Project was to f ac i l i t a t e  in te rna t iona l  co-operation between 
sc ien t i s t s ,  promote in ter -disc ipl inary  research work, a n d  seek i nt er-Gove rn-  
mental s q p o r t ,  all of which have now been achieved.  I t  i s  my hope tha t  this 
venture  will now set  a pa t t e rn  for o thers  to bui ld  upon i n  fu ture  colla- 
bora t ive  inves t igat ions .  

I recognise tha t  I  am most for tunate  in  being both a n  engineer/materials  
sc ient is t  and  a geographer/mountaineer.  I t  i s  th i s  d u a l  existence that  per- 
mits me to address  you today on a topic t h a t  I  consider to be closely related 
to the s t a b i l i t y ,  peace a n d  prosper i ty  of mankind. In  the International  
Karakoram Project, we have sc ient is ts  from China ,  P a k i s t a n ,  Britain and 
Switzerland,  ass is ted  by adv i se r s  from I t a l y  a n d  the U.S.A., p lus  many other 
countries.  The papers  r ead  a t  th i s  conference a r e  concerned with geo- 
g r a p h i c a l ,  geological ,  geomorphological, g lac iological ,  engineering and  human 
problems and  they invoke theoretical  and  experimental  s tudies  in  engineering.  
physics and  chemistry which examine mater ia ls  and  s t ruc tu res  r ang ing  frorh 

-10 atomic dimensions of ice c r y s t a l s  (10 m )  through to the g lobal  dimensions 
6 of tectonic p la tes  (10 rn) i . e .  16 o rde rs  of magnitude. 

The fac t  tha t  such a wide rang ing  Project and  conference could be held i5 
due to the efforts  of countless people, many of whom had  no hope of direct 
par t ic ipat ion e i ther  a t  the conference or  in the Project i t se l f .  Those who 
l a i d  the foundations for our  s tudies  in the l a t e  19th and  e a r l y  20th centuries 
have presented us with a unique opportunity which we g lad ly  accept.  To 
a l l  those pas t  and present  helpers ,  inc luding those present  here today,  1, 
on behalf of the Project a n d  The Royal Geographical Society, give thanks  
and  hope tha t  we may repay  the t rus t  given to us by producing scientif ic 
r e su l t s  of benefit to the people of Pak i s t an .  

Einstein once s a i d  t h a t  Pure Science makes his tory ,  whilst Applied Science 
makes progress.  1 am tempted to s a y  "Theoreticians tel l  us what i s  feasible,  
whilst technologists a r e  responsible for providing society with a n  economic, 



practical  solution". Thus engineers  have to be sc ient i f ic ,  p r a c t i c a l  a n d  
cost effective. They need mathematical s k i l l s ,  a knowledge of physics  a n d  
chemistry and  the a b i l i t y  to des ign ,  construct  a n d  commission sa fe  a n d  
efficient engineering p lan t  to provide the needs of society. Today,  without 
the engineer,  civil ized society a s  we know i t  would re t race  i t s  pa th  back 
towards the primeval forest .  

This lecture discusses only a few a r e a s  i n  which technological innovation 
has had direct  appl ica t ion to e a r t h  sciences. From these examples,  a n d  
from the lectures to be given in  the next few d a y s ,  the importance of tech- 
nological achievements and  the a b i l i t y  of sc ient is ts  of a n y  nation to conduct 
inter-disciplinary s tudies  will be emphasised by members selected to pa r t i -  
cipate in th is  memorable occasion to ce lebra te  the 150th b i r t h d a y  of The 
Royal Geographical Society. 

INTRODUCTION 

During the Cretaceous d i spe r sa l  of Gondwanaland,  the I n d i a d P a k i s t a n  tec- 
tonic p la te  moved across what i s  now the Ind ian  Ocean from i t s  position 
between Antarctica and  Arabia ,  see Fig. 1, and  coll ided with the Asiatic 
plate. 

Fig. 1. Reconstruction of Gondwanaland 
before the Cretaceous d i spe r sa l  



A mmseqwnca of that collision was the crratdm of the Karakoram, the 
wsrld's most cxtansivc and beautiful r a w  ~f high mewntains that includes 
K2 (8,6ilm), Nanga Pltrbat (81126m), Rakapoehi (7,788mI and many other 
7,000m plus peaks. 

Along with this natural beauty however, come unstable gl%cPars and fast 
florin8 rivers¶ earthquakes and landslides, extremes of temperature and 
climate, all milktating against the oansstruction af perzm,amst ~rttlarnents. 
That the pesples af the Hindu Kwh and the Karakuram have rssisted these 
powarful natural phenomena, have withbitmd catastrop hie events and have 
frequently rebuilt their b m e r ,  i s  a Icsstirnorty to the ability oP mankind to 
chalkngs and sometimes win against the most persistent and intensive forms 
ol natural power and destruction. 

GEOTHERMAL POWER 

F&. 2 Oledthermal power exhibited by "ad Faithfui" in the U.S.A. 



scale geothermal energy programmes. For example,  the g e y s e r s  of California 
now have enough generat ing capac i ty  to sa t i s fy  the e lec t r ica l  power needs of 
San Francisco, and th i s  supply  capab i l i ty  could be t r ip led .  

Reykjavik, the c a p i t a l  c i ty  of I ce land ,  population 120,000, i s  en t i r e ly  heated 
by geothermal power. All i t s  hot water supply  comes from t h i s  n a t u r a l  re- 
source. Agr icul tura l ,  p lus  heavy i n d u s t r i a l  demands can  be sa t i s f i ed .  
Situated close to the a rc t i c  c i r c le ,  farmers can grow tropical  f ru i t  ins ide  
high temperature,  high humidity greenhouses. Heating for schools, hosp i t a l s ,  
housing es ta tes ,  churches ,  swimming ba ths  and  other  public bu i ld ings ,  i s  
also commonplace. 

The total world geothermal energy uti l izat ion i s  indicated in the t ab le  below: 

T A B L E  1 The World ( P a s t ,  Present and  Fu tu re )  Geothermal Energy 
Utilization in  MW-year un i t s ;  reference ( 1 ) .  

Table 2 gives deta i l s  of the electr ic power capac i ty  of severa l  countr ies  
which is  derived from geothermal ac t iv i ty .  

Thermal  

E l e c t r i c  

T A B L E  2 Geothermal electric-power capac i ty  of severa l  countr ies ;  
reference ( 2  1. 

1 9 7 0  

- 

724 

COUNTRY 

E l  S a l v a d o r  

I c e l a n d  

I t a l y  

J a p a n  

Mexico 

New Z e a l a n d  

P e o p l e ' s  R e p u b l i c  o f  C h i n a  

P h i l i p p i n e s  

S o v i e t  Union 

Turkey  

U n i t e d  S t a t e s  

TOTALS 

1 9 7 8  

7 , 0 4 5  

1 , 3 7 0  

1 9 7 5  

5 , 9 1 5  

1 , 1 1 8  

U n i t s  i n  
O p e r a t  i o n  

2 

3 

3 7 

6 

4 

1 4  

1 

3 

1 

1 

1 3  

1982  

- 

3 , 2 8 7  

Installed 
C a p a c i t y ,  

MW 

6 0  

6 2 

420 .6  

1 6  5 

1 5 0  

202 .6  

1 

5 9 . 2  

5 

0 . 5  

6 6 3 

2000 

- 

8 0 , 0 0 0  

I m m e d i a t e  
A d d i t i o n a l  
P o t e n t i a l  

MW 

3 5 
- 
- 
5 5 

3 0  
- 
- 

7 10 
- 
- 

1 0 1 9  

2020 

1 , 4 0 0 , 0 0 0  

? 



The potential  of t h i s  energy form i s  obvious but the economic and techno- 
logical  r i s k s  a r e  h igh.  One i s  never c e r t a i n ,  before d r i l l i n g ,  if a  well, 
however shallow. c a n  supply  a u s e r ' s  needs.  Figure  3 i l lus t ra tes  some of 

Gas Well Geothermal Well 

Fig.  3 Differences between g a s  a n d  geothermal wells (1)  

the differences between a  g a s  well and  a  geothermal well. Gas well tec-r - 
nology is  now well advanced in  the U . K . ,  a longside  d r i l l ing  techniques 1 ; ) : -  
oil under the North Sea. However, because less  energy i s  ava i l ab le  I n  .:I 

kilogramme of hot water than  in the same quan t i ty  of g a s ,  the geothern-,.,.I 
wells a r e  considerably  bigger .  Also, temperatures a r e  h igher ,  and in cot; 
sequence s tudies  on corrosion and  fluid seals  a r e  a t  the frontiers of resea:-c-!:, 
I t  can  be seen from Fig. 3 tha t  in order  to avoid bore-hole pipe problem-, 
nc extraneous s e a l s ,  safety valves  or  other control systems a r e  inserted i n ! ;  
the bore hole. 

Probably the most diff icult  geological problem confronts the engineer w l , :  
h a s  to seal  off the geothermal f luid from other geological formations, sac, 
Figs .  L and 5. Normally a n  engineer ,  when des igning s e a l s ,  would avul:i 
high temperatures.  high p ressures ,  react ive  f lu ids ,  excessive c learances .  
l inear  motion and inaccessible locations.  In geothermal p lant  none of these 
fea tu res  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  cas ing variat ion 
? f  Srnrn ( d u e  to t ape r  and  eccentr ic i ty)  and  changes  in length of the tube 
! e ~ ~ a n s i o n / c o n t r a c t i o n )  of about 6m. No s ingle  elastomer seal  i s  suitable 
for  a l l  these service conditions a t  present .  Unfortunately mechanical 
engineer ing types of fa i lures  of s t ruc tu res ,  a s  well a s  distort ion of corn- 
pcnents,  a r e  s t i l l  too frequent.  Civil engineering problems a r e  equally 
widespread a s  can be apprecia ted  if one rea l ises  the geothermal p lant  a t  
Krafla in Northern Iceland bes t r ides  two tectonic p la tes  tha t  a r e  moving 
apar r  ' 



oose surfac 

Fresh water 

Intermediate 

Casing String 

e soil 

sand 

Fig. 4 Various geological formations encountered i n  
developing geothermal wells ( 3 )  



Double packer to 
seal off formation 

Fig .  5 Seal  systems for geothermal  wells ( 3 )  



In Mexico, to overcome lack of corrosion protection from inhibi tors  a t  high 
temperatures, the outer  case  was completely covered by cement. Unfortunately 
nobody knows the corrosion res is tance  behaviour of cement under  opera t ing 
conditions. The corrosive na tu re  of geothermal f lu ids  can  be gauged by 
examining the important chemical d a t a  g iven i n  Table 3. 

TABLE 3 Important Chemical Data for Geothermal Fluids  (1 )  

A schematic of a geothermal steam p lan t  i s  given in  Fig.  6 along with typ ica l  
problems and thei r  location,  whilst  some of the engineer ing mater ia ls  prob- 
lems and thei r  solutions a r e  presented in Table 4. 

pH v a l u e  

H S 
2  

C02 

NH 3 
CL- 

Dry 
S t e a m  

2- 10 

0-600 p.p.m. ( u s u a l l y  < 30 p.p.m.) 

0-1500 p.p.m. ( u s u a l l y  < 500 p.p.rn.1 

0-300 p.p.m. ( u s u a l l y  < 20 p.p.m.) 

10-280,000 p.p.m. ( u s u a l l y  < 8 ,000  p.p.rn.1 

Turbine Gas 

Type of Operational Problem 

" 00 Injection I .  Scaling 
2. Corrosion, Erosion, Mech.Failures 
3. Cement Failure 
4. Hazardous Chemicals 
5. Subsurface Flow Diminishing 

And Environmental Problems. 

F i g .  6 Schematic of a geothermal steam p lan t  indicat ing problem a r e a s  (1)  



Place Problem Solution I 
I t a l y  Erosion of valves 

Pipe erosion 

High-temperature blowout 
preventers 

D r i l l  pipe fa t igue ,  l o s s  of 
c i r cu la t ion ,  well  cementation 
Casing collapse 
Thread pa r t ing  
Erosion corrosion,  l a s t  s tages  
of turbine 
Corrosion condensate ; 
H S,  NH 

*2' 
2 3' B03 

Turbine blade l i f e  

Erosion and cav i t a t ion  of 
pump impellers 
Construction cement and 
concrete de te r io ra t ion  
S t r e s s ,  in tergranular  and 
local ized corrosion of 
A I S I  316 
Wellhead equipment corrosion 
s t a i n l e s s  s t e e l  2 t o  6-month 
l i f e  
Chloride a t tack - turbine 
blades 
Erosion of  lead on i ron  i n  
condensers 

New Zealand Sulphide s t r e s s  cracking in  
medium and high-strength 
carbon an$ a l loy  s t e e l s  used 
up t o  190 C 
S t ress  corrosion of a u s t e n t i t i c  
s t a i n l e s s  s t e e l s  (aera ted ,  
chlor ides ,  s t r e s s ,  geothermal 
media) 
Surf ace tarnishing and erosion 
corrosion of commutators 
made of Cu, Ag,  and a l loys  
used i n  geothermal steam 
containing H S 2 
Severe surface corrosion of 
carbon and galvanised s t e e l  
exposed to  s a l t  spray 
Tarnishing and corrosion of  
overhead power cables,  
telephone cables,  and con- 
t r o l s  exposed t o  atmosphere 

Tungsten carbide facing 
Thickness allowance and 
redesign 
High-temperature gaskets- 
Viton, lead rubberized 
canvas gaskets f o r  2 6 0 ~ ~  

Heavier well  casing 
Longer coupling 
S t e l l i t e  sh ie lds  

Austent i t ic ,  f e r r i t i c ,  and 
lead-clad s t a i n l e s s  s t e e l s  

13% C r ,  low C < 0.1% 
mater ia ls  

Coatings and materials  R&D 

Low-carbon s t e e l  thick walls 

Carbon s t e e l ,  9-year l i f e  

Higher C r  a l loys  passivate 

Design 

Materials se lec t ion and cautJ on 

Keep bores hot ,  redesign, 
deaerate 

Platinum contacts , cleaning 
continued protect ive  
maintenance 

Painting,  cladding, remote 
discharge 

Remote discharge, specia l  
pa in t s ,  aluminium conductors 

+ H2S (continued over 1 



Place Problem S o l u t i o n  

Mexico Casing c o l l a p s e  and Heavie r  c a s i n g  and second- 
( e l e c t r i c  c o r r o s i o n  p r o d u c t i o n  c a s i n g  
systems) cemented i n t o  o u t e r  c a s i n g ;  

modi f ied  h igh- tempera ture  
cement 

I n t e r n a l  c a s i n g  c o r r o s i o n  Keep h o t  d u r i n g  s tandby  
E x t e r n a l  we l lhead  and c a s i n g  High-temperature p a i n t s  
c o r r o s i o n  and l u b r i c a n t s ,  s c r a p i n g  
Crevice c o r r o s i o n  Avoid metal- to-metal  c o n t a c t  

w i t h  cement and g r e a s e  
Turb ine  c o o l i n g  system Standby procedures  p l a n ,  
( A l ,  304 s t a i n l e s s  T i  s u b s t i t u t i o n .  
s t e e l  p i t t i n g )  

North Turbine e r o s i o n  c o r r o s i o n  13% Cr s t e e l  
C a l i f o r n i a  Corrosion condensate ,  low-pH M a t e r i a l s  s e l e c t i o n  

/ U.S.A. su lpha  t e -con ta in ing  f l u i d s  coa t i n g s  
i P r o t e c t i v e  c o a t i n g  

! d e t e r i o r a t i o n  
i E l e c t r i c a l  equipment ( H  S )  

2 
Aluminium t r a n s m i s s i o n  

I Clean rooms 
i P t  and Au i n s e r t s  on c o n t a c t s  

1 Corrosion f a t i g u e  i n  12% Cr Heat  t r e a t m e n t  changes 
! s t a i n l e s s  s t e e l  

I Inl ted Downhole pump b e a r i n g  f a i l u r e  Alumina p r o t o t y p e  b e a r i n g  
1 ? r a t e s  Downhole h e a t  exchanger  Addi t ives  ( o i l ,  p a r a f f i n )  
, ( n o n e l e c t r i c  c o r r o s i o n  ( 5  t o  20-year l i f e ,  M a t e r i a l s  s e l e c t i o n  

;ysterns) b lack  i r o n  p i p e )  

TABLE 4: IlvlPORTANCE OF ENGINEERING MATERIALS SELECTION. 



ICE POWER 

To anyone who h a s  t r aversed  the fronts of g lac ie r s  and  ice-caps and  wit- 
nessed the movement a n d  chaos  of terminal  moraines, there  i s  no need to 
descr ibe  the power of moving ice which in to ta l  represents  the greatest  of 
a l l  n a t u r a l  forces. 

There a r e  severa l  papers  in  t h i s  Conference concerning glaciology.  To under- 
s t a n d  the flow and  f rac tu re  charac te r i s t i c s  of ice,  i t  i s  essent ia l  to appre- 
c i a te  the atomic, c rys ta l l ine  a n d  continuum behaviour of ice. There are 
nine known c rys ta l l ine  forms of ice,  most of these being s t ab le  only a t  high 
pressures .  Our most complete unders tanding i s  of the  open hexagonal atomic 
s t ruc tu re ,  see Fig. 7 ,  where every  oxygen atom ( l a r g e  c i r c l e )  i s  surtiounded 
by a te t rahedron of oxygen atoms. In most ice c r y s t a l s  the two hydrogen 
atoms ( smal l  c i r c l e s )  a r e  d i rec ted,  a t  random., along two of the four possible 
oxygen-oxygen vectors. 

Fig. 7 A perspective view of the s t ruc tu re  of ice 
viewed down the hexagonal a x i s  ( 4 )  

The deformation of ice from the microstructural  (a tomic)  viewpoint has  been 
studied extensively by Ashby who const ructs  d iagrams of the form shown 
in Fig. 8. These so-called deformation maps have been extensively used 
in the s tudy of high temperature mater ia ls  for the nuclear  and  aerospace 
indust r ies  ( e . g .  304, 316 s t a in less  s tee ls ,  M A R M  200 e tc .  ) .  The difference 
between the two diagrams presented here i s  the size of the c rys ta l s  ( g r a i n s )  
which can  v a r y  s u b s t a n t i a l l y ;  see Fig.  9. The maps plot normalized shear 
s t r e ss  a g a i n s t  normalized temperature and  by considering the micromechanism 
of deformation. including recrys ta l l iza t ion effects ,  i t  i s  possible to determine 
the dominant process responsible for flow. 

For example. Lead i s  known to creep (ex tend)  under i t s  own weight (see 
Fig.  10) .  a  process tha t  can be accelerated by heat ing.  Analysis of a 
60-year old hot water pipe indicates  d i f fus ional  flow of atoms to be the 
dominant process whilst a n  ex te rna l  d r a i n  of the same g r a i n  size ( ~ 5 0 1 ~ m )  
but lower temperature a n d  higher  s t r e ss  c reepsby  a low temperature creep 
process. 
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Fig. 9 

Snow Ice 

. Frazil 

-1L 
I 

Congela t ion 
Ice 

Grain Size Variations in Lake Ice ( 6 )  



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 O°C a t  bed r~ck  where geathermal heat may main- 
tain a f i l m  cat water, de wi?h lead, the flow of ice i s  gravity driven end 
the shear BtreBses incrtserse linearly with depth which may be determined from 
radar echo soundtng (sea lrtar pap-em). Grain otws change from -1 rnm 
(surfrce) to 10mm Idapthe s200ml. Worn thir information, dei~tmation maps 
tell us that power law creep is the dominant mechanf~m and the creep a strain 

rate at  brdmk (htgheet temperrtusc and eolrase) i . ~  eprart.mately 16~ me1. 
Whilst much of the ear th ' s  rurfaee is coverad by land ice (glacier8 and ice- 
caps), floating ice an mas,  lakes and rivera ran pceeent many formidable 
problems. Transportation acFOS6 frozen lakes and along rivers depends upon 
the thickness of ice and the rate of ~ccurnulation of ice. The most -ifftpertant 
parameters to consider are the mean daily temperature, the water temperature 
and the latitude. Since 1959, records have been maintained a t  several 
Canadian arctic stations (see Fig. 11) which produce data typified by 
Figs. 12 and 13. When the break-up af ice occurs (see Fig. 141, 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 respeeti 
the use of radar for locating and measuring the thickness of floating sea 
ice is most important, Recently eome dangersue experiments have been #n- 
dutted in towing away large icebergs fmm shipping lanes. 



Fig. 11. Location of Canadian research s ta t ions  ( 7 )  

F I ~ .  12 Water. Sea Ice and Mean Daily Air Temperatures 
a t  Eureka 1950-51 ( 7 )  
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Fig. 13 Envelope Curves for Ice Decay a t  Three Research Stat ions ( 7 )  

Conversely, iceberg towing could be posit ively helpful ,  s ince severa l  countries 
(noteably Austra l ia ,  Chile and  Saudi Arab ia )  a r e  now consider ing the towing 
of icebergs from Antarctica to the i r  own shores to provide a  f r e s h  water 
source for the i r r iga t ion  of thei r  deser ts .  S ta t i s t i ca l  inves t igat ions  a r e  a l s o  
being ca r r i ed  out on the s ize ,  shape ,  a n g u l a r i t y ,  perimeter l eng th ,  major 
chord orientat ion ( re la t ive  to wind a n d  waves)  of ice-floes a s  well a s  the 
~'roportion of a r e a  below a n d  above the water  l ine .  These resea rch  s tud ies  
will permit environmentalists  to s tudy the effects of ice-floes on cl imate a n d  
marine biological productivity.  

l i t -  can f a i l  by a  number of processes depending upon temperature and  s t r e s s ,  
s<?e Fig. 15. At high s t r esses ,  dynamic f rac tu re  i s  a  consequence of the 
!:!"pagation of an  e las t ic  s t r e ss  wave. At high temperatures a n d  low s t resses ,  
i ' - ~ t ~ r - c r y s t a l l i n e  creep f rac tu re  can  occur due to cav i t a t ion ,  but  most f r ac tu re  
i".ocesses in th is  br i t t le  material  a r e  due to c leavage.  Cleavage type 1  a t  
 lo:.^ stress i s  due to pre-exist ing defects and  f rac tu re  s t rength  c a n  be deter- 

i . 1 1  ncd from fracture  mechanics considerations.  Cleavage type 2 r equ i res  
c ;.,icks to be nucleated by deformation on s l i p  systems whilst  c leavage type 
.3 i s  due to s l ip  genera t ing c racks  tha t  propagate  in  a n  i n t e r g r a n u l a r  mode. 
' .?ll ice the f rac ture  behaviour of ice i s  the subject  of two separa te  papers  in 
l r : l s  conference, i t  will not be commented on fu r the r ,  but  i t  should be noted 
I!? ; l t  this  has  important consequences en the size of icebergs a n d  the depths  
:I crevasses on glaciers  and ice-caps. 

T i 1 1 7  study of s t r e ss ,  s t r a i n s  and  flow of ice in  ice-caps a n d  g lac ie r s  h a s  
11,i.o been boosted by the advances  made by fini te element methods of a n a l y s i s .  
I n  engineering components of complex geometries ( e .  g .  bea r ings ,  see Fig. 16) 
it is  necessary to have a  three-dimensional  apprecia t ion of s t r e sses ,  par-  
l a l y  concentrations of s t r e s s ,  so a s  to el iminate in i t ia t ion s i t e s  for 
t'.?ti.que c racks ,  f re t t ing and wear of surfaces .  Computer programs a r e  
exceedingly time consuming and very  expensive ,  especia l ly  those tha t  include 
plastic and plas t ic  deformation behaviour ,  and  a t  th i s  moment, only two- 
dimensional and coarse g r id  elements a r e  used to s tudy ice problems, but 
1 suspect that  a  three-dimensional program will have to be constructed to 
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Fig. 15 A Fracture Map for Ice [grain sire 100rm) (9 )  

study difficult glaciers, such as  the B a t u r ~  glb~cier, which can cauiae serious 
and expensive disrupttons to comrnunicati~ns. The Chinese inves t i~at ions  over 
the period af 1974-5 are an excellent base te s tar t  such a o t ~ ~ d y ,  and the 
application of impulte radar  ryotems, for accurately determining glacier ice 
depths, rhould be invaluable in these circumsttinces. Figure 17 shows a two- 
dimenrional finite element idealization for a model glacier with basal sliding 
and Fig. 18 shows the Chinese map of' the Batura glacier. 



Fig.  16 Three  d imens ional  f i n i t e  elements  used  to s t u d y  
( a )  s t r e s s e s ,  a n d  ( b )  s t r a i n s  i n  a  b e a r i n g  yoke (10) 
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Fig .  17 Veiocity d i s t r i bu t ions  with a n d  without  b a s a l  s l i d i n g  from a 
two-dimensional f i n i t e  element i dea l i za t i on  of a g l a c i e r  (11) 

I t  i s  worth not ing  t h a t  deformation a n d  f r a c t u r e  maps a r e  a l s o  of in te res l  
to the  geophys i c i s t  who wishes  to s t u d y  the  ma te r i a l  t h a t  cons t i tu tes  
the  uppe r  mant le  of the  e a r t h .  I n  t h i s  c a s e  a n  added  v a r i a b l e  to shea r  
s t r e s s .  t empera tu re  a n d  time i s  p r e s s u r e  which ,  a t  dep ths  of a few kilo- 
metres below the  e a r t h ' s  s u r f a c e ,  a f fec ts  t he  mechanisms of f r a c t u r e .  
However. dep ths  of a  few h u n d r e d  ki lometres  a r e  r equ i r ed  before p re s su re  
a f fec ts  the  deformat ion  behav iou r  of o l i v i n e .  





Figure 19 i l lus t ra tes  the behaviour  of ol ivine with a g r a i n  size of 0.1 m m  
and  a t  a pressure  of 81 k b a r .  Since both temperature and  pressure  increase 
with depth .  a s ingle  d iagram c a n  describe the behaviour of the upper mantle 
e . g .  see Fig. 20 which plots the upper a n d  lower bound solutions.  At the 
su r face ,  and  to a depth of a t  l eas t  20 km, c leavage i s  dominant r a the r  than 
p las t i c  deformation. Below th i s  depth plas t ic i ty  replaces  ca tac las i s  a s  the 
dominant mechanism, whilst  between 100 km a n d  400 km power law creep is  
the opera t ive  mode of deformation. 
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Fig.  19 A deformation map for o l iv ine  a t  a pressure  of 81 k b a r  (13) 
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WATER POWER 

The l i f e  support  system of Pak i s t an  i s  i t s  network of i r r iga t ion  c a n a l s ,  fed 
by the Indus.  one of the most important  r i v e r s  i n  the  world. The expertise 
of Pak i s t an  engineers  who des ign ,  const ruct  a n d  mainta in  these cana l s  i s  
in te rna t iona l ly  acclaimed. 

In the v i l l ages  of the Karakoram one may find many miles of aqueducts,  built 
ac ross  ve r t i ca l  cl iff  f aces ,  which supply  water  to different  p a r t s  of the vil- 
l a g e ,  or  even different  v i l l ages .  The yield of v i l l age  crops  i s  maximised by 
a judicious a n d  in t r i ca te  system of c a n a l s  t h a t  s t a r t s  a t  the top of the vil- 
l age .  i n v a r i a b l y  s i ted  on a n  a l l u v i a l  f an  formed a t  the base  of a gorge. 
The water system descends to val ley  level  i n  a n  ever  expanding series of 
s u b s i d i a r y  c a n a l s  t h a t  feed the multi-level ga rden  plots ,  each of which has 
i t s  own s lu ice  g a t e s  tha t  have to be opened and  shu t  a t  specific times each 
d a y .  

On towards the p l a i n s  of Pak i s t an  i t  i s  possible to bui ld  dams such as  
Mangla a n d  Tarbe la ,  the l a t t e r  being the wor ld ' s  l a r g e s t  e a r t h  dam which 
suppiies 2100 M W  of e lec t r ica l  power to  Pak i s t an .  However, due to the steep- 
ness and  ferocity of the Karakoram r i v e r s ,  and  the unstable  slopes above 
the  r i v e r  beds ,  the Indus  c a r r i e s  the  g rea tes t  sediment load i n  the world. 
Figure  21 shows a r a t i n g  curve  for the  sediment capac i ty  of th i s  r ive r  and 
the  f igures  a r e  f r ightening.  For a flow r a t e  of 300,000 cu.  f t . /sec.  (8,500 - 

3 m /set) the suspended sediment i n  the  r i v e r  weighs 7,000,000 tons per day 
(70 G N ) .  It  i s  the deposition of th i s  sediment a t  Tarbela  (est imated a t  320 
million tons /yea r )  t h a t  c rea tes  a major problem for the Water and Power 
Developmcnt Authority of Pak i s t an  (WAPDA). The s torage capaci ty  of the 57 
mile long Tarbela  Reservoir i s  g r a d u a l l y  being depleted by th i s  sediment 
deposit which i s  accumulating a t  a r a t e  sometimes approaching a depth of 
one metre a yea r .  I t  i s  therefore important  for Engineers and  Geomorpholo- 
g i s t s  to determine, not only the sediment capac i ty  of the Indus  and i t s  trl- 
bu ta r i e s .  but a l so  the movement of the bed load ,  which for Tarbela  i s  about 
5% of suspended sediment load.  The movement depends on the size,  dens it^ 
and  shape  of the bed load a s  well a s  the g r a n u l a r  s ize ,  d is t r ibut ion of thc 
sediment,  the liquid-to-solid r a t i o  of the flow a n d  the three-dimension?; 
geometry of the r ive r .  Thus ,  p a r t  of the sediment load i s  constantly bein< 
moved downstream towards the dam s t ruc tu res ,  a process which i s  accelerated 
by rap id  f luctuation in reservoir  height through the months of June to Sep- 
tember. due to snow melt, then g lac ie r  melt, a n d  f inal ly  monsoons, with 
the a n n u a l  f inal  shape  of the de l t a s  within Tarbela  being formed in lata 
September. 

BY using high frequency t r ansducers  with echo sounders,  i t  i s  possible to 
determine the depth of water  above the s i l t .  With low frequency transducers 
f i t t ed  to modern equipment developed for  deep ocean research,  i t  i s  possible 
to obta in  the depth of s i l t  above the o r ig ina l  r ive r  bed. It i s  therefore 
possible to monitor the e levat ion,  depth and movement of sediment beds. 

Our own project i s  to c a r r y  out inves t igat ions  in the Hunza r i v e r ,  which 
c a r r i e s  one of the l a rges t  sediment loads feeding the Indus.  This concen- 
t r a t ion  of sediment i s  due to the huge catchment a rea  of 5,080 sq .  miles 
which conta ins  some of the wor ld ' s  longest and  deepest g lac ie r s  outside the 
polar  regions.  Other con t r ibu ta ry  factors a r e  the lack of p lant  cover on 
the steep hi l l s ides .  the f requent  l ands l ips  due to r a i n ,  ear thquakes  and the 
young. eas i ly  erodable  rocks of the Karakoram. As a consequence of these 
fea tures .  the Hunza Valley is  r ap id ly  losing i t s  top soi l ,  but Pakis tan  is  
not alone in having problems of th i s  magnitude. The River Thames of 







England can cause  flooding of some 50 s q .  miles of Greater  London's low- 
ly ing a r e a s .  For over 300 y e a r s ,  t i d a l  flooding of the Thames h a s  been 
recorded and i s  due to a combination of geological a n d  meteorological fac tors .  
The maximum flood height h a s  been increas ing about 8 . 5 m m  pe r  y e a r  since 
1780. In consequence i t  h a s  been decided to bui ld  the w o r l d ' s  l a r g e s t  
moveable b a r r i e r ,  which can  be brought into operation within 15 minutes. 
Sited a t  Woolwich, not only will i t  prevent flooding, but  i t  will a l so  pre- 
serve navigation on the r ive r .  I t  i s  with some pleasure  t h a t  I c a n  report  
tha t  Davy-Loewy of Sheffield i s  responsible for the manufacture,  supply  and  
ins ta l la t ion of th i s  b a r r i e r .  However, cl imatic p ressures ,  wind di rec t ions  
and moon g rav i ty  may combine to cause  a flood s u r g e ,  a n d  b r i n g  a major 
ca tas t rophe to London before the b a r r a g e  i s  completed. Notices a r e  on 
display in a l l  London underground s ta t ions  warning the population of th i s  
possible d i sas te r .  

CONCLUSIONS 

Technology and e a r t h  sciences a r e  inex t r i cab ly  bound together.  In  the 
Karakoram it  i s  essent ia l  t h a t  sc ient is ts  of a l l  d isc ipl ines  unite to help 
overcome some of the worst haza rds  to man on e a r t h .  The recent developments 
in engineering,  quoted in th i s  paper  and in other papers  in the conference, 
i .  e .  f ini te element ana lyses ,  impulse r a d a r ,  sa te l l i te  survey systems,  new 
materials ,  deformation and f rac tu re  mechanisms etc.  a r e  but  a few aspects  
of a r ap id ly  developing engineering technology tha t  can be of immense help 
to mankind. 
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ABSTRACT 

In 1974 - 1975 a n d  in  1978, the a u t h o r  was  a  member of t h e  
Batura Glacier  Inves t iga t ion  Group of the  Karakoram Highway Engineer ing  
Headquarters  of the People ' s  Republic of China .  S tudies  of contemporary  
g lac ia t ion  a long the  Karakoram Highway have  been a c t i v e l y  c a r r i e d  out  
and  some v a l u a b l e  d a t a  on g l a c i a l  v a r i a t i o n s  g a t h e r e d .  During o u r  
inves t iga t ions  we were warmly suppor ted  b y  o u r  P a k i s t a n  f r i e n d s .  This  
a r t i c l e  i s  based  on the geomorphological i nves t iga t ion  together  wi th  
documentary records  with e spec ia l  comparison to the  l a n d s a t  images i n  
the 1970's and  topographic  maps in v a r i o u s  y e a r s ,  a n d  aims a t  e x p l a i n i n g  
recent va r i a t ions .  

RECENT VARIATIONS OF GLACIERS IN THE NEIGHBOURHOOD 
OF K H U N J E R A B  PASS 

Fr iendship  No. 1  Glacier  i s  loca ted  on the  r i g h t  s i d e  of t he  Khunjerab  
Pass ,  looking towards  P a k i s t a n .  I t  i s  a  smal l  v a l l e y  g l a c i e r .  By 
est imation,  the height  of the snow l i n e  i s  5200 m .  On both s ides  of the  
q lac ier  in the middle a n d  lower r eaches ,  the  l a r g e  l a t e r a l  moraine r i d g e s  
have a  r e l a t ive  height  of some 70 m, a n d  cont inue  towards  t h e u p p e r  r e a c h e s .  
Inside the l a t e r a l  moraine,  t he re  a r e  four s t e p s  a t  4620 m, 4650 m, 
4700 m and  4775 m respec t ive ly ,  re f lec t ing  t h r e e  previous  s t a g e s  of ice 
su r f ace  a f t e r  the maximum of the  l a s t  a d v a n c e .  The te rminus  he igh t  of 
the ice tongue i s  4720 m .  

In 1978 we c a r r i e d  out a n  inves t iga t ion  of the  te rminus  of t h i s  g l a c i e r  
and  compared i t  with the 1:10000 topograph ica l  map d rawn  by P a k i s t a n  
in 1966. We discovered tha t  the position of the  g l a c i a l  te rminus  h a d  
advanced about 320 m (40 m/y r )  a n d  descended 118 m i n  he ight  from 1966 
to  1978 ( F i g .  1 ) .  

Fr iendship  No. 2  Glacier  i s  located on the  lef t  s i d e  of t he  
Khunjerab Pass .  It  i s  a  small  hang ing  g l a c i e r  with a  shor t  ice tongue .  
By est imation,  the height  of the  snow line is 5100 it?. There a r e  t h ree  d a r k  
brownish terminal  moraine loops v i s ib l e  a t  t he  end  of the  g l a c i e r .  Heights 
of t h e  tern~inal morame a r e  4550 n;, 4680 m a n d  4700 m r e spec t ive ly .  From 



FIG. 1. VARIATIONS I N  THE POSITIONS OF THE 
K H U N J E R A B  NO. 1  GLACIER FRONT. 

there  upwards ,  there  i s  a  greyish  terminal  moraine a t  4780 m .  At present ,  
the terminus of the ice tongue i s  a t  4795 m .  The re la t ive  height of the 
ice c l i f f  a t  the terminus i s  60 m .  For th i s  g lac ie r  there i s  no complete 
subg lac ia l  d r a i n a g e  system, but d r a i n a g e  by surface  and l a t e r a l  channels 
a r e  dominant. The terminus of the ice tongue h a s  r i sen 90 m and retreated 
210 m according to the topographical  map (1:10000) compiled by Pakistan 
in 1966 ( F i g .  2 ) .  

Friendship No. 3  Glacier i s  a  l a r g e r  hanging g lac ie r .  The glacia l  
terminus was a t  a  place 200 m away from the Hunza River in 1966. On 
J u l v  30. 1978 we found tha t  the terminus on the r ight  side of the ice tongue 
had re t rea ted 600 m and  r isen 204 m .  At the same time, the terminus 
on the left s ide  had re t rea ted 290 rn and r isen 120 m (F ig .  3 ) .  Because 
the Ice tongue had re t rea ted quickly a  vas t  s t re tch  of moraines was left 
on the slope. We suppose tha t  the g lac ie r  had advanced before 1966 and 
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FIG. 3. VARIATIONS IN THE POSITIONS OF THE 
KHUNJERAB NO. 3 GLACIER FRONT. 



reached i t s  maximum by 1966. Afterwards, the  g lac ie r  r e t rea ted .  

RECENT VARIATIONS OF THE BATURA GLACIER 

The Batura Glacier i s  one of e ight  l a r g e  g lac ie r s  with a length  more 
than 50 km a t  middle and  low la t i tudes  on e a r t h .  There i s  a spec ia l  
report on i t s  recent va r i a t ions ;  reference ( 1 ) .  For comparative purposes 
the present author  br ief ly  repor ts  a s  follows. 

During 1885 - 1925, according to documentary records by Woodthorp 
(18851, E .  F. Knight (18931, Etherton (1909),  K .  Mason (1913) a n d  Visser 
(1925) (see reference ( 1  and  Bibliography 1, the Batura Glac ie r ' s  terminus 
ei ther advanced or  was re la t ively  s t a t ionary .  The positions of the ice 
tongue wandered close to the Hunza River a n d  h a d  s l igh t  v a r i a t i o n s .  
Aged local res idents  in  the v i l l ages  of Pasu a n d  Khaibar had  witnessed 
the advance of th i s  g lac ie r .  They s a i d ,  "50 - 60 y e a r s  ago,  in  one autumn 
between 1910 - 1930, the g lac ie r  advanced and  blocked the Hunza River. 
The r ive r  water ,  however, could s t i l l  pass  through under the ice.  In 
the spr ing of next y e a r ,  the g lac ie r  re t rea ted a g a i n  and  the place blocked 
was left on the lef t  s ide  of the mouth of the present-day Batura  s t ream,  
leaving very l a r g e  boulders a t  two places ."  

After the 19301s, the g lac ie r  began to decline.  Thir ty-years  a g o ,  
the l a rge  ice cliff a t  the terminus was on the lower s ide  of the  damaged 
30 m bridge.  A German-Austrian Himalaya-Karakoram Expedition report  
in 1954, reference ( 2 ) ,  s a i d  "the terminus of the g lac ie r  was on the r igh t  
side of the Hunza River in 1944 and re t rea ted to a place 300 m away from 
the r iver  in 1954." The l a r g e  ice cliff re t rea ted to a position about 
800 m away from the Hunza River according to the topographical  map 
(1:10000) compiled in Pakis tan  in  1966 (F ig .  4 ) .  The key to Figure 4 
i s  a s  follows:- 1. Displacement of contours ( f t )  and  d a t e ;  2.  Displacement 
and date  of terminal  ice c l i f f ;  3. Bore hole; 4 .  Highway, temporary roadway,  
bridge;  5. Planned a l t e rna t ive  l ine ;  6. Drainage cavern  and  i t s  d a t e ;  
7. Marked advance and thickening a r e a  of the Batura Glacier a t  present-  
d a y ;  8 .  Thick greyish  moraine h i l l s  with bur ied  ice ;  9. Without bur ied  
ice; 10. Yellowish moraine hi l l s  formed two centur ies  ago.  

In 1974, a f t e r  surveying the topography of the g lac ie r  terminus ,  we 
discovered that  the position of the l a r g e  ice cliff had advanced 90 m ,  
compared with tha t  of 1966. In the same period,  within the r a d i u s  of 
1 k m  of the upper position of the ice c l i f f ,  the ice surface  rose by a n  
average of 15 m, while both s ides  of the g lac ie r  were continuously decl in ing.  
We measured the a r e a  aga in  in 1975 and  found tha t  the l a r g e  ice cliff 
had advanced fur ther  by 9.6 m compared with tha t  of 1974. We measured 
again  on May 29, 1978 and found tha t  the l a r g e  ice cliff had advanced 
by 32.55 m a s  compared with tha t  of 1974, while the small  ice cliff a t  
t h e  upper reaches of the main d ra inage  channel  on the south side of the 

- 
glacier  had retreated a t  leas t  230 m between the end of 1975 and  e a r l y  
lune 1978. 

RECENT VARIATIONS OF THE PASU G L A C I E R  

According to measurements from the topographical  map compiled in 
Pakistan in 1966, the terminus of the Pasu Glacier was a t  2550 m a . s .1 .  
and 1150 m from the jeep road.  Based on our  investigation and  survey 
of July  3,  1978, we found t h a t : -  





( 1 )  The d r a i n a g e  ice  c a v e r n  of the  Pasu  Glac ier  h a d  r e t r e a t e d  to  
1400 m from the  posi t ion of t he  o ld  b r i d g e ,  showing t h a t  t he  d r a i n i n g  
ice cave rn  receded 140 m i n  t he  per iod  1966 to  1978. 

( 2 )  The ice tongue on the  lef t  s i d e  of t he  Pasu  Glac ier  h a d  ex tens ive ly  
receded.  Ice h i l l s  h a d  d i s a p p e a r e d  completely,  while  t he  ice  
tongue on the  r i g h t  s i d e  h a d  only  dec l ined  s l i g h t l y  a n d  r e t r e a t e d  
30 m .  

( 3 )  The l a r g e  ice  cl i ff  h a d  r e t r e a t e d  to the  uppe r  r eaches  of t he  
ice  th re sho ld  a t  2640 m .  The he ight  of t he  d r a i n i n g  i ce  c a v e r n  
was a t  2615 m measured by a barometer .  If t he  d r a i n i n g  ice  
cave rn  a c t s  a s  the  mark of t he  g l a c i a l  t e rminus ,  t he  he igh t  of 
the Pasu  G l a c i e r ' s  te rminus  h a d  therefore  r i s e n  by  65 m a n d  t h e  
g l a c i a l  l eng th  h a d  shor tened  by 150 m (12 .5  m/yr. ) .  

RECENT VARIATIONS OF THE GULKlN GLACIER 

The terminus of the  Gulkin Glac ier  h a d  been s e p a r a t e d  in to  two p a r t s  
a s  shown on the P a k i s t a n  topograph ica l  map i n  1966. The te rminus  he ight  
of the ice tongue on the  no r the rn  s ide  was  2520 m a . s . l . ,  some 500 m 
away from the  lef t  b a n k  of t he  Hunza River .  On the  o the r  hand, t he  tongue  
on the southern s ide  was  2520 m a n d  660 m r e spec t ive ly .  This  i nd ica t ed  
tha t  the  Gulkin Glacier  h a d  advanced  in  the  per iod  1925 - 1966. But 
the r a n g e  of t h i s  advance  was  l e s s  t h a n  t h a t  i n  e a r l y  20th c e n t u r y .  

We determined by theodoli te  on November 5 ,  1974, t h a t  the  he ight  of 
the ice cave rn  on the  southern  s i d e  was  2534 m a . s . 1 .  a n d  800 m from 
the Hunza River. This  i nd ica t ed  t h a t  t he  ice tongue on the  sou the rn  s i d e  
receded 180 m (22.5 m / y r . )  between 1966 a n d  1974. On J u l y  3 ,  1978, we 
made repeated  measurements a t  the  f ixed  s t a t ion  a n d  d iscovered  t h a t  t he  
d is tance  of the southern  ice c a v e r n  from the  le f t  b a n k  of t he  Hunza River 
was now 860 m .  The d r a i n i n g  ice c a v e r n  h a d  receded a g a i n  by  20 m 
a s  compared with t h a t  of 1974. At the  same time, the  he ight  of t he  no r the rn  
ice tongue was 2600 m .  The te rminus  he ight  h a d  r i s en  140 m a n d  the  
position of the te rminus  h a d  receded 40 m when compared with 1966. On 
Ju ly  13, 1978, Professor Shi a n d  I  made a e r i a l  obse rva t ions  on the  middle 
and upper  reaches  of the Gulkin Glac ier  a n d  found t h a t  t he  ogives  were 
well developed below the  threshold  of t he  uppe r  sect ion of t he  ice  tongue.  
The high l a t e r a l  moraines on both s ides  of t he  g l a c i e r  ex tended u p w a r d s  
to h igher  a l t i t u d e s .  The l a r g e  l a t e r a l  moraines a r e  f a r  h ighe r  t h a n  t h e  
ice sur face .  The g l a c i a l  s u r f a c e s  in  t he  middle a n d  uppe r  r eaches  of 
the ice tongue a r e  c l ean  with only  a  few s u p e r g l a c i a l  mora ines .  Surface  
slope i s  r e l a t ive ly  gent le  with few c r e v a s s e s .  

RECENT VARIATIONS OF THE HASANABAD GLAClER 

W .  Pi l lewizer  and  o the r s ;  reference ( 2 ) ,  used  t e r r e s t r i a l  s tereophoto-  
grammetric methods for su rvey ing  and  drew a  topograph ica l  map of the  
l a rge  a r e a  of d r a i n a g e  of the  Hunza River. The ske tch  map pub l i shed  
In 1959 showed c l e a r l y  tha t  the  Hasanabad  Glac ier  h a d  s e p a r a t e d  in to  
two g lac i e r s .  The measurements on the  map ind ica t ed  t h a t  S h i s p a r  Glac ier  
( e a s t  b r a n c h )  and  Mutschual Glacier  (wes t  b r a n c h )  had  receded 4 .5  km 
and 7 km respect ively a s  compared with the pos i t ions  of 1929. 

We made a e r i a l  observ,at ions by he l icopter  on J u l y  13, 1979 a n d  



discovered tha t  the long separa ted  eas t  a n d  west b ranches  had met together 
a g a i n  and  extended towards the lower reaches  well below the confluence. 
According to the different  colours of the superg lac ia l  moraines, the author 
supposed tha t  the west branch advanced before the eas t  branch and first 
extended below the confluence, while the eas t  b ranch  advanced only to 
the confluence a t  tha t  time and  t h a t  i t s  ice tongue had  overlapped the 
west b ranch .  On August 25 - 30, the author  and  others  investigated the 
Hasanabad Glacier along the Nala River. Based on the d a t a  of field geo- 
morphological inves t igat ions  and  documentary records ,  we determined that 
the re t rea t ing  period of the Hasanabad Glacier was i n  1953 - 1954. I n  
the re t rea t ing  process,  there  were two longer periods of r e l a t ive  stationary 
a n d  surface  decay.  This i s  evidenced by the moraine h i l l s  between2350 - 
2400 m and  2400 - 2500 m a .s .1 .  in  the va l l ey .  According to the geomorpho- 
logical  c h a r a c t e r ,  we determined the ,corresponding position of the ice 
tongue terminus a t  tha t  time, a n d  decided t h a t  the  ice tongues of the 
eas t  and  the west branches  advanced 1.5 km a n d  4.8 km respectively in 
the period 1954 - 1978. But, we do not know when the advance began. 
The Hasanabad Glacier i s  s t i l l  advanc ing  a t  present .  

RECENT VARIATIONS OF THE MINAPIN GLACIER 

The Minapin Glacier i s  a  su rg ing  g lac ie r  l ike  the previously mentioned 
Hasanabad Glacier .  In August 1978 the author  inves t igated the 
Minapin Glacier a n d  found t h a t  the g lac ie r  was advancing.  The shape 
of the ice tongue terminus had  undergone a n  obvious change ,  especially 
the left f lank with the d r a i n i n g  ice cavern  dis t inct ly  d isplaced forwards. 
The ice tongue had  advanced a t  l eas t  150 m .  The ice cliff of the glacial 
terminus i s  very  steep and  i t s  surface  height had  r isen almost to the 
top height of the l a t e r a l  moraine fornled about two hundred yea rs  ago. 
The terminus position of the ice tongue ( a t  2350 m a . s . 1 . )  had advanced 
to almost the same place a s  in 1954. 

RECENT VARIATIONS OF THE PISAN GLACIER 

The Pisan Glacier i s  a  small  val ley  g lac ie r  and  l ies  on the west side 
of the Minapin Glacier .  There a r e  no documented d a t a  describing the 
va r i a t ion  of i t s  terminus.  The g l a c i a l  termini  showed on the 1:lOOOO 
topographical  map by Pak i s t an  in 1966, were a t  heights  of 2070 m and 
2220 m a . s .1 .  respectively on the r ight  and left s ide .  In  August 1978, 
the author  inves t igated in  more de ta i l  the lower reaches of the 
Pisan Glacier .  I t  was discovered t h a t  the ice tongue had dist inctly 
re t rea ted since 1966. The considerable  length of the lower section of the 
ice tongue had been divided into two p a r t s  by a channel  of melt water. 
The ice h i l l s  with re la t ive  heights  less  than  15 m wholely consist of black 
d i r t v  ice. There a r e  l a r g e  l a t e r a l  moraines on both s ides  of the g lacier ,  
which seemed to be formed approximately two hundred yea rs  ago and made 
a deep impression on us .  Both s ides  of the l a t e r a l  moraine a r e  not 
symmetrical;  s teep ins ide  but gentle outside.  This indicates  that  the 
l a t e r a l  moraine had been shorn dur ing  the l a s t  g lac ia l  advance.  The 
terminal  moraine and  l a t e r a l  moraine meet together in front of the ice 
tongue. but a r e  cut  by melt water.  The terminal  heights  of the tongue 
on both left and  r ight  s ides  a r e  2450 m and  2420 m a.s .1.  respectively. 
This indicates  tha t  the terminus had  been evident ly  r i s ing .  According 
to the re la t ive  positions of a ground object point ,  the sides 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 r eco rds ,  a n d  comparisons with l a n d s a t  images in  
the 1970's a n d  two maps of t he  1930's  a n d  1960's ,  recent  v a r i a t i o n s  of 
the Insuka t i  Glacier  a n d  ad jacen t  g l a c i e r s  c a n  be d i scussed .  Three out  
of f i ve  g l a c i e r s  on the  northwest  of Qogir Feng a r e  i n  recession a n d  two 
g l ac i e r s  a r e  a d v a n c i n g .  The I n s u k a t i  Glac ier  with a  l eng th  of 41.5 km 
i s  the longest  g l a c i e r  i n  Ch ina .  Though i t s  te rminus  was  covered  by 
thick s u p e r g l a c i a l  moraines a n d  i t  was  s t a b l e  in  t he  period 1937 - 1968, 
the lowest posi t ion of b a r e  ice now s t r e t ches  downward about  5  km. The 
Braldu Glacier  located in  P a k i s t a n  i s  35 km long with th ick  d e b r i s  cover  
a t  the terminus a l so .  l n  the  perod 1937 - 1968, the  posi t ion of i t s  te rminus  
was unchanged,  yet  the  lower limit o r  b a r e  ice now s t r e t ches  4 km downward 
and in  1968 - 1973, t he  te rminus  advanced  a  d i s t a n c e  of 900 m .  I n  
con t r a s t ,  t he  Skyang Glac ier ,  K2 Glacier  a n d  Westm-i-Yaz Glac ier  h a d  
re t rea ted  4210 m (137 m / y r . ) ,  1700 m (50 m / y r . )  a n d  550 m (18 m / y r . )  
respect ively.  In a d d i t i o n ,  the Skyang Glac ier  h a d  r e t r e a t e d  a g a i n  by  
1000 m (200 m/y r . )  i n  the period 1968 - 1973. However, the  recess ion  
r a t e  of t he  K2 Glacier  obvious ly  reduced d u r i n g  t h i s  per iod .  

CONCLUSION 

In summary recent  v a r i a t i o n s  of some of the  g l a c i e r s  of the  Karakoram 
Mountains a r e  shown i n  Figures  5  a n d  6 ,  which ind ica t e  t h a t  t he  g l a c i e r  
termini in  the  Karakoram Mountains have  undergone  many c h a n g e s  d u r i n g  
recent times. From the  1880's  to t he  1920's  - 1930 's ,  t he  g l a c i e r s  e i t h e r  
advanced in g e n e r a l  o r  were r e l a t ive ly  s t a t i o n a r y .  From the  1930's  to 
1960ts ,  the g l a c i e r s  u s u a l l y  r e t r e a t e d .  From the  1960's  o n ,  t he  c h a n g e s  
i n  the positions of g l a c i e r  f ronts  h a v e  presented  a  very  heterogenous p i c t u r e ,  
a s  for i n s t ance ,  a  lot of g l a c i e r s  in  the  western sect ion of the  Karakoram 
Mountains have  been a d v a n c i n g  a n d  o the r s  r e t r e a t i n g .  This  re f lec ts  the  
inherent  difference of the time i n t e r v a l  between c h a n g e  i n p u t  a n d  the  
achievement of new equi l ibr ium by the  v a r i o u s  g l a c i e r s .  
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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, u s ing  t e r r e s t r i a l  s tereophotogrammetry,  t he  Glac ier  
lnves t iga t ion  Group of China  made a s u r v e y  of the Ba tu ra  Glac ier  d r a i n a g e  
a r e a  and  drew a 1:60,000 map. A g l a c i a l  i nven to ry  h a s  been accomplished 
and much d a t a  on morphological measurements ob ta ined .  The Ba tu ra  Glac ier  
h a s  some continental- type c h a r a c t e r i s t i c s  but  t he re  a r e  a  number of mari t ime 
f ea tu re s ;  we c a l l  the Batura  "a complex type  g l ac i e r " .  According to o u r  
forecas t ,  the g l a c i e r  wil l  advance  ano the r  180-240 m bu t  in  the  1990's  
i t  will  once a g a i n  be on the dec l ine .  

INTRODUCT lON 

Both the ancient  Silk Road a n d  the  present  Karakoram Highway l i n k i n g  
China and  P a k i s t a n ,  p a s s  by the te rminus  of the  Ba tu ra  Glac ier .  The 
in t e rna t iona l  ove r l and  route through t h i s  region h a s  long been inf luenced 
by the advance  a n d  recession of t h i s  g l a c i e r  a n d  the  migra t ion  of i t s  
meltwater channe l s .  Since 1885, many t r a v e l l e r s  a n d  exp lo re r s  h a v e  g iven  
the i r  accounts  a n d  impression of the Batura  Glac ier .  The chief  ones  among 
them were: Ph.  C. Visser ,  who led a Dutch sc ient i f ic  expedi t ion  i n  1925 
and reported the f i r s t  a r r i v a l  a t  the  uppe r  r eaches  of t he  Ba tu ra  Glac ier  
( 1 ) ;  K .  Mason, who made a comprehensive review of the  g l a c i e r  i n  1930 
( 2 ) ;  and W .  Pi l lewizer  and  H .  J .  Schneider ,  who o rgan ized  r e spec t ive ly  
the 1954 a n d  1959 German-Austrian Glac ia l  a n d  Geological Expedit ions a n d  
who made brief  repor ts  of t h e i r  f i nd ings  ( 3 ) ( 4 ) .  All these  provided  u s  
with pre l iminary  and  h i s to r i ca l  knowledge of the  Ba tu ra  Glac ier .  

From 1974 - 1975 a n d  1978, a  g l a c i e r  i nves t iga t ion  g roup  was  d i spa t ched  
by the Chinese government to c a r r y  out a  de t a i l ed  s tudy  of the  Ba tu ra  
Glac ier .  The g roup  received much suppor t  from P a k i s t a n i  f r i e n d s .  The 
present a r t i c l e  i s  a  p re l imina ry  repor t  on the  major r e s u l t s  of o u r  t h r e e  
yea r s  work. 

CONTROL SURVEY A N D  A TOPOGRAPHIC MAP OF THE DRAINAGE 
A R E A  OF THE BATURA GLACIER 

Within the d is tance  of 20 km between the  te rminus  a n d  c r o s s  sec t ion  
XI, see enclosed maps,  the extended s ide  of a  rhomboid base l ine  network 
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h a s  been t aken  a s  base  cont ro l .  Between the  te rminus  a n d  a  point 
40 km ups t r eam,  a  control  network h a s  been e s t a b l i s h e d ,  amounting to 
25 s t a t ions .  The accu racy  of t he  weakest  s i d e  i s  1/21,700. From cont ro l  
points  of the  network,  we measured the  main p e a k s  in  t he  d r a i n a g e  a r e a  
of the Batura  Glacier  a n d  so the  cont ro l  network covered the  whole 
Batura Glacier .  

In 1974 - 1975, Chen J ianming a n d  Zhang Huaiyi  et  a1 (51 ,  worked 
on t e r r e s t r i a l  s te reophotographic  mapping from 65 photographic  base  l i n e s .  
The a v e r a g e  height  of the control  poin ts  a n d  photographic  poin ts  was 
4000 m above sea l eve l .  The a v e r a g e  l eng th  of the  photographic  base  l i nes  
was 320 m .  The maximum photographic  d i s t a n c e  was  14 km, bu t  i n  g e n e r a l  
i t  ave raged  8 km. The a n g u l a r  e r r o r  of t he  photographic  b a s e  l i n e  was 
1.1" and  photographic  d e a d  space  about  7%. They u t i l ized  l a n d s a t  images 
and camera p i c tu re s  for s u b s i d i a r y  d e t a i l .  On the  b a s i s  of t h i s ,  the  
topographic map of t he  d r a i n a g e  a r e a  of t he  Ba tu ra  Glac ier  w a s  compiled 
to a  sca le  of 1:50000 a n d  a  colour map pub l i shed  to a  s ca l e  of 1:60000. 

The map of Ba tu ra  Glac ier  employed four  methods of morphological  
i l l u s t r a t i o n ,  namely ,  contour l i n e s ,  convent ional  s i g n s ,  h a t c h i n g  a n d  
shad ing .  Efforts have  a l so  been made to coordina te  harmoniously a l l  po in t s ,  
l ines ,  a n d  p l anes  in  a p p r o p r i a t e  co lours  a n d  s h a d e s ,  with a  view to show, 
a s  precisely a s  poss ib le ,  t he  g l a c i a l  t ype  a n d  p a t t e r n ,  a n d  o the r  
pecul ia r i t ies  of the Batura  region ( 6 ) .  

According to the  topographic  map,  the e x i s t i n g  g l a c i a l  i nven to ry  of 
the d r a i n a g e  a r e a  of the Batura  Glacier  h a s  been accomplished a n d  much 
new d a t a  on morphological measurements of the  Batura  Glac ier  ob ta ined .  

BASIC FEATURES OF THE BATURA GLACIER 

Size and  topography of the g l a c i e r  

The Batura Glacier  l i e s  on the nor thern  slope of the  main r i d g e  of 
the Karakoram, i . e . ,  the Hunza Karakoram t h a t  r u n s  from E to W a n d  
consists  mainly of g ranod io r i t e .  The h ighes t  p e a k ,  t he  Ba tu ra  Muztagh,  
reaches 7795 m above sea level .  The d r a i n a g e  a r e a  of the Ba tu ra  Glac ier  
to ta ls  687 km 2 ,  while the  g l a c i a t e d  a r e a  i s  332 k m 2 ,  occupying  48% of 
the d r a i n a g e  a r e a .  On i t s  southern  s i d e ,  12 l a r g e  a n d  smal l  g l a c i e r s  
flow in to  the main ice s t r eam,  whereas  on i t s  no r the rn  s i d e ,  only  4  g l a c i e r s  
flow into i t .  In add i t i on ,  there  a r e  55 smal l  g l a c i e r s  with a  t o t a l  a r e a  
of 47 km2 ,  l y ing  a p a r t  from the  Batura  Glac ier ,  yet  t he i r  meltwater  e n t e r s  
beneath the ice in to  the Batura  G l a c i e r ' s  c h a n n e l .  With a  l eng th  of 
59.2 km, the a r e a  of the Batura  Glacier  is 285 k m 2 .  The f i r n  l i n e  r eaches  
4700 - 5300 m a . s . 1 .  The accumulat ion a r e a  above  i t  t o t a l s  144 k m 2 ,  
not inc luding  the a r e a  (70 km 2 ,  of exposed rock.  The a b l a t i o n  a r e a  i s  
141 km . Hence, the g l a c i a l  r a t i o  ( K )  of the  Batura  Glacier  i s  app rox i -  
mately uni ty .  The va r i a t ion  of the widths of the g l a c i e r s  is wi th in  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 . 1 .  
This i s  the g rea t e s t  fa l l  in e leva t ion  of a  g l a c i e r  between i t s  snow f ie ld  
and  terminus in  the world.  The space  extens ion  below the  snowline i s  
as  high a s  2460 m .  Of the e ight  l a r g e s t  g l a c i e r s  in  medium a n d  low 
l a t i t udes ,  the terminus of the Batura Glacier  i s  the  lowest in e l eva t ion .  

According to our  observa t ions ,  two-thirds of the Ba tu ra  G l a c i e r ' s  ice 
tongue i s  covered with su r f ace  moraines.  The l a s t  3  km of the g l a c i e r  



a r e  almost e n t i r e l y  capped  by s u p e r g l a c i a l  mora ines .  An o r d i n a r y  g lac ia l  
s u r f a c e  i s  of ten  upl i f ted  by medial  mora ines ,  bu t  on t h e  lower reaches 
of the  Batura  G lac i e r ,  t he  posi t ion of media l  mora ines  i s  often depressed.  
Though the  a b l a t i o n  i n  t he  middle a n d  lower por t ions  of t he  ice tongue 
i s  ve ry  i n t ense ,  t he re  i s  no s u r f a c e  d r a i n a g e  system so  the  meltwater 
pene t r a t e s  t he  ice body a n d  forms complete s u b g l a c i a l  d r a i n a g e  channels .  
At the  head  of t he  g l a c i e r  where v a r i o u s  ice flows conve rge ,  t he  ice layer  
i s  subjec ted  to  g r e a t  p r e s su re .  I t  c r a c k s  a n d  fo lds  a n d  a s  a  resu l t ,  
a  lot of r i d g e s ,  p innac l e s  a n d  s e r a c s ,  f o re runne r s  of ice p y r a m i d s ,  appear .  
The F i r s t  a n d  Second Ice Flows which o r i g i n a t e  from t h e  B a t u r a ,  Muztagh, 
form a t t r a c t i v e  wave og ives  below the  g r e a t  i c e f a l l s .  J u d g i n g  from the 
c h a r a c t e r  of t he  g l a c i a l  s u r f a c e ,  t he  Ba tu ra  Glac ier  is not of a  periodic 
s u r g i n g  type .  

The developmental  condi t ions  of t he  g l a c i e r s  

The Karakoram Mountains a r e  s i t u a t e d  i n  t h e  i n t e r i o r  of Cen t r a l  Asia. 
The cl imate in t he  deep  v a l l e y s  i s  d r y .  The a n n u a l  p rec ip i t a t i on  recorded 
a t  Bunji ,  G i lg i t ,  Batura  a n d  Misgar  i n  t he  Hunza v a l l e y  i s  merely 
100 mm  on a v e r a g e .  I t  i s  obvious  t h a t  such  a  meagre canno-t 
c r e a t e  these  b ig  g l a c i e r s .  Some r e s e a r c h e r s  such  a s  D .  N .  Wadia (1953) 
a n d  o the r s  ( 7 ) ( 8 )  thought  t h a t  "they a r e  without  doubt  t h e  lef tovers  of 
the  Q u a t e r n a r y  Ice age",  a n d  t h a t  "unde r  t h e  present -day  climatic 
condi t ions ,  i t  was impossible  for them to  grow to  such  g r e a t  proportions". 
In August 1974, in  o r d e r  to f ind  out t he  secre t  of t h e  a l imenta t ion  of these 
g l a c i e r s ,  we followed them to  t h e i r  uppe r  r eaches  a n d  measured  t h e  thickness 
of the f ive  a n n u a l  l a y e r s  of ice i n  two c r e v a s s e s  a t  a  he ight  of 5000 m 
a . s . 1 .  on the  nor th-eas te rn  t r i b u t a r y  ' o f  t h e  Northern Ice Flow, and 
t r a n s l a t e d  it i n t c  a n n u a l  net accumula t ion .  The ice  th ickness  was 
equ iva l en t  to a  wa te r  l a y e r  of 1030 - 1250 mm. I n  a d d i t i o n ,  we measured 
the  1973 net accumula t ion ,  which was  e q u i v a l e n t  to  a  wa te r  l a y e r  of 
103.L m m .  a t  t he  a l t i t u d e  of 4840 m i n  t he  wes tern  smal l  c i r q u e  of the 
Western Ice Flow. As the p l aces  mentioned above  a r e  a l l  n e a r  t he  snowline, 
a  cons ide rab l e  amount of t he  accumula ted  snow a n d  ice melts a n d  evapora tes  
In summer every  y e a r .  Therefore ,  t he  a c t u a l  a n n u a l  p rec ip i t a t i on  of this  
region must be much g r e a t e r  t h a n  the  1000 - 1300 m m  we measured. 
Even so ,  though l e s s  t h a n  the  a c t u a l  amount ,  i t  i s  s t i l l  ten times the 
a n n u a l  p rec ip i t a t i on  recorded in  the  Hunza v a l l e y .  Th i s  shows t h a t  there 
5 a n  except iona l ly  a b u n d a n t  p rec ip i t a t i on  in  t h e  uppe r  r eaches  of the 
Ha t u r a  Z l a c ~ e r .  In a d d i t i o n ,  the  d i s t r i b u t i o n  of p rec ip i t a t i on  on the  Batura -. 
, . l a i le r  d i f f e r s  from t h a t  of the  T ian  Shan i n  Asia a n d  t h a t  of the  Alps 
In E u r ~ p e .  where the zone of maximum p rec ip i t a t i on  occu r s  a t  a  medium 
h e ~ g h t  (2000 - 3000 m a . s . l . 1 ,  whe reas  p rec ip i t a t i on  in t he  Batura  Glacier 
~ 4 ' 1 c . v  Increasps  from 3000 m u p w a r d -  a n d  r eaches  i t s  maximum ever 
l)lI(' , . 

The high, s teep  mountains provide  a n  i d e a l  cold environment  and 
ab l rndant  p rec ip l t a t l on  for t he  development of t h e  Ba tu ra  Glac ier .  According 
t.3 the a n n u a l  tempera ture  ( a b o u t  10°C) recorded  a t  t he  g l a c i e r ' s  terminus 
1156;7 rn a . s . 1 . )  a n d  the  l apse - r a t e  of t empera tu re  r e l a t i v e  to e leva t ion ,  
the a n n u a l  tempera ture  n e a r  the  snowline (5000 m )  should  be -S°C or  50. 

The a n n u a l  O°C lsotherm 1s a t  a n  a l t l t u d e  of 4200 m .  

Thus t he re  i s  not on ly  a n  a b u n d a n t  snow f a l l ,  bu t  a l s o  very  cold 
condit ions in the  upper  r eaches  of t he  Ba tu ra  Glac ier .  Coupled with 11s 
f a  vcu rab le  t e r r a i n ,  the  region i s  c a p a b l e  of deve loping  l a r g e  g l ac i e r s .  
The lower r eaches  of the  g l a c i e r s  descend in to  d r y  v a l l e y s ,  qui te  
Incongruous with a n d  con t r ad i c to ry  to t he  s u r r o u n d i n g  dese r t  outlook* 



and c rea t e s  a  f a l se  r e l a t ionsh ip  between the  g l a c i e r s  a n d  present -day  
climatic condit ions.  

Ice formation a n d  tempera ture  

A s tudy  of the  snow l a y e r s  was made in  the  f i rn -bas ins  of t he  north-  
eas tern  small  ice flow, t he  western smal l  c i r q u e  a n d  the  North Ice Flow. 
In the f i rn -bas in ,  of the  f i r s t  zone, t he re  was  a  l a y e r  of deep  hoa r  on 
the d i r t y  ice ,  formed by in f i l t r a t i on  a n d  congela t ion .  The l a y e r  r a n  to 
a  th ickness  of scores of cent imet res .  The c r y s t a l s  were mainly  cup-l ike 
and with a  framework a s  a  core .  The b igges t  ones reached a  d iameter  
of 5  m m .  Column-shaped c r y s t a l s  were compara t ive ly  few. In  two sec t ions  
of the second zone a n d  four sec t ions  of t he  t h i r d  zone,  we a l s o  saw 
remaining c r y s t a l s  of deep hoa r  deformed by  i n f i l t r a t i o n  of meltwater .  
The wide d i s t r i bu t ion  a n d  good development of cup-l ike deep  hoa r  showed 
tha t  the evolu t ionary  process of snow l a y e r s  a t  t he  source of the  Ba tu ra  
Glacier belongs to the  cold metamorphic type .  S h a r p  tempera ture  g r a d i e n t s  
exist  between these  l a y e r s .  

According to ou r  obse rva t ions  in  the  f i r n - b a s i n ,  s easona l  superimposed 
ice l a y e r s  develop widely below the equi l ibr ium l ine .  The th i ckness  of 
such ice l a y e r s  i s  50 cm a t  a n  e leva t ion  of 5200 m on the  Northern Ice 
Flow and  30 cm a t  4890 m on the  Western Small Ice Ci rque .  This  supe r -  
imposed ice belongs to the  ice zone of i n f i l t r a t i on  a n d  congela t ion .  The 
a l t i tude  of i t s  d i s t r i bu t ion  i s  5200 to 5300 m on the  Northern Ice Flow 
and 4850 m to 4900 m on the  Western Small Ci rque .  The v e r t i c a l  he ight  
of the superimposed ice zone i s  50 - 100 m .  Above t h i s  zone i s  the  i n f i l t r a -  
tion zone. The th icknes  of these  types  of f i r n  l a y e r s  i nc reases  with 
increase  i n  e l eva t ion .  

Ice tempera ture  i s  one of the  important  i nd ices  re f lec t ing  the  p h y s i c a l  
fea tures  of the g l a c i e r .  In the summer of 1974, Zhang J i n h u a  et  a1 bored 
holes a t  three  d i f ferent  a l t i t u d e s  a n d  measured t h e i r  t empera tu re s  ( 9 ) .  
The r e su l t s  a r e  shown in the  t a b l e  below. 

ICE TEMPERATURE OF THE BATURA GLACIER 
AT DIFFEREIJT ALTITUDES (1974) .  
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From this  t ab l e ,  we know t h a t  the middle p a r t  of t he  Batura  Glac ier  
i s  s t i l l  a  cold g l ac i e r  and  i t  g r a d u a l l y  t u r n s  in to  a  tempera te  one a s  
i t  approaches  i t s  lower reaches .  This  i s  due  to t he re  be ing  a  very  g r e a t  
difference in elevat ion between the g l a c i e r ' s  head  a n d  i t s  te rminus ,  
producing very d i f f e r e n t  cl imatic  condit ions.  
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The Glacier ' s  velocitv 

Wang Wenying [ s e e  (10) ]measured ,  a t  var ious  times, the g lac ia l  motions 
a t  129 velocity s ta t ions  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 genera l  the maximum longi tudinal  surface  velocity 
i s  near  the f irn-l ine,  the velocity decreases  in  speed towards the lower 
reaches.  But in the lower a n d  middle portion there  a p p e a r  two anomalous 
a r e a s .  One of them i s  a t  cross  section IX with i t s  maximum velocity of 
179 m/yr,  21 m/yr more than  tha t  a t  cross  section X ,  4 km away. The 
other i s  a t  cross  section 111; i t s  maximum velocity reaches 85.4 m/yr, 
a l so  21 m/yr more than  tha t  a t  cross  section IV, which i s  1.3 km upstream 
from the former. 

The surface  velocity va r i es  with the change of seasons.  In most cases,  
the velocity i s  h igher  in summer. For ins tance ,  a t  s ta t ion IX (31, from 
June to September, 1975, i t  was 16% higher  t h a n  the  a n n u a l  velocity during 
197L - 1975. But the velocity in summer a t  the terminus was a little 
lower in speed than the a n n u a l  one. In 1974 a n d  1975, the change of 
speed observed a t  most s ta t ions  on the Batura Glacier was ,  a s  a rule,  
less than  20%. 

Superglacia l  Ablation of the Batura Glacier 

At var ious  times in  the summers of 1974 and  1975, Zhang J inhua  et a1 
i l l )  set up s t akes  a t  66 abla t ion s ta t ions  on 16 cross sections on the 
surface  of the g lac ie r  to measure the superg lac ia l  abla t ion and  to obtain 
comprehensive d a t a  in  a period of intensive ab la t ion .  They took a whole 
yea r  record a t  four s ta t ions  a t  the g l a c i a l  terminus.  It appears  that 
the mean da i ly  temperature reflects  the most su i t ab le  index for surface 
abla t ion of the Batura Glacier .  From th i s  index,  and  t ak ing  the value 
of ac tua l  measurements a s  a b a s i s ,  we calcula ted  the a n n u a l  amount of 
abla t ion a t  var ious  s ta t ions  in  the lower portion of the Batura Glacier. 
The fea tures  of superg lac ia l  abla t ion of the Batura Glacier a r e  a s  follows: 

( 1 )  The surface  abla t ion i s  very intensive.  For example a t  station 
I ( 2 9 ) ,  some 2646 m a .s .1 . .  the a n n u a l  abla t ion i s  18.94 m .  The 
abla t ion of ba re  ice decreases in proportion to the increase in 
height.  

( 2 )  The dis t r ibut ion of superg lac ia l  moraine h a s  a very strong influence 
upon abla t ion but the moraine th ickness  of var ious  ice flows 
shows a g rea te r  difference. Thus,  the abla t ion isoline in the 
lower portion of the  Batura Glacier a p p e a r s  a specia l  phenomenon 
since to some extent  it i s  pa ra l l e l  to the direction of ice flow. 

Solar radia t ion is  the main source of heat for the abla t ion of the 
Batura Glacier. According to observations ca r r i ed  out dur ing  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 di rec t ly  from solar  radiat ion 
and 10.8% from heat conduction of the a i r  and  condensation heat  of vapour 
2 .  The maximum balance  value  of the rad ia t ion  observed was 666.4 
cal:cm per  dav  (August 18).  Of the total  heat output ,  83.3% was spent 
an Ice su r face  abla t ion while the rest  penetrated into the ice layer  to 
r a i se  the ice temperature.  On the ice su r face  that  was covered with debris  
2 - 3 cm thick.  the r i se  of temperature of the debr i s  l aye r  accounted for 
9.1% of the heat due to conduction. while the spending of heat on ice 
su r face  abla t ion decreases to 78.5%. The thicker the surface  moraine, 



the more t he  amount of hea t  s p e n t  t h e r e i n ,  a n d  t h e  weaker  t h e  a b l a t i o n  
becomes. 

In conclusion the  Ba tu ra  Glac ier  h a s  some c h a r a c t e r i s t i c s  of a  c o n t i n e n t a l  
type of g l a c i a t i o n  but  t h e r e  a r e  q u i t e  a  number of mar i t ime f e a t u r e s .  
We, therefore ,  c a l l  t h e  Ba tu ra  "a complex type  of g l ac i e r " .  

GRAVIMETRIC DETERMINATION OF ICE THICKNESS 
OF THE BATURA GLACIER 

We used a  Chinese made ZS -67 q u a r t z  s p r i n g  g r a v i m e t e r  for  measu r ing  
the ice t h i ckness  of t he  Ba tu ra  G lac i e r .  F ive  g r a v i t y  t r a v e r s e s  were 
es tab l i shed  a long  Prof i les  11, 111, VI, V l I I  a n d  XI. I n  g e n e r a l ,  t he  
d is tance  between two prof i les  was  100 - 200 m. After h a v i n g  made a  t e r r a i n  
correct ion,  Bouguer cor rec t ion  a n d  l a t i t u d e  cor rec t ion  to t h e  measured  
g r a v i t y  v a l u e ,  Su Zhen et a1 c a l c u l a t e d  the  ice  t h i ckness  a t  a l l  f ive  g r a v i t y  
t r ave r se s  i n  t he  lower r eaches  of t h e  Ba tu ra  Glac ier  ( 1 3 ) .  

At Profi le  XI, t he  a v e r a g e  ice t h i ckness  i s  310 m while  t he  maximum 
i s  432 m .  With a n  i n c r e a s i n g  a b l a t i o n  towards  t h e  lower r e a c h e s ,  t he  
g lac ie r  g r a d u a l l y  becomes t h i n n e r ,  a n d  a t  Prof i le  11 n e a r  t h e  g l a c i a l  
terminus t he  a v e r a g e  ice t h i ckness  d rops  to  85 m while  t he  maximum one 
i s  not more t h a n  115 m. From t h e  g iven  r a t e  of motion a n d  ice t h i c k n e s s ,  
we have  c a l c u l a t e d  the  a n n u a l  ice d i s c h a r g e  of t h e  v a r i o u s  p ro f i l e s .  
In an  a r e a  of 39.8 km2 between Prof i les  11 a n d  XI i n  the  lower por t ion  
of the Batura G lac i e r ,  the  a v e r a g e  th i ckness  i s  229 m a n d  t h e  t o t a l  s t o r a g e  
of ice amounts  to  9134 million rn3. 

The d i s t r i bu t ion  of ice t h i ckness  i n  t he  lower r eaches  of t he  
Batura Glacier  shows two f e a t u r e s  : 

( 1 )  The d i s t r i b u t i o n s  of ice t h i ckness  i n  t he  south a n d  no r th  a r e  
asymmetric .  The maximum th i ckness  poin ts  of v a r i o u s  prof i les  
a r e  not in  conformity with t h e  cen t r e  l i ne  of t he  g l a c i e r .  There  
i s  a n  obvious  d i f fe rence  between the  two s i d e s .  From Prof i le  
X I  downward ,  t he  a v e r a g e  ice  t h i ckness  on the  no r the rn  s i d e  
of t he  cen t r e  l i ne  i s  180.5 m while  t h a t  on the  sou the rn  s i d e  
r eaches  215.7 m .  The reason  for  t he  asymmetry between t h e  
southern  a n d  no r the rn  s ides  i n  the  lower por t ion  of t he  
Batura  Glac ier  i s ,  in  the  ma in ,  t he  uneven s u p p l y  a n d  was t e  
of ice between them. 

( 2 )  The bend of the  g l a c i a l  bed h a s  no d i r ec t  in f luence  on t h e  
d i s t r i bu t ion  of the  t h i ckness  of ice .  

VARlATlONS 1N TERMlNAL POSITION OF THE BATURA GLACIER 

According to repea ted  measurements  a t  f ixed  s t a t i o n s ,  geomorphological  
~ n v e s t i g a t i o n s ,  documentary records  a n d  r e c a l l s  of t he  l oca l  r e s i d e n t s ,  
t he  Batura  G l a c i e r ' s  terminus h a s  undergone  many c h a n g e s  d u r i n g  t h e  
Qua te rna ry  a n d  recent time. 

Glacio-geomorphological ev idence  ind i ca t e s  t h a t  a t  l e a s t  t h r ee  g l a c i a t i o n s  
occurred in the d r a i n a g e  a r e a  of the  Batura  Glac ier  d u r i n g  the  Pleis tocene 
(Shanoz,  Yunz a n d  I iunza ) .  Since the  l a s t  g l a c i a l  epoch of l a t e  P le i s tocene ,  



the g lac ie r  oscil lat ion amplitude h a s  been smaller .  We can  see clearly 
from geological evidence tha t  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 k m  lower than  the present  ent rance  of the Batura d ischarge  channel. 
It  left severa l  d a r k  brown moraine h i l l s  with a r e la t ive  relief of some 
60 - 70 m on e i ther  s ide  of the Hunza River. Later ,  the g lac ie r  retreated 
by a big margin.  The mudrock flow on the left bank developed fan-like 
deposits .  

About two hundred y e a r s  ago,  the g lac ie r  advanced a g a i n ,  and the 
l a t e r a l  moraines transcended five c a n a l s  which were bui l t  by the local 
res idents  of Pasu v i l l age  on the above-mentioned dark-brown moraine hills 
some 200 - 350 y e a r s  ago.  At the g l a c i a l  terminus,  there  formed on the 
r ight  bank of the Hunza River, yellowish moraine h i l l s ,  and  below the 
moraines, there  occurred occasionally bur ied  ice. The obvious polished 
surface  and  the c lay  mud on the bedrock wall  showed t h a t  the ice surface 
a t  tha t  time was 50 - 60 m higher  than  today,  and  t h a t  the l a t e r a l  moraines 
formed a t  the same period in the middle reach of the g lac ie r  were 20 - 
LO m higher than  the present  d a y .  Afterwards, the g lac ie r  re t rea ted again .  

From the end of l a s t  century  to the beginning of the present  one, the 
g lac ie r ,  however, advanced a g a i n .  I t  was recorded in  many documents. 
For example. in  1925, Ph. C.  Visser wrote, "The g lac ie r  shows strong 
advance";  "The position of the end of the g lac ie r  i s  now such tha t  the 
Batura stream uni tes  with the water of the Hunza River almost without 
ever having seen the s ight  of day"  ( 1 ) .  

The aged local res idents  in the Pasu and  Khaibar v i l lages  witnessed 
t h ~ s  g lac ie r  advance.  I t  left a  vas t  s t re tch  of grey moraine hi l l s  with 
uninterrupted buried ice. 

From the 1930's on ,  the g lac ie r  began to decline.  Thir ty  yea r s  ago,  
the large  ice cliff of the g lac ie r  terminus was on the lower s ide  of the 
damaged 30 m br idge.  A German-Austrian Himalaya-Karakoram Expedition 
reported in 1954. "The terminus of the g lac ie r  was on the r ight  side of 
the Hunza River in 1944 a n d  re t rea ted to a place 300 m away from the 
Hunza River in 195L". The l a r g e  ice cliff re t rea ted to a position about 

rn away from the Hunza River according to the topographical  map  
! 1 :  lc30cYJ) compiled in Pakis tan  in 1966. 

In 197L, a f t e r  surveying the topography of the g lac ie r  terminus,  w e  
d ~ s c a v e r e d  that  the position of the l a r g e  ice cliff had advanced 90 rn, 
compared wlth that  of 1966. In the same period,  within the rad ius  of 
1 krn from the upper position of the ice c l i f f ,  i t s  ice surface  rose by a n  
ave rage  of 15 m ,  while both s ides  of the g lac ie r  were continuously d e c l i n ~ n g -  
We t m k  measurements a g a i n  in 1975 and  found tha t  the l a rge  ice c l i f f  
had advanced a g a i n  by 9.6 m a s  compared with tha t  of 1974. Similarly,  
on 29 May. 1978. we found that  the l a rge  ice cliff had advanced agaln 
by 32.55 m a s  compared with that  of 1975, while the small ice c l i f f  on 
the upper reaches of the main d r a i n a g e  channel  on the south side of t h e  
g l a c ~ e r  had re t rea ted a t  l eas t  230 m between the end of 1975 and ear ly  
lune 1978. 



FORECASTS OF GLACIER CHANGES 

So f a r ,  only a  few publ ica t ions  have dea l t  with the theory of va r i a t ions  
in mountain g lac ie r s  (14)  - ( 1 8 ) .  N .  Untersteiner a n d  J .  F. Nye have ,  
with th i s  theory,  forecast the  movement of the  Berendon Glacier i n  
Canada ( 1 9 ) ;  see a l so  references (20)  a n d  ( 2 1 ) .  

In accordance with our  ca lcula t ions  on g l a c i a l  motion, g l a c i a l  ice 
thickness,  superg lac ia l  ab la t ion ,  va r i a t ions  i n  the  positions of the g l a c i a l  
terminus plus  t ree  r ing  d a t a ,  together with the ca lcula t ion of the g l a c i a l  
advance made by knowledge of the decay r a t e  in  velocity a t  the terminus ,  
and the f luctuat ing ice d ischarge  ba lance ,  we predict  t h a t  the Batura  
Glacier will continue to advance by 180 - 240 m, i . e . ,  about 300 m from 
the highway in 16 - 22 y e a r s ,  so t h a t  by 1991 - 1997, the maximum advance  
will have occurred.  I t  i s  judged t h a t  the advanc ing  g lac ie r  wi l l  not 
endanger the highway. From the 1990's, the g lac ie r  will once a g a i n  
decline. Up to a  point between Profi les 111 and  XI, the ice ba lance  
presents a  deficit s t a t e .  During our  inves t igat ions  in 1974, we a c t u a l l y  
surveyed the g l a c i a l  surface  velocity on some profi les,  20 km upstream 
from Profile XI, but we found no high speed a r e a  whose speed exceeded 
that  of Profile I X .  In other words, in  the  middle a n d  lower portion of 
the Batura Glacier ,  we could f ind no kinematics wave conducive to make 
it advance once a g a i n .  So we come to the bas ic  conclusion t h a t  the  decline 
of the g lac ie r ,  beginning from the 1990's. will l a s t  for a  considerable  
time, i . e . ,  more than  20 - 30 y e a r s .  

The annua l  r ings  of t rees  a r e  a n  important source of paleoclimatic 
da ta .  A description is  made of a  tree-ring record of 484 years  from s a b i n a  
on the northern side of the Batura Glacier a t  a n  elevation of 3800 m a .s .1 .  
We found three  cycles of 145 - 150 y e a r s .  From pas t  cl imate va r i a t ions  
by tree-ring records advance and re t rea t  of the Batura Glacier usua l ly  
lags  behind the change of climate by about 60 yea r s .  Many invest igators  
point out a  worldwide a i r  temperature decline dur ing  the fo r t i e s  and  
f i f t i e s  of th i s  century  which will continue to the 2000's. If so ,  we may 
suppose tha t  the ngxt g lac ia l  advance maximum will a p p e a r  about the 
2060's. 

After a  further three y e a r s ,  the Chinese Glacier Inves t igat ion Group 
observed, in  1978, tha t  the ice cliff a t  the terminus had  advanced 
continuously a  fur ther  32.55 m .  This approaches  our  forecas t ,  but the 
increment value of ice flow velocity a t  Profile I1 i s  lower than  t h a t  forecas t .  
This means the advance of the g lac ie r  may f in ish  before the time previously 
??timated and that  the magnitude of advance i s  smaller  than  the above- 
mentioned 180 m .  
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ABSTRACT 

The occurrence of ice su rges  i n  both ice caps  a n d  val ley  g lac ie r s  i s  noted, 
and thei r  cha rac te r i s t i c s  with p a r t i c u l a r  reference to val ley  g lac ie r s  are  
described.  Possible causes  and  mechanisms of su rg ing  a r e  discussed briefly.  
Some observations which have been made on a surge-type g lac ie r  in  east  
Greenland a r e  de ta i l ed ,  but  fu r the r  s tudies  of both su rg ing  a n d  non-surging 
types of g lac ie r  a r e  required before a complete unders tanding of the dynam- 
ics of su rg ing  can  be obta ined.  

INTRODUCTION 

Glacier surges  occur in  many p a r t s  of the world,  and  may affect ice bodies 
a s  d iverse  a s  ice caps  a n d  narrow val ley  g lac ie r s .  Some 204 surging glac- 
i e r s  in western North America alone have been inventoried (11, and  their  
d is t r ibut ion a p p e a r s  not to be random; they a r e  common i n  some a r e a s  and 
absent in o thers .  Both long and  short  g lac ie r s  may su rge ,  and  usual ly  the 
g lac ie r s  a p p e a r  to be of subpolar  type.  The existence of a temperate surging 
glacier  has  not yet been thoroughly verif ied by temperature measurements 
( 2 ) .  though other inves t igators  refer  to such g lac ie r s ;  there  may be a prob- 
lem of definit ion.  Tr ibu ta ry  g lac ie r s  often su rge  a f t e r  the main glacier  has  
done so. This paper  suggests  tha t  a t r i b u t a r y  g lac ie r  may surge  alongside 
the main g lac ie r  without the l a t t e r  su rg ing .  Such a n  implied dislocation 
of adjacent  ice bodies i s  not inconsistent  with the su rg ing  of p a r t s  of ice 
caps .  There i s  evidence of su rg ing  of p a r t s  of the Barnes Ice Cap (Baffin 
I s l a n d )  in  the past: and  i t  h a s  been suggested tha t  climatic changes a re  
the cause  ( 3 ) .  Bruar jb lu l l  ( p a r t  of Vatnajb'kull) h a s  a l so  been observed 
tc  surge  ( 4 1 ,  while i t  h a s  been suggested (5,  6 )  tha t  surges  of the Antarctic. 
ice sheet may have been the cause  of the Pleistocene ice ages .  Surges may 
have been a factor in the r a p i d  decay of the Laurentide ice sheet ( 3 ) .  

While the importance of ice sheet su rges ,  with thei r  consequential  effects on 
sea level and  global  cl imate,  i s  c l e a r ,  smaller  scale g lac ie r  surging can 
be of more immediate concern.  In inhabi ted  a r e a s  cu l tu ra l  fea tures  such 
a s  roads ,  dams, i r r iga t ion  channels  and pipelines may be threatened.  In 
more remote regions mineral ext rac t ion or t ranspor ta t ion may be a t  r i sk .  

The causes  of su rges  a r e  not fully understood,  al though some explanations 



and models have been proposed.  A number of surge-type ice bodies have been 
studied, many i n  the purely  descr ip t ive  sense. In  other cases  at tempts have 
been made to deduce possible causes  and  mechanisms of su rg ing .  

CHARACTERISTICS OF SURGES 

The observed charac te r i s t i c s  of su rg ing  g lac ie r s  include the following 
features: chaot ica l ly  crevassed su r faces ;  r a p i d l y  opening c revasses ;  shea red  
margins and  sheared-off t r i b u t a r i e s  ; bulg ing ,  over-riding , advanc ing  f ronts ;  
large ver t ica l  a n d  horizontal  displacements of the ice ;  a n d  very  often a  
higher d ischarge  of s i l t y  meltwater. Distinctive surface  fea tures  exhibi ted  
during the quiescent phase  include repeated loops, folds,  or  i r r egu la r i t i e s  
in the medial moraines, cur ious  p i t s  in  the su r face ,  d is t inct ively  contorted 
ice foliation, a n d  the v i r t u a l  s tagnat ion of exceptionally l a r g e  port ions of 
glaciers.  Longitudinal  profi les locally steeper t h a n  the profi les of ad jacen t  
la tera l  moraines or tr imlines may be noticeable just before a  su rge  (1, 7 ) .  

In their  studies of su rg ing  g lac ie r s  in  western North America,Meier a n d  Post 
i l )  and Post (8 )  identif ied a  number of typ ica l  cha rac te r i s t i c s .  I t  seems 
likely tha t  these charac te r i s t i c s  app ly  to su rg ing  g lac ie r s  in  g e n e r a l ,  a n d  
they a re  now s ta ted  here .  

All surging glaciers  surge  repeatedly .  Most su rges  a r e  uniformly per iodic ,  
and the period a p p e a r s  to be r a t h e r  constant  for a  p a r t i c u l a r  g lac ie r .  All 
active surges t ake  place in  a  r e la t ive ly  short  period of time ( <  1 to % 6  y r ) ,  
after which the g lac ie r  l apses  in to  a  quiescent phase  l a s t i n g  for a  much 
longer time ( 2  15 to > 100 y r ) .  The time for a  complete cycle ,  or  for the 
active phase ,  h a s  no simple re la t ion to the l eng th ,  a r e a  or  velocity 01 the 
glacier .  Probably the period i s ,  in  g e n e r a l ,  a  complex function of the to ta l  
ice displacement dur ing  the surge  and  the net balance  r a t e  dur ing  quiescence. 

Velocities of ice flow dur ing  the ac t ive  phase  a r e  a lways  much f a s t e r ,  per- 
haps a t  leas t  a n  order of magnitude f a s t e r ,  than  flow r a t e s  a t  s imi lar  loca- 
t ions on the same g lac ie r  dur ing  the quiescent phase .  Flow r a t e s  dur ing  

surges can be a s  high a s  5 m '  hr-' for shor t  in te rva l s  of time, a n d  can  

average more than 6 km yr - l  a t  a  fixed location for a  yea r  or more. 

An ice reservoir  and an ice receiving a r e a  can  be defined for a l l  su rges .  
T h e  reservoir may be ent i re ly  within the abla t ion zone. During the quiescent 
phase the reservoir  th ickens ,  and  the longi tudinal  profile i n  the lower p a r t  
of the reservoir  a r e a  continuously steepens.  The act ive  phase  usua l ly  
appears to begin with rap id  movement where th i s  steepening h a s  occurred.  
The rapid  movement propagates  quickly up g lac ie r  to include a l l  the ice res- 
crvoir a r e a  and down glacier  into the receiving a r e a .  The r a p i d  flow removes 
ice from the reservoir  a r e a  causing ve r t i ca l  lowering of the surface  in  the 
order of tens or hundreds of metres, and a d d s  ice to the receiving a r e a  
causing a  similar  or g rea te r  amount of thickening there .  As the surge  pro- 
cecds the zones of lowering and thickening may move down g l a c i e r ,  so t h a t  
In  some a r e a s  the ice surface f i r s t  r i ses  and l a t e r  f a l l s .  

No abrupt  bedrock s i l l s  or depressions a r e  suggested by the prof i les  of most 
surging g lac ie r s ,  nor a r e  ' ice  d a m s ' ,  which might weaken to t r igger  a  su rge ,  
us r~a l ly  evident.  Pract ica l ly  a l l  k inds  and  sizes of g lac ie r s  su rge ,  and  
surges occur in almost a l l  climatic environments. No p a r t i c u l a r  shape of 
glacier  i s  necessary.  No special  mean a i r  temperature,  precipi ta t ion,  a l t i tude  
or activi ty index is  favoured.  No specific rock type is  indicated.  Distinct- 
ive differences in permeability or surface  roughness of bedrock in  a r e a s  



where su rg ing  g lac ie r s  a r e  located do not a p p e a r  l ike ly .  Geological faults  
a r e  sometimes present  a n d  sometimes not. 

The periodic ac t iv i ty  indicates  the ins tab i l i ty  of the longi tudinal  profile of 
su rg ing  g lac ie r s .  As the ice reservoir  thickens the b a s a l  s h e a r  s t r e ss  appar-  
ent ly  tends to a c r i t i ca l  va lue ,  a t  which the su rge  begins.  As the surge 
propagates  the basa l  shea r  s t r e ss  in the reservoir  a r e a  decreases ,  although 
the total  shea r  s t r e ss  on the bed may s t i l l  be increas ing owing to the very 
l a rge  longi tudinal  s t resses .  This r ap id  flow condition indicates  a decoupling 
of the ice from the bed. The act ive  phase  of the su rge  a p p e a r s  to end when 
the basa l  shea r  s t r e ss ,  or  the to ta l  bed s h e a r  s t r e s s ,  reaches  a cer ta in  low 
value .  This low value  may be due to a low thickness  i n  the reservoir  area 
and  a low slope in the receiving a r e a .  

POSSIBLE CAUSES A N D  MECHANISMS 

Three main causes  have been proposed for the occurrence of g lac ie r  surges: 
( a )  s t r e s s  ins tab i l i t i e s ;  ( b )  temperature ins tab i l i t i e s ;  a n d  ( c  water-lubrication 
ins tabi l i t ies .  Causes ( b )  and  ( c )  a lso  involve s t r e ss  ins tab i l i t i e s ,  but these 
a r e  secondary effects tha t  a r i s e  from other causes  ( 9 ) .  

The advance of a g lac ie r  snout dur ing  each su rge  reaches approximately the 
same limits a s  the e a r l i e r  advances .  This suggests  t h a t  approximately the 
same volume of ice i s  involved in  each su rge ,  and  th i s  point may be of crit- 
ica l  importance in deciding the merits of different  theories.  Both causes ( b )  
and  ( c )  depend on climatic fac tors ;  in ( b )  the factor i s  the b a s a l  temperature 
of the ice which resul ts  from a combination of mean a n n u a l  temperatures over 
some time and the role of meltwater percolation in f i r n  zones. The thickness 
of a water film under a temperate g lac ie r  a lso  depends on surface  ablation 
processes. In both cases ,  Robin s t a t e s ,  i t  i s  diff icult  to suggest  a climatic 
control which would be sufficiently regu la r  to lead to g lac ie r  su rges  involv- 
ing the same volume of ice on each occasion,  al though one could postulate 
a r egu la r  period of su rges  from temperature ins tab i l i t i e s  in  th ick ,  cold 
g lac ie r s .  On the other h a n d ,  build-up of a s t r e ss  ins tab i l i ty  behind some 
obstruction to g lac ie r  flow would seem likely to lead to a history of surging 
involving a s imi lar  volume on each occasion,  but  not necessari ly a regular 
period between surges .  

A number of papers  have discussed var ious  aspects  of the in i t ia t ion and pro- 
pagation of surges .  An e a r l y  s tudy  (10)  showed how a r i se  in  basal  ice 
temperature,  in i t i a l ly  below melting point ,  might lead by a sort  of chain re- 
action to the basa l  temperature reaching melting point ,  followed by relatively 
f a s t  ice flow. This could occur in  ice sheets or g lac ie r s  where the accumul- 
at ion a r e a  1s sufficiently cold to ensure  the supply  of f i rn  being appreciably 
below freezing point. 

Later papers, r a the r  than  concentrat ing on the thermal propert ies of ice masses, 
investigated the possibil i t ies of lubr ica t ion a t  the g lac ie r  bed. Weertman (11) 
sought to show how a water film sufficiently thick to overcome obstacles could 
form a t  the ice/rock in ter faces ,  while Lliboutry ( 7 )  s tudied the effects of cav- 
i tat ion behind obstacles.  Both s tudies  were heavi ly  dependent on the nature 
of the g lacier  bed,  a cha rac te r i s t i c  not eas i ly  determined in  practice.  

Another s tudy dependent on a lubr ica t ion factor has  been proposed (121, in 
which the s l id ing velocity of a g lac ie r  i s  assumed to be a function of the 
basa l  shea r  s t r e ss ,  which is  given approximately by the formula 



where r i s  the b a s a l  s h e a r  s t ress ,  P the densi ty  of ice ,  g the g r a v i t a t i o n a l  
accelerat ion,  h  the ice th ickness ,  and  a the slope of the upper ice surface .  
The basa l  shea r  s t r e ss  increases  with time above a n d  immediately below the 
f i rn  l ine ,  af ter  a  surge .  I t  decreases  i n  the snout region.  This l e a d s  to 
stress ins tab i l i ty ,  but the model requires  the introduction of a  water lubr ica-  
tion factor in order to t r igger  the su rge .  An assumption tha t  subg lac ia l  
dra inage i s  limited is  required in  order  for sufficient  water to accumulate.  

Two fu r the r  s tudies  ( 9 ,  13) discussed the in i t ia t ion a n d  propagat ion of su rges  
in terms of longi tudinal  s t resses .  The comment i s  made (13)  t h a t  the ad- 
hesion component of fr ict ion a t  temperatures close to melting point a p p e a r s  
to be so low t h a t  the e a r l i e r  proposed lubr ica t ion models ( 7 ,  11) would app ly  
even in the absence of a n  appreciable  quan t i ty  of water.  I t  i s  noted (13)  
that  the model i s  based on s t r ess  ins tab i l i t i e s  which a r e  closely re la ted  to 
bedrock i r r egu la r i t i e s ,  whereas other models d iscuss  r a p i d  s l id ing  due to 
stress ins tabi l i t ies  caused by thickening water films or  chang ing  b a s a l  temp- 
era tures .  

A model for s l id ing based on the propert ies of the g lac ie r  a s  a  whole h a s  
been developed (14) .  This model i s  app l i cab le  to a l l  temperate g l a c i e r s ,  a n d  
i t  i s  the bed profile and  balance  profile which determine whether the g lac ie r  
i s  of the cyclically surging type or not. Character is t ics  a t  a  point a r e  not 
directly r e levan t .  The model does require  t h a t  f r ic t ional  lubr ica t ion be pres-  
ent to allow the local lowering of b a s a l  s t r e s s .  Evidence i s  c i ted  to suppor t  
the fr ict ional  lubr ica t ion bas i s  for th i s  su rg ing  model, and  the model can  
be made to match rea l  su rges  by choosing appropr ia te  va lues  for ave rage  
viscosity and the fr ict ional  lubr ica t ion factor.  
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Fig. 1  The growth towards s teady s t a te  for a n  o rd ina ry  
g lac ie r  (1 )  and  a  surge-type g lac ie r  (21 ,  in 
terms of maximum velocity and  time; a f t e r  (14) .  

\:or this  surging model, a l l  the following pr inciples  a r e  adopted:  

(a) With constant input consist ing of the bedrock conf igurat ion,  the accumu- 
lat ion/ablat ion balance dis t r ibut ion,  and the propert ies of ice,  a  steady-state 
qlacier  does not r e su l t ,  but ins tead ,  the g lac ie r  bui lds  up slowly then su rges  
rap id ly ,  s t agna tes ,  then bui lds  up ,  and repeats  the process per iodical ly .  
Figure 1  i l lus t ra tes  th i s  cyclic behaviour.  

( b )  The same laws and ice propert ies apply  to the f i r s t  order  to a l l  temperate 
g lac iers .  The final  s ta te  of a  g lac ie r ,  be i t  su rg ing  or  non-surging,  would 



then depend on the g l a c i e r ' s  bed profi le a n d  balance  profi le.  
( c )  Surging does not require  a s  a necessary  cr i ter ion a n y  specia l  features 
o ther  than  sufficient accumulation for the g iven bedrock profi le.  Other prop- 
e r t i e s  such a s  specia l  bed smoothness, high geothermal f l u x ,  e t c . ,  a r e  con- 
sidered a s  secondary contributors to su rg ing  condit ions.  
( d l  Surging i s  a large-scale phenomenon which can  be adequate ly  represented 
a t  leas t  to the f i r s t  order  by a numerical model us ing discrete values at 
spacings  comparable to the ice thickness.  I t  follows t h a t  small-scale bed 
fea tures  a r e  not re levant  except in  so f a r  a s  they contr ibute  to bulk aver- 
ages  over l a r g e r  scales.  

A SURGE-TYPE GLACIER 1N EAST GREENLAND 

The Roslin Glacier i s  a  subpolar  g lac ie r  d r a i n i n g  southeas twards  from the 

Staunings Alps, a t  7 1 ° 4 4 ' ~  i n  eas t  Greenland.  The mountains a t  the head 
of the g lac ie r  r i se  to about 2500 m.  The g lac ie r  i s  some 38 km long,  and 
below the f i rn  l ine  h a s  a somewhat constant  width of 1.7 km. The elevations 
a t  f i rn  l ine and  snout a r e  about 1300 m a n d  130 m respectively.  Few 
meteorological d a t a  a r e  a v a i l a b l e  for the g lac ie r  i t se l f ,  but  d a t a  from oa 
weather stat ion 60 km to the north show a mean a n n u a l  temperature of -9.7 C 
between 1952 a n d  1961. The mean temperature for the coldest month was 

-2~.3 'C,  and  for the warmest month +5.g0c.  Mean a n n u a l  precipitat ion was 
372.5 mm of water equ iva len t ,  the maximum usua l ly  occurr ing in  autumn and 
winter .  Since the end of the 18th century  there  a p p e a r s  to have been a sig- 
nif icant  climatic warming which h a s  been reflected in  a genera l  retreat .  
In recent decades,  however, a  genera l  cobling h a s  been apparen t  in  high 
l a t i tudes .  Recent d a t a  for northeast  Greenland suggest  a continuing down- 
ward t rend in mean temperatures ( 1 5 ) .  

Oblique a e r i a l  photography taken on 19 August 1950 (F ig .  2 )  shows the Roslin 
snout a r e a  with the chaot ica l ly  crevassed appearance  typ ica l  of a surging 
g lac ie r ,  with ice c l i f f s  a l so  vis ib le  a t  the terminus.  I t  i s  suggested that  
the g lacier  l a s t  surged not long before th i s  time. Vertical photographs dated 
14 Ju ly  1968 (F ig .  3 )  show the crevasses  and cl iffs  to have disappeared,  
al though the location of the ice margin i s  unchanged.  An abla t ion ra te  of 
0 .3  m in 15 d a y s  h a s  been obtained nea r  the f i rn  l ine ,  but no d a t a  are 
ava i l ab le  for the snout a r e a .  The a e r i a l  photography reveals  three elongate 
lobes on the north s ide  of the g lac ie r  a t  somewhat r egu la r  in te rva l s ,  and 
two tear-shaped lobes on the south s ide .  A number of less  prominent lobate 
or cu rv i l inea r  s t ructures  a r e  a lso  vis ib le  in  Fig.  3.  The lobes a r e  p a r t  of 
the ice s t ruc tu re ,  but thei r  v is ib i l i ty  i s  enhanced by the moraines which are  
caught  up in them, out l in ing thei r  form. The elongate lobes in each case 
a p p e a r  to be derived from the medial moraine whose or ig in  i s  a t  the junction 
of the Roslin and Dalmore Glaciers,  while the smaller  lobes on the south side 
appear  to o r ig ina te  from two small  t r i b u t a r y  g lac ie r s  below the f irn line. 
The features described have not moved a n y  s ignif icant  d is tance  downstream 
between 1950 and  1968, confirming the expected s t agnan t  regime of the glacier  
following a surge .  As would a lso  be expected,  the 1950 ~ h o t o g r a p h y  
a p p e a r s  to show a su r face  lowering above the f i r n  l ine only ,  and a surface  
ra i s ing  below i t .  

The Dalmore Glacier i s  a  l a r g e  t r i b u t a r y  enter ing the Roslin from the north 
just below the f irn l ine .  I t s  velocity just above the confluence was meas- 

ured a t  33.2 m y ~ l  between 1970 and  1973, while tha t  of the Roslin just 

above the confluence was 10.0 m y ~ l  (16). Jus t  below the junction the ice 
- 1 - 1 

velocity va r i es  from 4.0 m y r  on the Dalmore side to 9.6 m y r  in the 



Fig. 2 Roslin Glacier Snout Area (1950) Oblique 



Fig. 3 Roslin Glacier Snout Area (1968) Vertical 



Fig .  4 Transve r se  profi le  of the Roslin Glac i e r ,  t aken  
ju s t  below the  point  where the  Dalmore Glac ier  
joins i t  from t h e  l e f t ;  a f t e r  ( 17 ) .  

main Roslin ice s t ream.  The widely d i f f e r ing  Dalmore ve loc i t ies  occur  only  
2.2 km a p a r t .  This  would sugges t  t h a t  if t he  Dalmore ice is cons t r a ined  to 
flow into t h a t  p a r t  of the  Roslin nor th  of the medial  moraine which s e p a r a t e s  
the g l a c i e r s ,  then the Dalmore ice must be damming u p  a t  t he  junct ion.  This  
northern stream of t he  Roslin is i n  fac t  nar rower  t h a n  t h e  Dalmore b u t  t h e  
quest ion a r i s e s  whether  the  su r f ace  bounda ry  ind ica t ed  by  the  medial  mor- 
a ine  i s  a n y  gu ide  to e n g l a c i a l  o r  s u b g l a c i a l  condi t ions .  F igure  4 shows a 
t r ansve r se  profi le  of the Roslin G l a c i e r ,  ob ta ined  about  0.5  km below the  

l ine  where the  veloci ty of 4.0 m yr-l was  obse rved .  The prof i le  i n d i c a t e s  
t ha t  there  i s  a  well-defined s u b g l a c i a l  r i d g e  which s e p a r a t e s  t he  two i ce  
s t reams,  and  sugges ts  t h a t  they  ma in ta in  t h e i r  own iden t i t y  f a r t h e r  down 
the va l ley .  The profi le  was  ob ta ined  by  r a d i o  echo sounding  us ing  a fre- 
quency of 440 MHz (17 ) .  

Ice depth contours in F ig .  5, show a bedrock r i d g e  ex tend ing  i n  from the  
edge of the Dalmore just  a t  the junct ion ,  a n d  ice s u r f a c e  contours  i n  F ig .  
6 show t h a t  t he  slope is s teeper  a t  t h i s  poin t  (16 ) .  A low sill is a l s o  i n d i c a t e d  
a t  the lower end  of the  Dalmore. The bedrock conf igura t ion  a n d  veloci ty dif-  
ferences sugges t  t h a t  a  pronounced damming effect occurs  where the  Dalmore 
enters  the Roslin. The condit ions seem to be cons is ten t  with a  p robab le  
surge  regime i n  the Dalmore. A l ong i tud ina l  s u r f a c e  prof i le  of t h e  Roslin 
from nea r  the f i rn  l i ne  to the  snou t ,  ob ta ined  in  1976, does not r evea l  a n y  
prominent ' s t e p ' ,  a  f ea tu re  sometimes found p r i o r  to a  s u r g e  ( a n d  h in t ed  a t  
on the Dalmore) . 
The abla t ion  a r e a  of the Roslin Glacier  l i e s  wi th in  a  long na r row va l l ey  
while the accumulation a r e a  i s  f a i r l y  ex tens ive .  This  g e n e r a l  con f igu ra t ion  
res t r ic t s  the g l a c i e r ' s  capac i ty  to hand le  i t s  d i s c h a r g e ,  a n d  i s  p r o b a b l y  the  
main cause  of periodic s u r g e s .  The Dalmore Glacier  a l s o  s u r g e s ,  a n d  may 
do so with a  g r e a t e r  frequency t h a n  the  Roslin. Neither g l a c i e r  c a n  s u r g e  
without a f f ec t ing  the o the r ,  but  the r e l a t ionsh ip  between the  two i s  u n c e r t a i n .  
The velocity of the Dalmore in comparison with t h a t  of the  Roslin, a n d  the  
bedrock conf igura t ion ,  seem to ind ica t e  suf f ic ien t  cause  for  a  surge- type  
regime to ex is t  in the Dalmore Glacier  on i t s  own account .  The Dalmore may 
be much closer  t han  the Roslin to i t s  next  s u r g e .  

The pa t te rn  of l akes  and  outer  moraines of the  Roslin ( F i g u r e  3 )  sugges t s  
a s tagnat ion  topography which i s  a  r e su l t  of s u r g i n g  a t  a  period of g r e a t e r  
mass ba lance  than  the p re sen t ,  most l ike ly  d u r i n g  the  19th cen tu ry  g l a c i a l  
maximum. 



j 23 rn ice depth  contours  a t  the  junct ion of t he  Roslin ( top  l e f t  to 
hotrcrn I a n d  Dalmore ( lower  r i g h t  to l e f t )  Glac iers .  



Fig .  6 Ice su r f ace  contours  a n d  melt s t r e a m s ,  Roslin a n d  Dalrnore Glac iers  



CONCLUSIONS 

Glacier su rges  a p p e a r  to be due to ins tab i l i t i e s  re la ted  to temperature,  wate 
lubr ica t ion or mechanical s t r e s ses ,  or a combination of these.  These insta 
b i l i t ies  occur because,  for reasons probably  mainly dependent on 'the bedroc] 
profile and net mass ba lance ,  the g lac ie r  cannot r egu la r ly  d ischarge  th. 
volume of ice required to maintain i t  in  a steady-state mode. The accumu 
la t ion zone thickens and  the abla t ion zone th ins  unt i l  a t  some c r i t i ca l  poin 
the resul t ing s t r e ss  ins tab i l i t i e s  cause  a ca tas t rophic  fa i lu re .  Some disloca 
tion of the g lac ie r  ice from i t s  bed must occur to expla in  the fas t  velocitie 
achieved,  and some lubr ica t ion mechanism i s  therefore implied. Most of th' 
theories outl ined above seek to expla in  the mechanisms involved in  the buil 
d ing up of the s t r e ss  ins tab i l i t i e s ,  and  i n  the provision of lubr ica t ion.  

Some s tudies  have concentrated on the bedrock de ta i l  a s  a factor in th 
lubr ica t ion mechanism, while o thers  have shown a progression towards th 
broader view of the g lac ie r  a s  a whole. By dea l ing  with the propertie 
of the whole g l a c i e r ,  a  genera l  solution h a s  been obta ined,  and  comparison 
with rea l  surges  a r e  encouraging.  

In the case  of the Dalmore Glacier ,  the bedrock configuration and ic 
velocities measured a t  different  locations seem to provide ample evidenc 
for the build-up of mechanical s t resses  sufficient  to cause  a cyclical  surg 
regime to exis t .  Whether water or temperature ins tab i l i t i e s  a r e  a lso  a facto 
i s  not known. A s imi lar  s i tuat ion may occur i n  the case  of the Rosli~ 
Glacier ,  but the indicat ions  a r e  less  obvious. 

The flow laws of ice ,  whether appl ied  to su rg ing  or  non-surging glaciers  
a r e  not yet fu l ly  understood. Detailed fieldwork on a l l  types of ice bodie 
i s  a necessary adjunct  to theoretical  s tudies  and  the formulation of realist i .  
models. I t  i s  in  th i s  l igh t  tha t  pas t  and  present  s tudies  of such glacier  
a s  the Roslin, summarised in  t h i s  p a p e r ,  a n d  Batura must be seen. Thl 
l a t t e r ,  al though not of the su rg ing  type,  terminates very close to th, 
Karakoram Highway, and  has  been the subject  of deta i led  s tudies  (18) 
According to Hewitt (191, the Karakoram a n d  the Alaska-Yukon region betweel 
them account for perhaps  90% of known surg ing  g lac ie r  events ,  though i 
should be added tha t  some of the Karakoram examples a r e  not scientificall: 
documented. 
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ABSTRACT 

In  November 1977, i t  was d iscovered  t h a t  t he  Balt Bare G l a c i e r ' s  terminus 
h a d  moved downwards 1 .6  km s ince  1974. This  movement took p lace  mainly 
in  1976. During the  inves t iga t ion  i n  October 1978, i t  was  found tha t  the 
te rminus  h a d  f u r t h e r  advanced  a d i s t ance  of 0.4 km but  h a d  begun to 
t h i n .  The g l a c i e r  te rminus ,  2.5 km in  l e n g t h ,  was  su rveyed  a n d  mapped 
a t  a  s ca l e  of 1:5000 a n d  a short-term measurement of su r f ace  velocity 
a n d  tempera ture  on the  g l a c i e r  was  t aken .  We bel ieve  t h a t  the  temperature 
in the  su rveyed  sect ion i s  h i g h ,  a n d  a t  melting point on i t s  bottom. 
When the  th ickness  a n d  the  b a s a l  s l i d i n g  veloci ty of t he  g l a c i e r  a re  
es t imated ,  one would cons ider  t h a t  b a s a l  s l i d i n g  was  the  dominant  mechanism 
of the  s u r g e .  It  was  predic ted  tha t  the  g l a c i e r  would be th inne r  in the 
n e a r  fu tu re  a n d  t h a t  t h i s  s u r g i n g  advance  would a r r e s t .  

INTRODUCTION 

On April 12, 1974, a n  extens ive  mud-rock flow b u r s t  out  from the 
Balt Bare Valley above  Sh i shka t  Vil lage through which the  Karakoram 
Highway passes .  The mud-rock flow, with tremendous force,  swept away 
a household a n d  a pedes t r i an .  With a  maximum d i s c h a r g e  of about 
6300 m 3 / ~ ,  i t  poured out 5 million m 3  o r  more of e a r t h ,  d e b r i s  and  rock 
a f t e r  runn ing  out of the mouth of the  v a l l e y .  The Hunza River was blocked 
a n d  a debris-rock dam was  formed which caused  a l ake  to form 8 km in 
length which flooded over a  120 m long b r idge  a n d  a 4 km section of 
highway so d i s r u p t i n g  communications in the  Hunza Valley. This  d isas ter  
forced both Chinese a n d  P a k i s t a n  h ighway bu i lde r s  to observe  repea tedly ,  
from hel icopters  a n d  on-the-ground inves t iga t ions ,  the s t a b i l i t y  of t h e  
a r e a .  In December 1974, November 1977 a n d  October 1978, the 
Karakoram Highway Engineer ing  Headqua r t e r s  of the People ' s  Republic 
of China repea tedly  sent  out eng inee r ing  a n d  technica l  s ta f f  to invest igate 
the  v a l l e y ,  in c o 4 p e r a t i o n  with P a k i s t a n i  f r i ends .  They found tha t  t h e  
Balt Bare Glac ier ,  the source of the  problem, was of a  s u r g i n g  type .  During 
the l a s t  s tudy  they p a r t i c u l a r l y  observed  the dynamic s t a t e  of the glacier 
terminus.  They a l s o  col lected d a t a  on the mud-rock flow, surveyed and 
mapped the  g l a c i e r  terminus some 2.5 km in  length  to a  s ca l e  of 1:5000, 



and took short-term measurements of su r f ace  veloci ty a n d  tempera ture  of 
the g l ac i e r .  

THE DRAINAGE AREA 

The Balt Bare Valley te rminates  i n  s e v e r a l  h igh  p e a k s ,  t he  h iphes t  
of which i s  est imated to be 7000 m .  The v a l l e y  s t a r t s  n e a r  to Sh i shka t  
Village ( l a t .  360201N. ,  long.  74 '52 'E.  ) .  From s a t e l l i t e  pho tog raphs  we 
found the l eng th  of the  va l l ey  to  be 20 km a n d  the  d r a i n a g e  ar ,ea about  

2  50 km , inc luding  a n  a r e a  of 18 km2 covered by snow a n d  i c e ;  see 
Fig. 1. The mean g r a d i e n t  of the  channe l  i s  about  23%. Most of t h i s  

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

snow and ice resource converges in to  the  Balt Bare Glac i e r ,  which i s  about  
8 krn in length  a n d  which was  cons idered  to have  i n i t i a t e d  the  mud-rock 
flow of 1974. The equi l ibr ium l ine  of the  g l a c i e r  i s  es t imated  to be a t  
L800 - 5000 m .  On both s ides  of the g l a c i e r  t he re  a r e  s e v e r a l  c i r q u e  
glaciers. There i s  a n  obvious f i r n  b a s i n  a n d  ice tongue ,  a n d  a  few 
hanging g l ac i e r s  of smal l  s ize.  The channe l  below the  g l a c i e r  i s  v e r y  
narrow and steep with many drops .  In the  channe l  t h e r e  a r e  four c a n y o n s ,  
the narrowest opening of which i s  no more t h a n  10 m wide. Nobody c a n  
reach the g l a c i e r  from the  Vil lage d u r i n g  the melt period t h a t  l a s t s  from 
Apr-11 to August every  y e a r .  

THE RECENT ADVANCE 

During the inves t iga t ion  in  December 1974, the g l a c i e r  te rminus  l a y  
a1 t h e  bottom of the canyon ,  3800 m a . s .1 .  But the g l a c i e r ,  d u r i n g  the  
inv?st igat ion in  November 1977, was noted to have  advanced  1.6 km when 
con~pared with 1974, a n d  th i s  was witnessed to be a  continuous a d v a n c e .  
Mr. Mahar Ban,  a  herdsman of l ivestock for over  30 y e a r s  s a i d  t h a t  t he  
g lac ier  terminus a lways  advanced  a n d  r e t r ea t ed  about  the canyon bottom 
(where the terminus was located in 1974) eve r  s ince  h i s  f a t h e r  was  a b l e  
to remember, but t ha t  they h a d  never seen a n  e x t r a  advance  l i k e  the  
l a te  one. He added  t h a t  the recent advance  took p lace  mainly i n  1976; 



in the summer of that  y e a r ,  the g lac ie r  was ra i sed  a n d  came close to 
h i s  catt le-shed which was s i ted  on the l a t e r a l  moraine. The result  was 
tha t  the ice surface  was higher  than  h i s  shed by more than  1 0 - m .  He 
was so f r ightened tha t  he da red  not go to sleep ins ide  h i s  shed.  During 
the investigation in October 1978, the terminus was found to be advancing 
continuously over a d is tance  of 0 .4  km, but by read ing  the photograph 
taken in 1977, we found tha t  the ice su r face  was lowered in  the middle 
and  the upper p a r t s  of the surveyed section a n d  t h a t  M r .  Mahar Ban's 
shed was now higher  than  the ice su r face .  According to  t races  on both 
s ides  of the g lac ie r ,  the su r face  was judged to be 20 - 30 m lower than 
i t s  highest level .  From these fac t s ,  we consider tha t  the Balt Bare Glacier 
i s  of a su rg ing  type.  

THE BEHAVIOUR IN 1978 

Figure 2 shows a map of the g lac ie r  terminus,  2.5 km in  length, 
surveyed to a scale  of 1:5000 dur ing  October 1978. As s t a t ed  above, the 
middle and the upper p a r t  of the surveyed section began to th in  but the 
lower p a r t  thickened and  advanced forwards.  There was a n  ice f a l l  above 
3800 m with a slope of approximately 25'. 

Debris was sp read  a l l  over the 2.5 km leng th ,  but  the debr is  cover 
was not very thick a n d  some exposed surfaces  exis ted .  Figure 3 shows 
the su r face  velocity and  a l so  the d is t r ibut ion of the main crevasses.  
In genera l ,  the velocity i s  r a t h e r  high with a maximum of 110 cm/day; 
a velocity which h a s  never been measured in  China.  Since th i s  speed 
was towards the end of the s u r g e ,  one can imagine the speed attained 
dur ing  the period of r ap id  advance.  There a r e  two comparatively high 
velocity a r e a s  in  Fig.  3 ,  one i s  the ice f a l l ,  another between the cross 
section 11 and  I11 of Fig. 3 (points  1,  2, 12 and  14 respec t ive ly ) ,  where 
the valley i s  neither steep nor narrow. In the o rd ina ry  course of events, 
the velocity should not increase  toward the lowest zone and  so perhaps 
there is  a kinematic wave here. Be tha t  a s  i t  may, the second 
comparatively high velocity a r e a  possessed sufficient kinetic energy to 
push the lowest pa r t  forward continuously.  Above th i s  a r e a  there was 
a region of extending flow with a ser ies  of t r anverse  extension crevasses 
whilst below th i s  a r e a  there  was a region of compressed flow with many 
divergent crevasses  in the lowest p a r t .  

Of course,  the a r e a  of the ice f a l l  was very  broken and full of 
crevasses .  A t  the base  of the ice fa l l  severa l  longi tudinal  crevasses 
appeared.  

A t  cross-sections A-A and B-B of Fig. 3 severa l  addi t ional  points were 
studied to examine t r anverse  va r i a t ions  in velocity but the var ia t ion was 
not remarkable and th is  implied the existence of marginal  s l id ing.  Along 
both sides of the g lac ie r  one could c lea r ly  see the shea r  f au l t s ,  i . e . ,  
the interface between the main rap id  g lac ie r  and the unmoved 
bank.  

Ice temperature was taken a t  3540 m a.s .1.  At a depth of 3 m the 
temperature was - 2 . 4 ' ~  on October 29 when the ice su r face  had not yet 
been covered by snow and melting was going on weakly but had not yet 
d isappeared.  On the No. 1 Glacier of Urumqi He, Tian Shan,  China,  at 
a  depth of 3 m a temperature of - 2 . 8 ' ~  was measured a t  the end of 
September 1962, when snow covered the g lac ie r  and melting was absent:  
reference ( 1 ) . It is  evident ,  therefore,  tha t  the Balt Bare Glacier 's  
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ON BALT B A R E  GLACIER'S TERMINUS. 

t e r n ~ l n u s  had  a  long melt per iod  a n d  a  h i g h  t empera tu re  a s  compared with 
No. 1 Glacier  of  Urumqi He. Fur thermore ,  a t  a n  a l t i t u d e  of 3300 m on 
the  ne ighbour ing  Ba tu ra  Glac ier  the  ice t empera tu re ,  t a k e n  from Ju ly  18 
to August 31 a t  a  dep th  of 13 m, was  -0.5 to  -O.g°C; reference ( 2 ) .  
One c a n  percelve t h a t  a t  t h i s  a l t i t u d e  the  g l a c i e r  h a d  a l r e a d y  transformed 
in to  a temperate  one. From these  f ac t s  we cons ide r  t h a t  the  base  of the 
g l a c i e r  was  a t  melting po in t ,  a n d  t h a t  b a s a l  s l i d i n g  took p lace  there.  

Now we c a n  es t imate  the  g l a c i e r  t h i cknes s  on the  cen t r e l i ne ,  H, by 
means of a  perfect  p l a s t i c i t y  model. The formula i s  

where r b  i s  t he  s h e a r  s t r e s s  on the  g l a c i e r  b e d ,  which should  be equal  
to the p l a s t i c  y ie ld  s t r e s s  of ice ( u s u a l l y  be ing  t aken  a s  1  b a r )  when 
b a s a l  s l i d i n g  e x i s t s ;  g  i s  acce l e r a t i on  due  to g r a v i t y ;  a i s  t he  slope 
o f  the g l a c i e r  s u r f a c e ;  F i s  a  s h a p e  fac tor  r e l a t i n g  to t he  s ides  of the 
va l l ey  ( 3 ) .  Assuming the  cross-sect ion of t he  g l a c i e r  to be a  semi-ellipse 
a n d  a p p l y i n g  equa t ion  ( 1 )  to the  lower p a r t  of the  Batura  Glacier  where 
a  g r a v i t y  su rvey  was  t aken  (2), t he  c a l c u l a t e d  va lue  was  roughly  coincident 
with the measured va lue  of H the  e r r o r  be ing  not more t h a n  20%. 

We c a n  c a l c u l a t e  the veloci ty due  to ice deformation,  Vd, with the 



simplified formula of Nye ( 4 1 ,  

where H a n d  Tb a r e  same a s  i n  equa t ion  (11 ,  a n d  A a n d  n a r e  t he  pa rame te r s  
in the flow law of ice.  For ca l cu la t ion  we adopt  the  pa rame te r s  from 
Nye ( 5 ) ,  i . e . ,  A = 0.173 ba r -3 -07  yr.-l a n d  n = 3.07, a n d  assume T b  = 1 
ba r  ( 6 ) .  

Thus the b a s a l  s l i d ing  ve loc i ty ,  V b :  was  found b y  means of s u b t r a c t i n g  
V from measured su r f ace  ve loc i ty ,  VS, l . e . ,  

d  

Drawing e ight  cross-sections through the  su rveyed  poin ts  i n  F ig .  2 ,  
we can  measure the  width a n d  slope of each  cross-sect ion a n d  o b t a i n  H 
on the cent re l ine  from equat ion  (11 ,  Vd on the  cen t r e l ine  from equa t ion  
( 2 ) ,  V S  on the cent re l ine  by means of ex t r apo la t ion  of measurements  to 
the cent re l ine  a n d  Vb from equat ion  ( 3 ) .  These d a t a  a r e  l i s t ed  i n  
Table 1 ,  which g ives  a n  e x t r a o r d i n a r i l y  h igh  r a t e  V b / V S  of u p  to 
91 - 99%. 

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

General ly speak ing ,  t h i s  r a t e  should  be 80 - 90% (poss ib ly  95%) i n  
the upper p a r t  of the ab la t ion  a r e a  to i nd ica t e  t h a t  b a s a l  s l i d i n g  i s  the  
major mechanism of g l a c i e r  movement ( 6 ) .  I t  follows t h a t  on the  
Ralt Bare Glacier  b a s a l  s l i d ing  was even more dominant .  

DEVELOPMENT OF ANALYSIS 

V I I  

3 2 

7 8  

0 . 7  

7 7 . 3  

9 9 

Cross Sect ion 

H (in) 

V (crn/d) 

V (cm/d) 
d 

V (crn/d) 
b 

Applying the measured and  the above ca l cu la t ed  d a t a ,  we c a n  make 
a rough estimation about  the v a r i a t i o n  in  ice d i s c h a r g e  a n d  g l a c i e r  th ick-  
ness on the surveyed sect ion.  Although the Balt Bare Glac ier  was  in  a  
turbulent  mood, for s implif icat ion we c a n  suppose i t  to  be in  a  s t e a d y  
s ta te .  The resul t  i s  therefore approximate  a n d  only s i g n i f i c a n t  fo r  the  
g lac ier  s t a t e  a t  the end of October 1978. 

V I I I  

3 6 

8 3 

0.8 

8 2 . 2  

9 9 

V 

60 

5 0 . 6  

1 . 4  

4 9 . 2  

Assuming tha t  the e ight  cross-sect ions i n  Table  1 have  the s h a p e  of 
a  semi-ellipse, we can  ca l cu la t e  the cross-section a r e a  from measured widths  
and va lues  at  H in Table 1. Referring to Raymond ( 7 )  t he  a v e r a g e  
velocity in the cross-section i s  V a  = 0.415(Vs + V b ) .  Thus V a A  i s  the  

Vb/Vs  (O /o )  

I 

8 5  

2 3 

2 . 0  

2 1 . 0  

V I  
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7 0  

7 2 

1 . 6  

7 0 . 4  

I V  

5 1  

5 8  

1 . 2  

5 6 . 8  

9 8  
98 1 97 

9 7 



ice d ischarge  through the cross-section. The d i scharge  difference between 
the front and the back section divided by the horizontal  projection of 
the surface  a r e a  between the two sections i s  the va r i a t ion  r a t e  of glacier  
th ickness ,  2 h/a t  (cm/d; positive shows r a i s i n g ) ,  i . e . ,  

( 2 h / a t I i ,  
+ I = ('a,i + 1 A i + l - V . A i )  t i f  + a ,  1 ( 4 )  

The estimated resul t  i s  given in  Table 2.  

TABLE 2: THE ESTIMATED VARIATION RATE OF GLACIER THICKNESS. 

I f  the g lac ie r  was in a s t eady  s t a t e ,  the a n n u a l  r a i s ing  value  should 
be counterbalanced by a n n u a l  ab la t ion ,  b ,  i . e . ,  

Section 

3h'3t 
cm/day 

We have not been ab le  to obta in  the value  of b of Balt Bare Glacier, 
but systematic abla t ion measurements were taken on the Batura Glacier 
in  197L ( 2 ) .  The annua l  abla t ion of the Batura Glacier was 
800 - 810 cm on the surface  without debr i s  a t  a n  a l t i tude  of 3500 m, and 
about 750 cm a t  3650 m a.s .1.  The abla t ion condition of g lac iers  is  not 
necessari ly ident ica l  but assuming s imi lar i ty  conditions a t  the same altitude 
and taking b on the surveyed section of Balt Bare Glacier a s  800 cm, 
th i s  means 2.19 cm per day  on average .  By sub t rac t ing  2.19 cm/d from 
ah/? t  in Table 2 ,  one can see tha t  the middle and  the upper pa r t  of the 
surveyed section would begin to th in  whilst the lower zone would thicken. 
This agrees  with the present  s tudy conclusions namely tha t  when the lowest 
pa r t  of Balt Bare Glacier ' s  terminus was advancing continuously wit11 a 
r a the r  high velocity i t  was diminishing in s t r eng th ;  the remainder had 
a l ready  begun to thin and  would get th inner .  
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The distribution of glaciers on the Qinghai-Xizang plateau 
and its relationship to atmospheric circulation 

Li Jijun, Xu Shuying 
Laboratory of Glaciology and Cryopedology 

Lanzhou University, P. R.C. 

INTRODUCTION 

The g l a c i e r s  i n  t he  m a r g i n a l  mountainous reg ions  of t he  Qinghai-Xizang 
( T i b e t a n )  p l a t e a u  h a v e  been s t u d i e d  for  abou t  a  c e n t u r y  o r  so  a n d  inc reas ing  
a t t en t ion  h a s  been g iven  to  t he  g l a c i e r s  of t he  Himalayas a n d  the  Karakoram 
where P.C. Visser ,  K .  Mason, G .  Daine l l i  a n d  A .  Desio, e t  a1 h a v e  made con- 
s i d e r a b l e  con t r ibu t ions .  However, for  many y e a r s  t he  g l a c i e r s  i n  t he  in te r ior  
of t he  p l a t e a u  were i gno red ;  not on ly  t h e i r  p rope r t i e s  a n d  t r e n d s  bu t  even 
the  d e t a i l s  of t h e i r  d i s t r i b u t i o n  were unknown. 

I n  t he  p a s t  twenty y e a r s  o r  s o  Chinese g l ac io log i s t s  h a v e  done much fieldwork 
on the  g l a c i e r s  on the  Qinghai-Xizang P l a t e a u .  I n  t h i s  p a p e r  we descr ibe  
t he  d i s t r i b u t i o n  of the  g l a c i e r s  on t h i s  p l a t e a u  a n d  examine  the  r e l a t i onsh ip  
of t h a t  d i s t r i b u t i o n  to a tmospher ic  c i r c u l a t i o n .  

THE DISTRIBUTION OF GLACIERS ON THE QINGHAI-XIZANG PLATEAU 

Reliable d a t a  about  the d i s t r i b u t i o n  of g l a c i e r s  on the  Qinghai-Xizang P la t eau  
c a n  be ob ta ined  from fieldwork s t u d i e s ,  t opograph ic  maps pub l i shed  in  China ,  
a e r i a l  pho tog raphs ,  s a t e l l i t e  p i c tu re s ,  e t c .  S t a t i s t i c s  show t h a t  the  to ta l  

r )  

L 
a r e a  of the  g l a c i e r s  on the  p l a t e a u  wi th in  Chinese t e r r i t o r y  i s  47,113 km , 
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amount ing  to 50% of the  t o t a l  a r e a  (9L,554 k m L )  of a l l  the  g l a c i e r s  on the 
whole p l a t e a u  a n d  the  p e r i p h e r a l  mountainous reg ions .  The d a t a  about  the 
g l a c i e r s  in  the p e r i p h e r a l  mountainous reg ions  l y i n g  ou t s ide  C h i n a ' s  border  
a r e  c i t ed  main ly  from H .  von Wissmann (1) a n d  S.V. Kalesnic ( 2 ) .  The a r e a  

of a l l  the g l a c i e r s  on the  Asian Continent  i s  117,200 km2 so  t h a t  the  g l a c i e r s  
on the  Qinghai-Xizang p l a t e a u  occupy 81% of the  t o t a l  a r e a  of A s i a ' s  g l ac i e r s .  
Most of the  g r e a t  r i v e r s  of Asia have  the i r  sources  i n  the  g l a c i e r s  on th i s  
p l a t e a u .  The wa te r  e q u i v a l e n t  v a l u e  of a b l a t i o n  of the  g l a c i e r s  within 

Chinese t e r r i t o r y  i s  a t  l e a s t  about  45,000,000,000 m3 pe r  y e a r  amounting to 
15% of the  to ta l  a n n u a l  run  off of the  r i v e r s  on the  p l a t e a u .  On the  nor thern  
s ide  of the p l a t e a u .  g l a c i a l  meltwater  makes u p  the  bu lk  of the  f l uv i a l  run-  
off a n d  p l a y s  a  v i t a l l y  impor tan t  role  in  the  economic l i fe  of the  a r i d  re- 
g ions .  On the sou the rn  s i d e ,  g l a c i a l  mel twater ,  in  add i t i on  to i t s  importance 
in i r r i g a t i o n ,  often c a u s e s  g l a c i e r  block s l i d i n g  a n d  g l a c i e r  s u r g i n g ,  which 



in t u r n  g i v e  r i s e  to t he  b u r s t i n g  of g l a c i a l  l a k e s  a n d  d e b r i s  f lows,  resu l -  
t ing  in severe  n a t u r a l  ca l ami t i e s .  

TABLE 1  Glac i e r s  on the  Qinghai-Xizang P l a t e a u  
a n d  i t s  Marg ina l  Mountain Ranees  

Table 1  provides  s t a t i s t i c s  of t he  g l a c i e r s  on the  Qinghai-Xizang p l a t e a u ,  
whilst F ig .  1. i s  a  map i n d i c a t i n g  the  d i s t r i b u t i o n  of t he  g l a c i e r s  on t h e  
p la teau  a n d  i t s  marg ina l  mountain r a n g e s .  The g l a c i e r  a r e a  of each  zone 
is ind ica ted  by the  s h a d e d  c i r c l e s  which a r e  two times the  a c t u a l  s ize .  From 
Table 1  a n d  Fig .  1  i t  c a n  be recognized t h a t  t he  d i s t r i b u t i o n  of t he  g l a c i e r s  
on the p l a t eau  i s  extremely uneven .  The main f e a t u r e s  a r e : -  

( i )  The l a r g e s t  g l a c i a l  reg ions  l i e  main ly  on the  nor thwes tern  p a r t  
of the P l a t e a u .  Here a r e  concen t r a t ed  many of t he  b i g g e s t  g l a c i e r s  
of the  middle a n d  low l a t i t u d e  r eg ions ,  e . g .  S iachen  (751an), 
Fedchenko (77Itm), Bal toro (66km) a n d  Ba tu ra  (59 .2km) .  The 
longest  g l a c i e r  i n  C h i n a ,  l n s u k a i t i  g l a c i e r ,  h a v i n g  a  l e n g t h  of 
41.5L.m, i s  a l s o  found here .  

G lac i e r s  wi th in  
China ' s  boundary 
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( i i  ) The sou theas t e rn  p a r t  of Xizang,  close to  t he  b i g  bend of t he  
Yarlung Zangbo River ,  i s  ano the r  zone i n  which g l a c i e r s  a r e  con- 
c e n t r a t e d .  Qiaqing  g l a c i e r  (35km) n e a r  Yigong l a k e  i s  t he  longest 
in  the Xizang reg ion .  

Note: Data about  g l a c i e r s  i n s ide  China  were co l lec ted  by Lanzhou l n s t i t u t e  
of Glaciology a n d  Cryopedology a n d  Lanzhou Un ive r s i t y ;  those  ou t s ide  
China  a r e  based  on re ferences  (1)  a n d  ( 2 ) .  
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The Himalayas ,  t he  h ighes t  a n d  g r e a t e s t  mountain r a n g e  on E a r t h ,  
h a s  t he  l a r g e s t  ice-covered a r e a  on t h e  whole p l a t e a u .  But t he  
g l a c i e r s  he re  a r e  s c a t t e r e d ,  not concen t r a t ed ,  t h e  l a c k  of l a r g e  
o r  long ones  a p p e a r i n g  a n a c h r o n i s t i c .  

( i v )  In t he  Kunlun S h a n ,  t he  longes t  mountain r a n g e  i n  Asia ,  a n  imp- 
r e s s ive  concent ra t ion  of l a r g e  g l a c i e r s  occu r s  i n  i t s  wes tern  p a r t  
n e a r  t he  u p p e r  r e a c h e s  of Ka lakash  a n d  Yulungkash  r i v e r s .  How- 
e v e r  e spec i a l l y  i n  t h e  c e n t r a l  a n d  e a s t e r n  Kunlun ,  a n  o u t s t a n d i n g  
f ea tu re  is t h a t  t h e  g l a c i e r s  a r e  s c a t t e r e d .  Th i s  i s  a l s o  t he  c a s e  
with t he  g l a c i e r s  of t he  Qi l ian  Shan  a n d  t h e  Aerj ing Shan .  

( v )  In  t he  i n t e r i o r  of t he  p l a t e a u  g l a c i e r s  a r e  s p a r s e ,  the  t o t a l  
number only  amount ing  to  10% of a l l  t he  g l a c i e r s  on the  whole 
P l a t eau .  Never the less ,  t he  g l a c i e r s  i n  t he  i n t e r i o r  of t he  p l a t e a u  
have  t h e i r  own d i s t i n g u i s h i n g  f e a t u r e s .  For example  t h e r e  often 
occurs  t ens  o r  h u n d r e d s  of s q u a r e  ki lometres  of ice c a p s  o r  f l a t -  
top g l a c i e r s ,  be ing  q u i t e  d i f f e r en t  from the  m a r g i n a l  mounta ins  
where v a l l e y  g l a c i e r s  a r e  predominant .  

A N  INTERPRETATION OF THE DISTRIBUTION OF THE GLACIERS 
ON THE QlNGHAI-XIZANG PLATEAU 

For many y e a r s ,  a  number of s c i en t i s t s  h a v e  e x p l a i n e d  t h e  d i s t r i b u t i o n  of 
the g l ac i e r s  of t he  Qinghai-Xizang p l a t e a u  on t h e  b a s i s  of t h e  "masserhebung 
effect. Evident ly ,  t h i s  e f f ec t  i s  v e r y  impor t an t .  The s p r e a d i n g  of t he  
snow-lines on the  Qinghai  -Xizang p l a t e a u  t a k e s  t h e  form of i r r e g u l a r  con- 
centric c i r c l e s ,  c l e a r l y  demonst ra ted  by the  r i s e  i n  t he  snowline a l t i t u d e s  
from a l l  s i des  t owards  the  i n t e r io r .  Tha t  the  g l a c i e r s  i n  the  i n t e r i o r  make 
up only 10% of t he  p l a t e a u ' s  ice cover  i s  a  r e s u l t  of t h i s  effect .  However, 
the g l ac i e r s  in  the  m a r g i n a l  mountains a r e  a l s o  d i s t r i b u t e d  v e r y  unevenly .  
Other causes  have  to be sought  for  t h i s ,  a n d  a n  obvious  one concerns  atmos- 
pheric c i r cu l a t i on .  In  recent  y e a r s  a  lot  of r e s e a r c h  work h a d  been done 
by meteorologists,  both a t  home a n d  a b r o a d ,  i n to  t h e  c l imate  a n d  wea the r  
of the Qinghai-Xizang p l a t e a u .  Examinat ion of these  r e s u l t s  p rov ides  a  b a s i s  
for eva lua t ing  g l a c i e r  d i s t r i bu t ion  on the  Qinghai-Xizang p l a t e a u .  

Geological d a t a  show t h a t  i t  i s  on ly  i n  t he  Q u a t e r n a r y  pe r iod ,  abou t  t h e  l a s t  
2,000,000 y e a r s ,  t h a t  the  Qinghai-Xizang p l a t e a u  was  s h a r p l y  e l eva t ed .  
During the Pliocene t rop i ca l  fores t s  grew on the  p l a t e a u ,  a n d  h i p p a r i o n ,  
giraffe  a n d  an te lope  roamed a c r o s s  i t ,  rh inoceros  dwel l ing  on t h e  b a n k s  of 
mat-shes a n d  l a k e s .  The he ight  of the  p l a t e a u  a t  t h a t  t ime,  excep t ing  t h e  
mountain r a n g e s ,  d i d  not go  beyond 1000m.(3) The e l eva t ion  of t he  p l a t e a u  
from modest a l t i t u d e s  to wha t  i s  now c a l l e d  t he  "roof of the  world" a t  a n  
average  height  of 4500-5000 m, h a s  c r e a t e d  acu te  c h a n g e s  i n  t he  n a t u r a l  
environment of the  p l a t e a u  i tself  a n d  i t s  a d j a c e n t  reg ions .  The e l eva t ion  
of the p l a t eau  a n d  i t s  mountains h a s  r e s u l t e d ,  not on ly  in g l a c i e r  g rowth ,  
hut ~ ~ l s o  in c h a n g i n g  the  a tmospher ic  c i r cu l a t i on  a n d  c l imate  of t he  r eg ion .  

T h e  major effect on atmospheric  c i r cu l a t i on  due  to t he  r i s e  of t he  p l a t e a u  
is i t s  powerful hea t ing  e f f ec t .  Espec ia l ly  i n  summer t h e r e  forms ove r  the  
plateau a  spec i a l  a tmospheric  condi t ion ,  be ing  c h a r a c t e r i s t i c  of a  low n e a r  
the  sur face  of the  p l a t e a u  and  a  warm high  above  i t ,  which punc tua t e s  the  
subt ropica l  p l a n e t a r y ,  h igh -p re s su re  zone. This  i nduces ,  o r  a t  l e a s t  en- 
hances,  the Ind i an  Ocean Monsoon c i r cu l a t i on  of As ia ,  which i s  completely 
opposite to the famous Had ley ' s  c i r cu l a t i on  in  i t s  d i r ec t ion .  The southern  
slope of the Qinghai-Xizang p l a t e a u ,  a n d  i t s  sou theas t e rn  p a r t  i n  p a r t i c u l a r ,  
is  thus  a n  a r e a  of heavy monsoon r a i n ,  p roduc ing  the  monsoon mari t ime 
g lac ie rs  which a r e  very  ac t ive .  When the v igorous  wes ter ly  c i r c u l a t i o n  



Fig.  2 The wes ter ly  t rough  induced  a n d  enchanced  by  t h e  p la te ' au ' s  
b locking  ac t ion  a n d  so  i n c r e a s i n g  snow accumula t ion  on the  
g l a c i e r s  i n  Hindu Kush, Karakoram a n d  t h e  Pamirs .  

moves southward  to  dominate t he  whole of t he  p l a t e a u  i n  w in t e r  a n  abundan t  
p rec ip i t a t i on  of r a i n  a n d  snow occu r s  i n  t h e  wes tern  mountains of t he  plateau, 
t he  Pami r s ,  Karakoram,  Hindu Kush a n d  Western Himalayas ,  owing to the 
d i s t u r b a n c e  c a u s e d  by the  b locking  ac t ion  of t h e  p l a t e a u  a n d  the  n a t u r a l  
thermodynamic effect .  These g i v e  r i s e  to  t he  development of t he  most power- 
fu l  g l a c i a l  region in  the  middle a n d  low l a t i t u d e s  of t he  e a r t h .  But the 
v a s t  i n t e r i o r  of t he  p l a t e a u ,  r e l a t i v e l y  s p e a k i n g ,  l i e s  i n  a  ra inshadow a rea  
where the  g l a c i e r s  a r e  v e r y  much underdeveloped  because  of low r a t e s  of 
nour i shment .  In  g e n e r a l  terms the  d i s t r i bu t ion  of humidi ty  on the  very  high 
Qinghai-Xizang p l a t e a u  i s  a  min i a tu re  of t h a t  of E u r a s i a .  If the  heavy 
snowfal l  b rough t  about  by the  f r equen t  dep re s s ions  of the  west-European 
winter  a r e  the  ma ins t ay  of t h e  g l a c i e r s  from S c a n d i n a v i a  t o  t h e  Alps similarly 
i n  the  northwest  of t he  Qinghai-Xizang p l a t e a u ,  because  of t he  s h a r p  r ise  
in a l t i t u d e ,  a  low t rough  forms in  t h e  west-wind zone which provides  the 
ma ins t ay  of t he  g.laciers i n  the  Pami r s ,  Karakoram,  Hindu Kush a n d  the 
Western Himalayas.  The s imula ted  experiment  conducted by Ye Duzheng and 
Zhang J i e q i a n  proved  t h a t  i n  t he  "dead-water  a r e a "  i n  the  west a  low trough 
forms in t he  c i r cu l a t i on  zone even without  the  h e a t i n g  effect  of t he  p l a t eau ,  
a n d  t h i s  t rough  a p p e a r s  more d i s t i nc t  when hea t ed  ( 4 ) .  I n  f ac t  when the 
b ig  long-wave t rough  i n  t he  wes ter l ies  app roaches  t he  p l a t e a u ,  the  velocity 
i n i t i a l l y  dec reases  a n d  then the  vor tex  i s  c u t  of f  a n d  deepens .  As a  resul t  
the  P a k i s t a n i  t r ough  forms in  t he  west a n d  south  of the  p l a t e a u  in  w in t r r .  
In  summer when the  wes ter l ies  mig ra t e  no r thward ,  t he  Tashkent  low also 
forms.  These a r e  the  two main sources  of depress ion  r a i n f a l l  in  the  west 
of the p l a t e a u .  One should  not be  misled by the  v e r y  low a n n u a l  precipl t -  
a t i on  on record in  the  western mountain v a l l e y s  o r  p l a i n s  n e a r  the  p la tcau  
( fo r  example Gilgi t  a n d  Leh have  a n  a n n u a l  p rec ip i t a t i on  no more t h a n  100mm) 
because  in the  i l p i n e  zone a b u n d a n t  snowfa l l  occurs .  This  i s  caused ,  cn 
the  one h a n d ,  by wa te r  vapour  c a r r i e d  by the  u p p e r  wes ter l ies  a n d ,  nlc-lre 
s i g n i f i c a n t l y ,  by the  fac t  t h a t  a s  t he  deepened wes ter ly  t rough  s t a n d s  to the 
west of  the p l a t e a u ,  i t  ex t ends  sou thward ,  a n d  not on ly  b r i n g s  warm a n d  
humid a i r  flow from the  sub t rop ic s  to t he  western mounta ins  a long  the front 
a h e a d  of  t he  t rough  but  i t  a l s o  g e n e r a t e s  t he  cloud vor tex  o r i g i n a t i n g  in llle 
Arabian  Sea. Both of these  g ive  r i s e  to a b u n d a n t  snowfa l l .  For example,  
on 27-29 November, 1972, the  Arab ian  vor tex  moved a long  the  west-wind 
t rough a n d  climbed on to the  p l a t e a u  a t  LOON, r e s u l t i n g  in  a  snowstorm o v r r  
a  l a r g e  a r e a ,  the  snow cover  remain ing  unmelted for months. Again,  on 
26-29 December, 1977, a  p a r t i c u l a r l y  s t rong  h igh  a l t i t u d e  west-wind tro(rgh 
climbed the p l a t e a u  a n d  caused  a  snowstorm the  l i ke  of which h a d  never  been 
seen for a  hundred  y e a r s ,  the  snow cover  be ing  15 cm deep  ove r  the  who le  
l a n d s c a p e ,  s e t t i ng  a  new reco rd  for the  longes t - las t ing  snow cover .  T h i s  
was a s soc i a t ed  only  with the  ac t ion  of t he  low t rough .  I t  i s  because  of th i s  
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Fig. 3. Azha glacier within dense Fig. 4. The snout of Azha glacier 
forest, Zayii Country, Xizang extending to 2400 m a.s.1. 

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 mrn (water equivalent),  and considering 
the hydrological records, they inferred that the annual precipitation above 
the firn l i m i t  should be more than 2,000 mm. In 1930 R. Ffnsterwsclter 
studied the glaciers on Nanga Parbat and inferred tha t  the annual precipitat- 
ion above the snow line could reach 640Qrnm. This seems quita possible. 
According to recent studies, a wet zone runs from Afganistan and Pakistan 
to the plateau a l l  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 4$/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 llg/1000g, after which i s  decreases. In addition, in  
January, April and October, a northward-trending stream line i s  cieen. This 
agrees exactly with the circulation situation previously mentioned. D. N. 
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-Xfzang 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 a t  2400 m, the annual mean a i r  temperature 
being 11.5 9. Rice and tea can be grown a t  this altitude, and dense forests 
grow on al l  sides; see Figs 3 and 4. The concentration of glaciers in this 
region and the special features which they display can be explained by 
atmospheric circulation patterns. Situated in the southeast of the Qinghai- 
Xizang plateau, the Yarlung Zangbo-Brahmaputra river valley f6rms a rever- 
sed V-shaped gap whish drives water vapour northward onto the plateau; 
see Ffg. 5. In winter and spring, the vigorous southern branch of the 
werterltas, after rounding the Himalayas, often maintains a trough here, and 
this again supplies snowfall to southeastern Xirang. The proportion of 



Fig.  5 Cent res  a n d  f requency  of c loud  vor texes  i n  south-west China 
s u p p l y i n g  a b u n d a n t  snow t o  t he  g l a c i e r s  of south-eas te rn  
Xizang a n d  a l s o  a d d i n g  to  t h e  p rec ip i t a t i on  of wes tern  
S i chuan  a n d  north-western Yunnan.  

p rec ip i t a t i on  d u r i n g  the  win ter  ha l f -year  i s  56% a n d  35% for  Chayu a n d  Pome 
r e spec t ive ly .  In  summer, t he  r eve r sed  V-shaped g a p  a c t s  a s  a  funnel  
t h rough  which t h e  monsoon from t h e  Bay of Bengal  t r a v e l s  no r thward .  From 
the  s a t e l l i t e  cloud c h a r t  i t  c a n  be seen t h a t  t he  Yar lung  Zangb-Brahmaputra 
r i v e r  v a l l e y  i s  a n  a r e a  where t he  monsoon c loud  concent ra t ion  is a t  i t s  great- 
e s t .  And i t  i s  main ly  from here  t h a t  t he  wa te r  vapour  i n  summer i s  c a r r i e d  
onto  the p l a t e a u .  Moreover, t he  Yar lung  Zangbo-Brahmaput  r a  r i v e r  va l l ey  i s  
the  chief source of t he  southwes tern  low vor tex  which i s  one of t he  main 
sources  of summer p rec ip i t a t i on  i n  C h i n a ,  i t s  in f luence  r e a c h i n g  not on ly  the 
southwes t ,  but  t h e  e a s t e r n  a r e a s  of Ch ina .  A s  a  r e s u l t ,  t he  southeas te rn  
p a r t  of t he  Qinghai-Xizang p l a t e a u  i s  t h e  wettest  p a r t  of t he  p l a t e a u ,  thus  
lowering the  snow l i n e  a n d  ma in t a in ing  g l a c i e r s .  

F ig .  6 Ver t ica l  mer id iona l  c i r cu l a t i on  of Qinghai-Xizang p l a t e a u  
in summer. Note t h a t  t h e  descending  c u r r e n t  on the  
no r the rn  f l ank  r e s u l t s  i n  ve ry  low accumula t ion  on the  
g l a c i e r s  t he re .  

But the c i r cu l a t i on  p a t t e r n  i s  not a l w a y s  f avourab le .  There a r e  few g l ac i e r s  
in the no r the rn  p a r t  of the  p l a t e a u ,  a n d  the  snow l ine  r i s e s  h ighe r  ther? .  
This i s  because ,  on the  one h a n d ,  i t  i s  s i t u a t e d  on the  lee s ide  of the Asian 
monsoon in summer, a n d  on the  windward  s i d e  of t he  monsoon in  winter ,  
whi l s t  on the o the r  h a n d ,  the  h igh  a l t i t u d e  c i r cu l a t i on  p a t t e r n  a l s o  h a s  an  
e f f e c t .  It  h a s  been s t a t e d  i n  the recent  s tudy  by Ye Duzheng e t  a1 ( 5 )  t h a t  
the  a i r  flow t h a t  converges  on the  p l a t e a u  from the  north i n  summer occurs  



only on the thinner and shallower 500mb surface, and ,  i n  addition, i t  devel- 
ops a branching flow which slides downward along the norothero" slope. Such 
descending flow i s  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 a r e  sinking a i r  currents  which flow down 
on the northern and southern margins of the plateau. With reference to 
Fig. 6 i f  the southern subsiding a i r  current  i s  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 i s  enchanced by the low alti tude downward sliding wind below the 
500mb surface. Thus the northern pa r t  of the plateau i s  the dr iest  a r ea  in  
the interior of the Asian continent due to th i s  control of the high pressure 
zone. As a result ,  the glaciers here a r e  of the extreme continental type 
because of very low alimentation. In Laohogou glacier i n  the western sector 
of Qilian Shan, the ice temperature close to the snow line has been measured 
as -12.B0c, which i s ,  a t  present, the lowest recorded ice temperature i n  the 
mountain regions of the middle and low latitudgs. Th$ annual  mean temper- 
ature near the termini of the ice-tongues i s  -6 C to -8 C ,  and  a vast  peren- 
nial frost zone occurs here, making a s t r iking contrast with ice temperatures 
a t  the pressure melting point in  the southeast of the plateau;  see Figs. 7 
and 8. 

Fig. 7 The snout of Laohogou glacier i n  Fig. 8 Middle reaches of Laohogou 
Qtlian Shan surrounded by glar ier .  
barren rocks and permafrost. 

Be~ideo the effect pr~dueed by the general c I ~ c ~ I a 2 i ~ n  pattern am the develop- 
ment glaeters, it ohould be pa-ad that ths l ea l  circulation also 
sffrets the dewlepfiene af alacMm. In am-, gsch m d  cvarry fmW!ntain 
p a k  L a " w a ~ m  i~ lua~d'~ ,  and all %he l a m  ttm.4 'kmtre kw @dera:aatYcn d 
water v a p r ,  act that it i~ a 'hairt Slat@'! w&&, Ia - fluwng the 
glaciers vf the( Hhalryao, the wim2#8 & aur mmMi.y s a a ~ ' ! ~ ~ ~  aut Bhgx 
then cdrU r "ncond Urae rain ron" r% him bmUi. 'In ~ m h t  yearm 
Iapamn wtwldl'm have ails aattceb UIC. oa $h@ th.lo\ahrm 5iopr a In the 
~thhaitmkrn ;pltf€ af X%rnfi& tffa pre~ipdtdfAh uf fh$@ aS&m& Wi& -Wne fs as 
htlh u th~at ot the wet ame in rh. middle alrnudlnal raqle. the pndpitation 
af the fmmr p ~ r a l l y  ~ma~hlnlg 3,t360 mm; see Fig. 9. Each "warm ieland" 



Fig. 9.  The two zones of high precipi ta t ion.  Zone I 1  i s  the most 
favourable  to maintenance of g lac ie r s  on Qinghai-Xizang pla teau.  

through sublimation and coagula t ion,  continuously re leases  l a rge  quanti t ies 
of la tent  heat into the atmosphere with the r i s ing  a i r  columns maintaining 
the powerful Qinghai-Xizang high pressure  in  summer in  the upper stratum 
of the troposphere. This l a r g e  scale t ranspor ta t ion of energy provides 
the g lac ie r s  with a plentiful  snow precipi ta t ion.  Therefore, any  single 
massif suppl ies  not only the appropr ia te  topographical  conditions for 
g lac ie r s  to form but a lso  genera tes  the necessary precipi ta t ion.  Figs. 
2 ,  5 ,  6 and  9 show the effects of the four k inds  of c i rcula t ion discussed 
on the d is t r ibut ion of the g lac ie r s  on the Qinghai-Xizang p la teau .  

F ina l ly ,  according to the source and propert ies of the precipitat ion,  
the g lac ie r s  on the Qinghai-Xizang pla teau may be divided into the 
following three regional  types ;  see Fig. 10. 

I Mediterranean Maritime g lac ie r  and polythermal g lac ier  
11 ( a )  Monsoon Maritime g lac ie r  

( b )  Monsoon Continental g lac ie r  
11 1 In land Continental g lac ier .  

Fig. 10. The division of g lac ia l  regions on the Qinghai-Xizang plateau 
according to thei r  propert ies and or ig in  of precipitat ion.  
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ABSTRACT 

The Karakoram Glaciers have f luctuated over a va r i e ty  of timescales 
from decades to millennia. This paper  outl ines the techniques tha t  a r e  
ava i l ab le  to s tudy such f luctuat ions:  mapping a n d  s t r a t i g r a p h y ;  relat ive 
da t ing  (moraine morphology, rock weathering a n d  soil  proper t ies ,  loess 
deposition, lichenometry and  extent  of p lan t  c o v e r ) ;  absolute dating 
techniques (h i s to r i ca l  su rveys ,  dendrochronology, radiocarbon d a t i n g ) ;  and 
the s tudy of g lac ie r  equilibrium-line elevations.  

INTRODUCTION 

The g lac ie r s  of the Karakoram Mountains a r e  broadly  known to have 
fluctuated on var ious  different  time scales .  Since the f i r s t  explorers saw 
them in the mid-nineteenth century  they have shown measurable advances 
and  re t rea t s  l a s t ing  a few decades;  see reference ( 1 ) .  There i s  a strong 
probabi l i ty  tha t  since the end of the Pleistocene, 10,000 y e a r s  ago,  they 
have undergone more subs tan t i a l  phases  of advance (Holocene neoglaciat ions) 
( 2 ) ;  while in  the Pleistocene the g lac ie r s  were g rea t ly  expanded during 
cold phases  and may have reached down to the Potwar Pla teau and even 
to the s i te  of the Tarbela  Dam. The appropr ia te  techniques for studying 
these f luctuations depend very much upon the time scale  of in teres t ,  but 
the genera l  aims of the present  project can  be summarised a s  follows: 

( a )  To map the g l a c i a l  landforms and deposits  in selected val leys  and to 
es tabl ish  thei r  l a t e r a l  and  ver t ica l  re la t ionships .  

( b )  To place the mapped features  in  a r e l a t ive  age  sequence using 
time-dependent c r i t e r i a  such a s  surface  weathering,  soil development 
and  vegetation cover. 

(c) To c a l i b r a t e  th i s  sequence a s  f a r  a s  possible using radiocarbon 
d a t i n g ,  and 

( d )  To reconstruct the va r i a t ions  in g lac ia l  extent and  equilibrium- 
l ine a l t i tudes  through time, a s  a guide  to the magnitude of past 
cl imatic f luctuations in  the Karakorams. 



The most important  objec t ive  i s  to ob ta in  good d a t i n g  con t ro l ,  fo r  t h i s  
is e s sen t i a l ly  l ack ing  for t h i s  a r e a ,  a n d  indeed for Cen t r a l  Asia a s  a  
whole ( 3 ) .  

MAPPING A N D  STRATIGRAPHY 

Morphological f e a t u r e s  of g l a c i a l  o r i g i n ,  such  a s  l a t e r a l  a n d  t e rmina l  
moraines a n d  outwash t e r r a c e s ,  wi l l  be mapped on the  a v a i l a b l e  topograp:-ric 
base maps,  together  with a n y  o lde r  pa t ches  of g l a c i a l  sediments  without  
sur face  express ion .  One of t he  prime t a s k s  of t he  geornorphologist seeking  
to ident i fy  the extent  of former g l a c i a t i o n  is to be a b l e  to recoenise  anc ien t  
a l a c i a l  sediments  a n d  to d i f f e ren t i a t e  t h e n  from o the r  d i a r i c t i t e s  such  a 

a s  nudflow depos i t s .  i le tai led mapping a n d  sedimentological  a n a l y s e s  
will Frovide information on the  b a s i s  of which such  d i f f e ren t i a t ion  c a n  
be i;sde. 

Ihe  sequence of g l a c i a l  advances  th rough  tilne wi l l  be e s t a b l i s h e d  from 
the evidence of the  l a t e r a l  con tac t s  o r  c ross-cut t ing  r e l a t i o n s h i p s  between 
the va r ious  f i l l  and  outwash bodies ,  a n d  from a n y  exposu re  c r e a t e d  by  
streal;;s o r  a long the  new highway.  In  the  Swiss Alps,  a  v e r y  de t a i l ed  
neoglacial  chronology h a s  been e s t ab l i shed  by  d a t i n g  the  b u r i e d  so i l s  
and  o rgan ic  depos i t s  which s e p a r a t e  the  numerous superimposed morainic 
uni t s  exposed i n  n a t u r a l  o r  a r t i f i c i a l  sec t ions  ( 3 ) .  

We wil l  a l s o  be sea rch ing  for  l oca l i t i e s  where s l a c i a l  depos i t s  a r e  
over la in  by l a k e s ,  bogs o r  former l a k e  sediments ,  s ince  these  provide  
a source of d a t a b l e  ma te r i a l .  Lakes a r e  a common component of ~ l a c i a t e d  

1 ne landscapes  a s  a  r e su l t  of uneven z l a c i a l  erosion a n d  depos i t ion .  " -  

palynological  a n d  chemical  c h a r a c t e r i s t i c s  of the  la!te sediments  a r e  a  
va luable  palaeoclimatic  i nd ica to r  in  t h e i r  own r i g h t ,  a s  t hey  provide  a  
record of condit ions s ince  the  b a s i n  was  fo rned .  

RELATIVE DATING TECHNIQUES 

A wide v a r i e t y  of age-dependent c r i t e r i a  c a n  be used  to d i f f e ren t i a t e  
z l ac i a l  depos i t s .  They a r e  reviewed by S i r k e l a n d  ( 4 ) ( 5 )  a n d  Burke a n d  
Rirkeland ( 6 ) .  I t  h a s  been found tha t  d i f fe rent  tecl9niques v a r y  i n  t h e i r  
app l i cab i l i t y ,  both from a r e a  to a r e a  a n d  according  to the  a g e  r a n g e  
of the depos i t s .  Modern approaches  involve the  measurement of a  v a r i e t y  
of indices a t  each s i t e ,  followed by s t a t i s t i c a l  a n a l y s i s  to deterr,;ine 
i a )  the most useful  techniques  for the  a r e a  be ing  s tud ied  a n d  ( b )  the  
re la t ive  a s e  sequence of the depos i t s .  

In many a lp ine  a r e a s ,  young moraines tend  to h a v e  s teeply  slo?ing 
sides and  shar:,, continuous c r e s t s ,  whereas  o lde r  moraines h a v e  been 
degraded by su r f ace  erosion ( 7 )  ( 8 )  ( 9 ) .  Maximu111 slope a n g l e s  a n d  c re s t  
widths may therefore be a  good gu ide  to a g e .  

Rock weather ing  and  soil proper t ies  

I t  was noted by the Chinese team which inves t iga t ed  the Batura  Glac ier  
(10) t ha t  moraines of d i f f e ren t  ages  showed d i f f e ren t  colours r e s u l t i n g  
from different  decrees  of weather ing .  We s h a l l  be us ing  a  v a r i e t y  of 
indices to r,ieasure the degree of su r f ace  weather ing  in the  f i e ld ,  i nc lud ing :  



( a )  the percent of f r e sh ,  weathered and  pi t ted  g r a n i t i c  boulders;  

( b )  the change in  a n g u l a r i t y  of boulder corners  with a g e ;  

( c )  the development of weathering r i n d s ,  pa r t i cu la r ly  the i r  thickness; 
and 

( d l  the extent  of soil  profi le development and weathering of subsurface 
c las t s .  

This will be followed up by laboratory  ana lyses  of soil properties. 

Loess deposition 

Both to the north and south of the  Karakorarn mountains, loess (wind 
blown aeolian s i l t )  i s  known to have been deposited in  the pas t .  Several 
au thors  have reported tha t  loessic mater ia l  h a s  accumulated to varying 
degrees on surfaces  of different  ages  ( 7 ) ( 8 ) .  Rock g lac ie r s  and  moraines 
a p p e a r  to be good t r a p s  for loess,  and  thus  the presence of absence of 
loess,  a s  well a s  i t s  th ickness ,  may be a n  index of r e l a t ive  age .  

Vegetation 

( a  ) Lichenometry 

Since the 1950's the measurment of l ichens on surfaces  of lcnown 
age  (e .3 . .  monuments, grave-stones,  c a i r n s ,  etc.  ) h a s  enabled 
the construction of lichen growth curves  which can  be extrapolated 
to da te  surfaces  of unknown age ( e . g . ,  deglacia ted  rock surfaces,  
moraines,  etc.  1. Such techniques a r e  not without problems (1  1 ) , 
and  will not be app l i cab le  to the limestone lithologies of the 
a r e a .  but have been t r i ed  out successfully in  Nepal ( J .  Benedict, 
personal  communication). This technique may permit the establish- 
ment of a r e l a t ive  chronology for the pas t  few centur ies ,  even 
if no "absolute" da tes  a r e  ava i l ab le .  

( b )  Plant  Cover 

The percentage a r e a  of rock surfaces  covered by l ichens,  and 
the development of a cover of h igher  p lan t s  such a s  g rasses  and 
s h r u b s ,  a r e  often useful indices of the age  of neoglacial  moraines 
and  outwash ( 8 ) ( 9 ) ( 1 2 ) ( 1 3 ) ,  and  will be tested in the Kara!torams. 

Stat i s t ica l  Analvses 

Two computer programs developed in the USA, known a s  CHARANAL and 
G R A P H .  a r e  p a r t i c u l a r l y  useful for the ana lys i s  of re la t ive  age d a t a  from 
small g l a c i a l  deposits  ( 1 2 ) ( 1 3 ) .  We hope to use these packages to divide 
the deposits  into groups of different  ages .  

"ABSOLUTE" DATING TECHNIQUES 

Historical survevs  

The surveys  made in the period since the mid-nineteenth century enable 
a comparison to be made between the g l a c i e r ' s  s t a t e  then and now. Detailed 
chronologies and maps a r e  a v a i l a b l e  for some of the g laciers  in the a r e a ,  



e .g . ,  B a t u r a ,  Minapin ,  P a s u .  H a s a n a b a d .  F igs .  1  - 3 ,  a n d  i t  i s  our 

6 . 5 k m [ \  7 k r n  4 
Surge Retreat 

FIG. 1. GLACIER FLUCTUATlON IN THE KARAKORAM MOUNTAINS 
(AFTER MAYEWSKI A N D  JESCHKE, ( 1 )  ) .  

~ n t e n t i o n  to b r i n g  these up-to-date. We s h a l l  a l s o  e s t a b l i s h  some 
app rop r i a t e  c a i r n s  a n d  marke r s  to p rov ide  a d d i t i o n a l  cont ro l  for  f u t u r e  
w o r k .  Detailed geomorphological maps of g l a c i e r  front  pos i t ions  wi l l  s e r v e  
a s imi la r  pul-pose. The p re sen t  behav iou r  of t he  g l a c i e r s  i s  of g r e a t  
s i gn i f i cance  because of t h e i r  effects  on road  cons t ruc t ion ,  r l v e r  f looding ,  
c t c .  ( s e e ,  for example ,  reference ( 1 4 )  1 .  

Dcndrochronology 

In temperate  l a t i t u d e s  t r e e - r i n g  s e r i e s ,  a n d  in some i n s t a n c e s ,  p a t t e r n s  
of width v a r i a t i o n ,  have  provided  a  d i r ec t  means of e s t a b l i s h i n g  time 
s p a n s  of d i rec t  re levance  to moraine s t u d i e s .  In  most envi ronments  t r e e s  
do not l ive for  more t h a n  s e v e r a l  cen tu r i e s  a n d  consequent ly  d i r e c t  
appl ica t ion  of  t h i s  method i s  l imited to t h a t  time s c a l e .  By coun t ing  t r ee  
r i n g s ,  da t e s  of geomorphic su r f aces  may be o b t a i n e d .  In  a d d i t i o n ,  however,  
some sens i t ive  spec ies  v a r y  the  n a t u r e  of t h e i r  r i n g  growth  acco rd ing  
to environmental  condit ions,  such tha t  the  n a t u r e  of r i n g  growth c a n  be 



F I G .  2 .  MAP OF FLUCTUATIONS IN THE POSITION O F  THE MINAPIN GLACIER 
IN THE 20TH CENTURY. 

F I G .  3.  MAP OF BATURA GLACIER DEPOSIT 
(FROM CHINESE INVE5rIGATION TEAM ( 1 0 ) ) .  

K E Y :  I P r e s e n t  g l a c i e r  s n o u t  1V D a r k  b r o w n i s h  m o r a i n e s  o f  
11 D e a d  l c e  c o v e r e d  w i t h  g r e y  t i l l  e a r l y  n e o g l a c i a l  a g e  

c c a .  1885-1913, 1925 AD) V  P l e i s t o c e n e  m o r a i n e s  
I 1  I Y e l l o w ~ s h  m o r a i n e s  f o r m e d  t w o  A r e a  s c o u r e d  by m e l t w a t e r  

centuries a g o  



uti l ised to i n t e rp re t  pas t  environmental  f luc tua t ions .  

Radiocarbon d a t i n g  

All the  d a t i n g  techniques  d i scussed  so far a r e  only  a p p l i c a b l e  t o  a  
very short  time s p a n ,  o r  y ie ld  only  r e l a t i v e  a g e s .  For the  s t u d y  of t he  
e a r l i e r  Holocene a n d  l a t e  Pleis tocene even t s ,  geochronometric techniques  
a r e  necessary .  In p a r t i c u l a r ,  we s h a l l  be sea rch ing  for  d a t a b l e  m a t e r i a l s ,  
such a s  wood, c h a r c o a l ,  soi l  humus o r  l a k e  sediments ,  which c a n  be used  
to d a t e  t he  moraine o r  outwash depos i t s  by  1  This  may e n a b l e  a g e s  
to be obta ined  back  to  about  40,000 y e a r s  before the  p re sen t .  

LONG-TERM FLUCTUATIONS IN GLACIERS A N D  SNOW LINES 

Using d a t a  on moraine a g e s  a n d  e l eva t ions ,  i t  i s  poss ib le  to es t imate  
the extent  of the g l a c i e r s  a n d  the i r  equi l ibr ium-l ine  e l eva t ions  d u r i n g  
ind iv idua l  g l a c i a l  maxima ( 2 )  ( 7 )  ( 1 5 ) .  These a r e  two impor tant  measures  
of the magnitude of pas t  c l imat ic  changes  a n d  may a l s o  y ie ld  usefu l  
information about  the  s p a t i a l  v a r i a b i l i t y  of net accumula t ion  i n  the  p a s t .  
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ABSTRACT 

Travers ing  a n  ice-cap unde r  predominantly poor v i s i b i l i t y  condi t ions  r e q u i r e s  
innovation in  both recording  su rvey  d a t a  a n d  i t s  subsequent  a n a l y s i s .  This  
paper  presents  the  method of i n t e g r a t i n g  the  r e s u l t s  from p r e s s u r e  a n d  
odometer r e a d i n g s ,  theodoli te  s u r v e y s  a n d  s a t e l l i t e  doppler  r eco rd ings  on 
magnetic t apes .  The a n a l y s i s  inc ludes  adjus tments  of f ie ld  d a t a  a n d  irnple- 
mentation of conversion pa rame te r s  from WGS 72 to  I ce l and ic  Geodetic a n d  
lcelandic Lambert co-ordinates.  The p a p e r  concludes with a  t a b l e  of f ixed  
points on the 295 km t r a v e r s e  on which ice-depth prof i les  were subse-  
quently based .  

INTRODUCTION 

In 1977 a n  expedit ion from Cambridge Universi ty went to t he  Vatna jakul l  
ice-cay, in Ice land ( F i g .  1)  i n  o rde r  to t e s t  a n d  develop equipment for  
rneasul-ing the cons iderable  th ickness  of ice found t h e r e  (1) ( 2 ) .  During 
the course of the expedit ion the  equipment ,  c a r r i e d  i n  a  Weasel snow-tractor, 
t raversed  some 295 km of ice-cap measur ing  the  ice th i ckness  ( F i g .  2 ) .  
Results of these measurements a r e  presented  i n  ano the r  p a p e r  a t  t h i s  con- 
ference ( 3 ) .  

METHOD OF SURVEY 

The requirement of the  su rvey  was to f ix  the  t r a c k  of t he  Weasel a n d  i t s  
a t tendant  an t enna  a r r a y  d u r i n g  t r a v e r s e s  over  the  ice-cap,  so t h a t  the  
position of every ice th ickness  measurement was known. In a d d i t i o n ,  v e r t i c a l  
he ight ing  would help to define the a c t u a l  e l eva t ions  of the  snow s u r f a c e  
and bedrock. Posi t ions h a d  to be r e l a t e d  to loca l  maps a n d  a l s o  to the  
excellent LANDSAT sa t e l l i t e  imagery of Vatnaj i jkul l .  The radio-echo equ ip -  
ment, us ing  a low frequency b a n d ,  i s  limited i n  the  s ize  of the  object  t h a t  
i t  can  r eg i s t e r  a n d  the re  i s  l i t t l e  to be g a i n e d  in  f ix ing  a hor izonta l  posi- 
tion of a  measurement point to be be t te r  t h a n  100 m .  This  a l s o  r ep resen t s  
a  reasonable  plot t ing limit for a v a i l a b l e  maps a n d  imagery .  A s t a n d a r d  
er ror  in he ight ing  of 5 m was  at tempted s ince  e lec t ronic  a n d  recording  e r r o r s  
a r e  of the order  of 0.1 ws ( abou t  10 m ) .  





An ice-cap d i f fers  from the  more commonly known va l l ey  g l a c i e r  in  h a v i n g  
a cen t r a l  accumulat ion a r e a  from which ice flows i n  a l l  d i r ec t ions .  Moun- 
t a in s  tend to be v i s ib l e  only  a round  the  perimeter  of a n  ice-cap where the  
ice i s  t h i n ,  but  n e a r e r  the  cen t r e  a  few may p ro t rude  th rough  forming 
nuna taks .  Thus i t  was expected t h a t  within the  c e n t r a l  region of Vatnajiikull 
theodolite resect ions used to f ix  t he  t r a c k  of the  Weasel might be impossible.  
It  would, of course ,  be i d e a l  to f i x  the  t r a c k  b y  reference to some e x t e r n a l  
reference frame.  Sun s i g h t s ,  bes ide  be ing  time consuming,  would not be 
suff icient ly a c c u r a t e .  I t  was  r ea l i s ed  t h a t  f ixes  made off t he  T r a n s i t  system 
of nav iga t iona l  s a t e l l i t e s ,  which enab le  g round  r ece ive r s  to be f ixed  to a  
world-wide reference frame,  would be i d e a l .  Decca Survey Limited were 
approached a n d  ag reed  to loan  one JMR-1 doppler  s a t e l l i t e  rece iver  for  the  
durat ion of the expedit ion a n d  J . F .  Bishop a t t ended  a two-week course  cover- 
ing the pr inc ip les  a n d  opera t ion  of the ins t rument .  

The pr inc ip les  of s a t e l l i t e  su rvey  a r e  r e l a t ive ly  s imple.  I t  i s  i n  t he  a n a l y s i s  
and  technology t h a t  complicat ions a r i s e .  Five s a t e l l i t e s  c i r c l ed  the  e a r t h  i n  
polar o rb i t s  a n d  the  posi t ions of these  were known a c c u r a t e l y  r e l a t i v e  to 
fixed t r ack ing  s t a t ions .  As the  s a t e l l i t e  pas sed  above  the  hor izon ,  t he  
receiver measured the  doppler  sh i f t  between i tself  a n d  s i g n a l s  from the  
sa t e l l i t e .  us ing  a very  s t a b l e  f requency.  The p a t t e r n  of t h i s  doppler  sh i f t  
was used to f ix  the  r e c e i v e r ' s  posi t ion.  Two t y p e s  of o r b i t a l  d a t a  were 
a v a i l a b l e :  one was predic ted  a n d  was  b roadcas t  cont inuous ly  from each  
sa t e l l i t e ;  the o ther  was prec ise  a n d  was  ob ta ined  d i r ec t ly  from obse rva t ions  
at  the t r ack ing  s t a t ions .  However, t h i s  l a t t e r  information was  d i f f icu l t  
to obtain a n d  was  a v a i l a b l e  only  for two s a t e l l i t e s .  

The rece iver ,  powered by 12V b a t t e r i e s ,  recorded o r b i t a l  a n d  doppler  d a t a  
on casse t te  t ape  for l a t e r  process ing  a n d  was  e a s y  to ope ra t e .  The a n t e n n a  
was of simple cons t ruc t ion;  a  folding t r i pod  which suppor ted  a n  ex tendab le  
pole. Within f ive minutes,  the  an tenna  could be erec ted  a n d  connected to  
the rece iver ,  the l a t t e r  being r e a d y  for  the next  s a t e l l i t e  p a s s  h a v i n g  h a d  
temperature,  p re s su re  a n d  s i t e  d a t a  en te red  th rough  i t s  keyboa rd .  There 
was a lso  a  f ac i l i t y  for waking  the  rece iver  at '  pre-selected t imes.  This  
saved on ba t t e ry  power a n d  allowed some d iscr iminat ion  , a s  po ten t i a l ly  
good passes  could be selected from previous ly  p repa red  d a t a  shee ts  of s a t e l -  
l i te  passes .  

Thc receiver was used in  two modes: s ing le  p a s s  a n d  mult iple p a s s .  Single 
passes l a s t i n g  20 minutes were used whils t  t r a v e r s i n g  the  ice-cap.  During 
t raverses  the rece iver ,  lead-acid b a t t e r y ,  theodoli te ,  t r i p o d ,  ten t  a n d  emer- 
gency equipment t r ave l l ed  on a small  s ledge  behind  a skidoo.  Multi-pass 
s i t e s ,  where more t h a n  one p a s s  was received from more t h a n  one s a t e l l i t e ,  
were typica l  of where we stopped ove rn igh t .  The adjus tment  of measurements  
from these s i t e s  i s  descr ibed  l a t e r  i n  the  p a p e r .  The rece iver  could be 
le f t  in the open through d r i v i n g  r a i n  a n d  d r i f t i n g  snow a n d  proved excel len t  
for our  opera t ions .  And, of cou r se ,  i t  was  poss ib le  to f i x  o u r  posi t ion 
dur ing  the thickest  of fogs o r  the  foulest of weathers  a t  which times conven- 
t ional  survey  was impossible. 

Wherever suff icient  mountains o r  su rvey  s t a t ions  were v i s i b l e ,  theodoli te  
resections were made a n d  e levat ions  computed from the  ve r t i c l e  a n g l e s .  A 
Wild T 2  theodolite was used.  Fixes were made eve ry  3-5 km d u r i n g  a t r a -  
verse ,  with the Weasel following a s t r a i g h t  course  i n  between s t a t i o n s .  A 
series  of points def in ing  the t r a c k  was t h u s  ob ta ined .  Two f u r t h e r  measure- 
ments enabled  the position and  e levat ion  of in termedia te  ice th icknesses  to 
be in terpola ted .  



Trai l ing behind the Weasel was a bicycle wheel odometer which triggered 
a counter in the vehicle a t  every  revolution. The read ings  from this  were 
noted every two minutes and  could be re la ted  di rec t ly  to film records of 
ice depths .  Simultaneously a precision aneroid (Baromec) was used to obtain 
pressure  read ings  which could be reduced to elevations.  An attempt was 
made to measure the course t ravel led  using a reconditioned a i r c r a f t  compass 
which was f ixed on the Weasel roof and  a repeater  mounted in front of the 
d r ive r .  Unfortunately the magnetic d ip  was so l a r g e  a n d  the vibration of 
the Weasel so g rea t  tha t  the compass dr i f ted  with g a y  abandon.  

ADJUSTMENT OF FIELD DATA 

Except for the recordings on magnetic t ape  from the sa te l l i te  doppler re- 
ce iver ,  a l l  survey resul ts  came back to England i n  the form of notes. One 
of the f i rs t  t a s k s  was to e s tab l i sh  methods a n d  formats for putt ing this 
information onto a computer f i le  which could then be accessed dur ing later  
processing and  adjustment.  Fig .  3 shows a flow c h a r t  of the processes 
whereby three independent se ts  of d a t a  were adjus ted  a n d  merged to produce 
a coherent record of the t r ack  of the an tenna .  A brief description of some 
of these steps i s  given below. 

1) Satel l i te  D o ~ ~ l e r  Measurements 

Recordings made in the receiver on the ice-cap consisted of header informa- 
tion. measurement of doppler shi f t  and  sa te l l i te  orbi t  predict ions.  The con- 
tents of many casset te  tapes  were f i r s t  t ransferred by Decca Survey Limited 
onto 1600 bi ts  per inch computer compatible magnetic t a p e s .  In i t i a l  processing 
indicated tha t  some corruption of the d a t a  had occurred and  the tapes were 
sent to us in Cambridge where online edi t ing of the l a r g e  d a t a  f i les could 
readi ly  be c a r r i e d  out .  The program used in  the computation was a commer- 
c i a l  one which could not be re leased,  and for th i s  reason computations were 
ca r r i ed  out by Decca Survey Limited on thei r  computer in Leatherhead. 
Positions a r e  computed in the sa te l l i te  e l l ipsoid ,  WGS 72.  

Where only one or two passes  of the navigat ional  sa te l l i tes  had been recor- 
ded.  elevation had to be t rea ted a s  a fixed quan t i ty  to allow a sufficiently 
accurate  determination of horizontal position. Where many passes  had been 
recorded ( a  multiple pass  s i t e ) ,  elevation could be adjus ted  with horizontal 
position and the resul ts  gave  each component to within 5 m .  

2 )  Theodolite Measurements 

Both horizontal and  ver t ica l  angles  were observed with the Wild T2 theodolite. 
Reduction involved the identif ication of t a r g e t s ,  whose elevations and posi- 
tions in the Icelandic Lambert g r i d  were a l ready  known, and  the computation 
of resections. About 50% of the s i tes  could be t rea ted in th is  way. The 
rest  were adjus ted  in groups  using a powerful computer program developed 
a t  the British Antarctic Survey in Cambridge and addi t ional  survey infor- 
mation. Typically th i s  comprised of a n  addi t ional  azimuth or odometer 
d is tance  between s i tes  or the intersection of common points. Thus many 
s i tes  were resolved from poor or  ambiguous resections.  

Once the horizontal positions had been es tab l i shed ,  adjustment of the ver- 
t ~ c a l  angles  could proceed. As most s i tes  had a surfei t  of ver t ica l  angles.  
the necessary correction for refraction and curva tu re  in terms of seconds 
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of a r c  per kilometre was obta ined by adjustment to g ive  a least-squares 
f i t .  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 Ice landic  Lambert co-ordinates 

Fixes obta ined from the doppler sa te l l i t e  measurements a r e  found in terms 
of WGS 72, a global  el l ipsoid developed in the course of r ang ing  to orbiting 
sa te l l i t e s .  However, no conversion could be traced from WGS 72 to the 
lcelandic Ell ipsoid,  the In ternat ional  Ell ipsoid,  based on a datum a t  Hjorsey 
nea r  Reykjavik ( 4 ) .  I f  common points to both e l l ipsoids  could be found, 
the necessary t r ans la t ion  parameters  between the o r ig ins  of the two ellip- 
soids could be computed. Three s i tes  on Vatnajiikull were used,  one at 
Grimsfjall in the centre a n d  two on the ice-cap to the west, Camps 2 and 
3. The positions of Camps 2 a n d  3 were es tabl ished in the Icelandic datum 
by very careful  resections to a l a r g e  number of s ta t ions  on and  off the 
edge of the ice-cap. Grimsfjall was p a r t  of the Icelandic tr iangulation 
network. 

Thus positions in  Lambert co-ordinates for the Icelandic datum were converted 
in to  geocentric co-ordinates in the In ternat ional  Ellipsoid ( a  = 6378388.0m, 
e = 0.00672667) and  doppler der ived l a t i tudes  and  longitudes in  WGS 72 were 
converted into geocentric co-ordinates in  WGS 72 ( a  = 6378135.01~1, e = 
0.006694318). By sub t rac t ion ,  the necessary A X ,  AY and  A Z  t rans la t ion co- 
o rd ina tes  were found with a s t a n d a r d  e r ro r  of 13.8 m ,  adequate  for this 
survey.  The co-ordinates were, for t r ans la t ion  from WGS 72 to the Inter- 
nat ional  Ell ipsoid,  Hjorsey datum: 

These agreed well with t r ans la t ion  co-ordinates found for a s i te  occupied 
in Reykjavik, 240 km to the west of Vatnajokull .  

Using the t r ans la t ion  parameters ,  the remaining doppler s i tes  then had their 
posit ion es tabl ished in terms of the Icelandic Lambert co-ordinates. The 
geoid to el l ipsoid separa t ions  on Vatnajokull for the In ternat ional  Ellipsoid 
in the lce landic  datum was in terpola ted  from var ious  spot measurements 
around Vatnajokull and  taken to be -8.0 m .  

L )  Barometric Height Adiustment 

During the p lanning of the expedit ion,  i t  was rea l ised tha t  deviations on 
the ice-cap could best be measured by barometric heighting between points 
of known elevat ion.  To measure barometric va r i a t ions  dur ing  such measure- 
ments, a  barograph was ins ta l l ed  in the Icelandic Glaciological Society's 
hut a t  Grimsfjall and  left running while the t r averses  of 15th - 19th June' 
were ca r r i ed  out. Unfortunately due to a malfunction, these measurements 
could not be used.  An attempt was therefore made to allow for pressure 
f luctuat ions  by  f i t t ing  measured pressures  to measured a l t i tudes  whilst 
ambient pressure  was allowed to v a r y  with time. Diurnal var ia t ions  were 
represented by the expression 



T a b l e  1 

Lamber t  c o o r d i n a t e s  a n d  h e i g h t s  o f  t r a v e r s e  f i x e s  

( " s t a k e s " )  e s t a b l i s h e d  o n  ~ a t n a  j g k u l l  

  leva ti on 

1180.0 
1111.0 
1192  .O 
1 2 6 3 . 0  
1 3 0 3 . 0  
1334  .O 
1 3 5 5  .O 
1 3 9 1  .O 
1439  .O 
1 4 9 6  -0 
1 5 7 1 . 0  
1 6 2 7 . 0  
1 6 9 3 . 0  
1 7 1 9 . 0  
1534  .O 
1 5 9 6 . 0  
1 6 2 6 . 0  
1 6 4 3 . 0  
1 6 5 0 . 0  
1612  .O 
1 7 1 8 . 0  
1 6 2 8 . 0  
1609  .O 
1 5 9 7 . 0  
1597  .O 

1 5 4 1  .O 
1 5 2 5 . 0  
1524  .O 
1 5 7 6 . 0  
1 6 1 2 . 0  
1 5 6 6 . 0  
1 5 1 5 . 0  
1 3 8 9 . 0  
1 4 4 6 . 0  
1 5 3 4 . 0  
1 3 8 7 . 0  
1 3 6 6 . 0  
1345 .0  
1 5 3 6 . 0  
1546 .0  
1 5 3 9  .O 
1 5 5 9 . 0  

E a s t i n g s  

497613.0  
500076.0  
497404 .O 
495204 .o 
492585 -0 
491212 .O 
489507 .O 
486445.0  
483313.0  
479394 .O 
474724 .0  
472830 .0  
471222 .0  
464646 .0  
462166 .0  
459421 .0  
459041  .O 
458614 .0  
457406 .O 
446039 .O 
4 4 1 6 5 9 . 0  
444310 .0  
444851 .O 
443503 .0  
442280 .0  
440608 .O 

438779 .0  
436983 .0  
434764 .0  
433499 .0  
430313 .0  
427193 .O 
424055 .0  
409298 .O 
407586 .0  
410643 .0  
415082.0  
419521 .0  
442909 .0  
447447 .O 
452435.0  
457275 .0  

R e f e r e n c e  P o i n t  

camp 3 
A 1 
A2 
Camp 2 
Camp 4 
B 1 
B 2 
B 3 
B4 
B5 
B 6 
B 7 
B 8 
G r i m s f j a l l  
C5 
C 4 
C 3 
C 2 
C 1 
Camp 7 
11 
1 2  
2 0  
2 1 
2 2 
2 3 
24 
2 5 
26 
2 7 
28 
2 9 
30 
Camp 8 
3 4 
35  
3 6 
37 
4 1 
4 2 
4 3 
Camp 9 

N o r t h i n g s  

425761.0  
426345.0  
428435.0  
430802 .o 
430741  .o 
430746.0  
430674 -0 
430456 .0  
430164 .0  
429799 -0 
429690 .0  
429600.0  
430448.0  
434095 .0  
434541.0  
437421 .0  
438413 .O 
438833 .0  
439895 .0 
451635 .O 
4 5 4 9 9 8 . 0  
453229 .0  
448676.0  
445619 .0  
442924 .O 
439676 .O 
435260 .0  
431071 .0  
426334 .0  
421457 .0  
425171  .O 
428970 .0  
432675 .0  
431318 .O 
432456 .0  
435952 .0  
435866.0  
435823 .0  
435015 .0  
434802 -0 
434556 .0  
434403.0 



~p = a cos (lr t/12) + a 2  s i n  (n t/12) + a cos ( a  t/24) 1 3 

+ a 4  s i n  (nt/24) 

and  the re la t ionship  between pressure  and  a l t i tude  was t aken  to be 

E = E  
rzf + 29.22 T In  (Pref/(Pmeas - A p ) )  

where 

T = temperature in  K 

t  = time elapsed 

E = required elevation 

Eref = reference a l t i tude ,  usua l ly  the mean of the measured 
a l t i tudes  

'ref = reference pressure  accorded to the  reference a l t i tude  
(one of the va r i ab les  ) 

'meas 
= measured pressure  

AP = d i u r n a l  pressure  corrections 

Where the elevation of a fixed point had  been der ived from theodolite obser- 
vat ions  or from a multi-pass doppler s i t e ,  th i s  elevation was combined with 
a pressure  reading a t  tha t  point a n d  a time of r ead ing ,  to produce equat- 
tions of the type shown above. These equat ions  were weighted according 
to the qua l i ty  of the observat ions  a n d  a leas t -squares  f i t  appl ied  to give 
a , a 2 ,  a 3, a 4  and  'ref for each d a y ' s  t r ave rse .  The res idual  was 

typical ly  near  3 m .  Intermediate points where pressure  and  time had been 
measured could then be heighted.  The odometer a n d  barometer observations,  
made every  two minutes whilst the Weasel was t r ave l l ing ,  thus  enabled 
a more deta i led  surface  profile of the var ious  t r averses  to be computed 
and  l a t e r  used with measurements of ice depth to obta in  bedrock levels. 
Improved heights for s ingle  pass  doppler s i tes  a lso  resul ted  and  co-ordinates 
of the s i tes  were recomputed by Decca Survey Limited. 

At th is  s t age  the adjustment of fixed points was complete and  these final 
co-ordinates a r e  presented in Table 1. We needed to plot these points not 
only onto exis t ing maps, but a l so  onto a v a i l a b l e  sa te l l i te  imagery. Tech- 
niques developed for t r ans fe r r ing  these points a n d  a Larnbert g r id  onto 
the sa te l l i te  imagery a r e  described in the f ina l  p a r t  of th i s  paper .  

~~IAPPING ONTO SATELLITE IMAGERY 

Whilst the expedition was making i t s  t r ave rses  over Vatnajokull ,  much use 
was made of ava i l ab le  sa te l l i te  imagery for identif ication of features and 
planning of routes. The best image ava i l ab le  a t  tha t  time for th is  purpose 
was taken on 31st J a n u a r y  1973 by Landsat-1. In this ,  a s u n ' s  elevation 
of only 7" threw into relief many s l ight  fea tures  of the ice-cap. However 
coverage was restr icted by cloud to the western half of Vatnajokull.  Later 
in 1977. a computer enhanced image, covering the whole of Vatnajiikull,  was 
received from the United States Geological Survey and  from th i s  enlargements 
a t  1:250.000 and  1:500.000 were made. 



Fig. 4 Landsat-1 satellite photo of Vatnajakull from 920 km on 22 Sept. 
1973. Routes are shown and a 20 km Icelandic Lambert grid. 



In order  to t r ans fe r  computed positions onto the en la rged  image, i t  i s  f irst  
necessary to t ranspose  the Icelandic g r i d  in  Lambert co-ordinates onto the 
image. No conventional  projection f i t s  these high level  photographs which 
a r e  r a r e l y  normal to the e a r t h ' s  su r face  along the a x i s  of the camera. 
A Helmert transformation ( 5 )  of the type x '  + i y '  = f ( x  + i y ) ,  which has 
been used previously for th i s  purpose i n  the polar  regions ,  was adopted. 

The method used enabled the g r i d  to be plotted with g r e a t  ease  and ac- 
cu racy .  Fi rs t ly  co-ordinated points in  the Icelandic survey network were 
identif ied on the image a n d  pricked through.  Then the image was laid 
on a D-Mac d ig i t i s ing  bed and  the co-ordinates of these points measured 
to 0.1 mm re la t ive  to the bed. Without removing the image from the bed, 
these co-ordinates, together with the i r  corresponding Lambert co-brdinates 
were fed into a computer program which computed a Helmert transformation 
between the two se ts  of points and  then .produced a l i s t  in terms of the 
d ig i t i s ing  bed co-ordinates of points defining the Icelandic Lambert gr id .  
These could then be t r ans fe r red  with a n  accuracy of 0.1 mm back onto the 
image. By interpolation between g r i d  l ines ,  a l l  fixed points could be 
plotted di rec t ly  onto the image and  the antenna t r ack  re la ted  to natura l  
fea tures  shown on the sa te l l i t e  image. The t r ack  a n d  g r i d  produced are 
shown in Fig. 4. 

CONCLUSIONS 

1. A sa te l l i t e  Doppler receiver ,  recording d a t a  on magnetic t apes ,  i s  a 
most r ap id  and  secure means of f ix ing positions in  remote regions.  

2 .  This paper  presents  a g r i d  t ransposed onto a sa te l l i te  image of Vatna- 
jFkull from which future  work a n d  a n a l y s i s  can  be based.  Surface ele- 
vations provide control in determination of bedrock levels and  will aid 
navigat ion on the ice-cap. 

3. Recent developments based on the experience gained on Vatnajzkull have 
provided a much l igh te r  a n d  more compact instrument based around t h e  
use of a microprocessor. This should l ead  the way to eas ie r  sounding 
of temperate ice sheets and  the possibil i ty of r ap id  measurements from 
a i r c r a f t  or helicopters.  
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ABSTRACT 

The des ign  a n d  performance of t he  equipment  used  to make a n  ex t ens ive  
impulse r a d a r  ice-depth su rvey  on the  VatnajEkull  ice-cap in  1977 a r e  des- 
c r ibed .  The coupl ing  between s e p a r a t e ,  r e s i s t i ve ly  l oaded  d ipo le s ,  l a i d  
on the ice i s  a n a l y s e d ,  l e a d i n g  to a n  es t imate  of 208 m/ps  for t he  ice-a i r  
interface wave ve loc i ty .  An "Aw-mode r u n  i s  a n a l y s e d  to  y i e ld  a  f i g u r e  
of 4.2 dB/lOOrn for the a t t enua t ion  of the  r a d a r  pu l se  i n  tempera te  ice .  The 
system ove ra l l  performance i s  found to be 149 dB. 

INTRODUCTION 

Until recent ly ,  i c e - d e ~  :h sounding  r a d a r  ec,uipn~ent  h a s  a l w a y s  te1:en a  con- 
vent ional  form, u s ing  a  pulse  comprising of a  suf f ic ien t  nurnber of h igh  
frequency c a r r i e r  cyc les  to g ive  a  smal l  f r ac t i ona l  bandwid th  abou t  the  cen- 
t r a l  c a r r i e r  frequency.  Tuned c i r cu i t  e lements  a r e  exp lo i t ed ,  r e s u i t i n g  i n  
re la t ive ly  sir,iple a n t e n n a  des ign  a n d  e lec t ronic  c i r c u i t r y .  A t y p i c a l  ice- 
depth sounding g e a r  of t h i s  form might ope ra t e  a t  60 MHz with a  200 n s  
pulse l eng th ,  comprising 12 cyc l e s  of t he  c a r r i e r .  The veloci ty of electro-  
masnet ic  waves through ice i s  169 m/ps a n d  such  a  device  would g i v e  com- 
i ~ l e t e  s epa ra t ion  of the  r e t u r n  from objec ts  g r e a t e r  t h a n  16.9m a p a r t .  
Cowever, the ice of temperate  g l a c i e r s  i s  e l ec t r i ca l l y  a  v e r y  imperfect  
, , lnter ial  and  whereas  the "conventional"  ice r a d a r  a p p a r a t u s  i s  s a t i s f a c t o r y  
I n  polar  ice,  i t  h a s  f a i l ed  to pene t r a t e  temperate  ice of a n y  s u b s t a n t i a l  
c l r p t h .  Watts and  England  ( 1 )  observe  t h a t  the  imperfection of water - laden  
lerllperate ice becomes l e s s  a p p a r e n t  if f requencies  cons ide rab ly  lower t h a n  
00 hlllz c a n  be used .  To main ta in  even the  coa r se  resolut ion quoted i n  t he  
c3xiimple above ,  lowering the  f requency  involves  a  reduct ion  in t he  number 
c f  cycles  per  pu lse  to beyond the  limit where the p r inc ip l e s  a p p l y i n g  to 
1 1  sinale-frequency c a r r i e r  hold.  Tuned c i r c u i t s  a n d  r e sonan t  a n t e n n a s  c a n  
i lo longer be used .  The r a d a r  pu l se  now c a r r i e s  a  wide spec t rum of fre-  
~ I ~ F T ~ C ~ C S  and  impulse r a d i o  echo techniques  have  to be employed.  We g i v e  
1lcl.c de l a i l s  of the des ign  a n d  performance of the irilpulse r a d a r  a p p a r a t u s  
~ ~ l ~ l c h  was the b a s i s  for the  successfu l  tempera te  g l a c i e r  ice-depth measure-. 
m p n i s  made on ~ a t n a j b ' k u l l  de sc r ibed  i n  an  accompanying p a p e r  by Bishop 
c t  a l i a .  Detai ls  of the rout ine  ope ra t ion  of the  a p p a r a t u s  a r c  g iven  i n  
Ihc  l a t t e r .  llere some of the  spec i a l i s ed  a spec t s  of t he  performance a r e  



deal t  with. 

THE RECEIVING A N D  TRANSMITTING ANTENNAS 

The bas ic  antenna design used is the same a s  t h a t  described by Ferrari 
et a l i a  ( 2 ) .  This i s  a res is t ively  loaded l i n e a r  a r r a y  with parameters cal- 
culated from pr inciples  set  down by Wu, Shen and  King (31, ( 4 )  to give 
the wide bandwidth necessary to handle  the unmodulated r a d a r  impulse. 
Essential ly a centre-fed cy l indr ica l  dipole of length 2h and  rad ius  a 
i s  considered.  The design problem i s  t h a t  of selecting sui table  values of 
h and a and  then ca lcu la t ing  the res is t ive  loading required by the theory 
of \Ju, Shen and  King to allow a t r ave l l ing  wave on the dipole without 
reflection from i t s  extremities.  The half  length h was taken such that 

h k l  
= n/2. where k ,  represents  the wave propagation number for quasi-plane 

TELl waves in the ice-air interface a t  the centre  frequency value  of the 
rads.r pulse spectrum. The design was worked out assuming the interface 
wave velocity to be v = w / l c 1  = 225 m/ps al though subsequent measurements I 
reported here suggest  tha t  208 m/ps would have been a more accurate  figure. 
An effective cy l indr ica l  r a d i u s  a g iving k a = 0.021 was assumed. In the 

1 
l ight  of the limited depth penetrat ion of the 1976 a p p a r a t u s  described in 
( 2 )  a n  antenna half-length h = 30.7m was chosen, approximately twice the 
length of the e a r l i e r  a p p a r a t u s .  With hk I = .rr /2 a cen t ra l  design frequency 

of f = v l  /Lh i s  implied, g iving f = 1.83 MHz for v I  = 225 m/p s (o r  alter- 

nat ively  1.69 hlHz if v l  = 208 m/ps i s  t a k e n ) .  The antenna theory indicates 

that  the res is t ively  loaded a r r a y  i s  broad band about the cen t ra l  frequency 
and  thus  su i t ab le  for accepting pulses with a wide frequency content spread 
about th is  cen t ra l  value .  Because the a r r a y  i s  necessar i ly  open c i r c u i t  
to d . c . ,  a n y  pulse appl ied  has  net zero average  cur ren t .  A s ingle period 
sinusoid effectively resul ts  from the voltage appl ied  in  the case  here. Such 
a pulse of length T o  can  be shown to have a maximum in i t s  Fourier spec- 

trum at  the frequency 0.837/T0. Equating th i s  to the centre  frequencies 

obtained above leads  to pulse lengths  of 0.457 p s  and 0.495 p s  respectively. 
The receiving antenna response is  a n  electr ic current  :;l~ich i s  scaled to 
the time der ivat ion of the transmitter  waveform, so tha t  there i s  a different 
Fourier centre frequency. Thus the receiving antennp. parameters should 
properly be a l i t t l e  different from those of the t ransmit t ing a r r a y  associated 
with i t .  However, here the same parameters were used for both antennas .  

The continuous res is t ive  loading set by the above parameters has  to be 
simulated by a f ini te number of steps.  Five such steps per half antenna 
were taken.  resul t ing in the total of 20 res is tors  shown deployed in Fig. 1. 
In the f irst  instance the intention was to use the well-tried ru le  of thumb 
replacing the cyl indr ica l  geometry by pa ra l l e l  conductors spaced La a p a r t ,  
set t ing the l a t e ra l  dimension grven in Fig. 1.  

However. the antenna design is  not sensit ive with respect to the breadth 
dimension a .  There i s  much convenience to be gained if a  single wire 
a r r a y  can be used,  al though the theory is  s ingu la r  for a = 0. Furthermore 
great  advan tage  is  to be had if the receiver electronics can  be housed 
within the shelter  of the vehicle towing the an tennas .  The snow-vehicle 
becon~es an e lec t r ica l  counterbalance behaving approximately l ike  a n  earthed 
plane normal to the antenna a x i s .  In the l a t t e r  idea l ,  only a half-length 
unbalanced a r r a v  is required.  The transmitter  i s  s t i l l  conveniently placed 



Fig.  1  Broad-Band Antenna 

a t  the cen t r e  of a  ba l anced  a r r a y  t r a i l i n g  yet  some d i s t a n c e  beh ind  t h e  
receiver a n t e n n a .  It  was  e s t a b l i s h e d  d u r i n g  t h e  1376 exped i t i on  t h a t  t he  
unbalanced  rece iver  system could successfu l ly  be employed.  Tes ts  were  
c a r r i e d  out d u r i n g  the p re sen t  work showing t h a t  t he  s i n g l e  wire  a n t e n n a  
could a l so  be used .  The a n t e n n a  con f igu ra t ion  a c t u a l l y  used  t h u s  cor res -  
ponded to F ig .  1  with the  l a t e r a l  dimension closed to  zero a n d  the  two 
pa ra l l e l  t r a i n s  conta ined  wi th in  a  s i n g l e ,  jointed p l a s t i c  p ipe .  An opti-  
mum sepa ra t ion  of 39.31~1 between the  t r a i l i n g  end of t he  r ece iv ing  a r r a y  
and the l ead ing  ex t remi ty  of t he  t r ansmi t t i ng  a n t e n n a  was  e s t a b l i s h e d  b y  
experiment. The unba lanced  te rmina l  of the  rece iv ing  a r r a y  was  connected 
to the d i s p l a y  e lec t ronics  i n  the  ";ieasel" snow vehic le  by means of a n  8.5m 
length of 50 R c o a x i a l  l i ne .  This  was  neces sa ry  to b y p a s s  t he  s l edge  which 
h d d  a lways  to be t r a i l e d  immediately beh ind  the Weasel.  

THE TRANSkiITTER 

The t ransmi t te r  was des igned  to produce a  t r a i n  of h igh  vo l t age  pu l se s  
across the a n t e n n a ,  each  pulse  be ing  0.5 p s  in l eng th .  I t s  c i r c u i t  i s  b a s e d  
on a  de l ay  l i ne  which i s  open c i r cu i t ed  a t  one end a n d  c a n  be connected 
c i t h e r  to a  h igh  vol tage  s u p p l y  o r  to i t s  c h a r a c t e r i s t i c  impedance a t  t he  
o thcr .  The connection i s  effected with a  t r a n s i s t o r i s e d  switch a s  shown 
in Fig. 2 .  I r l  ope ra t i on ,  the l i ne  i s  f i r s t  c h a r g e d  to  a  poten t ia l  of 400 
volts ,  then the switch i s  c losed to d i s c h a r g e  the  l i ne  i n to  the  terminat inp,  
network. A t r a v e l l i n g  wave of vo l tage  then p r o p a g a t e s  down the  l i n e ,  i s  
ref lected a t  the open end  a n d  even tua l ly  abso rbed  by the  matched termi- 
 lal ling network. A r e c t a n g u l a r  vo l tage  pulse  i s  therefore  coupled  in to  t h e  
r~ctwork which then t r a n s f e r s  i t  to the  a n t e n n a .  The impedance of t he  
clntcnna is fixed by the cons idera t ions  in the  Wu, Shen a n d  King d e s i g n  
(320 R h r r e  i r ~  f a c t )  whereas  the  impedance r equ i r ed  of the  t r a n s ~ n i s s i o n  l i ne  
1s cleterrnined by the vol tage  a n d  c u r r e n t  r a t i n g s  of the  t r a n s i s t o r i s e d  
c ~ w ~ t c h .  The matching network i s  then des igned  to couple these  two impe- 
(lances a s  eff icient ly a s  poss ib le .  
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Fig .  2 T ransmi t t e r  a r r angemen t  

THE RECEIVER 

The rece iver  e lec t ronics  h a s  two func t ions .  F i r s t l y ,  the s i g n a l  from the 
a n t e n n a  i s  f i l t e r ed  to reduce  e lec t ronic  in te r fe rence  from e x t e r n a l  sources,  
a n d  g a t e d  to remove the  p r imary  t r ansmi t t ed  pu l se .  Secondly a  t r igger  
pulse  i s  gene ra t ed  to s t a r t  t he  sweep of the  d i s p l a y  oscilloscope when the 
p r imary  pulse  from the  t r ansmi t t e r  i s  rece ived .  Thus two rece ivers  a r e  
u s e d ,  a  r e l a t i v e l y  i n sens i t i ve  one to  g e n e r a t e  t h e  osci l loscope t r i g g e r  pulse 
from the  p r imary  received pu l se ,  a n d  a ve ry  s ens i t i ve  one to amplify the 
pulses  ref lected from the  ice/rock in t e r f ace .  

2 . 5  k f2 Trigger 2 to orcillorcope 

1;2 d~ameter - P"l'e 
Genera tor  

ga te  n 1 5 ~  
6- 

I .  5ps 

3 ' 

sweep 
Generutor 

toy  mod.on 
oscilloscOP* 

Fig .  3 Receiver block d i ag ram 



A block diagram of the receiver i s  shown in Fig. 3.  The an tenna  feeds to 
a matching network which converts  the impedence to 50 9 and  removes a n y  
incoming s i ~ n a l  which might be l a r g e  enough to damage the electronics.  The 
large primary received pulse then feeds into the t r igger  uni t  which ga tes  
it out of the delicate receiver c i r cu i t ,  a n d  a lso  t r iggers  the oscilloscope trace. 
Secondary reflected s i g n a l s  a r e  ab le  to pass  through the g a t e  a n d  in to  the 
f i l ter .  The f i l ter  i s  a  s ix th  order Bessel bandpass  type,with 3dB points a t  
0.5 MHz and 4.0 MHz. I t  effectively removes medium wave broadcast  s i g n a l s  
which lie outside the band  a n d  which can be a major source of in ter ference ,  
without introducing any  "ringing" into the received pulses.  The f i l tered 
signal i s  then amplified by the amplif ier  module, based on two cascaded 
MC1590 video amplif iers.  This produces a s i g n a l  of about I  V peak ampli- 
tude, which is  fed to the Y-plates of the oscilloscope for use in the A-mode. 
Alternatively th i s  s igna l  can be fed to the Z-modulation input  for operation 
in the Z-mode. In the l a t t e r  c a s e ,  a  slow generator  i s  used to move the 
trace down the screen of the oscilloscope over a period of about thir ty 
minutes. The sweep generator i s  based upon a ZN425E counter and  a d ig i t a l -  
to-analogue conversion c i rcu i t .  

EXPERIMENT TO DETERMINE THE COUPLING CHARACTERISTICS 
BETWEEN TRANSMITTlNG A N D  RECElVlNG ANTENNAS 

In the a p p a r a t u s  used for the radio-echo sounding survey measurements 
the receiver and antenna were separa te .  The t ransmit ter ,  a t  the centre  
of ~ t s  balanced an tenna ,  was some lOOm d i s tan t  frorn the receiver ,  located 
in the snow-vehicle a t  one end of a n  unbalanced a r r a y .  The receiver and  
display electronics were t r iggered from the direct  pulse picked up from the 
transmitter. Thus i t  i s  of interest  to determine the coupling charac te r i s t i c s  
between the two systems, both amplitude and tirne-wise. Any theoretical  
treatment to predict such charac te r i s t i c s  i s  diff icult .  The f i r s t  order  r ad i -  
ation field couplin,q between in-line antennae such a s  used here i s  zero. 
Determination of the delay between the two antennae requires  knowledge 
of the character is t ics  of the quasi-TEh.1 waves which propagate  in  a p lane  
interface between two semi-infinite d ie lec t r ics .  This problem i s  not to be 
found treated theoretically in the l i t e ra tu re .  In des igning the antenna 
system before the experiment described here was under taken,  the ice-air  
interface wave velocity was guessed to be a value  intermediate between 
the ice and a i r  values .  

Before the radio-echo sounder was dismantled pr ior  to moving off the ice 
on 21st June ,  1977, an  experiment was performed in which t h e  receiving 
antenna was moved successively in-line away from the s t a t ionary  t r ans -  
mitter. Arnplitude and delay charac te r i s t i c s  were recorded with the in-line 
distance separa t ing transmitter  and receiver va ry ing  in 30m s teps  from 
60171 to 480m. 'The d a t a  recorded a r e g i v e n  in Table 1. 

The ice-air interface electromagnetic d is turbance coupling t r ans -  
mitter and receiver may be assumed to be of damped spher ica l  form: 

a ,  being the at tenuation constant  for plane waves in the ice-air in ter face .  

This is confirmed by the plot of In ( V R )  versus  R in Fig. 4 to which a 
s t ra ight  l ine of slope a l  = 0.00169 can be f i t ted.  It corresponds to a n  



TABLE 1 Antenna coupling experiment da t a  

a t t enua t ion  of l.L7dB/lOOm. Tha t  t h i s  f i g u r e  i s  cons ide rab ly  l e s s  t h a n  that  
for wave p ropaga t ion  in the  bulk  ice i s  not s u r p r i s i n g .  A proport ion of 
the  s i g n a l  ene rgy  connect ing  the r ece ive r  a n d  t r ansmi t t e r  d i r e c t l y  i s  ca r r i ed  
in  the  a i r  above  the i ce ,  v i r t u a l l y  without  loss .  
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Fig.  G S igna l  response.  Direct coupl ing  
between t r ansmi t t e r  a n d  r ece ive r .  
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The de lay  time T,  obse rved  a t  t he  r ece ive r ,  between d i r e c t l y  rece ived  s i g n a l s  
and those re f lec ted  from the  rock-ice i n t e r f a c e  may be  a n a l y s e d  by  con- 
s idering Fig.  5. 

\ \\ \ \ \\\\\\\\\\\\\\\\\\\\\\ 
Rock 

Fig .  5 Oblique ref lect ion th rough  ice from bedrock  

It i s  seer) t h a t  

where D i s  the  depth  of ice ,  R t he  d i s t a n c e  between t r ansmi t t e r  a n d  rec- 
ce iver ,  v 2  i s  t h e  veloci ty of T E M  wave p ropaga t ion  th rough  b u l k  ice a n d  

v i s  the veloci ty a t  which e lec t romagnet ic  ene rgy  p r o p a g a t e s  a long  the  1 
ice-air in te r face .  The pa rame te r s  D ,  v  a n d  v2 co r r e spond ing  to the  ex- 

periment performed may be de termined  for a  l ea s t - squa re s  f i t  of exp re s s ion  
(2) with the R a n d  T d a t a  of Table  I .  This  ca l cu l a t i on  i s  r e a d i l y  done wi th  
a  programmable pocket c a l c u l a t o r  a n d  y i e ld s  the  v a l u e s  D = 426m, vl = 208 
n ; /ps ,  v 2  = 170 m / p s .  F igu re  6 shows the  d a t a  compared with t he  theo- 
ret ical  cu rve  of equa t ion  (1 )  f i t t ed  to i t .  The d a s h e d  c u r v e s  i n  t h e  f i g u r e  
i n d ~ c a t e  the l imi t ing  r e l a t i ons  between R a n d  T assuming the  ice-a i r  i n t e r -  
face velocity f i r s t l y  to be 300 m/ps a n d  f i n a l l y  to be the  170 m / ~ s  p red i c t ed  
for  bulk ice.  

There i s  c l e a r l y  some r e s i d u a l  b i a s  involved  in a s soc i a t i ng  the  l ea s t - squa re s  
solid curve  of Fig.  6  with the  d a t a .  A simple a n d  p l a u s i b l e  e x p l a n a t i o n  
I S  tha t  the observed  va lues  of T co r r e sponds  to a n  ice-depth D which v a r i e s  
with r ange  R .  Assuming t h a t  the  de l ay  time T co r r e sponds  to  ref lect ion 
of the electromagnetic  wave ene rgy  from a point  on the  bedrock half-way 
between rece iver  a n d  t r a n s m i t t e r ,  the  ice-depth D c a n  be r e c a l c u l a t e d  from 
tht- d a t a  a s  a  funct ion of R .  This  r e s u l t s  in the  depth  prof i le  p red i c t ed  
In Fig. 7 ,  1) v a r y i n g  from 418m to 433m wi th in  a  hor izonta l  d i s t a n c e  of 150m. 

I t  may be noted t h a t  the  f i gu re  of 170 m/p s  for the bulk-ice wave veloci ty 
extracted from the d a t a  here  a g r e e s  closely with the v a l u e  169 m/ps  which 
is general ly accepted a n d  may be determined by more d i r ec t  methods. 

The bulk-ice r e l a t i ve  d ie lec t r ic  cons t an t  i s  g iven  by 
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Fig .  6 Delay T between re f lec ted  a n d  d i r ec t  pu l se s  
with t r ansmi t t e r  a t  r a n g e  R .  
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Fig.  7  Recalculated ice depth  D from d a t a ,  
u s ing  v  - 208 m/ps,  v2 = 170 m/p S .  

1  - 

where c  = 300 rn/p s  i s  the free-space TEkl wave veloci ty.  With v2=16': rn/lls 
t h i s  y i e ld s  E = 3.151. I t  i s  p l aus ib l e  to assume t h a t  the in te r fe rence  w a v e  



t ravels  a s  if a TEM wave i n  a medium h a v i n g  r e l a t i v e  d i e l ec t r i c  cons t an t  
the ar i thmetic  mean between t h i s  v a l u e  a n d  c r  = 1 for f ree  s p a c e ,  v i z .  
- 

r 
= 2.076. Such a n  assumption y i e lds  the  va lue  1 = 208.2 m/p s ,  c lose ly  

agreeing with the  exper imenta l  f i gu re  ob ta ined  he re  of v 1 = 208 m h  s .  

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

In normal opera t ion  the  equipment was ope ra t ed  in  i t s  so-called "Z"-mode, 
the camera recording  a n  in t ens i ty  modulated t r a c e  swept ac ros s  the oscillo- 
scope screen a t  a cons t an t  r a t e .  An "A"-mode record  ( x  deflect ion being 
the echo de l ay  time a n d  the y deflect ion be ing  s i g n a l  ampl i tude )  was  only  
taken a t  the beginning  a n d  end  of each  30 minute r u n ,  s e p a r a t e d  i n  d is -  
tance by seve ra l  ki lometres.  A sect ion of the  r e t u r n  t r a c k  from Grimsf ja l l  
to the ice-edge base  camp which h a d  a l r e a d y  been su rveyed  on the outward  
t r ip  was selected for the  purposes  of t a k i n g  more closely spaced  "A"-mode 
records. The t r a c k  began a t  Stake B8, cont inuing  for some 5.5 km west- 
wards,  ( s ee  Fig.  3 of the acconipanying p a p e r  by  Bishop e t  a l i a )  a n d  cor- 
responds to a region where the  depth  of ice i nc reased  from some 250m to 
grea ter  t han  600m. Recordings were t aken  eve ry  two minutes.  On t h i s  
occasion the t e r r a i n  allowed speeds  of a t  l ea s t  6 km/hour a n d  i t  was  a t -  
tempted to hold t h i s  f i gu re  throughout  the r u n .  Thus ,  in  g e n e r a l ,  the  "A"- 
mode records were taken  a t  d i s t ance  i n t e r v a l s  of about  200m. 

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

U1.s tance 
along t rack  

km 

0 
0.210 
0.406 
0.618 
1.044 
1.302 
1.440 
1.640 
1.862 
2.264 
2 .48  
3.040 
3.248 
3.460 
3.674 
3.882 
4.082 
4.226 
4.432 
4.860 
5.058 
5.264 
5.466 

Received 
echo delay 

T 

lJ S 

2.91 
2.72 
2.57 
2 . 4 8  
3 .14  
3.44 
3.44 
3.61 
3 . 8 1  
4 .62  
4 .92  
5.62 
5.62 
5.62 
5.80 
5 . 3 8  
5.20 
5.78 
5.98 
6.22 
6.44 
6.80 
7 .00  

S lan t  
range 
R = 

s 
169(T+0.48 s )  

m 

573 
54 1 
51 5 
500 
61 2 
662 
662 
69 1 
725 
862 
913 

1031 
1031 
1031 
1061 

990 
960 

1058 
1092 
1132 
1169 
1234 
1264 

Ice-dep t h  

D 

m 

282 
266 
253 
24 5 
302 
327 
327 
342 
359 
428 
4 54 
513 
51 3 
513 
528 
493 
477 
527 
544 
564 
583 
615 
630 

Echo Signal  
amp1 i tude 

peak-trough 

lJ V 

627 
804 

1117 
1090 
981 
409 
409 
381 

37.40 
74.80 

37.40 
24.90 
37.40 
49.90 
34.30 

9 .35  
9 .35  



The "A"-mode records  were a n a l y s e d  to co r re l a t e  the echo s i g n a l  amplitude 
received ( a t  cons tant  t r ansmi t t e r  power)  with the  ice-depth, a s  the equipment 
was moved over ice of s t e a d i l y  i n c r e a s i n g  th ickness .  The r e su l t s  a r e  given 
in Table  2 a n d  plot ted in F ig .  8. I t  i s  c l e a r  t ha t  a s  well a s  the instru- 
mental unce r t a in ty  in  the  s i g n a l  ampl i tude ,  t he re  i s  a  cons iderable  variat ion 
which must be a sc r ibed  to d i f ferences  in  re f lec t iv i ty  of the  rock-ice interface 
a n d  pe rhaps  to inhomogeneity of the  ice i t s e l f .  

0 I00 200 300 400 530 600 
Depth  m 

Fig.  8 Echo s i g n a l  r e t u r n  to receiver  

The depths  O were ca l cu la t ed  from the de l ay  T a s  elsewhere in t h i s  paper ,  
us ing  equatLon ( 2 ) ,  with the bulk-ice propagat ion  veloci ty taken  to be 
v - 169 m / ~ s ,  the su r f ace  wave velocity a s  v l  = 208 m/ps and  for the 2 - 

t ransmi t t ing  and rece iv ing  an tennae  s e p a r a t e d  by 100.7m. 

A damped sphe r i ca l  wave s i g n a l  ampl i tude  is expected once more. Here it 
mav be wr i t ten :  



where R S  i s  t he  t o t a l  s l a n t  r a n g e  from t r a n s m i t t e r  to r ece ive r  v i a  re f lec t ion  

a t  the bedrock-ice i n t e r f ace .  The r ece ive r  d e l a y  co r r e spond ing  to  t h e  
f igures g iven  above i s  0.48 p s  so t h a t  

Out and return slant range R, m 

.-. 
1 .  9 Leas t -squares  f i t  to the  law of a  l i n e a r l y  a t t e n u a t e d  

s?he r i ca l  wave .  

Thus a  plot of ln(19 V )  a g a i n s t  R S  should  be a  s t r n i g h t  l i ne .  F i e .  9 shows 
S 

the experirnental ?lot ob t a ined  a n d  the  l ea s t - sgua re s  l inear '  r en re s s ion  
s t r a i g h t  l ine  which was f i t t ed  by s t a n d a r d  numer ica l  methods. A slo?e 
cx = 0.004845 i s  found,  corresporldinp, .to a t t enua t ion  in t he  melt ing g l a c i e r  
ice of L.21 dB/100 m. This f igure  r a y  be compared wi-th the r e s u l t s  of 
West?hal ( s e e  ?ob in ,  Evans a n d  Bai ley ,  ( 5 )  a n d  Robin ( 6 ) ) ,  which h a v e  
been accepted h i ther to  a s  the best  a v a i l a b l e ,  \!estyhal o b t a i n s ,  r a t h e r  in-  
d i r ec t ly ,  a  f i zu re  of 4 .9  dB/100 rn foi- melt in2 z l a c i e r  ice .  We note t h a t  
the va lue  obta ined  in the  w o r ! ~  here  h a s  been ob ta ined  for n l a c i e r  ice i n  
*. :lowever a t t enua t ion  f i ~ u r e s  a r e  bound to be dependent  to  some e x t e n t  
upon the ~ e o l o e i c a l  i m ~ u r i l i e s  prese,I t .  These ir:?purities may well be s?ecial  



in  the volcanic Vatnajiikull area. 

The extrapolated values of 1nCRV) at  R = 0 for the direct and reflected sig- 
nals (Figs. 4 and 9) are reogeetively 3.521 and 1.826 (natural logarithms 
relative to 1 volt netre). If this difference i s  entirely due to imperfect 
reflection at  the bedrock-ice interface, then a voltage refleetion coefficient 
d P = -0.1836 may be inferred f ~ r  Phi& plane. Simple theory for ' plane 
electromagnetic waves (see Par instance Ferrari (73) shows that the ratio 
of relative permittivities between ice and bedrack is given by 

Subetitunng in the figures here and assuming "ce = 3.151 gives = 6.6.  
This value is, of course, an average figure far the 5.5 km of tefrain tra- 
versed in the "Aw-made run, whereas Fig. 9 shows considerable fluctuations 
in the mceived signal c~mpared wi th  the linear regression. Some of this 
variation miglht well be ascribed t0 change in c~mpoaitfun of the 'bedrock. 
A relative parrnittlvity of 6.6 might be considered rather a low eqtimrrte 
for saiid rack. However, the Vatnaf3bulli bedrock may be inferred to be 
volcanic basalt, not at all e densely compacted material, explaining this 
low value. 

THE PRANSMTTER PULSE 

Figure 10 8haws a rceord of the transmitter pulse developed in the balanced 
antenna under normal operating con&tians, when the two parallel linear 
rcslstivciy loaded elements were closed together. The characteristic is of 
nesative and positive current excursfans of some 0.56 A approximating ED 
a single sinusoid of d~r&t i@n about 0.6 1~ s. f t  is noted that the antenna 
war designed to accept such a waveform (but of duration 0.5 ps). A "ring- 
ing" af about 0.15 LI s period, out to at  t a s t  2.5 g s  is clearly discernable 
whilst it is observed that the time for radiation t~ travel the 30.7 m an- 
tenna half-lmgth at 208 m/ps is 0.148 1~s. 

PQ. 10 Transmitter current pulse. Vertical scale Q.2A per division. 
Horizontal scale (a) Y p a per BtvisWn 

(b) 0.2 ps per dhfSei6n 

C m A R t m  CIF" Tm SINGLE LllBAR A I D  WIDE SFACED ARRAY3 

tt.+a II #La* @I tmtlloWop nrord af th. pin aMaimd la the brlm. ( l  



iransmitter antenna when the parallel spacing af the two l inear  elements 
was restored tz, the l.6m specified in Fig. 1. This racclsd may be compared 
with that of the single linear ar ray  Fig* 10. The negative peak current 
appears to be somewhat greater than for the ringla array (0.81 A compared 
with 0.56 A )  whilst the 0.15 p'e ringing apparent in FEg. 10 i s  absent. 
Otherwise the single wire ar ray  appears to function satisfactorily and the 
observations recorded here justify the decision taken to exploit the logistic 
convenience of dispensing with the dual linear arrangement. A "fine" struc- 
ture with periodicity about 42 ns i s  evident in both cases. This i s  probably 
associated with the fact that the measurements were made using equipment 
housed in the Weasel snow-vehicle which was drawn up alongside the antenna 
at its centre. This represented a substantial source of reflection only a 
few metres from the radiating array.  

Fig. 11 Transmitter current pulse with wide-spaced (1.6m 1 parallel 
linear antenna elements. Scales a s  in Fig. 10. 

THE ECHO WAVEFORM 

Figures 12(a) and (b) show a typical received echo pulse, on the normal 
"Au-mode and expanded time scales respectively. Examination of the pulse 
in detail reveals that the two peak negative excursions sire soma 0.6 r 6 
apart,  This would correspond to maximum negative rates of change sf tranrs- 
mitter current occurring a t  the transmitter time gero and 0.6 us after  this. 
Examination of Fig. 10 (b) confirms this. Figure 13 showe the received sip- 
nal obtained when the interference suppressor, a 0.5 MHz to 4 MHz Besrel 
fil ter,  was taken out of eifcuit. I t  illustrates the improvement to signal- 
to-noise ratio that Ls obtained by limiting the band of frequencies accepted 
to that most s ignifksnt  to the pulse employed, 

THE SYSTEM OVERALL P f RFORMANCE 

An eatimlrtr of the minimum &I nal dattcctable in the apparatus used can 
be had from the data of Tarble 4 . I t  came+pcrndm to a signal exsursiorr of 
soma 4.67 V V  aoing Both positive atid ~tgarive, Assume that  a trarlsmitter 
current af I t  is developad in an antenna eb ralistivc impedance R t  and 
Bat r peak ~ l t a g e  V,ir dcvelapad from a matehad receiving a r ray  of im- 



Fig. 12 Typical A-mode echo waveform. 
Horizontal scale ( a )  1 U S  per division. 
Vertical scales ( a )  1 V per division 

(b) 0.2 V per division 

F@. 13 The signal of Fig. 12 without i n t e r f e r e ~ ~ ~ e  sugpre~elon, 

pd.lu l*. Then I# we define a perflmmance figure P as the ratio ol thr 

~h w R W . ~ Y ~ ~  1 ens V, .(I(L (t P ~ H Y  to ~ W W  gt 
tn order to ddctsminc P. The WanmJPter bdmcad antenna impedance wtkr 
daslgned €Q be 321 Q ,  but it war nsl; porriblc %Q mesruet thfr under crpara- 
-1 conbitiona w i ~ h  arr4y fytw en m. The receiver array wss 
a half-length version d the uwmm~ttin~ antnrts. Rc3Eacted into 4 W-1 
youd plane it r d d  have hall the Iftcrrta impedeme, *MI.% the !fe&w~ 
snow-vctttcb r ded an apgnrissagPQfi ts the T nd plan&. The me&-- 
mwSmna fiBYPC l l ~ a  wae meamred in the field. ha asrtlts r a w  & - 
m l l c a t d  ettwttojl which wah h~wauar, not incolrtirtrent with a s  &a&g?i-t#&&%=- 



of 160 a .  From equat ion  (61 we have  the performance f igu re  i n  dec ibe l s  
to be 

Subs t i tu t ing  in the measured v a l u e s  for  I a n d  V r  a n d  t a k i n g  R t  = 321 a t  
gives 149 dB for  the  ove ra l l  system performance.  
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Results of impulse radar ice-depth sounding 
on the Vatnajokull ice-cap, Iceland 
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ABSTRACT 

Impulse r a d a r  ice-depth soundings taken on the 1977 Cambridge University 
expedit ion to the Vatnajakull  ice-cap, Ice land a r e  described.  The detailed 
resu l t s  a r e  presented for th i s  f irst-ever major survey of a temperate glacier  
by radio-echo depth sounding.  The d a t a  prese,nted represent  t raverses  ap- 
proximately east-west and  then north-south to ta l l ing some 295 km. 

INTRODUCTION 

The Vatnajokull ice-cap is  the l a rges t  of the European g lac ie r s ,  covering 
a n  a r e a  of some 8L00 km2 in south-east Ice land.  There i s  much interest  in 
obta ining deta i led  thickness measurements for t h i s  ice mass. It l ies over 
a region of intense volcanic and  geothermal ac t iv i ty  whilst i t s  melt water 
suppl ies  . a  subs tan t i a l  proportion of Icelandic hydro-electric power. Until 
recently only the very limited seismic ice-thickness d a t a  of Holtzscherer (1)  
and  borehole resul ts  of Arnason et  a1 ( 2 )  have been ava i l ab le .  Radio echo - -  
sounding techniques have been used for some time to determine the thickness 
of polar  ice covering Antarctica and  Greenland. The e a r l y  work i s  described 
by Robin -- et  - a1 ( 3 )  whilst Robin ( 4 )  reviews the more recent s ta te  of the 
a r t .  However. Vatnajiikull i s  a temperate g lac ie r .  The near-melting point 
temperature and  subs tan t i a l  water content of such ice was observed by Ewen 
Smith and  Evans (5) a n d  Davis ( 6 )  to degrade i t s  e lec t r ica l  properties to 
such a n  extent  tha t  equipment which works well sounding through several  
thousand metres of polar  ice might not penetrate even a few hundred metres 
of a temperate g lac ie r .  Watts - -  et  a1 ( 7 )  reported the f i r s t  successful radio 
echo sounding through temperate ice,  on South Cascade Glacier ,  Washington. 
This was accomplished by using a centre frequency of 5 MHz, near ly  an 
order  of magnitude lower than had  been used up to tha t  time in  radio-echo 
sounding work. Watts and  England (8) published a paper  throwing further 
l ight  on the problem of radio-echo sounding through temperate ice. Follow- 
ing these repor ts ,  a n  equipment was designed and bui l t  in the Cambridge 
University Engineering Department a n d ,  with the co-operation of the Univer- 
s i ty  of Reykjavik and  the Iceland Glaciological Society, tested on ~ a t n a j z k u l l  
dur ing  ]une/July .  1976. This work, in which a maximum penetration through 
LOOm of temperate ice was a t t a ined  with only a limited fac i l i ty  for making 
continuous recording,  i s  described by Fer ra r i  --  et  a1 ( 9 )  and  ~ j i j rnsson  et a1 



(10). As a result of the 1976 tests i t  was possible to design and  build 
an improved radio-echo sounder in  Cambridge during the year  1976/77. 
The apparatus was taken to Iceland in May 1977 and  successfully put into 
operation during survey traverses of the Vatnajokull ice-cap totall ing 295km 
carried out between 31st May and 22nd June 1977. The greatest  ice depth 
recorded was 930 m ,  although i t  i s  likely tha t  greater  thicknesses occur on 
the route followed and elsewhere on Vatnajakull. This survey expedition 
has been described briefly by Bishop - -  et a1 (11) and  i s  the subject of the 
more detailed report here. 

The members of the expedition, with their Cambridge affil iation, were: 

K.  J .  Miller of Cambridge University Engineering Department, 
(C.U. E.D. and Trinity College. Leader. 

J .  F. Bishop of British Antarctic Survey and St. John 's  College. 

S. Chandler of C.U.E.D. 

A. D . G. Cumming of C. U . E . D. and Emmanuel College. 

R.L.  Ferrari  of C.U.E.D. and Trinity College. 

C.M. Jonscher of Trinity College; and finally 

G. Owen of C.U.E.D. and Trinity College, who 'worked with the 
team beforehand, designing the electronic equipment. 

FIX MT 

-. 
Fig. 1 Part  of the Record of 17 June 1977, including Traverse Fixes 29 & 

30. A-Mode Recording8 taken a t  intermediate hal ts  are included. 



The Vatnajzkull  ice-cap i s  shown in re la t ion to the res t  of Iceland in Fig 1 
of a companion paper  (12) along with ( t h e i r  Fig.  2 )  a more detai led outline 
showing the expedi t ion 's  t r ack  a n d  some of the sa l ient  topographical  features 
of the g lac ie r .  The approach to Vatnaj8kull  on th i s  occasion was from 
the west, using the rough-road route leading to the Jiikulheimer glaciological 
hut  some 3 km from the ice-edge. From here the g lac ie r  melt-stream is 
negot,iable whilst the shallow, r e la t ive ly  l igh t ly  crevassed slopes of Tung- 
naa r joku l l  allow convenient access onto the ice. The expedition moved over 
the ice-cap by means of a t racked snow-vehicle ( t h e  "Weasel") t r a i l ing  a 
sledge loaded with two tons of stores and  accompanied by a l ighter  "snow- 
mobile". The f i r s t  portions of the t r ack  shown in  Fig. 2 of reference (12) 
represent  the exped i t ion ' s  approach over the well-tried route (of the lceland 
Glaciological Society) to the Grimsfjall hut  overlooking the Grimsvotn caldera. 

Fig.  2 Plot of Traverse  Fixes ( l i s t ed  in Table 1 of Reference 9 )  

Camp 1 shows the point where progress was in i t i a l ly  held up through the 
Weasel and sledge becoming bogged down in s lush ,  whilst Camp 2 on higher 
ground i s  the point where the radio-echo sounding g e a r  was f i rs t  tested. 
In order to be able to check the a p p a r a t u s  over a known depth of i ce  a 
detour to camp 3 was made, a position where depth soundings had been 
made by the previous y e a r ' s  expedit ion.  After Camp 3 ,  continuous depth 
s o u n d ~ n g s  were attempted whenever the expedition was in t r a n s i t .  From 
Grirnsfjall (Camp 5 )  the expedition proceeded north-east to Kverkfjijll on 
the northern edge of the ice-cap, a geothermal a r e a  a n d  where a hut (Camp 
61 had  recently been erected.  The pa r ty  re t raced i t s  t rack from Kverkfj@ll 
in poor v is ib i l i ty  unti l  a sui table  point (Camp 7 )  had  been reached from 
where to s t r ike  out to the south-east. There, whilst wait ing for clearer 
weather.  the opportunity was taken to make test measurements on the antenna 
using laboratory  equipment specia l ly  brought along for th is  purpose. 
17th June.  in ideal  weather,  the expedition t raversed three successive long, 
s t r a igh t  t r acks ,  the f i rs t  towards Esjuf ja l l ,  taking the pa r ty  to i ts  most 



southerly point  on the  g l a c i e r ,  then  the  north-west a g a i n  u n t i l  r ough ly  
the c e n t r a l  l a t i t u d e  of t he  ice-cap h a d  been r eached  a n d  f i n a l l y  west to 
approach Bre idabunga ,  t he  p r i n c i p a l  ice-dome i n  t h e  e a s t e r n  ha l f  of Vatna- 
jokull.  The g r e a t e s t  ice-depth measurement made d u r i n g  t h e  exped i t i on ,  
930 m, was recorded  d u r i n g  the  f i r s t  l eg  of t h i s  t r a v e r s e  between Camps 
7 and  8. The next  d a y ,  a l s o  i n  exce l len t  wea the r ,  t he  a scen t  of Bre idabunga  
was completed a n d  a route  head ing  b a c k  towards  Grimsvotn t a k e n .  After 
the d i f f icu l t  a scen t  back  to t he  Gr imsf ja l l  h u t ,  t h e  e x p e d i t i o n ' s  o u t w a r d  
t r acks ,  s t i l l  mostly v i s i b l e ,  were followed to  t a k e  t he  p a r t y  back  to  g l a c i e r -  
edge Base Camp. A f i n a l  h a l t  on t h e  g l a c i e r  a t  Camp 11 was  made. I t  
was here t h a t  the  su rvey  measurements  f i n i s h e d ,  t he  unwieldy echo-sounding 
an tenna  be ing  d i sman t l ed  i n  o r d e r  to al low s a f e r  manoeuvr ing  ove r  t he  by  
now ( i n  t he  l a t e  s e a s o n )  ex t ens ive ly  c r e v a s s e d  lower s lopes  of t he  g l a c i e r .  
However, before pack ing  u p  the  a n t e n n a  a r r a y s  ano the r  sess ion  was  occupied  
making more fundamen ta l  measurements  on the  e l e c t r i c a l  a p p a r a t u s .  

Throughout the  e x p e d i t i o n ' s  t r a v e r s e ,  n a v i g a t i o n  was  c a r r i e d  out  u s i n g  
the 1:250,000 s u r v e y  maps of t h e  Geodetic I n s t i t u t e ,  Copenhagen ( p u b l i s h e d  
by Landmael ingar  I s l a n d s ,  1972 r e v i s i o n )  shee t s  5 ,  6 ,  8 a n d  9 which toge the r  
cover the  whole of Vatnaj 'dkull.  Addi t iona l ly  t he  t opograph ica l  information 
provided by the  ERTS-1 s a t e l l i t e  record  of t he  Vatnaj i ikul l  a r e a  on 31st 
J a n u a r y  1973 was  t aken  in to  account  i n  p l a n n i n g  a n d  execu t ing  t h e  expedi -  
t i o n ' s  route ,  ( s e e  F ig .  5  of re ference  ( 1 2 ) ) .  In  c l e a r  wea the r  i t  was  
a lways  possible  to d i s ce rn  g e o g r a p h i c a l  f e a t u r e s  e x t e r n a l  to  t h e  g l a c i e r ,  
so t ha t  posi t ions could be f ixed  with respec t  to  the  1:250,000 map a n d  ERTS-1 
sa t e l l i t e  record by means of theodoli te  a n d  compass o b s e r v a t i o n s .  A con- 
t inuous record of barometer  r e a d i n g s  was  kept  to  p rov ide  he igh t  in format ion .  
At selected poin ts  a long  the  rou t e ,  a c c u r a t e  geodet ic  f i xe s  of he igh t  a n d  
position were made us ing  a  JhlR-1 s a t e l l i t e  s u r v e y  a p p a r a t u s q ,  a l t h o u g h  
the r e su l t s  of such  obse rva t ions  became a v a i l a b l e  on ly  from computer  a n a -  
lyses c a r r i e d  out a f t e r  the  expedi t ion  h a d  r e t u r n e d  home to  t he  U . K .  The 
gene ra l  rout ine  for s e t t i ng  the  e x p e d i t i o n ' s  t r a c k  was  for  two members to  
go a h e a d  with theodoli te ,  ] M R  a n d  compass ,  u s i n g  a  snowmobile, mark ing  
out a  s a f e  a n d  s u i t a b l e  t r a c k  for  the  Weasel a n d  s l edge .  The e lec t ronic  
receiving equipment  was  mounted in  t he  Weasel a n d  req;ired t h r e e  persons  
for opera t ion .  The radio-echo sounding  r e s u l t s  were co r r e l a t ed  with posi t ion 
and  he ight  on the  g l a c i e r  by  means of odometer a n d  barometer  r e a d i n g s  
taken  every  two minutes ,  the  Weasel, s l edge  a n d  a n t e n n a  t r a i n  proceeding  
on a cons tan t  b e a r i n g  a t  t y p i c a l l y  7 km/hr .  Such r e a d i n g s  were t i ed  i n to  
the bas i c  g r i d  of po in ts  loca ted  by theodoli te  a n d  Ji\rlR measurements .  Exten- 
s ive d e t a i l s  of t he  s u r v e y s  a n d  subsequent  a n a l y s i s  a r e  g i v e n  i n  t he  com- 
panion p a p e r ,  reference (121, presented  a t  t h i s  conference.  Some more de- 
t a i l s  of the n a t u r e  of the  project  a r e  a l s o  repor ted  by Miller (13 ) .  

THE SURVEY RESULTS 

The impulse r a d a r  ice-depth sounding  techniques  used  in  the  work desc r ibed  
here consis ted e s sen t i a l l y  of measur ing  the  time e l a p s e d  between i n i t i a t i o n  
of a  t ransmi t ted  e l ec t r i ca l  impulse a n d  i t s  recept ion a f t e r  ref lect ion a t  t he  
rock-ice in te r face  immediately below, assuming a n  e lec t romagnet ic  wave 
velocity of 169 m/vs  in ice.  Sepa ra t e  t r ansmi t t i ng  a n d  r ece iv ing  a n t e n n a s  
were employed. These were neces sa r i l y  long a n d  unwie ldy ,  h a v i n g  a t o t a l  
length of some 140 m t r a i l i n g  behind  the  Weasel snow-vehicle. The rece ived  
s i g n a l  vo l tage  waveform corresponded roughly  t o  14 cyc l e s  of a  s ine  func t ion  
ex tending  over some 1.2 u s .  Two possible  modes were a v a i l a b l e  for d i s -  

*Kindly loaned by Decca Survey Limited, Kingston Road, Lea the rhead ,  Surrey 



play ing  the rock-bed echo; see Fig. 1 of th i s  paper .  The A-mode record 
shows the s igna l  amplitude ( y )  a t  a  g iven location versus  time ( X I .  The 
Z-mode record shows the same s i g n a l ,  recorded along the oscilloscope X- 

direct ion,  a s  a n  in tens i ty  ( 2 )  modulation, the y oscilloscope position being 
swept a t  a  constant  time r a t e  a s  the r a d a r  equipment was hauled over the 
ice a t  constant  speed.  This g ives  a record corresponding to the rock-bed 
profi le r e l a t ive  to the surface  of the ice. Fig.  1 shows a typical  set of 
records obta ined by means of a polaroid film camera.  The bright-dark- 
br ight  bands  corresponding to the received s igna l  can  be seen. The true 
ice depth corresponds to the l ead ing  edge of these bands  re la t ive  to the 
leading edge of the t ransmit ter  pulse which in i t i a t ed  the oscilloscope t race .  
(The l a r g e  instrumental  "ringing" s i g n a l  nea r  the t r ace  x-origin must be 
ignored . )  It was possible to determine the time e lapse  between these two 
ins tan t s  to a n  accura ry  of about +0.05 P s corresponding to a n  ice-depth 
precision of some +7 m .  Details 07 the electronics used a r e  given in  an  - 
accompanying p a p e r ;  see reference (14).  

The collection of d a t a  amassed on polaroid photographs a n d  in log books 
was ana lysed  a s  described in references (12) and  (15) a n d  the results  a re  
presented here. The o r ig ina l  somewhat a r b i t r a r y  identif ication symbols 
for the route markers have been re ta ined.  Table 1 of reference (12) l i s ts  
the Lambert co-ordinates (16) a n d  heights es tabl ished for these t raverse  
f ixes or "stakes". The marker positions a r e  plotted on the Lambert gr id  
of Fig.  2 of th i s  p a p e r ,  which a lso  shows the g lac ie r  outl ine.  Profiles 
represent ing the ice-surface and  bed-rock elevations along the t r ack  joining 
the plotted points of Fig. 2 a r e  shown in  Figs 3-7. 

DISCUSSION OF RESULTS 

Figure 3 represents  the f i r s t  successful radio-echo sounding t raverse  after  
the equipment had been set up a t  Camp 3 ,  a point near  the 1976 expedi t ion 's  
s t a t i c  camp. Approaching Camp 4 ,  the bedrock profile shows ridges and 
a t rough which a r e  considered to be the subg lac ia l  continuation of the north- 
eas t  or ienta ted  surface  fea tures  to be seen a t  F 2n of sheet 6 of the 1: 
250,000 survey maps. Figure 4 shows more of this  fea ture  on leaving Camp 
4,  then the s teady climb both of the surface  ice and  bedrock a s  Stake B8  
a n d  the Grimsfjall peak were approached.  

Figure 5 shows the t rack from Grimsfjall to Kverkfjijll. The intermittent 
record up to some 12 km from the s t a r t  i s  a  result  of technical  difficulties 
with the a p p a r a t u s .  The s h a r p  "precipice" of some 340 m a t  10 km was 
a very definite fea ture  which can  b e  associated with a continuation of the 
volcanic ca lde ra  edge consti tut ing the three Sviahnukar  (Grimsfjal l)  peaks.  
However the g a p  left in the record between 15 and 21 km represents a situ- 
at ion where with the a p p a r a t u s  working well ,  the echo re turns  nevertheless 
became exceedingly confused. 'The 6 km-wide region corresponding to this  
confused pa t t e rn  i s .  in f ac t ,  to the lee ( for  southwesterly winds)  of the 
ac t ive  volcano under the ice a t  Grimsvotn. Until 1936 i t  had erupted regu- 
l a r l y  every 10 y e a r s ,  so tha t  l a rge  amounts of volcanic ash  might be ex- 
pected to l ie  in the ice. Thus the confused pat tern  of echo re turns  is  ten- 
ta t ively  ascr ibed to the presence of ash-laden ice. The g a p s  in the record 
of Fig. 6 from Camp 7 to Stake 27 a lso  represent  similar  cases  of confused 
echoes in regions where the ice-depth was probably no deeper than a t  other 
places where perfectly good re tu rns  were obta ined.  Again, the region is  
to the lee of the volcano. The greates t  ice-depth recorded of some 930 rn 
was obtained on th is  leg. between Stakes 24 and 25. Figure 7 includes 
soundings made a t  the summit of the ice-dome Breidabunga,  where 150 m 
of ice cover was found. 
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establ ishments  provided  f ac i l i t i e s  a n d  personnel  con t r ibu t ing  s u b s t a n t i a l l y  
to the success of the expedi t ion .  The au tho r s  ex tend t h e i r  t h a n k s  to t he  
many other  o rgan i sa t ions ,  too numerous to name he re ,  which he lped  the  
expedition in  one way o r  ano the r .  
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The mechanics of fracture applied to ice 
K. J. Miller 
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ABSTRACT 

In order  to a s se s s  the  s a f e ty  a n d  i n t e g r i t y  of eng inee r ing  p l a n t ,  t he  d e s i g n  
engineer  h a s  to assume t h a t  defec.ts e x i s t  i n  t h e  ma te r i a l s  used  and /o r  a r e  
c rea ted  du r ing  cons t ruc t ion  a n d  ope ra t ion .  Assessment of s t r u c t u r a l  r e l i a -  
b i l i ty  from fa t i gue  f a i l u r e  i s  bu t  one a spec t  of t he  requi rement  to  under -  
s t and  the behaviour  of c r acked  bodies .  

This pape r  reviews c u r r e n t  pa rame te r s  used  by eng inee r s  to p red i c t  f a i l u r e  
conditions of eng inee r ing  cons t ruc t ions .  The i r  r e l evance  to t h e  f r a c t u r e  
of ice i s  then out l ined  from both a  t heo re t i ca l  a n d  a n  expe r imen ta l  view- 
point.  Some recent  r e su l t s  on the  f r a c t u r e  of l abo ra to ry -p repa red  bubble-  
free ice a r e  presented .  

INTRODUCTION 

The des ign  of s a f e  s t r u c t u r e s  in the  a e r o n a u t i c a l ,  chemica l ,  a n d  n u c l e a r  
engineering indus t r i e s  today r e q u i r e s  a  t heo re t i ca l  a n d  expe r imen ta l  know- 
ledge of the mechanics of f r a c t u r e .  Ca lcu l a t i ons  c a n  be made,  for  example ,  
for al lowable s t r e s s  l imits  of de t ec t ab l e  defects  o r  f a t i g u e  l i fet ime predic-  
lions for growing but  sometimes unobse rvab le  defec ts .  Indeed  all s t r u c t u r e s  
are  today assessed  on the  b a s i s  t h a t  t hey  inhe ren t ly  con ta in  defec ts .  Such 
defects may only be p a r t s  of a  millimetre i n  l eng th  p r i o r  to  f r a c t u r e .  Some 
of n a t u r e ' s  l a r g e s t  defects  occur  i n  ice c r e v a s s e s .  This  p a p e r  focuses 
at tent ion to the app l i ca t i on  of eng inee r ing  mechanics  to t he  s t u d y  of f rac-  
ture of ice a n d  was s t imula ted  from the  a u t h o r ' s  un in t en t iona l  conf ined  
s t u d y  of numerous c r evas ses  a n d  a n  u rgen t  des i r e  to h a v e  information con- 
cern ing  the i r  depth a n d  d i s t r i bu t ion .  (1 )  

FRACTURE h1ECHAN 1CS 

1 .  Linear  Elast ic  F rac tu re  Mechanics ( L E F M )  

I f  mater ia l s  behave in a  pu re ly  e l a s t i c  manner  Griff i th  ( 2 )  showed t h a t  
uns tab le  c rack  propagat ion  t akes  p lace  when a n  increment  of c r a c k  growth  



occurs which resul ts  in more stored energy being released than is  absorbed 
by the creation of the new c rack  su r faces .  I?owever, in  r ea l  materials  con- 
s ide rab le  p las t i c  and/or time-dependent deformation can  t ake  place which 
presents  g rea t  diff icult ies in eva lua t ine  the energy release term. Neverthe- 
l e s s ,  Gr i f f i ths ' s  equation 

u 
c r i t  

l a i d  the bas i s  of f r ac tu re  mechanics. 

Here a i s  the c r i t i ca l  s t r e s s  for unstable  f r a c t u r e ,  E i s  Young's modulus 
c r i t  

of e l a s t i c i ty ,  y i s  su r face  energy a n d  a i s  c rack  length.  Griffith showed 

tha t  the product of u and  & was constant  for a s iven  material ,  and 
c r i t  

so i t  i s  possible to ana lyse  l a rge  scale s t ructures  by performling tests on 
smaller  models in a laboratory .  He a lso  showed tha t  s t resses  0 see Fig 1, 

X '  

had  no effect on a . Note tha t  cen t ra l  cracks  in wide plates have 
c r i t  ' 

a length 2a to correspond with edge c racks  of length a in  equivalent  half 
p la tes .  Irwin ( 3 )  a n d  Orowan 4 suggested t h a t  ( i )  y should replace y 

D 
in equation (1)  since Y the energy absorbed by p las t i c  deformation, can 

P ' 

F i .  1 Configuration used for Elastic--Plastic Analyses 
of Crac!c Growth in  Biaxially Stressed Plates.  

be three orders  of magnitude e r e a t e r  than  y and ( i i )  provided the plastic 
zone is  small in cornparison to the crack length and body dimensions the  
energy released could s t i l l  be ca lcula ted  from elas t ic  analyses  with sufficient 



accuracy. Irwin and  Kies ( 5 )  then proposed tha t  i f  the f rac tu re  process 
was similar  for different specimens and loading condit ions,  f r ac tu re  occurred 
when the s t r a i n  energy re lease  ra te  a t t a ined  a c r i t i c a l  value ,  G c '  

a  meter ia l  
property ; here 

where U i s  the s t r a i n  energy in  a n  e las t i c  body, F = force a n d  C = comp- 
liance. Whilst th is  approach h a s  much a p p e a l ,  the evaluat ion of C i s  fre- 
a-uently difficult in complex shaped c r a c k e d  components with complex stress-  
s t ra in  d is t r ibut ions .  An a l t e rna t ive  approach developed by Irwin ( 6 )  was 
to consider the s p a t i a l  s t r e s s  d is t r ibut ion a t  the t i p  of a c rack .  Solutions 
show that  

K o = -  . f ( 8 )  +.... ser ies  
4% 

where r  and 9 a r e  polar  co-ordinates with the or ig in  a t  the c rack  t i p .  
Thus the s t ress  in tens i ty  factor K helps describe the mechanical environment 
of the crack t ip  and i s  equivalent  to G, i . e .  

2 GE = I< for p lane  s t r e ss  condi'tions 

2 2 
G E  = X (1-v for p lane  s t r a i n  conditions 

where v i s  Poisson's ratio. There a r e  three modes of extending a c rack  ( 7 )  
see Fig. 2 ,  but here we s h a l l  confine ourselves to the tensile opening mode, 
designated I ,  and the c r i t i ca l  value of the Mode I s t r e s s  in tens i ty  factor 
Klc . The value of I< i s  dependent on loading conditions and  specimen shape 

Fig. 2.  The Three Modes of Crack Growth. 

and these effects a r e  embodied in -the Y term of the X ca l ib ra t ion ,  i . e .  

For the specimen sho;,~n in Fig. 3a 
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ALL DIMENSIONS IN MILLIMETRES 

Fig.  3 Typ ica l  F r a c t u r e  Toughness Specimens. 
( a )  Compact Tension Specimen a n d  
( b  Wedge Opening Specimen f o r  Crack  Arrest  Studies  

The ;Y c a l i b r a t i o n  for  the  specimen i l l u s t r a t e d  i n  F ig .  3b  i s  g iven  in  Ref . (8) .  
In  equa t ion  ( 6 ) .  P = a p p l i e d  force a n d  B = specimen th i ckness .  Unlike G 
t he  pa rame te r  K i s  r e l a t i v e l y  e a s y  to determine a n d  now may be obtained 
from reference  books,  e . g .  ( 9 ) .  

2. Elas t ic -Plas t ic  F r a c t u r e  Mechanics ( EPFbi )  

The d i f f e r ence  between LEFM a n d  e l a s t i c -p l a s t i c  f r a c t u r e  mechanics i s  diffi- 
cu l t  to de f ine  because  even  b r i t t l e - l i ke  m a t e r i a l s ,  such  a s  g l a s s ,  exhib i t  
some deg ree  of permanent  deformation a t  t he  c r a c k  t i p  p r io r  to f r ac tu re .  
Indeed  it was  Liu (10) who pointed out  t h a t  i t  i s  not the  e l a s t i c  s t r e s s  and 
s t r a i n s  ou t s ide  the  p l a s t i c  zone which c a u s e  f r a c t u r e ,  bu t  r a t h e r ,  the  rnech- 
a n i c a l  s t a t e  wi th in  the  p l a s t i c  zone. Therefore ,  a s  in  LEFM, a n  EPFM s ingle  
oararl:eter c h a r a c t e r i s a t i o n  of f r a c t u r e  was  next  atteriipted. This  was required 
because  LEFM was too conse rva t ive  s ince  i t  could not quan t i fy  the energy  
a b s o r b e d  a t  crac!c t i p s  t h a t  r equ i r ed  a n  inc rease  i n  s t r e s s  before c r i t i c a l i t y  
occu r r ed .  The f i r s t  a t tempt  by D u ~ d a l e  (11) a n d  Barenbla t t  (12)  considered 
a  small  p l a s t i c  s t r i p  zone developing  a h e a d  of the  c r a c k  t i p  t h u s  allowing 
the  crac!< t i p  to b lun t  by a n  ex ten t  l a t e r  termed the  c r a c k  t i?  opening dis- 
placement  CTOD ( o r  6 ) by Wells (13)  who proposed t h a t  f r a c t u r e  occurred 
a t  a  c r i t i c a l  v a l u e ,  6 c .  Burdekin a n d  Stone (1.4) then  e v a l u a t e d  CTOD a s  

a n d  so a f t e r  e x p a n d i n g  the  log sec term, i t  was found tha t  



It follows t h a t  G = a60 , with a = 1 to 2. 
Y 

B!hilst the CTOD approach  i s  a v a l u a b l e  a t tempt  to  r e a l i s t i c a l l y  q u a n t i f y  
events  a t  the  c r a c k  t i p  i t  i s  d i f f icu l t  to  a p p l y  i n  des ign  s i t u a t i o n s  for  duc- 
t i le  ma te r i a l s .  This  is why t h e  X a p p r o a c h  i s  s t i l l  often p r e f e r r e d .  Never- 
theless ,  the ;( approach  r e q u i r e s  modif icat ion to  permit  non- l inear  deformation 
a t  the c r a c k  t i p .  Thus the  J contour  i n t e g r a l  was  used by  Rice (15)  where  

J=iiwdy-Ti2] ds (9  

Here] i s  a  contour from the  lower c r a c k  f ace  an t ic lockwise  a r o u n d  t h e  c r a c k  
t ip  to the uppe r  f ace ,  whi l s t  s  i s  t he  p a t h  a l o n e  the  contour a n d  w is the  

s t r a i n  ene rzy  dens i ty  of t he  form L e u i j d ~  i j  F i n a l l y  T. I d u i  a r e  wor!c 

terms when components of su r f ace  t r a c t i o n s  Ti (on  the  contour  p a t h )  move 

throuch  displacements  d u i .  The benef i t s  of t he  J a p p r o a c h  a r e  ( i )  the  r e s u l t  

is  independent  of the  p a t h  when the  c r a c k  f aces  a r e  s t r e s s  f ree  a n d  so  the  
path c a n  be chosen to be remote from the  c r a c k  t i p ,  ( i i )  non- l inear  behaviour  
of c r ack  t i p  ma te r i a l  c a n  be accounted for a l b e i t  t h a t  t he  s t r e s s  a n d  s t r a i n  
funct ions de r ived  by Hutchinson (16) a n d  Rice a n d  Rosengren (17) a r e  not 
based on incrementa l  p l a s t i c i t y  cons ide ra t i ons .  I t  should  be noted t h a t  t he  
contour i n t e g r a l  h a d  previous ly  been developed s e p a r a t e l y  by Eshelby  (18 
a n d  Cherepanov (19) .  The app roach  is conceptua l ly  the  same a s  t h a t  of 

C1 

Griffith a n d  equiva lence  i s  ma in t a ined  by G ,  J ,  a n d  K ~ / B .  

A fur ther  deve lopn~ent  was  to cons ider  t he  growth of cracl:s due  to c r eep .  
Some r e sea rche r s  adopted  a I( a p p r o a c h  wh i l s t  o the r s  c la imed be t t e r  cor- 
relat ion with the  net t  sect ion s t r e s s  ac ros s  the  l igament  o r  t h e  use of a  
reference s t r e s s .  Unde r s t andab ly  the  f i r s t  a p p r o a c h  i s  s u i t a b l e  for  b r i t t l e  
mater ia l s  whils t  the  second app roach  f avour s  duc t i l e  m a t e r i a l s .  Recently 
some experiments  (20,  21, 22) have  a t tempted  to  in t roduce  non- l inear  be- 
haviour ,  c h a r a c t e r i s e d  by ] ,  to account  for c r eep  c r a c k  growth.  The c r eep  
rouiva len t  of 1 h a s  been c a l l e d  C * .  

T h u s  if J e q u a l s  - - - d U  where B i s  the  p l a t e  t h i ckness  ( c r a c k  w i d t h )  a n d  B d a  
LI i s  po ten t ia l  e n e r g y ,  then 

T h l s  approach  i s  now be ing  ac t ive ly  p u r s u e d  but  wi l l  p r o b a b l y  su f f e r  t he  
s a n e  l imi ta t ions  a s  the  ]  app roach  a n d ,  l i k e  L E F M ,  w i l l  be  geometry depen- 
dent .  It  should be noted t h a t  none of the  pa rame te r s  yet  mentioned c o n s i d e r  
~ r o w t h ,  only i n i t i a t i on  a n d  none t ake  t r u e  p l a s t i c i t y  i n to  cons ide ra t i on .  ~7 

3 .  A Crack Growth Parameter  

All the previous parameters  do not cons ider  r e a l  ma te r i a l  even t s  a t  t he  in- 
s t an t  of c r ack  growt:i and  what  occurs  immediately a f t e r  the  s t a r t  of growth. 
With reference t o  F iz .  4 ,  if the c r a c k  growth s t ep  Aa i s  much a r e a t e r  t h a n  
the p las t ic  zone s ize ,  r  which i s  a n  a l t e r n a t i v e  way of s a y i n g  the  l a t t e r  

P '  
term i s  exceedingly smai l ,  then the  growth s t e p  i s  a d e q u a t e l y  c h a r a c t e r i s e d  
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Fig. 4 Crack Tip Zones 

by the e las t ic  s t r e ss  field and  LEFM appl ies .  If Aa is  smaller  than rn  
r 

then LEFM does not app ly  and growth must be determined from EPFM para-  
meters. In th is  case ,  immediately crack growth commences, e las t ic  recovery 
takes place in zone A which helps to close the crack which thus requires 
more force to open i t  for propagation to continhe. I t  i s  th i s  energy redis- 
tr ibution within the f rac ture  process zone Aa tha t  provides the complication. 
At once a n  anomaly i s  expla ined.  In a conventional e las t ic  energy balance 
approach aw/ aa ( = G )  i s  defined a s  the limit of 6W/6a a s  6a tends to zero. 
The energy balance i s  therefore ca lcula ted  over a distance 6 a  which is  
a lways  infinitely smaller than r  however small the l a t t e r .  Thus i t  is  

P ' 
not su rp r i s ing  tha t  Rice (23)  showed the f rac ture  separa t ion energy cannot 
be accounted for from a continuum mechanics energy balance .  Thus there 
i s  a requirement for a process f rac ture  zone Aa which requires  AW, the work 
absorbed dur ing separa t ion of the crack surfaces  over the distance Aa. 

The growth parameter G~ i s  defined a s  AW/Aa and if G~ exceeds the cohesive 
s t rength  of the material  extension will occur even i f  a W /  aa i s  zero. To 
apprecia te  the significance of these events ,  a n  elast ic-plast ic f ini te element 
ana lys i s  was performed on the p la te  shown in Fig.  1 (24) .  Different s ta tes  
of b iax ia l i ty  were introduced since K and possibly J cannot account for any 
b iax ia l  effect a t  the s ingu la r i ty .  The effect of b iax ia l i ty  i s  shown in 
Fig. 5. For h = 0 ( u n i a x i a l  loading ; o x  = 0 )  a n  intermediate p las t ic  zone 

. . 

i s  created in comparison with h = +I (equi-biaxia l  tension) and A = -1 ( shea r  
l o a d i n g ) ;  the l a t t e r  producing a very l a rge  plas t ic  zone. In these cases 
K i s  nominally constant .  In Fig. 5 A i s  a  crack-t ip plast ic zone size factor 
which is  usual ly  related to the appl ied  load and yield s t r e ss  by 

I 

The value of A i s  assumed to be 0.175 (25)  but i t  i s  seen to be a function 
of l o a d , + .  and biaxia l i ty  except for the case of the smallest plast ic zone 
( A = + I ) .  Here g = G/Go where G = Griff i th ' s  energy release ra te  and Go 

i s  the value of G a t  incipient yielding (26). 

Figure 6 shows what happens when plas t ic i ty  occurs in relat ion to purely 



Fig .  5 P l a s t i c  Zone Sizes 

e las t ic  behaviour  a t  the  c r a c k  t i p .  I t  i s  obvious t h a t  a s  t he  c r a c k  beg ins  
to p ropaga te ,  t he re  i s  a  p a r t i a l  self-heal ing effect t h a t  he lps  close t he  c r a c k  
and so a  l a r g e r  force i s  r equ i r ed  to main ta in  a  cons t an t  CTOD. Meanwhile 
the p l a s t i c  zone ac t s  not on ly  a s  a n  ene rgy  s i n k  l imi t ing  the  amount of 
energy r equ i r ed  for c r a c k  s e p a r a t i o n ,  bu t  a l s o  b l u n t s  the  c r a c k  a n d  c a u s e s  
a s t ress  r ed i s t r i bu t ion  in  the  c r a c k  t i p  >one. F ig .  6 b  i n d i c a t e s  t h a t  unde r  
e las t ic -p las t ic  condit ions t he re  i s  a  l a c k  of l i n e a r i t y  i n  the  noda l  force 

A 
v s  node displacement  c h a r a c t e r i s t i c  from which A W  a n d  hence G (=AlV/Aa) 
is determined.  

Ehstic - Pladic.after extension 

Ehstic- Plastic 

Sepmxtion Encrgy = A W 

= 2 x Area under curve 

Force on node being releawd O 

F i g .  6 Elast ic  a n d  Elas t ic -Plas t ic  Effects on Crack  Tip Shape  

A F ~ q o r - c  7 5liows the l nc reas lng  divergence of pa rame te r s  J a n d  G a s  l o a d  
Increases ( 2 7 ) .  Note the  tendency of G~ to zero for l a r g e  l oads  ( g r e a t e r  
r r d c k  t ~ p  p l a s t ~ c l t y )  a s  Rlce p r e d ~ c t e d  ( 2 3 ) .  Uslng the  Dugdale-Barsnbla t t  
rnoclcl, Kfolr t~ and Rlce (28) es t ab l i shed  the  r e l a t l onsh lp  between G a n d  
I l rniaxlal  c u r v e s  b u t  t h i s  relationship 1s a l s o  a  funct lon of s t r e s s  b l a x l a l i t y  



Fig.  7 A Comparison of J a n d  G~ Parame te r s  for 
Different B iax i a l  S t r e s s  S t a t e s .  

s ince  J does not t a k e  p l a s t i c  zone s ize  i n to  account .  F i n a l l y ,  Fig.  8 shows 
tha t  if the r a t i o  of process  zone s ize  to p l a s t i c  zone s ize  i s  ( a )  cons t an t ,  

b 
then G is  cons tan t  i r r e spec t ive  of s t a t e  of s t r e s s  b i a x i a l i t y  i n  t he  p l a t e  

A 
of F ig .  1 a n d  ( b )  when r i s  smal l  o r  A a  l a r g e ,  . then G = G ( = J )  a n d  LEFM 

P 
a p p l i e s .  Using t h i s  a p p r o a c h ,  Kfouri a n d  Miller ( 2 4 )  a c c u r a t e l y  predicted 
the v a r ~ a t i o n  of K with tempera ture  for t h r ee  ma te r i a l s  s imply by  accounting 

1 c  
for v a r i a t i o n s  i n  p l a s t i c  zone s ize  a s  tempera ture  i nc reased .  I t  should be 
noted tha t  s ince  r i s  a  funct ion of both the  mode I opening  s t r e s s  a n d  

P 

CTS specimen - 

- 

A 
Fig.  8 Normalization of G with r  / ~ a .  

P 



the s t a t e  of b i a x i a l i t y  A a  s i ng l e  pa rame te r  c h a r a c t e r i z a t i o n  for f r a c t u r e  
is not possible .  S imi l a r ly ,  i n  m u l t i a x i a l  f a t i gue  s t u d i e s ,  Miller (29 )  a n d  
co-workers have  shown t h a t  i n  complex s t r e s s  s i t u a t i o n s  i t  is n e c e s s a r y  t o  
describe f r a c t u r e  by two pa rame te r s ,  t he  maximum s h e a r  s t r a i n  ( o r  s t r e s s )  
and the s t r a i n  normal to  the  p l a n e  of maximum s h e a r  s t r a i n .  The f i r s t  
controls the d i rec t ion  of c r a c k  growth a n d  the  second af fec ts  t h e  speed  of 
growth. 

A 
To conclude i t  should  be recorded  t h a t  G h a s  a l s o  been used  succes s fu l ly  
to exp la in  t he  reduct ion  of f r a c t u r e  toughness  i n  s t ee l s  due  to  hyd rogen  
embrittlement (30 )  a n d  i s  now be ing  used  to  q u a n t i f y  f a t i g u e  c r a c k  growth .  

FRACTURE TOUGHNESS OF ICE 

Very l i t t l e  work h a s  been pub l i shed  to d a t e  concern ing  the  f r a c t u r e  toughness  
of ice. Liu a n d  Miller (8 )  r epo r t ed  some 63 CTS t e s t s  on bubble-free f r e sh -  
water ice a t  t empera tures  in t he  r a n g e  -1 to  -46'C a t  l oad ing  r a t e s  i n  t he  
range 0 .5  to 480 mm/min. Eleven o the r  t e s t s  were a l s o  r epo r t ed  conce rn ing  
the effect of speed  of f r e e z i n ~  of s amples ,  c r a c k  a r r e s t  a n d  envi ronmenta l  
effects.  Goodman a n d  Tabor  (31) repor ted  5 f r a c t u r e  toughness  c a l c u l a t i o n s  
from indentat ion t e s t s  a n d  3 point  bend  t e s t s .  Gold (32 )  a l s o  deduced  t h e  
toughness c h a r a c t e r i s t i c s  of ice unde r  thermal  shock condi t ions .  These l a t t e r  
resul ts  a r e  d i f f icu l t  to i n t e r p r e t  i f  f r a c t u r e  toughness  i s  r e l a t e d  to  c r a c ! ~  
t ip  opening even t s  s ince  maximum COT? does not neces sa r i l y  occur  a t  t h e  
maximum I( v a lue  due  to y ie ld  v a r i a t i o n s  with t empera tu re  throughout  a cyc l e ;  
an ident ica l  problem to thermal  shock s t u d i e s  of g a s  t u r b i n e  b l a d e s .  More 
than 100 tes t s  have  recent ly  been conducted on g l a c i e r  ice samples  a n d  
these r e su l t s  a r e  pub l i shed  in a  companion p a p e r  (33) .  

The appl ica t ion  of f r a c t u r e  mechanics  theory to the  problem of c r e v a s s e  pene- 
t rat ion was f i r s t  in t roduced  by Smith (34 )  who assumed t h a t  K I c  was  neg- 
l i ~ i b l y  small .  The s t r e s s  i n t ens i ty  fac tor  was  a  superpos i t ion  of t h r e e  
effects  namely the  l ong i tud ina l  s t r e s s  i n  the  e l a c i e r  a t '  t he  ove rbu rden  

pressure a n d  the wedge effect due  to wa te r  i n  the  c r e v a s s e .  From the  
zenera l  equa t ion ,  

where a  i s  the depth  of the  c r e v a s s e ,  d  t he  depth  of w a t e r ,  a n d  p i ,  pw t h e  

de r~s i ty  of ice a n d  water  r e spec t ive ly ,  he s imply deduced the  depth  of d r y  
c r - ~ v a s s e s  a s  36m a s  well a s  the  e f fec ts  of c r e v a s s e  s p a c i n g  a n d  w a t e r  f i l l i ng .  

Tnr problems of t e s t i n s  ice samples a r e  many,  e spec i a l l y  a t  t empera tu re s  
c l ~ ~ s e  to melt ine condi t ions .  Gr ips  c a n  cause  p re s su re  melt ing which i s  a  
! \dr t icular ly d i f f i cu l t  problem when t e s t i ng  a t  low s t r a i n  r a t e s .  Another 
~'roblern i s  ob t a in ing  s u i t a b l e  ice samples for making specimens e spec i a l l y  
f r o m  depths .  From both these cons ide ra t i ons  the  p re s su r i za t i on  of a n n u l a r  
d i s c s  conta in ing  edge s l i t s  would a p p e a r  to be the  best  compromise. External  
r a d ~ a l  s l i t s  have  a K c a l i b r a t i o n  s t rong ly  dependent  on c r a c k  l eng th  a s  
well a s  the i n t e rna l  and  e x t e r n a l  r a d i i  but  i n t e r n a l  s l i t s  a r e  not so  s t rong ly  
influenced ( 9 )  a l t hough  p re s su re  f luc tua t ions  due  to seeping  in to  t he  c r a c k  
~ ( \ [ l l d  be a  problem. 



F r a c t u r e  Toughness of Ice Resul ts  

F igu re  9 shows some u n u s u a l  t r e n d s  (81, e . g .  a s  tempera ture  decreases  K 
1  c  - - 

i nc reases  i n d i c a t i n g  more ene rgy  i s  abso rbed  a t  the  c r a c k  t i p  p r io r  to frac- 
t u r e .  The r eve r se  happens  in metals  when a  dec rease  i n  tempera ture  causes  
a  dec rease  i n  p l a s t i c  zone s ize  because  y i e ld  s t r e s s  i nc reases .  Toughness 
i s  a l s o  s t rong ly  dependent  on c r a c k  t i p  s t r a i n  r a t e ,  c h a r a c t e r i z e d  by K ,  
much more t h a n  i n  metals .  For ice a t  these  r e l a t i v e l y  h igh  temperatures  
c r e e p  c a n  t a k e  p l ace  c a u s i n g  s t r e s s  r ed i s t r i bu t ion  a t  t he  c r a c k  t i p  a n d  hence 
a g r e a t e r  force i s  r equ i r ed  to  cause  f r a c t u r e .  This  effect wi l l  be enhanced 
the  slower t he  s t r a i n i n g  r a t e .  

TESTING TEMPERATURE ( * C )  

Fig.  9 Frac tu re  Toughness of Labora tory  P repa red  Ice 

Another effect i s  t ha t  of r ec rys t a l l i z a t i on  to  produce s t r e s s  free material  
a t  the c r a c k  t i p .  None of these e f fec ts ,  however, account  for the decreas ing  
te rnpera t~ l re  effect which c a n  only  be exp la ined  by a n  inc rease  of cohesive 
s t r eng th .  Fletcher  (35) h a s  shown t h a t  a  t r ans i t i on  from a  c r y s t a l l i n e  
to a  quas i - l i qu id  su r f ace  e x i s t s  a t  a  tempera ture  between -2 a n d  -lO°C. 
This  th in  l i qu id  film will  lower the to ta l  f r ee  ene rgy  of t he  ice su r f ace .  
Tests c a r r i e d  out in  a  water  + an t i f r eeze  mix ind i ca t ed  a  50% reduct ion in 
f r a c t u r e  toughness ( 8 ) .  

CONCLUSlONS 

1. Only in  the pas t  few y e a r s  h a s  f r a c t u r e  mechanics been app l i ed  to ice. 
In the now expected mul t ip l ica t ion  of s tud i e s ,  c a r e  should be exercised 
when se lec t ing  a  r e l evan t  f r a c t u r e  toughness pa rame te r .  

2 .  S tudies  of ice,  p a r t i c u l a r l y  those concerned with the  effects  of temper- 
a t u r e  and, s t r a i n  r a t e ,  wil l  he lp  e luc ida t e  the role of c r eep ,  s t r e s s  re- 
d i s t r i b u t i o n ,  r ec rys t a l l i z a t i on  a n d  su r f ace  ene rgy .  



3. Don't look for  d is loca t ions  a t  t he  bottom of c r evasses .  
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Fracture toughness of glacier ice 
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ABSTRACT 

This pape r  desc r ibes  a  s imple t e s t  r i g  for e v a l u a t i n g  t h e  f r a c t u r e  t oughness ,  
K I C ,  of g l ac i e r  ice.  Resul ts  of K I C  t e s t s  on Roslin g l a c i e r  ice (North-East 

Greenland) u s ing  a n  e a s i l y  po r t ab l e  t e s t  r i g  a r e  compared wi th  p rev ious  d a t a  
obtained on bubble-free ice  manufac tured  a n d  t e s t ed  u n d e r  l a b o r a t o r y  con- 
ditions. 

-3/2 The f r ac tu re  toughness  of ice i s  approximate ly  125kN m , i . e .  app rox i -  
mately three  o rde r s  of magni tude  l e s s  t h a n  common ' s t r u c t u r a l  s t ee l s .  

INTRODUCTION 

In 1976 a n  i n t e r n a t i o n a l  symposium on a p p l i e d  g lac io logy  (1 )  w a s  l a r g e l y  
concerned with d iscuss ions  on the  s t r e n g t h ,  h a r d n e s s ,  c r eep  r e s i s t a n c e ,  flow 
and deformation behav iou r ,  a n d  f i n a l l y  f r a c t u r e  c r i t e r i a  of snow a n d  i ce .  
Three pape r s  were d i r ec t ly  concerned wi th  eng inee r ing  p rope r t i e s  of snow 
and ice ( 2 )  (3)  ( 4 ) .  However, recent  developments i n  t he  mechanics  of f r ac -  
ture of metals  h a d  not then  been a p p l i e d  to  t he  s t u d i e s  of c r a c k  formation 
and propagat ion  in  snow a n d  i c e ,  a  new development t h a t  wi l l  c e r t a i n l y  
lead to a  g r e a t e r  app rec i a t i on  of a v a l a n c h e s  a n d  c r e v a s s e s .  

Fundamental ques t ions  a s  to  how c r e v a s s e s  form a n d  why they  s top  propa-  
ga t ing  a t  a  c e r t a i n  depth  a r e  two i n i t i a l  a n d  simple ques t ions  t h a t  r e q u i r e  
serious s tudy .  Glaciologists ,  a l p i n i s t s ,  a n d  mounta ineers  a r e  those p r i m a r i l y  
concerned with unde r s t and ing  c r e v a s s e s ,  p a r t i c u l a r l y  t h e i r  formation a n d ,  
hopefully, t he i r  s t ab l e  behav iou r .  see F ig .  1, whi l s t  s k i e r s  a n d  w a l k e r s  
will undoubtedly acknowledge a  g r e a t e r  u n d e r s t a n d i n g  of c r a c k  i n i t i a t i o n  
in snow s l a b s  t h a t  c a n  so e a s i l y  i n i t i a t e  a v a l a n c h e s ,  see F ig .  2 .  

A companion pape r  in  t h i s  conference (5)  ou t l i ne s  t he  common p a r a m e t e r s  i n u s e  
concerning the a n a l y s i s  of c r acked  bodies  a n d  so  t h i s  p a p e r  wi l l  conf ine  
itself to desc r ib ing  a  tes t  r i g ,  s u i t a b l e  fo r  f ie ld  work ,  i n  which the  f r a c t u r e  
toughness of g l a c i e r  ice c a n  be e v a l u a t e d .  This  r i g  was  used  d u r i n g  t h e  
1978 University of Sheffield expedi t ion  to North East  Greenland  a n d  i s  of 
l igh t  construct ion a n d  e a s i l y  t r a n s p o r t e d .  F i n a l l y ,  t he  r e s u l t s  ob t a ined  



fsorn the Roslin glacier of the Staunings Alpr, see Fig. 3, are presented 
which am campand with previously obtained laboratory data. 

Fig. 1 Traversing a Karakeram Glacier Crevasse 



Fig. 2 An Avalanche in a Karalcoram Glacier Valley 

Standard8 (6) and there procedures ware considered adequate fur tesritlg pra- 
notched ice specimens for which the fracture toughness is given byt 

Mm tE 1c 2s the crltlc1~1 m d e  t value af the plane strain fracture t ~ ~ g h m %  
- - - - -  

and is c&lculated from the load to cause fracture, Fc . and Y a tabulated 
Punction of pre-cracked specimen dimensions, 





I n  previous exper iments  by Liu a n d  Miller a  CTS specimen w a s  used  for  
laboratory t e s t s ,  see Fig.  4 ,  a n d  t h e  Y v a l u e s  for t h i s  geometry a r e  g i v e n  
in reference ( 7 ) .  These t e s t s  showed t h a t  t he  f r a c t u r e  toughness  was  not 
affected by the  method used  to  form t h e  s t a r t e r  c r a c k  a t  t he  root of t he  
notch; they s t a n d a r d i s e d  by forc ing  a r a z o r  b l a d e  in to  t he  notch root .  

THICKPIESS R = W / 2  

2 1 4  
T I 

P I 2  L----?!L -fPI2 

SINGLE EDGE NOTCH ( S E N !  S E N D  TESTPIECE 

COMPACT T E N S I O N  SPECIMEN ( C T S  

F ig .  4  Geometry of S t a n d a r d  Testpieces 

For tests  on ice samples i n  remote a r e a s ,  i t  i s  e s s e n t i a l  to s impl i fy  ice 
ex1 ract ion methods, s h a p i n g  of specimens,  a n d  tes t  p rocedures .  Specimens 
from the snout zone of the  Roslin g l a c i e r  were cu t  d i r e c t l y  from ice hummocks 
which had  previous ly  been cu t  i n to  a  r e c t a n g u l a r  box s h a p e .  Specimens were 
of the SEN form shown in  F ig .  4 .  These specimens were f r a c t u r e d  by  simple 
three point bending  a f t e r  a  c r a c k  h a d  been forrned by  d r a w i n g  a 0.3mm wire  
across the bottom of a  saw cu t  notch.  

THE TEST APPARATUS 

A schematic d i ag ram of the r i g  i s  shown in  F ig .  5 a n d  i l l u s t r a t e d  i n  use  
in Fig.  6. The specimen, when loca ted  in  i t s  g r i p s ,  i s  loaded  v i a  a  w i r e  
cable a n d  drum. The o ther  g r i p  i s  anchored  to the  r i g  frarne v i a  t he  l oad  
cel l .  This  ce l l  c a r r i e s  s t r a i n  g a u g e s ,  which a r e  connected to a  b r i d g e  
c i r cu i t .  The output  from the b r idge  c i r cu i t  i s  ampl i f ied  a n d  used  a s  i n p u t  
to a  c h a r t  recorder ,  which records  the  app l i ed  force.  

The frame of the r i g ,  which should be r i g i d ,  i s  made from 19mm s q u a r e  mild 
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steel tube .  One end  provides  a n  a d j u s t a b l e  anchorage  for  t he  l oad  ce l l .  
This adjustment  permi ts  v a r i a t i o n  in  specimen s ize .  A sho r t  f l ex ib l e  wire  
link connects t he  l oad  ce l l  to t he  anchorage .  I n t e r c h a n g e a b l e  l oad  c e l l s  
a re  ea s i l y  f i t t ed  to al low a r a n g e  of a p p l i e d  forces .  

Several types  of specimen c a n  be  tes ted  i n  t h i s  a p p a r a t u s  i n c l u d i n g  the  
Single Edge Notch (SEN) specimen which i s  loaded  a s  a  s imply  suppor t ed  
beam a n d  the  Compact Tension Specimen (CTS) used  by  Liu a n d  Mil ler .  

In t h i s  l a t t e r  c a s e ,  t h e  tens ion  load  i s  a p p l i e d  u s i n g  p i n s  f i t t ed  t h rough  
the holes of t he  specimen.  A j ig  should  be used  to e n s u r e  t h a t  t he  notch 
of the CTS specimen i s  cu t  i n  t he  cor rec t  posi t ion a n d  o r i en t a t i on  r e l a t i v e  
to the holes. 

The specimen a n d  g r i p s  a r e  suppor t ed  by  a  low f r i c t i on  a n d  f l ex ib l e  b a s e  
of e l a s t i c  cord s t r e t ched  a c r o s s  a  l i g h t  a l l oy  f rame.  The he igh t  of t h i s  
support f rame may be a l t e r e d  to s u i t  the  specimen s h a p e  a n d  s i ze .  The 
e las t ic  cord e l imina tes  t he  need for  prec ise  ad jus tmen t ,  a n d  a l s o  h a s  a  lower 
thermal conduct iv i ty  t h a n  a  metal  s u p p o r t .  

Loading i s  a p p l i e d  by f i l l i ng  a  bucket  h a n g i n g  from the  l i g h t  a l l oy  cam on 
the drum sp ind le .  Control l ing the  r a t e  of wa te r  flow in to  t he  bucket  g i v e s  
direct  control  of the  l oad ing  r a t e  a n d  hence the  r a t e  of s t r e s s  in tens i f ica t ion  
K .  Various l oad  r a n g e s  a r e  ob t a ined  by  u s i n g  cams of d i f fe ren t  r a d i i .  

The force measur ing  system i s  shown in  block d i a g r a m  form in  F ig .  7 .  Elec- 
t r ic  res i s tance  s t r a i n  g a u g e s  mounted on c u r v e d  b r a s s  b a r s  a r e  used  a s  
load ce l l s .  This  method e l imina tes  e r r o r s  due  to f r ic t ion  in  t h e  b e a r i n g s  
of the drum sp ind le .  Different s e n s i t i v i t i e s  a r e  ob t a ined  by u s i n g  load  ce l l s  
of different  s ize .  The s t r a i n  g a u g e s  a r e  connected to a  t e rmina l  box which 
contains the  b r idge  network.  This  b r i d g e  network a l s o  e l imina t e s  tempera-  
ture effects .  The ou tpu t  from t h e  b r i d g e  c i r c u i t  i s  ampl i f ied  before i n p u t  
to a  c h a r t  recorder  which produces  t he  force-time c u r v e s .  The ampl i f i e r  
uni t  permits  ad jus tments  for the  c a l i b r a t i o n  of the  system. Dry ce l l s  p rov ide  
the ampl i f ie rs '  power supp ly  d u r i n g  f ie ld  ope ra t ions .  

TEST PROCEDURE A N D  FlELD EXPERIENCE 

Tests were c a r r i e d  out d a i l y  over  a  per iod  of 3 weeks i n  J u l y  a n d  Augus t ,  
1978. For convenience,  exper iments  were conducted close to t he  g l a c i e r  snout  
well below the f i r n  l i ne .  Ice samples were cu t  by h a n d  from approx ima te ly  
150mm below the  g l a c i e r  su r f ace .  The ice t empera tu re  was  -1°C  a n d  the  
a i r  temperature was  g e n e r a l l y  a r o u n d  6OC. With p r a c t i c e ,  t e s t s  could  be 
c a r r i e d  out a t  a  r a t e  of 6 pe r  hou r .  Two ope ra to r s  were r e q u i r e d ;  one re- 
turned the water  to the  top con ta ine r  a n d  re-set t he  l oad ing  sys tem,  t he  
other  placed the  specimen in  t he  g r i p s .  G r a d u a l l y  i n c r e a s i n g  load  was  
app l i ed ,  un t i l  f r a c t u r e  occu r r ed ,  by cont ro l  of t he  wa te r  s u p p l y  to t h e  bucket 
via  a  rubbe r  hose a n d  c l i p  g a u g e .  

Only SEN bend specimens were t e s t ed ,  a s  t r i a l s  showed t h a t  d r i l l i n g  a c c u r a t e  
holes in the CTS specimen without c r a c k i n g  was  both d i f f icu l t  a n d  time con- 
suming. Specimens were cu t  about  200mm long a n d  between 30mm a n d  70mm 
wide. The th ickness  was i n  the  r a n g e  of 25-50mm, a n d  the  c r a c k  l eng th  
in the r ange  of 7-30mm. Overa l l  dimensions of each  specimen were measured  
by steel  ru le  a f t e r  f r a c t u r e ,  to allow for a n y  p r e s s u r e  melting a t  t he  l oad ing  
points .  This  was only  s ign i f i can t  d u r i n g  long t e s t s  a t  low load ing  r a t e s .  
The important  dimensions were L ,  a  a n d  the  remain ing  l igament  dep th .  These 
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lat ter  two dimensions being taken di rec t ly  from the f rac tu re  su r faces .  

Some problems were encountered dur ing  the tes ts .  Guides to hold the mid- 
specimen g r i p  cen t ra l  in  re la t ion to the "U" shaped g r i p  would have simpli- 
fied test ing.  Any s l ight  loss of accuracy due to fr ict ion a t  such guides  
would be offset by the  consistent  alignment a n d  the ease  of use t h a t  the 
guides would provide. The loading system was simple to use and  ad jus t .  
However i t  needs water and so a to ta l ly  mechanical system would be required 
for sub-zero conditions. The design of the force measuring system i s  c r i t i c a l  
since any small movement of the load cell  in i t s  holders can  cause  a serious 
error. A load cell using a constant  s t r e s s  cant i lever  beam which i s  f ixed 
to the r ig would remove th is  e r ro r  and  a lso  make the r ig  more compact. 

time scale 
10,20 or  4 0  rnrn /min 

Fig. 8 Example of Force v Time Curve when Fractur ing Ice Specimens 

RESULTS 

'The field tests involved 194 experiments. An example of a force time curve  i s  
given in Fig. 8. The maximum force and  the loading ra te  prior to f r ac tu re  
were measured from these curves on re turning to the U . K .  Values of K and 

1C 
a n d  K 1  were calculated using the University of Sheffield 's  I C L  1906s computer. 

Some twenty tests  were eliminated from K ca lcula t ions  since the specimen 
1 C 

proportions were outside the range of the Y-calibrations a v a i l a b l e .  The 
K I C  values for the range of specimen dimensions used were checked for 

validity ( 8 )  using the cr i ter ia  

K 1 ~  2 I C  2 
- 

K 1 ~  a -? 2.5 (- ) and B 2 2.5 (- ) and W-a > 2.5 (-) ( 2 )  
Y Y Y 



where o i s  the yield s t r e ss  of ice which depends on the s t r a i n  rate.  
Y 

The crack t ip  s t r a i n  ra te  was estimated to be in  the range 1 x loa s-' to 

1 5 . Hence a was taken a s  21 x 10 Pa ( 9 ) .  Thirty-five K I C  values 
Y 

were rejected a s  inva l id .  The va l id  resul ts  a r e  shown in  Fig. 9 ,  a s  a 

function of k l .  The mean value  of K i s  125 kN m 
1C -3'2 ; there  i s  no stat is-  

t i ca l ly  s ignif icant  correlat ion between K I C  and  K I .  

DISCUSSION 

Figure 9 shows the c u r r e n t l y  ava i l ab le  resul ts  of laboratory  f rac ture  tough- 
ness tes ts  on ice. The resul ts  of Liu and  k i l l e r  a r e  for thei r  tests  a t  -4°C 
and -8" only. The resul ts  of Goodman and  Tabor (10) a r e  only those for 
3 point bend tes ts  a t  -14°C; the loading time in these tes ts  was less than 

LO seconds. Hence K~ can be estimated a s  approximately 10 kN m -3/2 -1 
9 

which is  comparable to the present work. The resul ts  of Gold's work (11) 
were derived from the a r r e s t  of c racks  induced by thermal shock. a t  tempera- 
tures  of approximately -10°C. I t  i s  not possible to estimate K I  for these 

tests .  These resul ts  a r e  a lso  dependent on the size of the segments formed 
on cracking.  
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Fig. 9 Fracture  Toughness a s  a Function of Stress Intensity Rate 



The present resul ts  a r e  in genera l  agreement with those of e a r l i e r  workers,  
although they a r e  less  than  those of Liu and  Miller a t  low k 1 ' Over a k1 

-3/2 -1 
range of 0.2 kN m s  to 2000 kN m 

-3/2 -1 s  , Liu a n d  Miller found 

a decrease in  K from approximately 250 kN m 
-3/2 -3'2 to 100 k~ m . The 

1 C 
present work only covers the lower p a r t  of th i s  d l  r a n g e ,  a n d  so good 

agreement i s  not to be expected. The present  resul ts  agree  with those of 
Goodman and Tabor. 

The discrepancy between Gold's " large  segments" a n d  "small segments" which 
describes wide and narrow thermal crack spacing respectively can  be p a r t l y  
explained a s  follows. Gold assumed the c racks  to be s ingle  isolated edge 
cracks when calcula t ing K I C  . For the "small segments", the average  seg- 

ment size was about three times the c rack  depth .  I f  the cracked surface  
is  approximated a s  an  a r r a y  of pa ra l l e l  equi-spaced c racks  in  a semi-infinite 
plane,  the ana lys i s  of Bentham a n d  Koiter (12) c a n  be used.  When the c r a c k  
spacing is  equal  to three times the depth ,  the Y factor of equat ion (1)  
reduces to 64% of the value  for a n  isolated c rack .  Furthermore the cracked 
surface i s  a 3-dimensional s t r e s s  problem, a n d  the t rue  reduction in  the 
Y factor would be g rea te r  than th i s  2-dimensional approximation suggests .  
Finally Gold's  resul ts  a r e  for the a r r e s t  of a propagat ing c r a c k ,  not K I C .  

Liu and Miller found tha t  K a t  c rack a r r e s t  was 30% lower than  K a t  
1 C 1 C 

temperatures of -4°C to -12°C. For these reasons the d iscrepancy between 
the present resul ts  and  Gold's  i s  not s ignif icant .  

The ana lys i s  of crevasse  penetrat ion by Smith (13) i s  worth consideration.  
He derived an equation for the depth of a n  isola ted ,  d r y ,  crevasse:  

- - 
1.12 o ~ ' n a  - 0.683 Pigs J n a  - K I C  = 0 

t  ( 3 )  

Here o i s  the longitudinal  s t r e s s ,  a  the crevasse  depth and  P .  the densi ty  
t  1 

of ice. Smith assumed tha t  ice was so br i t t le  tha t  K I C  was zero. 

The above equation was solved for a range of values  of K I C ,  assuming the 
- 2 - 2 same values of o = 2 x lo5 Nm ; P = 920 kg m-3 ; g = 9.81 m s  a s  

t  1 

Smith used. The resu l t s ,  shown in Fig.  10, indicate  tha t  the depth of a 

crevasse i s  not sensit ive to the value  of K 
IC' For K I C  = 200 kN m- 3'2 , the 

depth is  8% less than that  predicted assuming the f rac ture  toughness of 

ice to be zero. Using K I C  = 125 kN m -3/2 , a s  measured for Roslin g lac ie r  

ice, the depth of a d ry  crevasse predicted by equation ( 3 )  i s  34.4 metres. 

CONCLUSIONS 

(1 )  It i s  possible to measure the f rac ture  toughness of g lac ie r  ice in the 
field using a p p a r a t u s  of the type described.  

( 2 )  The f rac ture  toughness of ice obtained from the lower p a r t  of the Roslin 
-3/2 glacier  is  125 kN m . This value is  in agreement with laboratory  

test d a t a .  



Fig. 10 Variation of Crevasse Depth with Fracture  Toughness 

(3 )  The prediction of crevasse  depths using LEFM theory i s  not sensitive 

to the value  of f rac ture  toughness. I f  K I C  i s  assumed to be 125 kN 

m -3'2 the predicted depths will be within 5% of those obtained using 
previously reported f rac ture  toughness d a t a .  

The authors  g ra te fu l ly  acknowledge the ass is tance  given by members and 
suppor ters  of the Sheffield University N . E .  Greenland expedition 1978. They 
a lso  wish to thank the technicians of the Mechanical Engineering Department 
o f  the University of Sheffield; Mr. Stephen Grimes, for h is  help throughout 
the field work, and  Dr. A.P.  Kfouri for supplying some of the Y-calibrations 
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ABSTRACT 

I n  1913 a 480km long north-south t r i a n g u l a t i o n  su rvey  was  conducted across  
t he  Karakoram a n d  Pamirs  n e a r  t he  73rd mer id ian .  I t  s p a n s  more t han  
one t h i r d  of t h e  zone of convergence c h a r a c t e r i s i n g  the  col l is ion of the 
E u r a s i a n  a n d  Indo-Austral ian p l a t e s  a n d  i t s  remeasurement  a f t e r  more t han  
65 y e a r s  i s  expec ted  to r e v e a l  cons ide rab l e  c r u s t a l  deformation.  

This  a r t i c l e  d i s cus ses  the  e r r o r s  a s soc i a t ed  with t he  1913 su rvey  a n d  at- 
tempts to  predic t  t he  magni tude  a n d  s t y l e  of deformation t h a t  may have 
occurred  s ince  t hen .  I t  i s  shown t h a t  t he  o r i g i n a l  su rvey  accu racy  i s  

-6 as soc i a t ed  with e r r o r s  g r e a t e r  t h a n  - + 10 s t r a i n  a n d  t h a t ,  un l e s s  a  conver- 

qence r a t e  of more t h a n  6 cm/year  h a s  occu r r ed ,  uniform compression of 
t he  su rvey  l i ne  wil l  be undetec tab le .  At 73"E the  Indo-Asia convergence 
i s  expected to  be 4 cm/year .  However, i t  i s  c l e a r  from h i s to r i ca l  a n d  
con t inu ing  seismici ty t h a t  the  convergence i s  not uniform a n d  t h a t  local ly 
l a r g e  deformations may have  occu r r ed .  Two a r e a s  a p p e a r  p a r t i c u l a r l y  
promising.  These a r e  t he  a r e a  jus t  nor th  of Gilgi t  a n d  the  a r e a  north 
of Lake Karakul  i n  t he  Soviet Parnirs.  

INTRODUCTION 

I n  1913, a f t e r  four  y e a r s  of d i scuss ion  a n d  p l a n n i n g ,  a  route was f ina l i sed  
t h a t  would l i n k  the  ex t ens ive  geodet ic  networks of Russia to those of I n d i a .  

The p r imary  incent ive  for  connect ing  the  two s u r v e y s  was  to complete 
a  l i ne  from Madras (gON)  to  S ibe r i a  (60°N) ,  def in ing  almost a  q u a r t e r  of 
the  E a r t h ' s  su r f ace  i n  a  north/south l i ne ,  e n a b l i n g  a  d i r ec t  measure of 
t he  shape  of the  Ea r th .  

The su rvey  was  conducted s e v e r a l  y e a r s  before Wegener sugges ted  that  
con t inen ta l  movements may be occu r r ing .  By the g rea t e s t  good for tune ,  
the  geodet ic  l i nk  may provide  a n  oppor tuni ty  to monitor the velocity of  
convergence a t  the  con t inen ta l  col l is ion boundary  between the  Indo- 
Aus t r a l i an  a n d  Euras i an  p l a t e .  I t  i s  d i f f icu l t  to monitor d i r ec t ly  the rela- .  
t i ve  motions of p l a t e s  by convent iona l  su rvey ing  techniques ,  because the 
d i s t ances  between exposed l a n d  a r e a s  on the  p l a t e s  a r e  u sua l ly  l a r g e  or  
because  geodet ic  measurements of suf f ic ien t  a n t i q u i t y  do not e x i s t .  Relative 



pla te  motions a r e  monitored geodet ica l ly  i n  I ce l and  ( 1 , 2 ? ,  East  Afr ica ,  a n d  
California ( 3 ) .  Very d i f fe ren t  processes a r e  involved  i n  each  c a s e .  I n  
the Himalayas,  shor ten ing  a n d  th i cken ing  of t he  mountain r a n g e s  a r e  known 
to be occu r r ing ,  a l t hough  the  r a t e  of convergence between the  I n d i a n  a n d  
Euras ian  p l a t e s  i s  subjec t  to d i s p u t e .  Est imates r a n g e  fronr l e s s  t h a n  lcnl/ 
year  to more t h a n  6cm/year i n  a n  app rox ima te ly  N/S d i r ec t ion .  

The 1913 su rvey  l ine  s t a r t s  a t  a  point  south  of Gilgi t  a n d  ex t ends  160 km 
to the Russian/Chinese border .  A Russian s u r v e y ,  completed a t  the  same 
time, ex t ends  a  f u r t h e r  320 km nor thward  to Osh in  t he  USSR 4 Both 
ends  of the  combined l i ne s  ( l a t i t u d e s  36'-41°N) a r e  connected to  f i r s t -order  
survey  networks t h a t  ex tend  to  loca t ions  well ou t s ide  t he  Himalayan Mountain 
zone. The 480 km l ine  r ep re sen t s  more t h a n  one-third of t he  wid th  of t he  
zone of deformation c h a r a c t e r i s i n g  the  India /Asia  co l l i s i on ;  t h i s  a r t i c l e  
attempts to a s s e s s  t he  possible  magni tude  a n d  s ty l e  of c r u s t a l  deformation 
tha t  may have  occurred  a long  t h i s  l i ne  i n  the  l a s t  67 y e a r s .  

SURVEY ACCURACY 

A de ta i led  s tudy  of e r r o r s  a s soc i a t ed  wi th  p a r t s  of the  191:. -:!I:-vey i s  pre-  
sented elsewhere ( 5 ) .  It  i s  impor t an t ,  however,  lo recog::ise two t y p e s  
of e r r o r  assessment  for the  purposes  of d i s cus s ing  c r u s t a l  deformation in  
the region:  the  e r r o r s  assoc ia ted  with i n d i v i d u a l  r e a d i n g s  a n d  t r i a n g u l a t i o n  
f i gu re s ,  a n d  the  much l a r g e r  cumula t ive  e r r o r s  t h a t  a r e  a s soc i a t ed  with 
locat ing end-point posi t ions r e l a t i v e  to each  o the r .  The iden t i f i ca t i on  of 
deformation in a  s ing l e  t r i a n g u l a t i o n  polygon o r  a d j a c e n t  p a i r  of polygons 
i s  of g r e a t  importance s ince  s t r a i n  ac ros s  the  Himalaya i s  un l ike ly  to  be 
uniform a n d  rnay loca l ly  concent ra te  in  nar row deformation zones. 

Tne su rvey  l i ne  follows r i v e r  v a l l e y s  for most of i t s  route a n d  the  s u r v e y  
n a r k s  consis t  of points  located on the  summits of 5000 m mountains bo rde r ing  
;he va l l eys .  I nev i t ab ly ,  the  r e s u l t i n g  geometry h a s  a  l a r g e  number of 
rmorly-shaped t r i a n g u l a t i o n  f i g u r e s ;  e longa ted  t r i a n g l e s  a n d  polygons t h a t  
?revent  optimum su rvey  accu rac i e s  from be ing  a t t a i n e d .  The s u r v e y  theo- 
dol i tes  h a d  to be small  to f a c i l i t a t e  f r equen t  pe r i l ous  mountain a s c e n t s  
and  were thus  infer ior  to those u s u a l l y  used  for  f i r s t -order  t r i a n g u l a t i o n .  

The d e t a i l s  of the measurement of the  Russian l i n e  a r e  not documented 
but judging from comments made by hlason ( 4 )  t he  a c c u r a c y  of i n d i v i d u a l  
measurements va r i ed  cons ide rab ly ,  d e p e n d i n s  on l i ne  l e n g t h s  a n d  o p t i c a l  
condit ions.  

Table 1 summarises  c losure  e r r o r  informlation for the  P a k i s t a n  s i d e  of t he  
survey  ( 4 ) .  

- -- 
TABLE 1 

Lat i tude O N  No. of T r i ang le s  Closure Error  
-- 

35.8 - 36.8 23 2.2" ( 3 . 8  x r a d )  
36.8 - 37.0 6 7.3" (12.7 x r a d )  
37.0 - 37.5 
--- 

11 3.6" ( 6 . 3  x r a d )  

The closure e r r o r  i s  the rnodulus of the  difference between the  sum of t he  
n~easu red  ang le s  of a  t r i a n g l e  a n d  180'. Angular  c losure  e r r o r s  r e su l t  
in l a t e r a l  displacement  e r r o r s  t h a t  a r e  propor t iona l  to d i s t ance .  The l e a s t  



e r r o r  in  l a t e r a l  locat ion a c c u r a c y  in  t he  Karakorarn su rvey  i s  approximately 
+ 1 cm a t  a  d i s t ance  of 3 Itm ( t h e  shor tes t  l i n e  i n  t he  s u r v e y )  a n d  the - 
worst e r r o r  in  r e l a t i v e  locat ion may be + 40 cni i n  30 km ( t h e  longest  l ine 
i n  the  s u r v e y ) .  The mean l i ne  length- i s  13.9 km. The s t a n d a r d  mean 
e r r o r  for a n  i n d i v i d u a l  a n g l e  i n  the  1913 I<ara!:oram su rvey  was com?utec'. 

to be 5 x 1 0 . - ~ r a d i a n s  ( 4 ) .  This  va lue  wi l l  be used to provide  a  rough 
es t imate  of o v e r a l l  s u r v e y  a c c u r a c y  in o rde r  to a s s e s s  t he  f ea s ib i l i t y  of 
de tec t in?  g r o s s  c r u s t a l  sho r t en ing .  If we assume t h a t  s ix teen  14 km poly-- 
Eons comprise the  P a k i s t a n  su rvey  sezment a n d  t h a t  each  polygon i s  asso- 

c i a t e d  with randorn ( G a u s s i a n )  e r r o r s  of t he  o r d e r  of 5 x we obta in  
a  cumula t ive  e r r o r  from Gilgi t  to t he  Russian bo rde r  of approximate ly  + 
30 c n .  Assuming t h a t  the  Russ ian  l i nk  i s  of comparable  accu racy ,  o r  better, 
s i nce  the t r iangula t ion  polygons a r e  be t t e r  cons t ruc t ed ,  t he  cuniulat ive e r ro r  
will  be l a r g e r  t h a n  + 1 m. Unfor tuna te ly ,  t he  north-south e r r o r  will  be 
larp,er  t h a n  the  ea-st-west "shear"  e r r o r  s ince  t he re  i s  a  north/south elonga- 
tion b i a s  i n    no st of the  t r i a n ~ u l a t i o n  f i gu re s .  A conse rva t ive  est imate 

of the c o s u l a t i v e  e r r o r  (Gilyit-Osh) i s  c loser  to - + 3.0  rn (+  - 6 x s t r a i n ) .  

PLATE CONVERGENCE RATES A N D  DEFORMATION 

Although the c losure  veloci ty of I n d i a  r e l a t i v e  to Asia was  of the  order  
of 15 cm/year  from 70 million y e a r s  a g o  u n t i l  about  40 million y e a r s  aZo 
( 6 ) ,  the con t inen ta l  col l is ion i s  thought  to have  slowed the  r a t e  to less  
t han  6 c n ~ / y e a r ;  see F i z s .  1  a n d  2. 1 
Fig.  1 Posi t ions of I n d i a ,  co r r e spond ins  

to magnetic  anomal ies  i n  t he  
oceans ( 6 )  

Fig 
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The va lue  for the  c losure  veloci ty i s  c loser  to 4 cm/year  a t  73" l ong i tude  
due to the locat ion of t he  pole of ro ta t ion  of the  I n d i a n  con t inen t .  

A s ign i f i can t  problem a r i s e s  i n  de te rmining  the  c lo su re  veloci ty a c r o s s  t h e  
Himalaya s ince  to do so presupposes  a  c l e a r  u n d e r s t a n d i n g  of t h e  wid th  
of the deformation zone involved  i n  t he  con t inen ta l  co l l i s ion .  At t h e  73rd 
meridian the  zone of fold mounta ins  s e p a r a t i n g  the  r e l a t i v e l y  u n d i s t u r b e d  
cont inenta l  a r e a s  to the  North a n d  South i s  app rox ima te ly  1200 km wide (from 
the Pun jab  in t he  south to  the  no r the rn  edge  of t he  Tian S h a n ) .  To t h e  
west a n d  more so to the e a s t ,  the  width of t he  zone of deformation i n c r e a s e s .  
Hence i t  i s  r ea sonab le  to  assunle t h a t  a t  l e a s t  25% a n d  poss ib ly  a s  much 
a s  95% of the  4 cm/year  of con t inen ta l  c lo su re  a t  73"E wi l l  a p p e a r  a s  defor-  
mation within the  1200 km rnountain r a n g e s  of t he  Karakoram,  Pami r ,  a n d  
Tian Shan.  In  F i zu re  3 the  locat ion ,of the  1913 s u r v e y  l i n e  i s  shown on 

CHINA 
,PAKISTAN, +, USSR I 

1913 SURVEY 

T I A N  S H  A N  
KARAKORAM 

SOUTH NORTH 3e0N 
BWNDARY THRUST 

SEISMICITY I a 
I I I I I 

0 3 0 0  6 0 0  900 l2OOkrn 

Fig .  3 Cross section a long  73OE showing the  t o t a l  region 
of deformation. Present  microseismicity i s  a l s o  
shown. The dashed  l i ne s  show major h i s to r i ca l  
events  a n d  continuous l i ne s  recent  l a r g e  even t s .  

a  c ross  section between l a t i t u d e  32"N a n d  42"N. The 1913 s u r v e y  l i n e  c ros se s  
almost half of the fold-belt a n d  joins with o ther  su rvey  l i ne s  a t  i t s  sou the rn  
a n d  northern ex t remi t ies .  

I f  we assunle t ha t  the c losure  r a t e  ac ros s  the 1200 km zone i s  4 + 2 cm/yea r ,  - 
t h i s  cor responds  to a s t r a i n  of approximate ly  ( 3  + 2 )  x / y e a r .  The 

- 
-6 cumulat ive s t r a i n  in 67 y e a r s  amounts to  ( 2  + 1.3)  x 10 s t r a i n  o r  abou t  

- 
2 + 1.3 m of convergence.  - 

The s igni f icance  of t h i s  est imate i s  t h a t  i t  i s  smal le r  t h a n  the  e r r o r  e s t ima te  

der ived  e a r l i e r  for the survey  l ine  ( +  5 x a n d  i s  t h u s  unobse rvab le  
with these d a t a .  Even the measurement prec is ion  in the  best  observed  poly- 
g o n s i s  ba re ly  adequa te  to observe  convergence if i t  i s  uniformly d i s t r i b u t e d  
across  the  reg ion .  However, cons ider ing  the  number of assumpt ions  i n  t he  
der iva t ion  of the expected convergence r a t e ,  the r e su l t  i s  encourag ing ,  pa r -  
t i cu l a r ly  s ince we know tha t  deformation within the  region i s  not uniform. 
The major tectonic un i t s  a r e  bounded by f au l t  s y s t e n ~ s  t h a t  a r e  known to  



be act ive  from seismic and geomorphological evidence,  and  by geological 
boundar ies  tha t  may or  may not be zones of weakness. Thus, although 
ubiquitous folding and thickening of the Himalayan Mountains may appear 
to resul t  in homogeneous s t r a i n ,  much of the p la te  tectonic convergence is  
c l ea r ly  being absorbed a s  sporadic s l i p  on extensive th rus t  f au l t s  and strike- 
s l ip  f au l t s .  If one or more of these f a u l t s  have moved i n  the l a s t  several 
decades,  there may be some locations in  which s t r a i n s  will be well above 
the noise level of the survey observat ions .  

TECTONICS A N D  SEISMICITY 

In Figs.  3 and  4 ,  the major geological s t ruc tu res  a r e  shown. The 1913 survey 
l ine  i s  shown s t ippled.  Faul ts  south of Karakul and  North of Xilik are 
poorly documented. Detectable deformation i s  expected North of Karakul and 
North of Gilgit following major ea r thquakes  in these regions in the l a s t  few 
decades.  The location of the survey l ine  i s  in  a n  a r e a  of enormous geo- 
logical  complexity. The region i s  cha rac te r i sed  by dramatic changes in the 
azimuth of s t ruc tu ra l  t rends  involving th rus t  f au l t s ,  g rabens ,  strike-slip 
faul ts  and foldin!! and  i s  c l ea r ly  undergoing severe distort ion ( 7 ) .  

Fig.  L Structura l  map of the Xarakoram ( 7 )  



The Karakoram a n d  the Talas-Fergana  f a u l t s  a r e  r i g h t - l a t e r a l  s tr ike-sl i r ,  
f au l t s  with hundreds  of km offset (8 ,9 ,10 ) ,  a t  l e a s t  p a r t  of which h a s  
occurred du r ing  recent  (Alpine deformation. Neither of these f a u l t s  c rosses  
the region of the su rvey  l i n e ,  a l though t h e i r  l i n e a r  project ions p a s s  v e r y  
close to the l ine .  Severa l  well developed t h r u s t  f a u l t s  i n  the  Pamirs  c ros s  
the Russian survey  nea r  Lake Karaku l  (11,12,13,14), bu t  become l e s s  pro- 
minent to the e a s t  of the  l i ne  where the  tectonics a p p e a r s  to have  a l a r g e r  
r ight - la te ra l  coniponent (14).  To the  south ,  two su tu re s  a r e  c rossed  nor th  
and south of Gilgi t ,  r e spec t ive ly .  The main Himalayan t h r u s t s  a r e  well 
to the south a n d  a r e  c rossed  by  o ther  f i r s t -order  t r i a n g u l a t i o n  networks 
(Gilgit P r inc ipa l  S e r i e s ) .  

In the l a s t  few decades ,  s eve ra l  magni tude  6 e a r t h q u a k e s  have  occurred  
in the survey  region ,  e spec ia l ly  n e a r  39.5ON, 73.5OE. La rge r  even t s  h a v e  
also occurred ( C h a t k a l ,  1946; Ala i ,  1974) a n d  n e a r b y  r ez ions  h a v e  exper i -  
enced magnitude 8 events  i n  recent  h i s to ry  ( :<ashga r ,  1902). The l a r z e r  
historical  e a r t h q u a k e s  a n d  recent  seismici ty a r e  shown in  Fig,. 5. Most of 
the ac t iv i ty  i s  concent ra ted  a long the  Gissar-Kokshal f a u l t  zone between 
the Pamirs and  Tien Shan.  There i s  a  r e l a t i v e l y  low level  of c r u s t a l  seis-  
micity in  the Pamirs .  What ac t iv i ty  t he re  i s ,  may be mostly sub -c rus t a l  
and r e l a t ed  to the nor theas tern  end of the Hindu Kush zone of in termedia te  
depth ea r thquakes .  The Pamirs  a p p e a r  to ac t  a s  a  semi-rigid c r u s t a l  blocli, 
with l i t t l e  i n t e r n a l  deformation,  bounded on the nor th  (Gissar-Kokshal)  a n d  
south ( I n d u s  s u t u r e )  by nar row zones of more in tense  deformation.  The 
more concentrated these zones of deformation a r e ,  the  more l i ke ly  i t  i s  t h a t  
measurable displacenlent h a s  occurred  a l o n ~  shor t e r  segments of t he  s u r v e y  
l ine since 1913. 

The Soviet p a r t  of the survey  l i ne  crosses  the  Gissar-Kokshal zone. Seismic 
energy re lease  i s  h ighe r  here than  elsewhere a long the  l i ne  ( F i g .  31, a n d  
a t  leas t  three  l a r g e  e a r t h q u a k e s  (1955, 1974, 1978, F ig .  5 )  have  occurred  
in th i s  region since the f i r s t  su rvey .  Large a n d  measurable  d isp lacements  
a r e  most l ike ly  in  t h i s  p a r t  of the su rvey  l ine .  The su rvey  polygons i n  
this  a r e a  north of Lake Karakul  a r e  geometr ica l ly  f avourab le  for de tec t ing  
l ine cont rac t ion ,  see Fig.  6. As p a r t  of a  major Sov ie tp rog ramin  e a r t h q u a k e  
predict ion,  ex tens ive  geophys ica l  measurements a r e  being made a t  Garm, 
250 km west of where the su rvey  l i ne  crosses  the  Gissar-Kokshal f a u l t  ( F i g  
4 .  Geodetic s tudies  in ttie Garnl a r e a  show high  s t r a i n  r a t e s  (15,16).  

Near the Chinese/Pa!<is.tan border  i t  is possible t h a t  s h e a r  s t r a i n s  have  
accumulated since th i s  rezion l ies  close to the nor thward  extens ion  of t he  
Karakorarll f au l t .  Survey polygons north of the Kili!:  p a s s  a r e  well-braced 
and of moderate accu racy  so t h a t  even i n  the absence  of su r f ace  f a u l t i n g ,  
i t  is reasonable  to be optimist ic  t h a t  deformation will  be ident i f ied  i f  i t  
has occurred.  

.4lChou3h the two su tu re s  nea r  Gilai t  mark the  o r i g i n a l  col l is ion bounda r i e s  
between Ind ia  and  Asia and  were not thought  to be c u r r e n t l y  a c t i v e ,  a  
bib = 6 . 3  earthqua!te may have  occurred  on the  nor thern  s u t u r e  to the  south- 

west of Gilgit in 1973. Resurvey of the Gilgi t  q u a d r i l a t e r a l s  wi l l  p rovide  
ir,!portant infor~rlation. The seismici ty of the region south of 36"N does 
not appea r  to follow a n y  of the major s t r u c t u r a l  t r e n d s  ev iden t  in  t he  
Ilinlalayas between 73"E and  75OE. However, Seeber et  a l .  (17) i nd ica t e  
a s t r i k ing  corre la t ion  between seismici ty a n d  topography a long the  Himalayan 
a r c .  They hypothesize tha t  s ince  a l i n e a r  bel t  of t h r u s t  e a r t h q u a k e s  follows 
the mean 4,000 m contour ,  t he re  may be a c a u s a l  r e l a t ionsh ip  between the  
two. In th i s  hypothesis ,  the h igh  Himalaya l i e  above a basement t h r u s t  
that  ex tends  southward a s  a  more s e n t l y  d ipp ing  detachment t h r u s t .  In  



F i z .  5. ( a  Large  h i s to r i ca l  e a r r h q u a k e s  
with d a t e s  a n d  magni tudes  ( 2 3 ) .  
Approximate locat ion of 1913 su rvey  
l i ne  i s  shown by dashed  l i n e .  

64 68 72 76 8 0 

F l q .  5. ( b )  Recent shal low seisnllclty (1364-1978) 
from In t e rna t tona l  S e ~ s m o l o ~ l c a l  Center  
Cataloq ( s e e  ( 1 3 ) )  



the PJW Himalaya,  t h i s  detachment  emerges a t  t he  s u r f a c e  a s  t he  Sa l t  Ranne 
th rus t .  Thus ,  a  s ign i f i can t  amount of plate- tectonic conve rzeace  could  occu r  
f a r  to t he  south of t h e  1913 su rvey  l i n e .  

Similar ly,  t he  r i gh t - l a t e r a l  Ta las -Fergana  f a u l t  i s  known to  be a c t i v e  a n d  
a t  l e a s t  one of i t s  a s soc i a t ed  b ranches  h a s  moved s ince  t he  t u r n  of t h e  cen- 
tury  ( C h a k t a l ,  1946; 18,191. Unfor tuna te ly ,  t h i s  f a u l t  zone, which i s  a 
s t r i k ing  f ea tu re  on LANDSAT image ry ,  i s  jus t  nor th  of t he  s u r v e y  l i ne .  I t  
i s  not c l e a r  whether  t he  Russian su rvey  ex tens ion  to  t h e  no r th  c ros sed  i t  
e a r l i e r  t h i s  cen tu ry .  Displacement on t h i s  f a u l t  is b e i n s  c u r r e n t l y  monitored 
in connection with s tud i e s  r e l a t e d  to  the  Toktogul r e se rvo i r  (18,201. 

DISCUSSION 

Resurvey of the  Indo-Russian su rvey  connect ion of 1913 i s  not expec ted  to  
reveal  r e l a t i ve  motion between I n d i a  a n d  Asia un l e s s  t he  veloci ty of a p p r o a c h  
of the  two cont inents  i s  s i gn i f i can t ly  l a r g e r  t h a n  4 cm/yea r ,  o r  u n l e s s  tec- 
tonic movements a r e  non-uniformly d i s t r i b u t e d  i n  s p a c e  and /o r  time. The 
occurrence of major e a r t h q u a k e s  n e a r  p a r t  of t he  s u r v e y  l i n e  s u g g e s t s  t h a t  
s t r a i n  r a t e s ,  a t  l e a s t  i n  some loca t ions ,  a r e  suf f ic ien t ly  h igh  to  be de tec ted .  
S t ra in  re lease  to t he  nor th  a n d  south  of t he  Indo-Russian connect ion may 
be s ign i f i can t  on known ac t ive  f a u l t s ,  a l t hough  no major  e a r t h q u a k e s  h a v e  
occurred on these f a u l t s  n e a r  t he  s u r v e y  l i ne  s ince  1913. 

The est imates of su rvey  a c c u r a c y  used  i n  t h i s  a r t i c l e  do not t a k e  i n to  account 
the problem of locat ion of the  o r i a i n a l  t r i a n g u l a t i o n  poin ts .  To optilnise 
survey  accu racy ,  i t  i s  v i t a l  t h a t  a s  many of these  be used  a s  poss ib le .  

I f  new su rvey  marks  a r e  i n t roduced ,  t hey  should  be su f f i c i en t ly  robus t  
to l a s t  many y e a r s .  I t  i s  a l s o  assumed t h a t  t he  new s u r v e y ,  u s ing  n?oderrl 
t r i anzu la t i on  a n d  t r i a n g u l a t i o n  equipment ,  wi l l  be Icore a c c u r a t e  t h a n  t h e  
o r ig ina l  su rvey  by a t  l e a s t  a  fac tor  of f ive .  Thus ,  one of t he  imyor tan t  
objectives of r e su rvey  wil l  be to provide  a n  a c c u r a t e  b a s e l i n e  for f u t u r e  
ueneratiorls of geodes is t s .  Ihajor e a r t h q u a k e s  i n  t he  reg ion  h a v e  been e s t i -  ~, 
r ,~a ted  to occur  every  100-200 y e a r s  a n d  the  poss ib i l i t y  of one occurr iny,  i n  
the nea r  fu ture  i s  cons ide rab l e .  

The estinlation of ve r t i ca l  movements fronr the  s u r v e y  d a t a  i s  too imprec ise  
to be of use.  Yet the  region i s  known to be r i s i n z  i n  response  to  ho r i zon ta l  
compression (19) .  It  would be of z r e a t  va lue  to i n t roduce  a f i r s t -order  
level l ing l i ne  a long  the  su rvey  route  s t a r t i n g  from south  of t h e  F r o n t a l  
t : imalayan Thrus t  a n d  ex t end ing  a s  f a r  nor th  u p  the  Hunza Valley a s  i s  
f ea s ib l e .  Levelling d a t a  have  the  a d v a n t a g e  of be ing  i n h e r e n t l y  more pre-  
cise t han  t r i l a t e r a t i o n  a n d  t r i a n g u l a t i o n ,  a n d  c a n  be performed in  t he  v a l l e y  
f loors  along ex i s t i ng  roads .  The d i s a d v a n t a g e s  of l eve l l i ng  a r e  t h a t  i t  
t akes  longer to perform a n d  bench-marks,  be ing  c loser  to f r equen ted  p a t h s ,  
can be i nadve r t en t ly  des t royed .  

'The major benef i t s  of re-survey of the complete 1913 l i ne  ( i n c l u d i n g  i t s  
extension to Osh in the USSR) a r e  t h a t ,  s ince  i t  c rosses  a t  l e a s t  one t h i r d  
of the zone of con t inen ta l  deformation between two major p l a t e s ,  a  conser -  
va t ive  measurement of i n s t an t aneous  p l a t e  motions c a n  be o b t a i n e d .  Th i s  
va lue  would provide cons t r a in t s  on p re sen t  es t imates  of p l a t e  motions a n d  
Yross seismic enerpJy r e l ea se .  Resurvey of p a r t  of t he  l i ne  i s  l e s s  s a t i s -  
fac tory .  The Gilgit  to Xilik Pas s  su rvey  l i ne  c ros se s  on ly  one  t en th  of t h e  
total  zone of deformation a n d  a l though i t  c rosses  s e v e r a l  tectonic f e a t u r e s ,  
none of t hen  i s  a s  pronrinently ac t i ve  a s  o the r  f e a t u r e s  to the  no r th .  Under- 
s t a n d i n ~  the s ty le  of deforn:ation in the  south i s  irrrportant for  t he  i n t e r -  



Fig.  6 The 1913 su rvey  l ine .  

I n  t h i s  f i g u r e ,  major f au l t s  
a r e  shown,  a l t hough  the i r  
loca t ions  a r e  sometimes in- 
a c c u r a t e  due  to the  inade-  
q u a t e  q u a l i t y  of ex is t ing  
maps of the  region (4,7,11, 
12,131. The va r ious  au thors  
r e l a t e  some of t he  major 
f a u l t s  i n  d i f fe ren t  ways.  
Minor l i nea t ions  on LANDSAT 
imagery  sugges t  numerous 
o the r  f a u l t s  i n  t he  region.  
I t  i s  l i ke ly  t h a t  geodetic 
r e s u r v e y ,  together  with local  
microseismic s tud i e s  wil l  c la-  
r i f y  s t r u c t u r a l  r e l a t i onsh ips  
i n  t he  reg ion .  Segments of 
i n t e r n a t i o n a l  b o r d e r s  a r e  shown 
to i nd i ca t e  Pa!tistan ( P ) ,  
China  ( C ) .  a n d  USSR ( S )  sec- 
t ions  of the su rvey  l ine  arbti 
Afghanis tan  ( A ) .  



pretation of the curious discrepancy between surface  s t ruc tu re  a n d  known 
seismicity (17,211. The measurement of a s ignif icant  amount of deformation 

(10 -4 s t r a i n )  within the Karakoram p a r t  of the survey since 1913 cannot be 
excluded and might be indicat ive  of impending seismicity. A cumulative 

s t ra in  of 10 -4 to 10 -5 would require  accelerated preseismic s t r a i n  r a t e s  well 
above the s t r a i n  r a t e s  predicted from p la te  motions, perhaps  involving 
unloading of adjacent regions and  s t r a i n  concentrat ion within a fu ture  rup- 
ture zone. 

Finally,  the remeasurement and  reinforcement of old survey marks must be 
regarded a s  a n  important responsibil i ty t h a t  th i s  generation owes to the 
next. With improvements in  sa te l l i te  geodesy i t  i s  l ikely tha t  new techniques 
will be ava i l ab le  in the next century when similar  magnitudes of deformation 
will have occurred. A century  of previous deformation his tory  wil l  be 
invaluable to future geodesists. 
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past and projected error analyses 
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ABSTRACT 

Using those d a t a  a v a i l a b l e ,  a n  e r r o r  a n a l y s i s  of t he  t r i a n g u l a t i o n  connexion 
from Gilgit  to the Russian bo rde r ,  which was  observed  by  Kenneth Mason ' s  
1913 expedi t ion ,  i s  performed.  This  a n a l y s i s  i s  compared with a n  e r r o r  
ana lys i s  of the  projected re-observat ion of t h i s  connexion.  The l a t t e r  a n a l y s i s  
may be t r e a t e d ,  i n  p a r t ,  a s  a n  opt imisa t ion  process  e n a b l i n g  c r u c i a l  measure- 
ments for the control  of s c a l e ,  to  be i den t i f i ed ,  b a s e d  on a  p r i o r i  e s t ima te s  
of measuring accu rac i e s .  

The paper  cont inues  with some comments on how the  ca l cu l a t i on  of t he  obser -  
vat ions should proceed with a  view to  a b s t r a c t i n g  tec tonic  movements by 
(:omparison of tne two epochs of measurement .  The d i f f i cu l t i e s  of o b t a i n i n g  
such r e su l t s  a n d  t h e i r  s t a t i s t i c a l  s i gn i f i cance  a r e  desc r ibed .  F i n a l l y ,  
look ing  to the f u t u r e ,  the  re levance  of the  1980 obse rva t ions  i s  d i s cus sed  in  
t h e  context of possible  r epea t  measurements  w i t h i n ,  s a y ,  t he  next  ten  y e a r s .  

INTRODUCTION 

Khenever a  r e l a t i v e  movement of the e a r t h  i s  t a k i n g  p l a c e ,  for example  
c r u s t a l  compression,  s h e a r ,  doming o r  subs idence ,  then  convent iona l  f i e ld  
survey methods may be employed in  a n  at tempt to q u a n t i f y  these  movements. 
The problenl i s  ana logous  to su rvey ing  on ice where moving s t a t i o n s ,  ref lec-  
l i n g  v a r i a b l e  ice ve loc i t ies ,  a r e  combined with f ixed rock s t a t i o n s .  The 
survey measurements may be of s e v e r a l  types i nvo lv ing  v a r i o u s  combina t ions  
of horizontal  a n d  v e r t i c a l  a n g l e s ,  d i s t ances  a n d  he igh t  d i f fe rences .  Such 
nleasurements may be supplemented by spec i a l i s ed  measurements  u s i n g  t i l t -  
meters and  extensometers  i n  the  immediate v i c in i ty  of the  movement. Only 
conventional  su rvey  methods a r e  cons idered  here  a p p l i e d  to the  detect ion 
of horizontal  movements. 

'The pr inc ip le  on which the detect ion of such tectonic d isp lacements  i s  b a s e d  
is  ea s i l y  understood.  A network of permanent ly  marked  s t a t i o n s  i s  obse rved  
a t  two epochs s e p a r a t e d  by a  known i n t e r v a l  of time. The c a l c u l a t i o n  of 
the observa t ions  from both epochs r e su l t s  in each  s t a t i on  h a v i n g  two d i s t i n c t  
sets  of co-ordinates .  From these i t  i s  a n  e a s y  mat te r  to c a l c u l a t e  vector  



displacements.  In  pract ice ,  there  a r e  considerable d i f f icul t ies  i n  interpreting 
the observations.  All survey measurements contain e r r o r s  which can never 
be eliminated completely, e i ther  by proper observing procedure or by the 
appl ica t ion of adjustment techniques.  Hence, the co-ordinates derived from 
the observations a t  each epoch will contain e r ro r s .  Their  magnitude depends 
upon the ac tua l  e r ro r s  in the observat ions  which a r e ,  of course,  never known. 
The e r ro r  in  a deduced vector may be l a r g e r  than  the e r ro r s  in the co- 
ordinates  a t  e i ther  epoch. Although i t  i s  impossible to quant i fy  these errors 
exact ly ,  they may be estimated i n  terms of ce r t a in  s t a t i s t i ca l  parameters. It 
i s  v i t a l  tha t  observat ional  a n d  computational procedures a r e  designed to 
g ive  vector displacement values  tha t  a r e  s t a t i s t i ca l ly  s ignif icant .  Obviously 
the ant ic ipated magnitude of displacements i s  important in  th i s  context. For 
example, suppose i t  was possible to deduce a vector displacement with a stan- 
d a r d  e r ro r  of + 200 mm: then such resu l t s  would give  significant  estimates 
of movements OF the order  of lm, whereas estimated movements of say lOOmm 
would be meaningless. There i s  a grey a r e a  where one must be less pedantic 
and  unfortunately many resul ts  f a l l  in to  th i s  ca tegory.  Under these circum- 
s tances ,  s ignificance can be enhanced by considering the broad pattern of 
movements over a wider a r e a  and  by bas ing resul ts  on more than  two epochs 
of measurement. 

One of the proposed act iv i t ies  of the In ternat ional  Karakoram Project 1980 is 
to perform repeat  measurements on p a r t  of the t r i angu la t ion  connecting Gilgit 
to the Russian border.  Such a project h a s  excit ing poss ibi l i t ies .  

( i )  The network i s  s i tuated in  a h ighly  ac t ive  seismic region. 

( i i )  Estimated movements a r e  l a r g e  and  almost 70 yea r s  have elapsed since 
the f i r s t  epoch of measurernents. Armbruster e t  a l .  (1)  quote a value 
of 37mm per  yea r  for the northwards movement of the Indian plate 
re la t ive  to the Euras ian  p la te ,  which represents a displacement of 
approximately 2.5m between epochs. 

( i i i )  The resul ts  can  be used for the modelling of seismic activit.ies a n d  
may thus  lead to a g rea te r  unders tanding of ea r thquake  predict ion.  

!iv) It is  hoped t h a t  the proposed work will provide the foundation 3nd 
impetus for a continuing programme of such measurements result in? in 
a r egu la r  output of information, produced l a rge ly  by Pakis tan  scientlZ' ts ,  
which would be of worldwide in teres t .  

The main aim of th i s  paper  i s  to examine the f i r s t  epoch of measurements, to 
describe the proposed measurements and  to estimate the qua l i ty  of the res l~ l t s  
tha t  will be obta ined.  

HISTORICAL BACKGROUND 

Figure 1 shows the t r i angu la t ion  connexion which was observed by Kenneth 
iwason's expedition in 1913. This i s  a c lass ica l  t r iangula t ion chain consls- 
t ing  of t r i ang les ,  braced q u a d r i l a t e r a l s  and  centre point f igures .  The chain 
l inks  two s ta t ions  of the primary t r iangula t ion of Pak i s t an ,  Yashochish and 
Dinewar, with two s ta t ions  of the Russian t r i angu la t ion ,  Kukhtek and Sat-- 
block. (Henceforth in the t ex t ,  and in a l l  d iagrams ,  s ta t ions  a r e  identified 
numerically.  Table 1 gives  the required stat ion names, numbers and co- 
o rd ina tes .  ) 



Fig. 1 Mason ' s 1913 Triangulation Connexion. Reproduced from ( 2 )  



TABLE 1 Station Names, Numbers a n d  Co-ordinates for 

the Southern Section of the Connexion. 

Scale i s  introduced from the ca lcula ted  side length of the Pakis tan  primary 
t r iangula t ion and  may be checked by comparison a t  the two Russian 
s ta t ions .  All angles  were observed using Troughton and  Simms six-inch 
theodolites of the type shown in Fig.  2 .  It  was impossible to carry 
l a r g e r ,  more accurate  instruments to the s ta t ions  and  consequently the 
connexion i s  deemed to be of second order  accuracy.  Observations 
were made on s ix  zeros, normally to helios,  but in  a few cases  to opaque 
s igna l s .  

1 

hiason ( 2 )  quotes f igures  for the mean t r i a n g u l a r  e r ro r s  of var ious  sections 
of the chain  which may be used to give a useful estimate of tile qual i ty  of 
the observations.  Figure 3 shows the southern portion of the link for which 
a n  average  t r i a n g u l a r  e r ro r  of 2.18" was achieved.  It i s  th is  pa r t  of the 
t r iangula t ion tha t  will be considered in  the following analyses  and which 
forms the pr ior i ty  a r e a  for re-observation.  Using Mason's f igures .  a  value 
of +0.9" may be derived for the s t andard  e r ro r  of a direction which is  a 
remarkable achievement. Any uncer ta in ty  in the distance from 1 to 3 consti- 
tu tes  a n  addi t ional  source of e r r o r .  Such a scale  e r ro r  will result  from 
severa l  sources,  namely: 

( i )  round off in the ava i l ab le  co-ordinates of 1 and  3 ;  

( i i )  inherent  scale e r ro r  in  the measured base-lines of the primary tr i-  
angula t ion of Pak i s t an .  and  

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

( i i i )  accumulation of scale e r ro r  due to observational  e r ro r s  in the primary 
t r i angu la t ion .  

Latitude 

35°4410411.14 

35 53 30 .81 

3 5 5 7 4 2 . 3 7  

Name 

Yashochish 

Kurkun 

Dinewar 

Badshish 

Holtar 

Barkotshish 

Haraj 

Hachindar 
I Zangiaharar 

Booriharar 

Atabad 

Shanoz 

Shoonuk 

Longitude 

74O16'31".43 

74 07 42 .89 

7 4 2 8 0 2 . 7 2  

Eastings 

14 608.9 

1 4 2 4 . 9  

32029 .3  

36 02 43 .32 1 74 21 34 .81 

Northings 

1 551.3 

19077 .9  

26715.2  

22 339.8 

20 816.5 

13 604.4 

23 517.3 

3 7 0 1 1 . 4  

47 330.5 

68 588.3 

62 530.6 

59 984.9 

63 666.9 

36 08 40 .41 

36 13 22 . O 1  

36 11 41 .67 

3 6 1 8 0 3 . 4 0  

36 14 57 .07 

36 17 30 .30 

36 21 24 .87 

36 32 34 .87 

36 33 44 .44 

36 015.4 

47 025.7 

55 731.9 

52 603.6 

64338 .1  

58 586.1 

63 328.1 

70 546.8 

91 193.7 

93 343.0 

74 20 32 .48 

74 15 42 .50 

74 22 19 .85 

7 4 3 1  1 9 . 3 4  

74 38 13 .06 

74 52 25 .04 

74 48 22 .66 

74 46 41 .50 

74 49 09 .69 



Fig. 2 A Traughton and Simms Thsodolita af the type used by Masm 



Fig.  3 The pr ior i ty  a r e a  for resurvey on a t r ansverse  Mercator 
projection, sca le  1: 750,000 approximately.  

The co-ordinates of 1 and  3 a r e  quoted to two decimal places of a second of 
a r c .  Consequently, the l a t i tude  and longitude of these s ta t ions  may exhibit 
round off  e r ro r s  of a s  much a s  +0.005". Appendix I shows tha t  these round 
off  e r ro r s  may, in the worst case ,  cause  a d is tance  e r ro r  of +13ppm or an 
azimuth e r ro r  of +2.6" i n  the l ine 1 to 3. Bibby a n d  Walcott ( 3 )  warn 
aga ins t  problems 07 orientat ion and  Crompton ( 4 )  gives  s imi lar  advice regar- 
d ing scale when displacements a r e  ca lcula ted  di rec t ly  from co-ordinates. 

The second two sources of e r ro r  may be taken together though, unlike round 
o f f .  neither may be formally quant i f ied .  A base-l ine,  measured in catenary 
with properly s t andard i sed  equipment, would be unlikely to contain errors 
of more than 1 or 2 ppm. However, the degeneration of scale through an 
apparen t ly  f irst-class t r iangula t ion can  be extremely serious.  The re- 
t r iangula t ion of Great Britain has  a r e a s  where scale e r ro r  h a s  accumulated 
to LO ppm ( 5 ) .  With modern instrumentation i t  i s  re la t ively  simple to obtain 
these f igures  by comparing computed and  di rec t ly  observed s ide  lengths of 
the t r ~ a n g u l a t i o n .  The conclusion is that  the l ine 1-3 of Mason's work will 
contain a n  unknown scale e r r o r ,  the magnitude of which i s  almost certain 
to be intolerable in the context of tectonic displacement measurements. 



The resurvey  wil l  inc lude  d i s t ance  measurements ,  bu t  they  c a n  only  be used  
to maximum effect i f  they a r e  a b l e  to be reconciled wi th  the  s c a l e  of Mason 's  
work. This  may be achieved by  exper imenta l ly  de termining  a s c a l i n g  fac tor  
for  the proposed obse rva t ions  by  remeasurement of the  l i n e  1-3. I d e a l l y  
this  s ca l ing  fac tor  should  be determined by  s e v e r a l  obse rva t ions  which in- 
clude o ther  l i nes  in  t h a t  f i gu re  of the  p r imary  network from which the  con- 
nexion s p r i n g s .  The success of t h i s  technique  depends  upon the  l i n e  1-3 
remaining unchanged i n  l eng th  between epochs a n d  upon f ind ing  s u i t a b l y  
precise permanent marks  a t  1 a n d  3. 

THE PRINCIPLES OF NETWORK ANALYSIS 

The at tempted a n a l y s i s  r ep resen t s ,  i n  p a r t ,  the  second a n d  t h i r d  o r d e r  
aspects  of the more gene ra l  problem of network des ign  ( 6 ) .  T.he problem 
is  simplified by knowing the conf igura t ion  of the  network a n d  h a v i n g  a 
posteriori  knowledge of the  q u a l i t y  of Mason 's  work. A p r i o r i  e s t ima tes  
must be made of the  q u a l i t y  of the  proposed work but  a  c e r t a i n  amount of 
optimisation may t a k e  p lace  by  t e s t ing  s u i t a b l e  combinat ions of proposed 
observat ions.  The techniques  used a r e  well understood b u t  the  theory  is 
outlined here for completeness. 

Consider the  observa t ions  made a t  a  specif ic  epoch. They wi l l  con ta in  
er rors  a n d ,  because r edundanc ie s  ex i s t  i n  the  network,  incons is tenc ies  wi l l  
a r i s e  if a l l  the a v a i l a b l e  information i s  used .  The u s u a l  p rac t i ce  i s  to 
perform some form of ad jus tment ,  often by the  method of v a r i a t i o n  of co- 
ord ina tes .  Each observa t ion  i s  used  to cons t ruc t  a n  obse rva t ion  equa t ion  
which r e su l t s  i n  a  set  of such equa t ions  of the  form Ax=L. This  se t  of 
equations will  be incons is ten t  because  of the  r edundanc ie s  i n  the  network 
and the unavoidabJe observ ing  e r r o r s .  Using a c r i t e r ion  of minimum v a r i -  
ance,  a n  est imate x of x i s  made from the  equa t ions  

T T 
A p A x  = A pk?. (1 )  

Now the solution ;( will conta in  e r r o r s  e  a s  a r e su l t  of e r r o r s  E i n  the  
observat ions.  Hence: 

Expanding g ives : -  

T T T A ~ ~ A G  + A pAe = A pk? + A  p r  

'Therefore 

T A pAe = Apr 

and T -1 T e = ( A p A )  A p r  (6 1 

Iience 



s ince  
T 

P = P  a n d  

Now, s ince  t h e  obse rva t ions  a r e  assumed to  be independen t ,  

2 -1 E ( ~ E ~ I  = u p (9 )  

where U is the  coefficient of v a r i a n c e  o r  t he  v a r i a n c e  of un i t  weight.  
0 

Hence 

T .  The term EIee  1 1s a symmetric ma t r ix  known a s  t he  variance-covariance 
matr ix  which con ta ins  the  v a r i a n c e s  of the solut ion on the  d i agona l  and 
the  cova r i ances  a t  the  off-diagonal  loca t ions .  Hence, the  q u a l i t y  of the 

solut ion may be es t imated  b y  knowing a 1 
0 

a n d  N- . The term N - ~  = ( ~ ~ ~ ~ 1 - l  

may be computed for  a  g iven  network. The coeff icients  of A depend only 
upon the r e l a t ive  posi t ions of the  network s t a t ions  a n d  the  elements of p 

a r e  the  weights  a t t a c h e d  to the  obse rva t ions .  Usually oo i s  estimated 

from a 2 T 
= ( V  p v )  / (m-n) where v = As-e, m i s  t he  number of obser- 

0 

L vat ions  a n d  n i s  the  number of unknowns.  A va lue  of a close to 1 wo1.11d 
0 

ind ica t e  t h a t  the a p r i o r i  weights  of the obse rva t ions  ( i . e .  t h e i r  s t anda rd  
e r r o r s )  h a d  been est imated r easonab ly  accu ra t e ly .  In  the  case  of proposed 
obse rva t ions ,  o r  indeed  for  Mason's  work,  where the  a c t u a l  observat  i ~ n s  
a r e  not immediately a v a i l a b l e ,  a  p r i o r i  s t a n d a r d  e r r o r s  may be al lot ted,  - - 
a n d  assuming t h a t  they a r e  achieved ( i . e .  t h a t  a ' = 11, the v a r ~ d : , ~  r-  
cova r i ance  matr ix  of the  solut ion may be compute8 before a n  observai lon 
i s  even made. The ca l cu la t ions  r equ i r e  moderately powerful computers :;:d 
the  va l id i ty  of the  r e su l t s  depends  l a r g e l y  upon the  sens ib le  choice nr 3 
p r ~ o r i  s t a n d a r d  e r r o r s  for  the obse rva t ions .  

l t  i s  of ten convenient  to depic t  the  e r r o r  es t imates  for a  point a s  a n  elli!<:,e. 
This  i s  known a s  a n  e r r o r  e l l i p se  of posi t ion a n d  i s  d rawn  cent red  on rhe 
accepted position of the point with i t s  semi-major a x i s  or ien ted  in  the di roc-  
t ion of maximum e r r o r .  F igure  4 shows t h i s  representa t ion  with the pedal 
to the e l l i p se  which more correc t ly  descr ibes  the e r r o r  d i s t r i bu t ion .  Al lan  
( 7 )  der ives  the formulae from which the  e l l i p se  may be d rawn .  These el l ipses 
g e n e r a l l y  have  the d i s a d v a n t a g e  of being dependent  upon the  choice of 
nebwork o r i g i n .  However, t h i s  i s  prec ise ly  the  s i t ua t ion  in  movement surveys 
a s  one poin t ,  the o r i g i n ,  i s  assumed not to have  moved between epochs a n d  



hence displacements  a r e  determined r e l a t ive  to t h a t  o r i g i n .  

Fig.  4 The e r r o r  e l l ipse  of position a n d  i t s  pedal  cu rve  

ALLOCATION OF STANDARD ERRORS 

I t  has  been shown t h a t  the v a l i d i t y  of network t e s t ing  depends  l a r g e l y  upon 
a sensible choice of s t a n d a r d  e r r o r s  for the  obse rva t ions .  The following 
assumptions have  been made for t h i s  work. 

( i )  Station 1 i s  held fixed a s  the o r ig in  a t  both epochs.  

( i i )  The s t a n d a r d  e r r o r  of a  direct ion for both Mason 's  work a n d  the  
proposed work i s  - + 0.9". 

2 2 0 . 5  
r i i i )  Distances will  have  a s t a n d a r d  e r r o r  of l t 0 . 0 2  + ( 5 . 1 0 - ~  . L )  ] - - 

( i v )  The base-l ine 1-3 i s  permanently marked a n d  h a s  not moved. This  
implies t ha t  no a p r io r i  azimuth s t a n d a r d  e r r o r  i s  r equ i r ed  ( i . e .  
t ha t  l ine  1-3 h a s  main ta ined  i t s  azimuth between epochs)  a n d  t h a t  
a  s ca l ing  factor  can  be obta ined  to b r i n g  the  proposed d i s t ance  obser-  
va t ions  in l ine  with the sca le  of biason's  work. This  s c a l i n g  fac tor  
will  i tself have  a s t a n d a r d  e r r o r ,  p robab ly  of the  o rde r  of +5ppm, 
and  th i s  i s  best  accounted for by inc reas ing  the va lue  g iven  at ( i i i )  

2  
to i - + 0.03 + ( 7 .  . ~1~ ] O a 5 m  a n d  holding 3 f ixed .  If t h i s  assump- 
tion cannot  -be made, then computat ions would have  to proceed a long 
the l i nes  descr ibed  in ( 3 )  which de tec ts  displacements  by a n a l y s i n g  



the changes in horizontal angles  between two epochs. Measured dis- 
tances would s t i l l  be of importance a s  they help to control the errors 
in the angle  observations.  

THE ANALYSES 

All ana lyses  were performed using the same program running on a n  IBM 
360/65 machine. With the  options used,  the input  d a t a  consist of the ap- 
proximate co-ordinates of the fixed a n d  other network s ta t ions  together with 
a l i s t  of the type and  s t a n d a r d  e r ro r  of each proposed observation.  The 
program is  designed to operate in  terms of g r i d  co-ordinates and  approxi- 
mate projection g r id  co-ordinates were computed from the geodetic co-ordinates 
on a t r ave rse  Mercator projection,  cen t ra l  meridian 7.f ~ o ' E ,  or ig in  3 ~ ~ 0 0 ' ~ .  
(See Table 1 ) .  From these d a t a  the variance-covariance matrix i s  computed. 
The elements of A a r e  derived from the approximate s ta t ion co-ordinates 
and the elements of p from the a pr ior i  s t a n d a r d  e r ro r s .  Various forms 
of output a r e  ava i l ab le  but  the most appropr ia te  to th i s  problem consists 
of the parameters for e r ro r  e l l ipses  of posit ion,  r e l a t ive  e r ro r  el l ipses and 
the s t a n d a r d  e r ro r s  of azimuth and  dis tance .  

Five ana lyses  have been performed. 

( i )  Mason's work, holding 1 and  3 fixed with - +0.9" a s  the s t andard  error 
of a direction.  

( i i )  The proposed observat ions ,  holding 1 and 3 fixed with +0.9" a s  the 
s t a n d a r d  e r ro r  of a direction a n d  a l l  d is tances  with a s t andard  error 
of ( - +O. 03+7ppm - ) m .  

i i i i )  As for ( i i )  except 9 of the shorter  d is tances  a r e  not included. 

( i v )  As for ( i )  but including 10 of the longer d is tances .  

( v )  As for ( i i )  except 7 dis tances  longer than  30km a r e  not included. 

The resul ts  of the five ana lyses  a r e  summarised in  Table 2 .  The semi-axes 

( n  max and 0 and  the orientat ion ( O m a x )  of the e r ro r  e l l ipses  of position min 

I 1 I 
1 10 2 0 30 

No. of measured distances 

Fig. 5 Graph of average scale e r ro r  aga ins t  
number of measured dis tances  
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a r e  given for a l l  s ta t ions  except those held f ixed.  Also, the average scale 
e r ro r  ( F L )  of each network i s  given in  ppm and  the s t a n d a r d  error  of a 

displacement ( a A  for each s ta t ion between epochs. Figure 5 plots average 

scale  e r r o r  aga ins t  number of measured dis tances  using the technique des- 
cr ibed in (8 )  and demonstrates the diminishing re tu rns  tha t  accrue from 
the measurement of a l l  possible d is tances .  The theory for the calculation 
of o A i s  developed in Appendix I I and  a A may be regarded a s  the most pes- 

simistic estimate of the s t a n d a r d  e r r o r  of the ca lcula ted  displacement of 
a stat ion between the two epochs. 

CONCLUSIONS 

In the realms of s t a t i s t i ca l  est imation,  g r e a t  caution must be exercised in 
drawing conclusions, a  s i tuat ion which i s  reinforced by the fact  tha t  the 
second epoch of measurements h a s  not yet been attempted. A g rea te r  degree 
of confidence will be possible once the second epoch of measurements i s  com- 
plete and Mason's o r ig ina l  work h a s  been unear thed.  However, certain re- 
marks can  be made. The qua l i ty  of the o r ig ina l  work s t ands  in tribute 
to Kenneth Mason and  any  improvement in the proposed work i s  only made 
possible by vi r tue  of technological advances .  The accuracy of Mason's work, 
coupled with the 67 yea r  time in te rva l  and l a r g e  r a t e s  of movement enable 
one to predict tha t  useful resul ts  will be obtained and tha t  smaller scale 
networks will be es tabl ished in the immediate v ic in i ty  of movement. Even 
so ,  a uniform dis t r ibut ion of displacement throughout the a r e a  ( 9 )  or a high 
destruction ra te  for the o r ig ina l  s ta t ion markers would seriously hamper 
the programme. Whatever the outcome of the 1980 observat ions ,  i t  i s  hoped 
tha t  they will def ine  a network which could profi tably be remeasured at  
shorter  in te rva l s  and  act  a s  a r egu la r  source of d a t a  for in ternat ional  geo- 
physical  research.  
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A P P E N D I X  I 

Figure 6 shows a typical  s i tuat ion depicted on the plane for the line joining 
1 and 3 on the spheroid.  From the diagram it can  be seen tha t  er rors  i n  
length and azimuth,  6 k  and 6 a ,  a r e  given by:  

and  

6 e13 = o 16 ol cos a 
13 

+ u 1  C O S $  6Xlsina + o 6 $  c o s a  1 13 3 3 31 ' 
u cos @ 6 A s in  a 

3 3 3 3 1 

- u 3  cosQ36A3 cosa31) / k s in  1". 

Now displacements a r e  small 

( 1 6 4  l = l 6 e  I = I 6 x l J  = 1 6 ~ ~ )  1 3 
< 0".005) 



Fig .  6. The Effect of Round Off on Azimuth a n d  Distance 

and l ine  lengths  a r e  moderately sho r t ,  hence some s impl i f ica t ions  may be 
made. Put t ing  

and 

gives 

6 a  = R cos a ( 6 d  - 6 d 3  ) + R cosd  s i n a  ( 6 A 1  - 6 ~ ~ )  
13 13 1 13 

These give e r r o r  bounds of O.4Om for ( 6 I a n d  2.58" for  16 a "  I . 
13 13 

APPENDIX 11 

Any stat ion will  have  parameters  for  the e r r o r  e l l i p ses  of posi t ion a t  two 
different epochs. The problem i s  to use t h i s  information to es t imate  the  
maximum s t a n d a r d  e r r o r  t h a t  might occur in  a  computed d isp lacement .  Idea l ly  
one requi res  the covar iances  between the two epochs.  These cannot  be 
evalua ted  a n d ,  a l though logica l  a rguments  ex i s t  t h a t  would ind ica t e  cor- 
re la t ion ,  the r e su l t s  from the two epochs must be cons idered  independent ,  
i . e .  uncorre la ted .  For the f i r s t  epoch,  the s t a n d a r d  e r r o r  of position in 
any  direct ion 8 i s  g iven  b y : -  



and  for the second epoch by: 

Combining these a s  uncorrelated quan t i t i e s  g ives :  

By put t ing 2 ( e l ,  max - 0  1 = a  a n d  2 (e  -8 )  = a  + Aa a value  of a  which 2, max 
maximises u may be found from: 

A 

2 2 - ( a l  - bl  1 
cot a = 

2 2 cosec A  a  - cot A a (All 1 
( a 2  - b2 1 

Hence the value  of e which maximises the function i s  obtained and substi- 
2 

tution then gives  o A  . 



REFERENCES 

Armbruster ,  J . ,  Seeber,  L. a n d  Jacob ,  K . H .  The nor thwestern  te rminat ion  
of the Himalayan mountain f r o n t :  ac t ive  tectonics from micro-earthquakes.  
Jou rna l  of Geophysical Research,  83: 269-282 (1978). 

biason, K . ,  A note on the  degree  of accu racy  of the  secondary  l i n k  
se r i e s ,  t r i a n g u l a r  e r r o r s ,  mean e r r o r s ,  e tc .  Appendix B in  Records of 
the Survey of I n d i a ,  Volume VI. Completion of the l i n k  connect ing  the  
Tr iangula t ions  of I n d i a  a n d  Russia 1913. Survey of I n d i a ,  Dehra Dun. 
121 pages ;  114-115 (1914). 

Bibby, H . W .  a n d  Walcott, R .  1. Ea r th  deformation a n d  t r i a n g u l a t i o n  in 
New Zealand.  New Zealand Surveyor ,  XXVII I ( 6 )  : 741-762 (1977 1. 

Crompton, T.O. Some aspec t s  of tectonic movement s u r v e y  in  Southern 
Cal i forn ia .  Publ i shed  i n  - Char t e red  Land Surveyor /Char tered  
Minerals Surveyor,  Vol. 2 No. 4: 19-37 (1981). 

Ordnance Survey.  The h is tory  of the r e t r i a n g u l a t i o n  of Great  Br i ta in  - 
1935-1962. H.M:s.o.,  ond don.- 395 + x i x  pages .  See p a g e s  207-208 
( 1967 . 
Cross, P.A. a n d  T h a p a ,  K .  The optimal  des ign  of leve l l ing  networks.  
Survey Review, XXV(192) : 68-79 (1979). 

Allan,  . l .L .  The e r r o r  e l l i p se :  a f u r t h e r  note. Survey Review, 
xxl(166 ) : 387-390 (1972). 

Ashkenazi ,  V .  a n d  Cross,  P .A .  Strength a n a l y s i s  of block V1 of the  
European t r i a n g u l a t i o n .  'Bulletin ~ k o d g s i ~ u e ,  103: 5-24 (1972 1. 

Bilham, R .  a n d  Simpson, 3 .  Indo-Asian convergence a n d  the  1913 
survey  l i ne  connecting the  I n d i a n  a n d  Russian t r i a n g u l a t i o n  s u r v e y s .  
This  volume pp .  160-170. Pape r  r e a d  a t  the  I s l amabad  Conference; 
Recent Advances i n  Ea r th  Sciences. ( J u n e ,  1980).  



Special techniques for surveying on moving terrain 
J. L. W. Walton 

University College, London 

ABSTRACT 

At some s t a g e  in  almost a l l  l a n d  su rvey ing  projects  a  network of fixed or 
"control" poin ts  h a s  to be se t  up .  When the  a r e a  being s tudied  involves 
moving t e r r a i n ,  such a s  a  g l a c i e r ,  spec i a l  su rvey  techniques have  to be 
used e i the r  to el iminate e r r o r s  i n c u r r e d  by the  moving control  poin ts ,  or 
to a c t u a l l y  determine the i r  veloci ty.  This  p a p e r  con ta ins  a  review of a  
number of these spec ia l  techniques  r a n g i n g  from simple "by eye" approxima- 
t ions to complex methods r e q u i r i n g  extens ive  computer f ac i l i t i e s .  Some of 
these techniques  may be app l i ed  to problems involv ing  inf in i tes imal  velocities 
such  a s  the tectonic p l a t e  movement s tud ie s  p l anned  for the  1980 Internat ional  
Icarakoram Project .  

INTRODUCTION 

Glaciology i s  the s t u d y  of ice.  This  sounds s t r a igh t fo rward  but  in fact 
t h i s  s ingle  subjec t  concerns sc i en t i s t s  of many d i sc ip l ines  with va r i ed  in -  
t e r e s t s  a n d  s k i l l s .  These may inc lude  electronic eng inee r s ,  chemists ,  yeo- 
phys i c i s t s ,  geographe r s  o r  theore t ica l  phys i c i s t s .  Not the l ea s t  important 
d i sc ip l ine  i s  s u r v e y i n g ,  the  science of measurement. 

In i t s  t r a d i t i o n a l  form, l a n d  su rvey ing  i s  used for map making.  It  can 
indeed be used in t h i s  way for g lac io logica l  s t u d i e s ;  a  map of a  glaciei.  or 
assoc ia ted  f ea tu re  i s  often e s sen t i a l  before de t a i l ed  f ield work c a n  proceed. 

However, in the s tudy  of ice dynamics concerned with how a n d  why ice 
masses move a n d  deform, l a n d  su rvey ing  methods have  long been use11 a s  
a  s t r a igh t fo rward  way of ob ta in ing  q u a n t i t a t i v e  f ie ld  d a t a  which can  be l ~ ~ e d  
to help form, ve r i fy ,  o r  even refute hypotheses concerning t h i s  h ighly  complex 
medium. 

Use of l a n d  su rvey ing  in  t h i s  context  d a t e s  back a s  f a r  a s  1846 (1)  when 
some of the e a r l i e s t  g lac io logica l  f ield work was c a r r i e d  out  on the kler-de- 
Glace in France .  This  s tudy  used t r a d i t i o n a l  methods a n d  indeed i t  i s  only 
over  the l a s t  30 y e a r s  or  so t h a t  i t  h a s  been found necessary  to modify 
these  methods for g lac io logica l  work. 



These modifications i n i t i a l l y  became neces sa ry  a s  t he  g l ac io log ica l  s t u d i e s  
became more de t a i l ed  a n d  a p ~ r o x i m a t i o n s  invoked in  t h e  computinn h a d  to 
be minimised so a s  to i nc rease  the  a c c u r a c y  of t he  r e s u l t s .  I n i t i a l l y  t h e r e  
were severe l imi ta t ions  a s  to  t he  ref inements  t h a t  could be i n t roduced  because  
a l l  computations h a d  to be c a r r i e d  out  by h a n d .  However, s ince  t he  a d v e n t  
of electronic computine, a i d s  i t  h a s  become poss ib le  to e l imina te  v i r t u a l l y  a l l  
approximations a n d  to  produce meaningfu l  r e s u l t s  f ror ,~  obse rva t ions  t h a t  would 
previously have  been cons idered  incomplete. 

BASIC PROBLEMS O F  GLACIER S U R V E Y I N G  

In most l a n d  su rvey ing  problems,  one i s  d e a l i n g  with a  number of rock s t a -  
tions whose posi t ions r e l a t i v e  to one ano the r  must be measured .  These s t a -  
t ions do not move, so only  t h ree  dimensions need be cons ide red ;  t he  co- 
ord ina tes  in  t h r ee  or thogonal  a x e s .  The a x e s  commonly used  a r e  North, 
East a n d  a v e r t i c a l  he igh t .  Observa t ions  between these s t a t i o n s  do not v a r y  
with time. 

The ~ l a c i o l o ~ i s t  i s  faced  with a  d i f fe ren t  s i t u a t i o n .  Consider  a  number of 
marked s t a t i ons  on a  g l a c i e r .  The g l a c i e r  i s  cont inuous ly  moving a n d  defor -  
ming so a l l  observa t ions  made to  or  from these s t a t i o n s  wi l l  be  time depen- 
dent .  

To measure g l a c i e r  movement, t he  u s u a l  obse rv ing  technique  i s  to  measure  
t h e  posi t ions of these ice s t a t i o n s  r e l a t i v e  to co-ordinated roc!< s t a t i o n s  a t  
one i n s t an t  in  time, then  al low a s u i t a b l e  time to e l a p s e  before r e p e a t i n g  
t h e  measurements. Two se t s  of co-ordinates  for t he  ice s t a t i o n s  r e su l t  a n d  
the  difference between the  two se t s  i s  a  measure of the  movement. 

16 day nmnmmt vector / :bsemed 26 Jan 
of P. 

Jan 

Observed 11 Jan 

Observed 17  Jan 

Fig.  1 kovement of ice s t a t i on  P d u r i n g  period of obse rva t ion  
from rock s t a t i ons  1 to 5. 



Consider the Case il lustrated in Fig. 1, where a single measurement has 
been made to an  ice station from each of a number of rock stations. Be- 
cause of accessibility, weather and other problems, some 16 days have elapsed 
between the first  and last  of these observations. Thus the point sighted 
from station 1 does not have the same co-ordinates a s  the point sighted from 
station 5. To use these five observations to compute a single value for 
the co-ordinates of "P" i s  hardly appropriate. If the movement vector of 
"P" during the 16 day period i s  such a s  to subtend an  angle of say "lox" 
seconds of a rc  at  station 5, with accuracy of observation being "x" seconds, 
then neglecting to take account of the 16 days elapsed time could clearly 
result in observation equation residuals of a s  much a s  "5x" seconds. Thus 
best use i s  not being made of the available data .  

SPECIAL TECHNIQUES 

Reduction to Epoch of Complex Networks 

The first  attempt to overcome the problem mentioned above was made in 1951, 
( 2 ) .  Two complete sets of observations, about a year apar t  but with each 
set spread over 1 to 2 months were used to produce values for ice defor- 
mation. No values for absolute movement were obtainable a s  the nearest 
exposed rock was some 250 kilometres distant! A triangulation network was 
used with one baseline, measured twice in successive- years;  see Fig. 2. 
A "reduction to epoch" technique was devised to eliminate the time variation 
of observations Each angle was observed twice, thus a rate  of change of 
angle could be calculated assuming that a l l  angles varied linearly with 
time. Each observation was reduced to what it would have been a t  a selec- 
ted instant of time. this  instant chosen to lie somewhere near the actual 
t ine of observation. Thus an  "initial" and a "final" value was computed 
for each angle and the procedure repeated for a l l  observations, reducine 
each to the same two instants.  The mechanics of this procedure is illus- 
trated in Table 1 for data  related to Fig. 1. 

kasured baseline. 

>r--.$ Ray abserved frun 
' X I  to 'Y' ally. 

Fig. 2 Laudheim Survey April-June 1950 and May-Aug. 1951. 



189 

TABLE 1 Example of Reduction--Epoch of Angle and  Distance Observations 

Since the advent of electrornaanetic d is tance  measurinn devices,  t r i l a t e ra t ion  
sr mixed networks have become much more widely used.  This observat ion 
reduction technique can and  h a s  been used for many of these networks, a  
few of which a r e  i l lus t ra ted  in Fig. 3. This method makes one assumption.  
t h a t  a l l  observations v a r y  l inea r ly  with time. 

a t  1 
to P 

a t  3 
to P 

Distance 
5 to P 

Scale 

Fig. 3.  

Sketch Maps of two 
1 

L I 1 survey networks se t  

OBSERVATIONS 

up for ice movement '.-' LanWIoe shelf bnndary - Dim- t lm .%asured studies on G~~~~~ "1 
; ExposedFbCk - Distance -& Ice Shelf ,  Antarctica 

Change 

+ 596" 

- 618" 

-7.0311 

1 

I A Fixed rock s t a t i m  - ~ir"/bist Masured I 
Wing ice station - Azirmth Meastlrd i 

Date 

31 0ct  

24 Oct 

20 Oct 

Period 

294 

280 

267 

Final 

41°37'32" 

37°15'56" 

4746.68 m 

I n i t i a l  

41027'36" 

37°26'14" 

4753.71 m 

Date 

10 Jan 

17 Jan 

26 Jan 

Rate of 
Change 

+ 2.03" 
per dey 

- 2.21" 
per day 

-0.0- 
per dw 

REDUCED QUANTITIES 

t o  14 Jan 

41°27'44" 

37*26'2lW 

4753.45 m 

t o  27 Oct 

41°37'24" 

37°15'49'1 

4746.51 m 



An a l t e r n a t i v e  method, a l b e i t  s imi l a r  i n  concept ,  was  evolved i n  the ea r ly  
1960's ( 3 ) .  This  involves  a  time r e d u c t i o r ~  of pos i t ions  i n s t e a d  of obser- 
v a t i o n s ,  with t he  a s s u m ~ t i o n  t h a t  t h e  veloci ty of a n y  s t a t i on  on the ice 
i s  inde?endent  of time. Consider  t h e  s t a r t  of a t r a v e r s e  a s  shown in  Fig. 
4 .  

F ig .  4  S t a r t  of a  t r a v e r s e  which wi l l  be computed by 
t h e  posi t ion reduct ion  method. 

The i n i t i a l  azimuth of t he  t r a v e r s e ,  from rock s t a t i on  "A" to ice s tat ion 
"B" was  observed  a t  two poin ts  i n  time ( t l  a n a  t  ) ,  with va lues  a  and  

3 1 

a 3 .  
The d i s t ances  ( d l  a n d  d ) a r e  a l s o  measured  so  two se t s  of co-ordinates 3 

c a n  be coiilputed for  "B". Thus  t he  movement i s  known (vec to r  V). The  
computed s e t s  of co-ordinates  a r e  now a d j u s t e d  by a p p l y i n g  the app rop r i a t e  
veloci ty vec tors  so  a s  to  produce v a l u e s  ( B 2  a n d  D ) corresponding  to the r, 
two i n s t a n t s  of obse rva t ion  ( t  a n d  - t 4  ) .  A n ~ l e s  ( 0  a n d  0 ) a n d  d is tances  2 4 
( e 2  a n d  e a s  observed  a r e  a p p l i e d  to these  new co-ordinates  a n d  a value 4 
for t he  movement of "C" i s  found.  This  process i s  r epea t ed  a long  tile 
t r a v e r s e .  

C l e a r l y ,  t h i s  posi t ion reduct ion  method wi l l  involve  much coni?uting ~71:d 
the r e s u l t i n ?  a c c u r a c y  i s  on ly  a s  eood a s  the  assumption made. As w;ih  
t he  obse rva t ion  reduct ion  method, i t  could be re f ined  with res?ect to ac-  
ce l e r a t i on  a n d  c u r v a t u r e  of t he  ice movement but  computing would thcn 
become very  complex. I t  i s  not e a s y  to ap? ly  t he  posi t ion reduct ion method 
to o the r  t h a n  simple t r a v e r s e s .  

Resection of a  S ingle  Stat ion 

Both the  above  techniques  d i s cus s  l a r g e  networks tiec! in to  f ixed roclc s ta-  
t ions  t h a t  must be v i s i t ed .  Access to these  rock s t a t i ons  c a n  often pose 
a  s e r ious  problem; severe  c r e v a s s i n g  i s  a l l  too widespread  nea r  the ed:;e 
of  g l a c i e r s  anc! even when the  su rveyor  h a s  reached  t e r r a  firma he may 
h a v e  a  long wal!c o r  c l imb,  burdened  by  heavy  equipri;ent, to reach  the s ta-  
t ion .  One way a r o u n d  t h i s  i s  to use a  resect ion su rvey  method. T h i s  
e n a b l e s  the  obse rve r  to co-ordinate a  s ing l e  s t a t i on  accu ra t e ly  with only 



one instrument  set-up,  t h u s  o b v i a t i n g  a l l  t he  problems of ad jus tment  of time 
dependent q u a n t i t i e s .  Repeat t he  resec t ion  some time l a t e r  a n d  a movement 
vector c a n  be computed. 

An accu ra t e  resect ion r e q u i r e s  a t  l e a s t  t h r ee  a c c u r a t e l y  co-ordinated rock 
s ta t ions .  Glac iers  f r equen t ly  i n h a b i t  t he  more i nacces s ib l e  p a r t s  of t h i s  
planet where maps a r e  rud imen ta ry  a n d  of smal l  s ca l e  while  co-ordinated 
and v is ib le  rock s t a t i ons  a r e  r a r e l y  a v a i l a b l e .  

This impasse c a n  be overcome. F i r s t l y  cons ide r  what  information i s  be ing  
sought by the  g lac io logis t .  The answer  i s  movement, un l ike  t he  co-ord ina tes  
requi red  in t r a d i t i o n a l  su rvey ing .  Usual ly a  movement vector  i s  exp re s sed  
a s  the difference between two co-ordinates  s e p a r a t e d  by  a  per iod  of t i n e .  
Yet i t  i s  possible  to measure t he  movement, d i r e c t l y  a n d  a c c u r a t e l y  and only  
obtain approximate  absolu te  co-ord ina tes .  

Conventional resect ion formulae r e q u i r e  one to  know the  geometry of t h e  
f igure formed by  the  cont ro l  po in ts .  l f  the  co-ordinates  of these  po in t s  
a re  i n  e r r o r ,  t he  computed posi t ion of t he  unknown s t a t i on  wi l l  a l s o  be i n  
e r ro r .  However, t h i s  e r r o r  wi l l  be the  same if t he  resec t ion  i s  r eyea t ed  
a f t e r  a  period of tirne provided  t h a t  ( a )  t h e  computat ions a r e  c a r r i e d  out  
assuming the  same co-ordinates  for  the  cont ro l  po in t s ,  a n d  ( b )  t h a t  t h e  
movement du r ing  the  per iod  i s  smal l  compared with t he  s ize  of t h e  cont ro l  
t r i ang le .  The computed movement vector  wi l l  be a c c u r a t e  a n d  the  e r roneous  
co-ordinates s t i l l  good enough for p lo t t ing  on a  map.  

Consider the  network shown in  F ig .  5. S ta t ions  "I", " 2 " ,  "3" a r e  prominent  
but unco-ordinated rock f e a t u r e s .  Approximate co-ordinates  for  these  r e l a -  
tive to "P" c a n  be found by se t t i ng  out a  shor t  ba se l ine  P - P '  a n d  in t e r -  
secting the  f ea tu re s .  The t r i a n g l e s  a r e  i l l -condit ioned b u t  t h i s  does not 
matter .  If the accu racy  of obse rva t ion  i s  "x" t hen  a s  long a s  t he  a n g l e  
subtended by the base l ine  a t  a n y  of the  rock f e a t u r e s  i s  more t h a n  100x,  
then the d i s t ances  P to 1, P to 2 e t c .  c a n  be found to  be t t e r  t h a n  1%. If 
t h e  azimuth of the  base l ine  i s  measured by compass to s a y  + l o  then i t  would - 
he possible  to compute movements a c c u r a t e  to +1% a n d  lo  l imi ts .  For most 
qlaciological  s tud ies  these e r r o r  l imits  a r e  compEte ly  accep tab l e .  

Rock o ~ r r h a n g  """ 2 

I 

/',' 

Rock notch 

A Prominent rock f ea tu re .  

kbving ice s t a t i o n  

% Basel ine used f o r  
i n t e r s e c t i o n  of  rock 
f e a t u r e s  

Fig.  5 Network of t yp i ca l  rock f ea tu re s  used  for resec t ion  
of a  moving ice s t a t i on .  



This method c a n  be extended to cover a number of other ice stat ions on the 
same g lac ie r .  An accurate  movement can  be computed a t  each ice station 
a s  before by observation to the same rock s ta t ions  without having to set 
up another base-line. 

A technique s imi lar  to the one above involves using a map of the area ,  
selecting fea tures  for observing a s  before, then co-ordinating them by 
placing a g r i d  over the map. This h a s  been used extensively in Antarctica 
( 4 )  where the only maps ava i l ab le  a r e  from 1:250000 sa te l l i te  imagery with 
a g ra t i cu le  overdrawn. Up to seven control fea tures  were used, between 
15 and  80 kilometres d i s t an t  and movement vectors were measured directly 
by using a modified semi-graphic resection method. The in i t i a l  assumed 
position corresponds to the time of the f i r s t  resection whilst the "computed- 
minus -observedu values  were replaced by "final  - minus- in i t ia l"  values ;  a 
measure of the a n g u l a r  change between resections. 

This method i s  used to measure velocities of isolated points and i t  can 
a lso  be used to provide control for l a r g e r  networks. Fig. 6 shows a net- 
work measured in  Antarctica ( 4 ) .  This was a t r iangula t ion chain  with four 
baselines.  Three s ta t ions  were used for control ,  the velocity for each was 
measured a s  above. The scheme was remeasured and  both se ts  of measure- 
ments were computed by a n  observation reduction method. One of the control 
s ta t ions  was used a s  or ig in  while the other two provided checks for the 
computed velocities. Complete resul ts  were obtained without the observer 
ever having to leave the ice. The resul ts  of these velocity checks are 
shown in Table 2. 

P Station m i ce  with lvim velocity. 

Station cn ice  with velocity to  be measured. 

Angles m e n  s ta t icns  rreasured both ways. 

Csr D i s t a n o e  and angles masured 

-ion frcm cmtrol pints 
-L - -1. 

Scale 

t o  distant 
targets. 

Fig. 6 Network of s ta t ions  for ice movement s tudy.  
Control for the network i s  supplied from ice 
s ta t ions  of previously measured velocity. 



TABLE 2 Comparison between measured a n d  computed quan t i t i e s  
assuming Station R E  of Fig.  6 a s  control veloci ty .  

Distances 
and Baseline Baseline Baseline Station Station 

Velocities R D  to 13 7 to 8 1 to 2 R C R D 

Measured 2213.48m 2460.58~1 2262.16~1 158.5m/year 196.2m/year 
311.g0True 300.8OTrue 

Computed 2213.41m 2460.351~1 2361.48m 162.4m/year 195.8nl /~ear  
309 .7True  304.1True 

Rigorous network ana lys i s  using time dependent co-ordinates 

During the l a s t  few years  a method has  been evolved which el iminates a l l  
erroneous assunlptions, can  compute a network with incori17lete observat ions ,  
and can accept any  combinations of rock aild ice s ta t ions  wi'th known or  
unknown co-ordinctes and velocities ( 5 ) .  To da te  th i s  i s  probably the most 
powerful and adap tab le  method ava i l ab le  to the glaciological  surveyor .  

The bas is  of the method i s  the leas t  squares  solutiori of a set of observation 
equations. This i s  the s t andard  technique for obtaiiling the most probable 
values of stat ion co-ordinates in  a conventional s ta t ic  network a n d  i s  dis-  
cussed in deta i l  elsewhere ( 6 ,  7 ) .  The extension of th i s  technique,  to allow 
for niovinz s ta t ions ,  increases the nunber  of parameters to be adjus ted  for 
each stat ion but does not increase the mathematical complexity. 

Instead of two unlcnowns for each s t a t ion ,  a l l  co-ordinates a r e  considered 
to be time-dependent, the order n of the dependence polynolnial va ry ing  with 
the example under inves t iea t ion.  Each stat ion now h a s  n + 2 un!:nowns; 

X ,  Y ,  dX/dt, dY/dt, d2X/dt '. . . . dnX/dt n. 

To ca r ry  out the subsequent conlputation i t  i s  essent ia l  to have access to 
a sizeable computer and indeed the o r i ~ i n a l  development of th i s  technique 
was carr ied  out on the Cambridge University IBM 370/165 machine. 

The programme current ly  in use accepts only up to second order  polynotnials 
but this  i s  sufficient for almost a l l  ~ l a c i o l o ~ i c s l  s tudies .  Control s ta t ions  
are  specified with a l l  parameters f ixed.  Approxin~ate co-ordinates a r c  inpu t  
for a l l  other s ta t ions ,  con troll in^ azimuths a r e  specified,  a l l  other obser- 
vations a r e  l i s ted ,  together with thei r  time of observation and  the system 
then uses s t andard  software pac!iages to c a r r y  out a r igorous leas t  squares  
nnalysts .  

The output consists of adjusted values  of the unlinowns a t  the time of the 
earl iest  observation with thei r  estimated s t andard  e r ro r s  and the res idua l  
error of each observation.  Care must be talcen in  in terpre t ing the  output 
to allow for the f i t t ing procedure g iving values of velocities and acceler- 
ations unjustif ied by the accuracy of the observations.  For exarr~ple,  a 
s ta t ic  network badly observed,  would give a lower res idual  va r i ance  by 
this method i f  each stat ion was allowed to have a velocity associated with 



i t ;  the velocity would, of course,  be meaningless but  the e x t r a  degrees of 
freedom would convert position e r ro r s  to velocity values .  

The method was f i r s t  used to ana lyse  d a t a  from Spar tan  Glacier in Antarctica. 
This d a t a  were incomplete and  using t r ad i t iona l  methods i t  would not have 
been possible to obta in  resul ts  (F ig .  7 ) .  A s ingle  baseline was measured 
only once end orily 16 d a y s  spanned the f i r s t  and  l a s t  observations of the 
network. The velocities of the moving s ta t ions  have subsequently been 
measured over a one yea r  time span .  A comparison of the short  and long 
term resul ts  i s  shown in  Table 3. 

A Stat ionary  rock s ta t ion.  

Wving ice s ta t ion .  

Observed ray. 

Ray observed t w i c e .  . , 

Glacier  boundary. 

Baseline. 

Fig. 7 Spar tan  Glacier Survey. (5 )  

The comparison i s  d isappoint ing for s ta t ions  10 and 51 unt i l  one realises 
that  velocities have been measured over a 3-day time span  only ,  dur,r.ng 
which time the s ta t ions  have moved only 70mm and 130mm respective.-y. 
Clear ly ,  if a  network were specifically designed for th is  computing methcd, 
then a s inz le  measure of each observation sp read  out over s a y  three w e e k s  
will produce good resul ts .  To obta in  velocities from a single survey is - 
unprecedented. 

T A B L E  3 Comparison of short  and  long term velocity resul ts  
from S ~ a r t a n  Glacier .  



The e r e a t  s t r eng th  of the  method i s  i t s  a d a p t a b i l i t y .  I t  c a n  be used for  
computing a s ing le  t r a v e r s e  ( though with no g r e a t  a d v a n t a g e  over  o the r  
methods) o r  for computing a complex network of s t a t i o n a r y  a n d  moving s t a -  
tions tha t  may have  been measured many times. All obse rva t ions  c a n  be 
used, even those not repea ted .  

This method could poss ib ly  be app l i ed  to a  problem concerning  tectonic 
deformation. I t  i s  possible t h a t  the c r u s t a l  movements in  t he  1980 s t u d y  
will be very  small  a n d  sca rce ly  de tec table  above random su rvey  e r r o r s .  
This i s  ana logous  to the  shor t  term su rvey  a t  S p a r t a n  Glac ier  a n d  a s  h a s  
been s t a t e d ,  c a r e  must be t aken  i n  the  in t e rp re t a t ion  of r e s u l t s  ob ta ined  
by using t h i s  method. 

CONCLUSIONS 

This pape r  d iscusses  s e v e r a l  techniques  for  de termining  g l a c i e r  ve loc i t ies  
using s t a n d a r d  survey  ins t ruments .  The methods descr ibed  at tempt to over- 
come p rob len~s  concerned with d i f f icu l t  a n d  l imited access  to s t a t i o n s ,  a n d  
limited computing f ac i l i t i e s  without a f fec t ing  the accu racy  of r e s u l t s .  
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ABSTRACT 

Repeated t e r r e s t r i a l  stereophotogrammetric surveys  have been used to 
make var ious  maps. The g lac ie r  example quoted shows bas ic  d a t a  require- 
ments and  presents  s t a n d a r d  techniques to s tudy height var ia t ions  of the 
surface ,  the terminus mass and  ice movement. The resul ts  show that  the 
system i s  a good method to determine g l a c i a l  var ia t ions .  However, when 
applying th i s  technique the orientat ion of each photo should be identical .  
In  order  to obta in  re l i ab le  d a t a ,  a  combination of methods i s  necessary. 

INTRODUCTION 

The main purposes of g lac ie r  surveys  a r e  to determine the s ta te  of 
a g lac ie r  a t  a  ce r t a in  definite time and to measure time dependence of 
g lac ia l  su r faces  in  both horizontal and ver t ica l  directions.  Such studies 
advance our  knowledge of g lac ie r s  and ass i s t  predictions of future 
behaviour.  It must be pointed out tha t  the g lac ia l  behaviour i s  a function 
of local i ty ,  height and  orientat ion a l l  of which have dist inctive effects. 
Thus di f ferences  in re l ief ,  direction of slope,  thickness of moraine, ice 
g r a i n  size etc cause  dis t inct ive  var ia t ions  in  behaviour even between close 
neighbouring points.  It  follows that  when we s tudy the character is t ics  
of a ce r t a in  g lac ie r ,  in order  to derive meaningful conclusions, a  vast 
quan t i ty  of survey d a t a  including time, cl imate,  hydrology and topographical 
relief i s  required.  I t  i s  diff icult  to c a r r y  out a subs tan t i a l  theodolite 
intersection survey and  simultaneously make the other essent ia l  observations.  
However t e r r e s t r i a l  stereophotogrammetry permits r ap id  collecting of survey 
d a t a .  Furthermore for g lac ia l  var ia t ion s tudies  i t  i s  more accurate and 
economical than a n  aerophotogrammetric survey.  Hence, a repeated 
t e r r e s t r i a l  stereophotogrammetric survey i s  a n  ideal  method for measurina 
g lac ia l  va r i a t ions .  

Using repeated t e r res t r i a l  stereophotogrammetric surveys of the 
Batura Glacier in 1974, 1975 and 1978 a s  a n  example, the application or 
th i s  technique for making maps, and measuring g lac ia l  var ia t ion permits 
a n  assessment of i t s  accuracy.  The example besides providing the basic 
requirements a lso  provides d a t a  for s t andard  surveying techniques to study 
basic requirements and  height var ia t ions  of the g lacia l  surface ,  the terminus 
ice mass, g lac ia l  movement and terminal advance.  



BASIC REQUlREMENTS OF A REPEATED TERRESTRIAL 
STEREOPHOTOGRAMMETRIC SURVEY 

Repeated t e r r e s t r i a l  s tereophotogrammetric  su rvey  r equ i r e s  t he  t a k i n g  
of photographs a t  a  c e r t a i n  i n t e r v a l  on the  same f ixed  base  l i n e ,  a n d  
from such photographs  to make topographic  maps ,  a s  well a s  to compare 
and take  measurements from them by stereocomparator  to a n a l y s e  g l a c i a l  
var ia t ions .  In consequence,  bes ides  the  b a s i c  requi rements  of common 
photography,  for  r epea ted  t e r r e s t r i a l  s tereophotogrammetric  s u r v e y  the  
following a r e  r equ i r ed .  For per iodic  photography e x t e r n a l  condi t ions  of 
the photostation must be mainta ined  cons tant .  The photostat ion must be 
positioned a t  a  s t a b l e  p l ace ,  not on s l i d i n g  g r o u n d ,  a n d  a markstone 
must be bu r i ed  with i t s  cent re  accu ra t e ly  marked for  long-term use .  Near 
the photostation i t  i s  a d v i s a b l e  to set  up a wi tness  mark so t h a t  t he  s t a t ion  
can eas i ly  be found a f t e r w a r d s ,  e . g . ,  a  moraine c a i r n  1 m h igh .  The 
photogrammetric mapping sca l e  should  be g r e a t e r  t h a n  1:lOOOO a n d  the  
accuracy of the photo-base length  should  not exceed 1:2000; the  most s u i t a b l e  
length of the photo-base l i ne  i s  about  1/5 to 1/15 of the  g l a c i e r  a v e r a g e  
width. In order  t o  ensu re  in tersec t ion  accu racy  a n d  stereoscopic effect ,  
when the g l ac i e r  width exceeds 2 km, the  base  l i n e  must be l a i d  out  on 
both sides of the g l a c i e r .  Na tu ra l ly ,  "dead  space" must be avoided  o r  
a t  leas t  be minimized. 

Depending upon the  accu racy  of the  measur ing  method, the  extent  of 
g lac ia l  va r i a t ion  a n d  the  r equ i r ed  accu racy  of i t s  measurement,  t he  i n t e r v a l  
of repeated su rveys  c a n  be e i t h e r  s eve ra l  y e a r s  o r  only  d a y s .  Genera l ly  
speaking ,  the  longer  the  i n t e r v a l ,  the  h ighe r  the r e l a t ive  accu racy  of 
the collected d a t a ,  but  long i n t e r v a l s  cannot a l s o  provide  g l a c i a l  v a r i a t i o n  
over different  per iods  of d a y s ,  months, seasons  o r  y e a r s .  Fur thermore ,  
g l ac i a l  sur face  poin ts  may d i s a p p e a r ,  a n d  hence consecutive d a t a  c a n  
not a lways  be col lected.  If the  i n t e r v a l  i s  too s h o r t ,  the  r e l i a b i l i t y  of 
da t a  cannot be ensu red .  If condit ions a l low,  t he  r epea ted  s u r v e y i n g  
may be conducted a t  the  beginning  a n d  the  end  of the  a b l a t i o n  per iod .  
Under these condit ions the  r e l i a b i l i t y  of d a t a  c a n  be ensu red  a n d  the  
annual  g l a c i a l  v a r i a t i o n  from ab la t ion  a n d  accumulat ion c a n  be ob ta ined .  
'Ihe leas t  time i n t e r v a l  A between two repeated  s u r v e y s  i s  

where A D  i s  the e r r o r  of measurement, n the r equ i r ed  accu racy  of d a t a  
ap.1 V i s  velocity of the point being examined.  

THE MEASUREMENT METHOD OF GLACIAL VARIATlONS 

1 .  Glacier movement i n  the hor izonta l  d i rec t ion  

( a  The coordinate comparison method 

From photographic  p r i n t s  taken  a t  d i f fe rent  times, the homologous 
image points  must be ca re fu l ly  ident i f ied  so t h a t  t h e i r  coordina tes  
can  be determined.  If the differences of t he  coordina te  poin ts  
a r e  A Y  a n d  A X  then the  movement D and  the d i rec t ion  of g l a c i e r  
motion can  be ca l cu la t ed .  



Generally,  if the photo-distance i s  500 to 1500 m, the mean square 
e r r o r  of movement by th i s  method i s  md = 2 0.3 to 2 1.8 m ,  
m h .  = 2 0 . 1  to 2 0 . 4  m, the l a t t e r  being the height e r ro r ,  whilst 
md 1s the horizontal  movement e r ro r .  

(b) The pseudo-parallax method 

Since the g lac ie r  a lways  h a s  some var ia t ion  over the time in te rva l ,  
the photopair  ( they  a r e  not a t rue  stereoscopic p a i r )  will have 
a so-called "pseudo-parallax" which includes both a horizontal 
and a ver t ica l  displacement p a r a l l a x  tha t  c a n  be measured by 
stereocomparator. The pr inciple  of the pseudo-parallax method 
i s  shown in  Fig. 1. 

FIG. 1.  DIMENSIONS FOR THE PSEUDO-PARALLAX METHOD. 

The g lac ia l  movement d is tance  which i s  ver t ica l  to the optical 
a x i s  direction of the photograph i s  given by 

In the same way the var ia t ion in  g lac ia l  height can be shown to 
be 

where f i s  the focal length ,  Y i s  the photo-distance and PD is  



the hor izonta l  displacement p a r a l l a x .  

F igure  1 shows t h a t  the  photographic  d i rec t ion  is v e r t i c a l  to t he  
g l a c i a l  movement d i rec t ion .  In f a c t ,  they  cannot be v e r t i c a l  
to each  o ther  a n d  the re  i s  a n  ang le  of deflection between them, 
so the a c t u a l  d i s t ance  D of g l a c i a l  movement c a n  be shown a s  
follows : 

As a gene ra l  r u l e ,  the d i rec t ion  of movement of a  point i s  determined 
by ca lcula t ion  from coordina tes  o r  by measurement on a topographic  
map. The photo-distance Y i s  determined by  a b r i d g i n g  method. 
I t  wil l  be seen from t h i s  t h a t  i n  o rde r  to measure g l a c i a l  v a r i a t i o n s  
the pseudo-para l lax  must be combined with t e r r e s t r i a l  stereophoto- 
Qrammetry. 

To measure the accu racy  of g l a c i a l  v a r i a t i o n s  by pseudo-pa ra l l ax  
methods, d i f fe rent ia te  equa t ions  (3 )  a n d  ( 4 ) .  Neglecting the  micro- 
increments of h ighe r  o rde r s  a n d  r e a r r a n g i n g ,  we ob ta in  

d 
When m Po = m~ = 0.01 mm, Y = 1500 m, f  = 200 mm, m = 1.2 m 

we ob ta in ,  from equat ion  ( 6 )  m D  = 2 0 . 1 4  m, m A h  = 0.08 m .  

Therefore the accu racy  of the pseudo-para l lax  method i s  h ighe r  
than  the accu racy  of the coordina te  comparison method. At p re sen t ,  
i t  i s  the main measur ing  method for  a s ses s ing  g l a c i a l  v a r i a t i o n s .  

2 .  Glacier movement in the ve r t i ca l  direct ion 

( a )  The compara t ive  method us ing  topographic  maps 

This method uses the same coordina te  system a n d  sca l e  a s  in the 
a e r i a l  photograrnmetric su rvey ing  method. The topographic  maps 
a r e  drawn by us ing  a Zeiss S tereoautograph 1318 a n d  each  map 
h a s  i t s  own d i s t i nc t ive  colour.  In  o rde r  to avoid  e r r o r s  d u r i n g  
mapping,  each photo of the photopair  from the  same photostat ion 
must use the same or ien ta t ion .  Ground objects  a n d  georilorphology 
( e . ~ . ,  supe rg lac i a l  moraine,  l a k e ,  ice c r e v a s s e ,  ice hummock, 
boundary of ice tongue,  homologous contour a n d  man-made m a r k )  
a r e  ca re fu l ly  plotted onto the topographic  map.  If  d isp lacements  
of these marks  on the map a r e  found,  they  r ep resen t  g l a c i a l  
va r i a t ion .  Genera l ly ,  the use of t r a n s p a r e n t  t h in  film i s  a  much 
simpler way of determining v a r i a t i o n s  of a  g l a c i a l  su r f ace .  Thus 
a l l  va r i a t ion  elements a r e  t raced  on the th in  film map a n d  over-  
l ay ing  onto the other  map permits  a  measure of g l a c i a l  v a r i a t i o n s  
by direct  comparison.  



( b )  The square  g r i d  method 

Firs t  of a l l ,  the topography i s  plotted onto a map divided by 
a small square  g r i d  whose side length i s  1 cm (o r  according to 
accuracy and  scale  r e q u i r e d ) .  Then the height of each square 
corner i s  measured by the stereoautograph 1318 instrument and 
the difference of height a t  each square  corner i s  h2 - hl  = Ah. 

Hence va r ia t ion  of the g lac ia l  surface  height i s  obtained.  The 
height of each square  corner point can a lso  be derived by contour 
in terpola t ion.  

The small square  g r i d  can  be made to agree  with the coordinate 
g r i d  of the topographic map and  be di rec t ly  plotted by a plotting 
machine. The square  g r id  can  a lso  be plotted on the transparent  
th in  film ins tead of on the topographic map. The g r i d  can have 
var ious  directions and  forms to allow for different positions of 
the g lac ie r .  

The effort required by the square  method i s  excessive and it is 
only appl icable  to deta i led  g lac ia l  inves t igat ions .  

( c )  Profile method 

This method i s  a s t a n d a r d  one for g lac ia l  investigations.  Generally, 
the profile i s  l a i d  out a t  typical  posit ions,  such a s  the upper, 
middle and lower sections of a g lac ie r ,  terminus,  tu rns  and 
junctions,  and  the places where surface  slopes a r e  obviously 
chang ing .  

Generally speak ing ,  va r i a t ions  of surface  height a r e  small and 
a profile map i s  drawn with a ver t ica l  scale ten times l a rge r  than 
the horizontal sca le .  

The va r i a t ion  value  of the g lac ia l  height h i s  a ver t ica l  direction 
va lue ;  the perpendicular  value to the surface is  

where 0 i s  the slope angle  of the ice surface.  

RESULTS OF A REPEATED TERRESTRlAL STEREOPHOTOGRAWMETRIC 
SURVEY AT T H E  BATURA GLACIER TERMINUS 

A repeated t e r res t r i a l  stereophotogrammetric survey a t  the Batura Glacier 
was mainly within 4 km of the terminus. Five photo-bases were la id  out 
a t  the 2 km wide terminus and a repeated t e r res t r i a l  stereophotogrammetric 
survey was taken a t  the beginning and a t  the end of the ablat ion period 
dur ing  197L. 1975 and 1978. The Zeiss Stereoautograph 1318 and the 
Stereocomparator 1818 were then used back a t  the office in Lanzhou. With 
a l l  the methods mentioned above,  we obtained the resul ts  of terminus 
va r i a t ions  of the Batura Glacier shown in  the following tables  and figures.  

From the d a t a  given overleaf i t  i s  c l ea r  that  i f  we compare the 1978 
d a t a  with those of 1975. the height of the terminus evidently dropped a n d  
much ice mass was lost but the ice surface  of 1978 was higher than that 
of 1966. It follows tha t  there i s  a considerable amount of ice advancing 
a t  the g lac ie r  terminus. Thus,  i t  i s  quite possible tha t  the Batura Glacier 



F I G .  2. SPATIAL CHANGES ON THE TERMINAL SURFACE OF THE 
BATURA GLACIER,  1 9 6 6  - 1 9 7 4 .  



FIG. 3. ISOLETH MAP OF HEIGHT VARIATION IN THE LARGE ICE CLIFF 
AT THE TERMINUS OF THE BATURA GLACIER, 1975 - 1978 (m). 

FIG. L .  HEIGHT VARIATIOgS OF CENTRAL LONGITUDINAL PROFILE OF THE 
BATURA GLACIER'S TERMINUS, IN 1966 - 1978. 



* Pakistan survey, a e r i a l  map 1:10.000 
1966 

v (m/yr. 

11.0 

9.6 

2.8 

Time 

1966* - 1974 

1974 - 1975 

1975 - 1978 

Notes: 

Advancing 
Value 

( m )  

90.0 

9.6 

5.5 

In  comparison with maps 

Var ia t ion  
o f  

I c e  Mass 
( 104m3) 

-241 

-456 

-425 

-696 

-1395 

142 

J 

General surveying 

Glac i a l  
Area 

( 104m2 ) 

7 3 

60 

3 9 

5 9 

128 

Contour 
(m) 

2650 - 2700 

2700 - 2750 

2750 - 2800 

2800 - 2850 

2850 - 2900 

Sou th  C l i f f  

Nor th  C l i f f  I 

From homologous contour d i sp l ace -  
ments t h e  g r e a t e s t  speed p o i n t  was 
37.5 dur ing  1975 - 78. 

Var ia t ion  
of 

Height 
( m )  

-3.3 

-7.6 

-10.9 

-11.8 

-10.9 

3.8 

8 .6  

Note : 

Square g r i d  method with about 
1500 p o i n t s  

w i l l  cont inue to advance  i n  f u t u r e  y e a r s  but  wi th  d e c r e a s i n g  force ;  
see reference ( 1 ) .  

The g l ac i e r  v a r i a t i o n  r e s u l t s  ob ta ined  from the  above mentioned su rvey -  
i n g  and  mapping techniques  shows t h a t  t he  r epea t ed  t e r r e s t r i a l  stereophoto- 
grammetric su rvey  i s  a  good method to determine g l a c i a l  v a r i a t i o n s .  
!t must be p a r t i c u l a r l y  noted however t h a t  when a p p l i e d  t he  o r i en t a t i on  
of each photo should be i d e n t i c a l .  I n  o rde r  to o b t a i n  r e l i a b l e  d a t a ,  
a  combination of these methods should  be employed. 
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ABSTRACT 

The Doppler s a t e l l i t e  system i s  a n  a l l -weather ,  g loba l  s u r v e y  systern e n a b l i n g  
the user  to in t roduce  su rvey  c ~ n t r o l  i n to  remote a n d  mountainous a r e a s  wi th  
a  minimal requirement  of personnel  a n d  time. With the  p re sen t  technology,  
single-point posi t ioning with accu rac i e s  i n  t he  r a n s e  2-5m i s  poss ib le .  Fu tu re  
developments may b r i n g  t h i s  down to  1-1im for  abso lu t e  pos i t i on ing ,  a n d  
to lOcm over  300km for r e l a t i v e  pos i t ion ing .  With t he  con t inua l ly  improving  
accuracy ,  deficiencies  i n  t he  ex i s t i ng  re ference  e l l i p so ids  a n d  g r a v i t a t i o n a l  
models a r e  revea led  which c a n  only  be  cor rec ted  by ex t ens ive  a n d  meticulous 
doppler measurements. The system c a n  a l s o  be used  to  i n v e s t i g a t e  c r u s t a l  
mass d i s t r i bu t ion  a n d  long-term c r u s t a l  movements. Two new s y s t e n ~ s  offer  
shor te r  term c r u s t a l  monitoring,  with one of them po ten t i a l l y  ach i ev ing  r e l a -  
t ive posi t ioning accu rac i e s  of a  few centimetr,es.  

INTRODUCTION 

Details of t he  U.S. Navy Navigat ion Sa te l l i t e  System, u s u a l l y  c a l l e d  T r a n s i t ,  
were f i r s t  re leased  to t he  g e n e r a l  pub l i c  i n  1967. This  system al lows the  
u+er  to determine h is  posi t ion on a  g loba l  co-ordinate sys tem,  to be t t e r  t h a n  
+ 5 metres, i n  less  t h a n  48 hours .  S ta t ions  loca ted  u s i n g  t h e  system do  not 
x a v e  to be i n t e rv i s ib l e ,  nor do they  have  to be t i ed  i n to  a n y  loca l  o r  re- 
gional  survey  network. The rece iver  c a n  be ope ra t ed  in  a l l  l i g h t i n g  a n d  
weatner condi t ions ,  except  e l ec t r i ca l  s torm,  without  s i g n i f i c a n t  reduct ions  
in accuracy  occu r r ing .  As such i t  i s  i d e a l  for su rvey  use  i n  remote and  
mountainous reg ions ,  a l lowing s u b s t a n t i a l  s a v i n g s  i n  tirne a n d  manpower. 

SYSTEM DESCRIPTION 

The system cons is t s  of 5 ( i n  1979) s a t e l l i t e s  i n  c i r c u l a r ,  p o l a r  o r b i t s  a r o u n d  
the e a r t h .  With a n  a l t i t u d e  of about  1075 km, e a c h  s a t e l l i t e  completes one 
orb i t  every 107 minutes .  Transmi t ted  from each  s a t e l l i t e  a r e  two v e r  s t a b l e  
s igna l s  ( t h e  f requencies  of which change  l e s s  t h a n  one p a r t  i n  10" d u r i n g  
a  p a s s ) .  These a r e  a t  a p p r o x i ~ n a t e l y  150 a n d  400 MHz. Encoded by p h a s e  
modulation into these s i g n a l s  i s  a  nav iga t ion  message,  which con ta in s  the  
de t a i l s  of the s a t e l l i t e ' s  position a s  a  funct ion of time. This  message is 



programmed to s t a r t  and  end a t  the ins tan t  of every even minute, thus also 
providing precise timing marks.  The navigat ion message i s  up-dated at  
about 12-hourly in te rva l s  when the sa te l l i te  passes  near  one of the four 
ground t r ack ing  s ta t ions .  The up-dated message i s  a prediction of the 
s a t e l l i t e ' s  orbi t  for the next 16 hours,  and  i t  i s  the deviations from this 
predicted orbi t  which limit the overa l l  system accuracy when using the trans- 
mitted d a t a .  This problem c a n ,  however, be overcome by continuously moni- 
toring the s a t e l l i t e ' s  position in  re la t ion to known ground s ta t ions .  

OBTAINING A POSITION FIX 

As the sa te l l i te  comes over the horizon, i t  i s  t r ave l l ing  rap id ly  towards 
the obse rver .  emitt ing,  a s  i t  does so ,  a  ser ies  of s igna l s  a t  constant time 
in te rva l s .  Because the source of the s igna l  i s  moving towards the observer, 
these s igna l s  a r r i v e  a t .  the receiver a t  a  r a t e  f a s te r  than  tha t  a t  which 
they were t ransmit ted .  This frequency change,  which i s  known a s  the 
Doppler sh i f t ,  i s  d i rec t ly  re la ted  to the re la t ive  velocity between the satel- 
l i t e  and observer .  I f  t h i s  r e l a t ive  velocity i s  now integra ted over a known 
time i n t e r v a l ,  then one can  determine the change in  d is tance  between the 
sa te l l i te  and  observer in tha t  time in te rva l  ( the range  c h a n g e ) .  It i s  the 
determination of th i s  change which forms the bas ic  ca lcula t ion of the system, 
fro!? which the receiver position c a n  then be found. 

Figure 1 shows the bas ics  of the Doppler measurement technique.  The navi.- 
qation receiver i s  equipped with a s t ab le  reference oscil lator from which 
ihe  LOO MHz ground reference frequency f G  i s  der ived.  The receiver forms 

the difference frequency ( f  -f ) ,  where f i s  the received frequency.  Each G R R 
Doppler measurement i s  then a count of the number of difference-frequency 
cycles occurring between the time marks received from the sa te l l i te .  This 
count is  a very  sensit ive measure of the change in  d is tance  between the 
sa te l l i te  and  receiver ,  a s  each count represents one wavelength change,  whi.ch 
a t  LOO MHz is  only 0.75m. 

The equation defining the Doppler count of ( f  -f ) i s  the in tegra l  of this G R 
d i f ference  frequency over the time in te rva l  between receipt of the time marks 
from the sa te l l i t e .  So, t ak ing  period one of Fig .  1 for example:- 

Note tha t  ( t l  + R 1  /C )  i s  the time of receipt of the time mark transmitted at  

time t  af ter  having t ravel led  dis tance  R a t  velocity C .  1 '  1 

To unders tand how this  gives the s l an t  range change i t  i s  helpful to expand 
the equation into two p a r t s :  



REFERENCE 

ENCY = 400 MHz 

RECEIVED 
FREQUENCY 

DOP ANSMITTEO 

399.968 MHz 

Fig.  1  Schematic for Posi t ion F ix ing  by Sa t e l l i t e  Receiver (1 )  

The f i r s t  p a r t  of the  express ion  i s  s t r a i g h t f o r w a r d  to  d e a l  w i th ,  i t  i s  merely 
the in tegra t ion  of the  cons t an t  f requency  fG.  The second p a r t  however,  con- 

t a in s  the  v a r y i n g  f requency  f R .  This  i n t e g r a l  r ep re sen t s  t he  number of 

cycles received between the  time of rece ip t  of the  two t iming marks .  C lea r ly  
t h i s  quan t i t y  must e q u a l  t he  number of cyc les  t r ansmi t t ed  between t h e  t r a n s -  
mission of the  marks .  hence we c a n  now wri te:-  

where f T  i s  the t ransmi t ted  f requency .  

A s  the f requencies  f  a n d  f T  a r e  assumed cons t an t  d u r i n g  a  s a t e l l i t e  p a s s ,  G 
the i n t eg ra l  becomes t r i v i a l  g i v i n g : -  

1  N l  = fG [ t - t  + - ( R  C 2  - R l (  - f T  ( t 2  - t l )  

which, a f te r  r e a r r a n g i n g ,  g ives :  



f G ,  f T ,  t l ,  t 2 ,  C a r e  known, N 1  i s  the Doppler count,  hence the range 

change R2 - R  can  be determined. As mentioned e a r l i e r ,  the sa te l l i te  also 
1 

t ransmits  de ta i l s  of the position in  re la t ion to time ( t h e  broadcast  ephemeris), 
hence i t s  location a t  t l  a n d  t 2  c a n  be found. These de ta i l s  a r e  fed into 

a computer, along with a n  i n i t i a l  guess  a t  the rece ive r ' s  position made by 
the operator.  From the two se ts  of posit ions,  the computer now calculates 
a set of theoretical  r ange  change va lues ,  which c a n  then be compared with 
the measured values .  If the assumed receiver position was correct ,  then 
the ca lcula ted  values  would agree  with those measured. More usual ly  however, 
one does not know the exact  receiver position, in  which case  there will be 
a difference between the measured and  calcula ted  ,values.  The computer 
uses th is  difference to ca lcula te  a n  improved g u e s s ,  a t  the receiver ' s  posi- 
t ion ,  and then calcula tes  a new set  of range chang values ,  compares them, 
makes a new guess  and  so on,  unt i l  the change i receiver position after J a n  i tera t ion fa l l s  within the accuracy limits apprppr ia te  to the situation, 
when the cycle i s  then stopped. The number of i tera t ions  required i s  ac- 
tua l ly  qui te  smal l ;  with a n  in i t i a l  position assumption in  e r ro r  by tens of 
kilometres, only two or  three  i tera t ions  a r e  required to ca lcula te  the correct 
values .  Even with the i n i t i a l  estimate in  e r ro r  by 200-300 km, the solution 
will s t i l l  converge on the t rue  values  ( 1 ) .  

TRANSFORMATION OF THE RESULTS ONTO THE REGIONAL SURVEY 
CO-ORDINATE SYSTEM 

The previous ca lcula t ions  give the rece ive r ' s  position in  relat ion to a number 
of known points on the var ious  sa te l l i te  t r a c k s ,  the positions of which are 
described using a g lobal  co-ordinate system. This position must now be 
operated upon mathematically to transform i t s  values  in to  ones consistent 
with the co-ordinate system in the region i n  which the receiver i s  being 
opera ted.  

Figure 2 g ives  the bas ics  of the problem. The geoid i s  the gravitat ional  
equipotent ia l  surface  approximately coinciding with mean sea  level .  It is 
a n  undula t ing i r r e g u l a r  surface ,  and a s  such i s  unsui table  for geodetic 
work (e levat ions  a re .  however. usual lv  measured in  relat ion to th i s  su r face ) .  
So a simpler su r face  i s  chosen, th i s  i s  almost a lways  a n  e l l ipsoid ,  the para- 
meters of which a r e  such tha t  i t  i s  the "best f i t "  to the geoidal  surface 
i n  tha t  region ( i n  the i l lus t ra t ion i t  h a s  been shown displaced downwards 
for c l a r i t y ) .  The regional  el l ipsoids a r e ,  however, not sui table  for use 
with a global  sa te l l i te  system, consequently a new ell ipsoid was required, 
which would describe the shape of the whole Earth.  The problem i s ,  that 
the exact  form of the globe can only be determined by careful  measurements 
using the sa te l l i te  system, hence the i n i t i a l  el l ipsoid could only be defined 
a r b i t r a r i l y .  As the number of observations increases ,  so the in i t i a l  ellipsoid 
is  adjus ted  and re-adjusted to produce a "best fit". Continual revision 
of the sa te l l i te  computing system would be both inconvenient and expensive, 
consequently these adjustments a r e  given a s  corrections to be applied to 
the "s tandard"  reference system. The broadcast  ephemeris i s  given in terms 
of the el l ipsoid known a s  NWL-lOD, which i s  almost compatible with the 
NWL-9D system ( 2 ) .  The NWL-9D system is  tha t  used by the ground tracking 
s t a t ions ,  whose d a t a  a r e  used for high accuracy work (see  l a t e r ) .  Both the 
NWL-9D and NWL-1OD systems, due to the way in  which they were defined, 
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F i g .  2 Showing the Relationship between the Three 
Geodetic Surfaces involved in  Satel l i te  Survey,  
and how Deflection of the Vertical a r i ses .  

cannot be connected directly to other c l ass ica l  geodetic systems. The correc- 
tions necessary to convert the NWL-9D system into a proper geodetic (CIO 
pole and B I H  zero-longitude based)  reference system were given i n  1975 a s  
+0.26" longitude rotat ion and -5.27 m reduction in  the r a d i u s  of the el l ipsoid 
(31, producing the new ell ipsoid NWL-1OF. Fur ther  observations showed t h a t  
this  s t i l l  was not sa t i s fac tory ,  and  the l a t e s t  (1978) values  proposed a r e  

+0.8" in longitude and -0.4 part/106 in  scale ,  producing the system known 
as  DOPPLER 78 ( 4 ) .  In the meantime, NWL-9D was changed to NSWC 92-2 
with a different g rav i ty  f ie ld ,  but  th i s  change h a s  not affected the user 
( 2 ) .  It i s  c l e a r  tha t  these minor adjustments will continue to be made a s  
the system accuracy and  d a t a  ava i l ab le  improve. 

To summarize: The sa te l l i t e ' s  position i s  given i n  terms of a set  of geo- 
centric cartesian co-ordinates X, Y and Z, whose or ig in  i s  a t  the centre  
of the global sa te l l i te  el l ipsoid (NWL-1OD for the broadcast  ephemeris) .  
This has  to be transformed into the NWL-9D system by a small correction 
i n  the origin position and a small change in  scale ( i n  Europe the recom- 

mended values a r e  A X  = -3m , A Z = -1lm and  scale 1.3 parts/lOb ( 2 )  1. 
NWL-9D then is  adjusted to DOPPLER 78. The co-ordinates a r e  then in  a 
proper geodetic system and can be transformed into the required regional  
ellipsoid by the appropr ia te  origin t r ans la t ion ,  r ad ius  change and f la t tening 
coefficient change.  

Once in the regional reference system, the ca r t e s ian  co-ordinates c a n  be 
converted to s t andard  geodetic values of l a t i tude ,  longitude and  height above 
ellipsoid using the "s tandard"  equations below. 

tan  A = Y / X  

2 2 tan  9 = ( I  + e v s i n $ )  / ( X  + y21f 



where X longitude 
4 l a t i tude  
( N  + h )  height of the point above the reference el l ipsoid 
a semi-major a x i s  of the e l l ipse  
e eccentrici ty of the e l l ipse  
v r a d i u s  of cu rva tu re  of the prime ve r t i ca l  

Note: a and  e now of course refer  to the regional  el l ipsoid values .  - 

ACCURACY AND LIMlTATlONS 

Following the removal of e r r o r s  due to unmodelled polar  motion in  1973 (51, 
the e r r o r s  for a s ingle  sa te l l i te  pass  have been reduced to: 

1. Uncorrected propagation effects ( ionospheric a n d  tropospheric effects) 
1-5m. 

2. Instrumentation and  measurement noise ( local  and  sa te l l i te  oscillator 
phase  j i t t e r ,  n a v i g a t o r ' s  clock e r r o r )  
3-6m 

3. Uncertainties in  the geopotential model used in  genera t ing the orbit  
10-20m 

4. Uncertainties in su rveyor ' s  a l t i tude  
10m 

5. Incorrectly modelled surface  forces ( d r a g  and  radia t ion pressure acting 
on the sa te l l i tes  dur ing  the ext rapola t ion i n t e r v a l )  
10-25m 

6. Ephemeris rounding e r ro r  ( l a s t  d ig i t  in  the ephemeris i s  rounded) 
5 m  

The root-sum-square of these e r ro r s  l ies  in  the range 18-35m. 

Propagation effects :  There a r e  two sources of refraction e r r o r ;  the l a ?  yt-r 
one is  due to the ionosphere. The effect i s  to stretch the wavelength of 
the s igna l  pass ing through,  due to interactions between the wave and 'roe 
electrons and ions. Work done dur ing  the f i rs t  yea r s  of T r a n s i t ' s  d e v ~ l o p -  
ment showed tha t  these e r ro r s  could be corrected by combining the Dopp'er . - 
measurements made a t  two frequencies,  hence the transmissions a t  both c-.') 

and LOO MHz. The tropospheric e r ro r  can only be removed by modell i l!~ 
i t s  ef fec ts .  Models of va ry ing  sophist ication a r e  ava i l ab le ,  usually the 
simpler models a r e  sufficient ,  however, for high accuracy work full  account 
of the tropospheric effects must be t aken ,  with continuous measurements at  

the receiver location of temperature + l O c ,  pressure  22 mbar and  humidit-y. 
The effect  of neglecting these measufiments manifests itself in  the form of 



an error in the ca lcula ted  receiver elevation ( 6 ) .  

Instrumentation: The clock e r ro r  occurs because the power a l located,  in  
the sa te l l i te ,  to transmitt ing the clock s igna l  i s  very smal l ;  only 62 milli- 
watts. As th i s  s igna l  h a s  a period of nea r ly  10,000 p sec i t  is not su rp r i s ing  
that there a r e  clock e r ro r s  of the order 50 to 150 psec ( 1 ) .  Since the Doppler 
frequency being counted h a s  a period of 25-40 psec ,  time recovery j i t te r  
can cause a count to begin severa l  cycles e a r l y  or l a t e ,  where each count 
represents 0 . 7 5 ~ 1 .  The best technique for removing the effect of time 
recovery j i t ter  i s  a  precise clock t h a t  measures the time i n t e r v a l  of each 
Doppler count, using the reference oscil lator a s  s t a n d a r d .  

Altitude: An e r ro r  in  the assumed a l t i tude  will affect the ca lcula ted  longi- 
tude, if only one sa te l l i te  pass  i s  used to determine the position of the 
receiver; see Fig. 3. If a  second pass  i s  incorporated in the ca lcu la t ions ,  
where the angle of elevation of the second sa te l l i te  t rack above the horizon 
is different from the f i rs t  t r a c k ,  then the correct three-dimensional position 
can be determined. Clear ly ,  the more passes  incorporated,  the more accurate  
will be the f inal  resul t .  

SINGLE SATELLITE PASS. MULTIPLE PASS 

+- -I 

POSSIBLE LONGITUDE VALUES 
DEPENDING ON ELEVATION VALUE 
ENTERED IN PROGRAMME 

'ION 

UNIQUE, THREE - 
DIMENSIONAL SOLUTION 

Fig. 3 Altitude Error and i t s  Correction 
using Multiple-Pass Techniques ( 1 )  

I l~~cer ta in t i e s  in geopotential model and surface force e r ro r s  a r e  cont inual ly  
hcing improved, but it is  these uncertainties in position which will a lways  
I ~ n i i t  the ultimate system acclrracy. As the broadcast  ephemeris i s  only 
~ lpda ted  about every 12 hours,  the er rors  c lear ly  increase a s  one progresses 
towards the end of the extrapolation period. The magnitude of these e r r o r s  
was acknowledged dur ing the design s tage  of the sa te l l i t e s ,  with the satel-  
l i t e  memory only capable of holding a n  ephemeris accurate  to the neares t  
I(' metres. On one occasion th is  broadcast  ephemeris was found to be con- 
qistently in er ror  for a week of observations,  with the stat ion co-ordinates 
displaced by 6m in both X and Y ,  indicat ing a n  inexplicable temporary shi f t  



in the reference system or ig in  ( 7 ) .  

The solution to these problems i s  to t r ack  the sa te l l i tes  using ground sta- 
tions of known co-ordinates. These observat ions  then provide the data  re- 
quired for producing the precise ephemeris, which allows the user to deter- 
mine his  position using a s ingle  sa te l l i t e  p a s s ,  with a root-sum-squared 
e r ro r  of about 6.3m ( 1 ) .  The main d i sadvan tage  i s  t h a t  th i s  precise ephe- 
meris can  only be obtained af ter  re turning from the f ie ld .  This i s  offset by 
the s ignif icant  reduction i n  time required in  the f ie ld ;  5 to 10 hours for 
a +5m fix ins tead of about 48 hours when using the broadcast  ephemeris. 
 he bulk of th i s  time i s ,  in  f a c t ,  made up of wait ing for sui table  passes, 
a s  a s ingle  pass  typical ly  l a s t s  only 10 to 18 minutes. Due to a reduction 
in accuracy sa te l l i te  passes  with a n  elevation below about 20" and above 
75" a r e  usua l ly  edi ted ,  a n d  occasionally more than  one sa te l l i te  i s  above 
the horizon with the possibil i ty of the s igna l  from one in ter fer ing with that 
from the other ,  thus making both redundant .  

No s ignif icant  breakthrough i s  expected i n  the Transi t  sa te l l i te  system (in 
terms of a c c u r a c y ) .  In 1979, using "orbit relaxation" programs such as 
tha t  developed a t  Nottingham University ( 7 )  i t  was possible to determine 
the re la t ive  positions of points up to 300 km a p a r t  with accuracies  of around 
300mm. With the introduction of the new NOVA sa te l l i t e s ,  whose suscepti- 
bi l i ty to ex te rna l  forces such a s  atmospheric d r a g  and  radia t ion pressure 
will be much less  than  the present  generation OSCAR sa te l l i t e s ,  orbit  predic- 
tions will be improved. The present  g r a v i t y  model (WGS 72)  i s  also under 
review, combined with a harmonization of the broadcast  and precise ephe- 
meris  th i s  could br ing re la t ive  position accuracies  down to about lOOmrn 
( 8 ) .  

The main advance will be with the introduction of the Navstar Global Posi- 
tioning System in 1986. This will consist of 18 sa te l l i tes  a t  a n  altitude 
of just under 20,000 km, sp read  evenly amongst three p l a n a r  orbi ts .  The 
navigation d a t a  will a g a i n  be transmitted on two frequencies,  1575.42 MHz 
and 1227.6 MHz. to fac i l i ta te  the ionospheric delay correction. The user 
will tune in to 4 of the 6-11 sa te l l i tes  v is ib le  a t  any  one time, and compare 
the time of reception of the reference marks in  the four messages with the 
clock in his  receiver.  By dividing the delay time between mark transmission 
and reception by the speed of l ight  (corrected for ionospheric effects) the 
user can then calcula te  "pseudo-ranges" to the sa te l l i tes  and hence a 3-D 
position, using the fourth piece of information to ca lcula te  receiver clock . m 

er ro r  ( t h e  sa te l l i te  clocks a r e  s t ab le  to 1 p a r t  in 1 0 I L ) ;  the t rue  ranges 
and  receiver position can then be calculated ( 9 ) .  Based on theoretical evalu- 
at ions of the system in  1978, w6en the planned number of sa te l l i tes  war. 24 ,  
a n  absolute positioning accuracy of about 1 metre was considered feasible, 
with the limiting fac tor  being uncer ta in ty  in the sa te l l i te  positions. By ex- 
tending the measurement modes to long-baseline interferometry and Doppier, 
the predicted re la t ive  positioning accuracy will be better  then lOOmm for 
baselines up to 2,000 km in length (10) .  

ADVANTAGES OF T H E  TRANSIT SYSTEM A N D  ITS APPLICATIONS 

I t  is  a  portable "all-weather" system. It does not have to be tied i n  to 
a local survey.  nor do the s ta t ions  have to be in tervis ib le .  The logistical 
requlrernents for i t s  operation a r e  known in advance,  allowing improved 
planning and resource al location.  The independence of the individual  statlons 
facilitates a flexible approach to the ac tua l  execution of the work, so i f ,  
for example, there i s  a n  unexpected problem with the t r anspor t ,  then it 



does not matter  if the l a s t  'p lanned s t a t ion  i s ,  i n  f a c t ,  occupied f i r s t .  

In mountainous t e r r a i n  i t  p rovides  a  r a p i d  means of i n t roduc ing  the  control  
necessary for su rvey  by aero- t r iangula t ion  o r  i n e r t i a l  s u r v e y  sys tems,  a n d  
in so doing provides cons iderable  s a v i n g s  i n  manpower a n d  time r e q u i r e d .  

Using the present  system i t  is poss ib le  to e s t a b l i s h  cont ro l ,  to geodetic  s t an -  
d a r d s ,  i n  sca le  a n d  or ien ta t ion  over l i nes  i n  excess  of 300km. With the  
introduction of the Navs tar  system, t h i s  l eng th  may be s ign i f i can t ly  reduced.  

Affected only by  the in t eg ra t ed  effect of the  g r a v i t a t i o n a l  f ie ld  for  the  whole 
Ear th ,  the s a t e l l i t e ' s  o rb i t s  a r e  effect ively in sens i t i ve  to smal l  nea r - su r f ace  
mass d i s t r i bu t ion  v a r i a t i o n s .  Such effects  occur where mountain masses r i s e  
out of the cont inents ,  d i s to r t i ng  the  g r a v i t a t i o n a l  f ie ld  a n d  hence l e a d i n g  to 
i r r egu la r i t i e s  in  the geoid ( see  Fig .  2 ) .  If a  theodoli te  i s  se t  u p  in  such  a 
region,  then i t s  a x e s  will  be a l igned  p a r a l l e l  a n d  pe rpend icu la r  to the  geo- 
i da l  sur face  a t  t h a t  poin t .  A s  t h i s  su r f ace  i s  r a r e l y  t a n g e n t i a l  to  the e l l ip-  
soid,  then a n y  determination of geodetic  posi t ion by  as t ronomical  observa t ions  
will be in  e r r o r ,  due  to the devia t ion  from the  e l l ipsoid  ( o r  from the  ver t ica l  
depending on which a x i s  one r e fe r s  t o ) .  A solut ion i s  to measure the  s t r eng th  
of the g r a v i t a t i o n a l  f ie ld  a round  a g r i d  of poin ts  ac ros s  the  a r e a ,  a n d  then 
to ca lcula te  the devia t ion  from these  va lues .  F a r  e a s i e r  i s  to observe  the  
s tat ion locat ion us ing  the  s a t e l l i t e  system, which i s  of course  unaffected 
by the local  devia t ion .  By s u b t r a c t i n g  t h i s  posi t ion from t h a t  ob ta ined  
by astronomical observa t ions .  one ob ta ins  d i r ec t ly  t he  loca l  dev ia t ion .  

With the ul t imate system accuracy  i t  becomes possible to monitor g loba l  tec- 
tonic movements. A review i n  1979 (11) s t a t e d  t h a t  cont inenta l  d r i f t  could be 
measured to a n  accu racy  of 20 mm/year by continuous observa t ion  ove r  a  
period of longer t h a n  5 y e a r s .  With the improved T r a n s i t  system, o r  u s ing  
the Navstar  system, th i s  i n t e r v a l  would be reduced to 3-4 y e a r s .  There i s  
however, a  system under  development which,  if a l l  goes well ,  could allow 
monitoring on a 12-month b a s i s ,  poss ib ly  even l e s s .  This  i s  Very Long Base- 
l ine Interferometry (12). I t  i s  a t  present  be ing  tested on the San Andreas 
fau l t  in  America, a n d  cons is t s  of two o r  more r a d i o  a n t e n n a e  monitoring 
ex t r aga lac t i c  r ad io  sources .  These sources ,  such a s  q u a s a r s  a n d  Seyfert 
ga l ax ie s ,  a l though seve ra l  hundreds  of l i gh t -yea r s  in  d iameter ,  due  to t he i r  
extreme d is tance  can  be effect ively r ega rded  a s  point sources ,  a n d  t h e i r  s ig-  
na l s  on reaching  the  Ear th  a s  p l ane  waves.  Thus by monitoring the  exac t  
time of a r r i v a l  or  a  p a r t i c u l a r  s i g n a l ,  the  difference in  t ravel- t ime a n d  
hence r e l a t ive  position between the s t a t ions  c a n  be found.  The main diff i -  
cul t ies  have been in achieving  suf f ic ien t ly  accu ra t e  t iming a t  a n y  one station, 
in cor re la t ing  the time information between the va r ious  s t a t ions  a n d  in  model- 
l i n g  Earth rotat ion a n d  atmospheric  r e f r ac t ion .  I t  i s  hoped however t h a t  the 
eventual  r e l a t ive  posi t ioning accu racy  of t h i s  system wi l l  be of the  o rde r  
of a  few tens of millimetres. 

CONCLUSIONS 

With the introduction of space  technology in to  su rvey ing ,  i t  i s  now poss ib le  
to map a n y  continent in the world to geodetic  s t a n d a r d s .  Recent advances  now 
a l so  allow us to monitor the r e l a t ive  movements between these  cont inents  a n d  
to look more closely a t  the e a r t h ' s  c r u s t  in  the reg ions  where they meet. 
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ABSTRACT 

Plate tectonics  h a s  successfu l ly  exp la ined  the  behav iou r  of the  major ocean  
bas in s .  However, i t  h a s  proved to be l e s s  successfu l  i n  d e s c r i b i n g  the  pro- 
cesses of cont inenta l  co l l i s ion  a n d  i t s  a s soc i a t ed  de fo rn~a t ion .  Seismic s t u d i e s  
proved c r u c i a l  i n  p rov id inz  information on which p l a t e  tec-tonics was  estab- .  
l i shed .  Recen-t developments i n  t he  s t u d y  of seismic s i g n a l s  recorded  on 
d i s t an t  ins t ruments  a n d  on po r t ab l e  se i smographs  ter;,porarily i n s t a l l e d  i n  
the A1;-jine-Himalayan be l i  a r e  beginning  to r e v e a l  the  r e l a t i on  between ex'ien- 
s ion.  s ed in~en ta t i on ,  compression a n d  major s t r i k e  s l i p  faul ' i ing such  a s  t he  
Karakoran~ f a u l t .  

RECENT STUDIES 

'Ten y e a r s  have  pas sed  s ince  the ~ h e o r y  of p l a t e  tectonics  was  proposed .  
In t h i s  theory .  the  e a r t h ' s  su r f ace  i s  r e g a r d e d  a s  cons i s t i ng  of a  s ~ n a l l  
number of r i g i d  s p h e r i c a l  c a p s  o r  p l a t e s  which a r e  in i -elat ive 1r:otion. The 
in te r iors  of the  p l a t e s  a r e  l a r g e l y  free from earthqua!ces but  t he  i n t ense  
deformation a long  the i r  bounda r i e s  produces t he  major nar row seisniic be l t s  
of the world.  The p l a t e s  a r e  of t he  ordei- of 100 knl t h i ck  a n d  tne  su r f ace  
few k i l o ~ ~ e t r e s  consis t  e i t he r  of l i g h t  (low d e n s i t y )  con t inen ta l  c r u s t  o r  
heavy oceanic c r u s t .  Three t ypes  of p l a t e  bouridary o c c u r ,  new p l a t e  i s  
c rea ted  b y  the upwell ing of molten ma te r i a l  a t  t he  mid-ocean r i d g e  c r e s t s  
and i s  destroyed where old dense  oceanic c r u s t  i s  d r a w n  back  in to  the 
ea r th  a t  ocean t renches .  Where two p l a t e s  s l i d e  p a s t  each  o t h e r ,  t ransform 
f a u l l s  occur .  

The theory h a s  proved remarlcably successfu l  i n  desc r ib ing  the  behav iou r  
of the l a r g e  ocean b a s i n s .  However, i t  h a s  been recognisea  for  sorne time 
that  the presence of s i g n i f i c a n t  amounts of con t inen ta l  c r u s t  a t  a  compres- 
s ional  boundary  c r ea t e s  condit ions whei-e the sirliple p l a t e  desc r ip t i on  i s  in-  
adequa te .  The difference of behav iou r  i s  i l l u s t r a t e d  i n  F ig .  1 ,  see a l s o  
reference ( 1 ) .  In  the Atlant ic  b a s i n  the p l a t e  bounda r i e s  a r e  c l e a r l y  de f ined  
by narrow be l t s  of e a r t h q u a k e s ,  bu t  t he  s e i s n ~ i c i  ty becorries s ca t t e r ed  when 
the deforiaation becomes involved with the  con t inen ta l  c r u s t  of t he  Mediterra- 
nean reg ion .  It h a s  long been known t h a t  con t inen ta l  rocks  a r e  more d is -  
torted t han  those of the  oceans  a n d  i t  seer~ls t h a t  much of t h i s  d i s tor t ion  





is  c rea ted  in  reg ions  where two p l a t e s  c a r r y i n g  con t inen ta l  m a t e r i a l  a r e  
in col l is ion.  The Alpine-Himalayan be l t  is t h e  most s p e c t a c u l a r  contemporary  
example of such  a co l l i s ion .  

In oceanic col l is ion b e l t s ,  seismic a c t i v i t y  follows d i p p i n g  zones to  d e p t h s  
a s  g rea t  a s  700 km t r a c i n g  the  locus of motion of dense  oceanic  c r u s t  a s  
i t  i s  reabsorbed  in to  t he  uppe r  mantle  of t he  e a r t h .  I n  reg ions  of conti-  
nental  co l l i s ion ,  e a r t h q u a k e s  deeper  t h a n  100 km a r e  r a r e l y  r epo r t ed  a n d  
even these repor ted  dep ths  c a n  be i n  e r r o r .  

The depth to which e a r t h q u a k e s  ex t end  i s  impor tan t  for u n d e r s t a n d i n g  how 
compression i s  accommodated when cont inents  co l l ide .  I t  i s  presumed t h a t  
the bouyancy of l i g h t  con t inen ta l  rocks p reven t s  t h e i r  u n d e r t h r u s t i n g  in to  
the mantle ,  bu t  if t h i s  i s  t r u e ,  where does t he  con t inen ta l  c r u s t  go ,  a n d  
how does i t  deform to ge t  t he re?  

Recently s eve ra l  a u t h o r s  ( 3 )  ( 4 )  h a v e  pointed out  t he  a p p a r e n t  ro le  of major  
s t r ike-sl ip f a u l t s  i n  t he  Alpine-Himalayan b e l t ;  which s l i d e  l a r g e  wedges 
of cont inenta l  ma te r i a l  away from zones of co l l i s ion ,  see F ig .  2 ,  t he reby  
avoiding the  need for  subduct ion  o r  t he  excess ive  p i l i n g  u p  a n d  th i cken ing  
of cont inenta l  c r u s t .  These l a r g e  s t r i ke - s l i p  f e a t u r e s  a r e  e a s i l y  v i s i b l e  
on sa t e l l i t e  photographs  a n d  even  on topographic  maps.  Seismic s t u d i e s  
allow the c u r r e n t  a c t i v i t y  of these  f a u l t s  to  be examined .  Some, such  a s  
the Anatolian Fau l t  of North Turkey  ( 5 )  a n d  the  Altyn Tagh  F a u l t  of Tibet  
and  China ( 4 )  a r e  known to  h a v e  motions a s  l a r g e  a s  a few cent imet res  
per  yea r  a long  a t  l e a s t  p a r t  of t h e i r  g r e a t  l eng th .  Others ,  such  a s  t he  
Herat Faul t  of Afghan i s t an ,  or  t h e  Karakoram Fau l t  of North P a k i s t a n ,  show 
l i t t l e  seismic ac t iv i t y  a long  much of t h e i r  l e n g t h .  This  may be because  
they cu r r en t ly  accommodate no movement o r  because  the  movement i s  t a k i n g  
place without gene ra t ing  e a r t h q u a k e s  de t ec t ab l e  on d i s t a n t  seismometers.  

In addi t ion  to t he  g r e a t  s t r i k e  s l i p  f a u l t s  t he re  a r e  a l s o  b r o a d  zones of 
extension a n d  compression.  I t  h a s  been r e a l i s e d  for many decades  t h a t  
compression a n d  c r u s t a l  th ickening  must p l a y  a n  impor tan t  ro le  i n  conti-  
~ i e n t a l  col l is ion a n d  mountain b u i l d i n g ,  bu t  t he  role  of ex tens ion  was  not 
~ e c o g n i s e d  ( 2 ) .  The mechanisms occu r r ing  in  e i t h e r  process  remain  obscu re  
except in  a  few p l aces .  

I n  the Aegean a n d  Western Turkey ,  ex tens ion  occurs  ( 2 ) .  The s u r f a c e  geology 
shows many extens iona l  (no rma l )  f a u l t s  some of which form major  f e a t u r e s  
on s a t e l l i t e  photographs  a n d  some of which h a v e  moved by a metre o r  more 
du r ing  recent e a r t h q u a k e s ,  c a u s i n g  l a r g e  a r e a s  of the  l a n d  s u r f a c e  to  sub-  
s ide .  This  process i s  cont inuing .  When combined with o the r  obse rva t ions  
ind ica t ing  tha t  the Aegean i s  a  sunken  mountain r a n g e ,  recent  a u t h o r s  con- 
clude tha t  the Aegean h a s  sunk  below sea  leve l  because  t he  c r u s t  h a s  been 
stretched by a f ac to r  of two a n d  th inned  from 40 km to a r o u n d  20 km. The 
bas in  of the Aegean i s  now f i l l i ng  with sediment e roded  from the  s u r r o u n d i n g  
mountains.  

For some y e a r s ,  spu r ious  loca t ions  of e a r t h q u a k e s  deeper  t h a n  100 km were 
reported for the Zagros mountains of I r a n .  I t  was concluded t h a t  t h i s  rep-  
resented some sor t  of subduct ion  or  over th ickening  of c r u s t  in  t h i s  b road  
belt  of compressional e a r t h q u a k e s .  I t  now seems un l ike ly  t h a t  e a r t h q u a k e s  
occur a t  depths  much g r e a t e r  t h a n  20 km. Two l i nes  of e n q u i r y  h a v e  pro- 
vided information to suppor t  t h i s  conclusion.  The f i r s t  u se s  temporary  net- 
works of por tab le  seismic s t a t i ons  ope ra t ed  i n  s e v e r a l  reg ions  of t he  Zagros  
mountains,  e . g .  ( 6 )  ( 7 ) .  Distant  s t a t i ons  c a n  loca te  e a r t h q u a k e s  to  no 
bet ter  t han  20 km l a t e r a l l y  a n d  often much worse v e r t i c a l l y .  Dense networks 
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Figore  2 - Simplified map of recent  tectonics  i n  Asia .  Heavy l ines  r e p r r ~ r r l t  
malor ac t i ve  f a u l t s .  Solid a r rows  ind i ca t e  sense of morlon, 
cor robora ted  by f a u l t  p l ane  so lu t ions  or  su r f ace  faultln.: of  
e a r t h q u a k e s .  Open a r rows  ind i ca t e  sense  infer red  from aniilvsis 
of photographs  a lone .  



of local stat ions can  achieve a resolution of 1 km. Although a temporary 
network is  unlikely to ca tch a l a rge  ea r thquake ,  smaller  ea r thquakes  a r e  
symptomatic of the seismic behaviour of a region.  The absence of a n y  small  
shocks deeper than 20 km hinted s t rongly  a t  the absence of ac t iv i ty  below 
this depth. 

A second method of examining ea r thquake  depth uses computer modelling of 
the ac tual  waveform of a seismogram recorded a t  a  d i s t an t  s ta t ion.  For 
some ear thquakes ,  the waveshape i s  very sensi t ive  to depth and  th i s  proved 
to be true for some Zagros ea r thquakes  ( 8 ) .  I t  confirmed the resu l t s  of 
the microearthquake s tudies  us ing .  temporary networks. 

In addition to ea r thquake  location,  the d a t a  recorded a t  both local  a n d  
distant stat ions can  define the angle  a n d  direction of s l i p  motion on the 
fault causing the ea r thquake .  Faul t  p lane  solutions confirm the tensional  
nature of Aegean seismicity and  the compressional na tu re  of t h a t  in  the 
Zagros ( 8 ) .  However, a  regional  comparison of the angles  of f au l t s  in  
various regions of the Mediterranean i s  r evea l ing ;  see Fig.  3 of Jackson 
(this  volume). Theory suggests tha t  th rus t  f au l t s  should occur a t  shallower 
angles than normal f au l t s .  This i s  confirmed in  many regions.  The Hellenic 
Trench in the lonian Sea and  near  Crete provides a n  example, and  the d ips  
of the thrust  faul ts  a r e  even shallower than  theory suggests .  In the Zagros 
however, the th rus t  planes a r e  very  steep and  show a remarkably s imi lar  
distribution to those in  the tensional  Aegean region. This observation h a s  
led to the suggestion tha t  normal ( t ens iona l )  f au l t s  can be subsequently 
reactivated a s  reverse (compressional)  f au l t s  if the regional  s t r e s s  system 
changes ( 8 ) .  

A careful seismic s tudy around the Karakoram should attempt to identify 
w h a t  is  happening.  The following questions a r e  c r i t i c a l :  

0 )  Is the Karakoram Fault s t i l l  ac t ive?  

( )  Are any other faul ts  ac t ive?  

i J i  Do ear thquakes  occur a t  depths g rea te r  than  20 km? Some ea r thquakes  
are  known to occur in Tibet a t  depths of 100 km ( 9 ) .  

( L )  What is  the thickness of the c rus t?  

H.~pefully some of these questions may be answered by opera t ing our  por- 
:,:ble recorders in the Karakoram region dur ing  th is  forthcoming Internat ional  
Kdrakoram Project. 
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ABSTRACT 

Using teleseismic d a t a  from the  Himalaya a n d  s u r r o u n d i n g  reg ions  p l u s  
observa t ions  from loca l  seismic networks loca ted  on both s ides  of t he  
Yarlung Zungbo River d u r i n g  1975 - 1979, both l a r g e  a n d  smal l  e a r t h q u a k e  
fau l t  p l ane  so lu t ions  a r e  o b t a i n e d ,  a n d  the  r e l a t i o n s h i p  between the  
seismicity of the p l a t e a u  a n d  p l a t e  tectonics  i s  i n v e s t i g a t e d .  Shallow 
ea r thquakes  a r e  dominant  on the  Qinghai-Xizang ( T i b e t )  P l a t e a u ,  whi l s t  
intermediate  e a r t h q u a k e s  a r e  common a t  the  e a s t  a n d  west ex t remi t ies  of 
the a r c .  In  the  c e n t r a l  p a r t  of t he  a r c  in te rmedia te  dep th  shocks  a r e  
r a r e .  According to the  f a u l t  p l ane  so lu t ions  t he  d i r ec t ions  of compressive 
s t r e s s  a r e  mainly nor th  a n d  n o r t h e a s t ,  i . e . ,  b a s i c a l l y  p e r p e n d i c u l a r  to  
[he s t r i ke  of t he  a r c u a t e  system. 

The extremely thick c r u s t  a n d  o the r  geophys ica l  d a t a  f i e ld s  i n  t h i s  
region sugges t  t h a t  t he  s t r e s s  f i e ld  i s  c a u s e d  by  the  co l l i s ion  a n d  
compression of the  I n d i a n  a n d  the  Euras i an  p l a t e s .  

INTRODUCTION 

The Qinghai-Xizang ( T i b e t )  P l a t eau  i s  t he  h ighes t  i n  t he  world.  The 
Himalayan mountain cha in  bo rde r s  the  southern  f r i n g e  of t he  p l a t e a u  a n d  
appea r s  to be a  southward  pro jec t ing  a r c  some 2400 km i n  l e n g t h ,  about  
300 krn in width a n d  with a n  a v e r a g e  he ight  of more t h a n  6000 m .  I t  
i s  a  young region of deformation where tectonic motions a n d  e a r t h q u a k e  
ac t iv i ty  a r e  very  pronounced.  The P l a t eau  h a s  been r e g a r d e d  a s  t he  r e su l t  
of a  collision between con t inen ta l  reg ions .  

Since 1975, the  Chinese Academia S in ica  h a s  o rgan ized  s e v e r a l  exped i t i ons  
to the Qinghai-Xizang P la t eau  a n d  a lot of f i e ld  r e s e a r c h  h a s  been c a r r i e d  
ou t ,  inc luding  explosion seismology in  l a k e s ,  magneto te l lur ic  sound ing ,  
g r av i ty  and  aeromagnetic  s u r v e y s ,  paleornagnetism, geothermal  a c t i v i t y ,  
seismic sur face  wave obse rva t ions  a n d  the  i n s t a l l a t i o n  of l oca l  networks 
of seismic s t a t i ons  ( 1 ) .  

This pape r  i s  ba sed  on the  d a t a  from loca l  networks of seismic s t a t i o n s  
ins ta l led  in Zhamong a n d  Dang Xiang d u r i n g  1976 - 1977, a s  well a s  d a t a  



collected from o the r  sources.  

GENERAL FEATURES OF THE SEISMIC ACTIVITY 

The Himalayan mountain system i s  t he  youngest  ac t i ve  region in  the 
western p a r t  of o u r  coun t ry  a n d  i t s  seismic a c t i v i t y  i s  h ighe r  t han  in 
the  nor th .  In  Xizang region e a r t h q u a k e s  a r e  d i s t r i b u t e d  over  a  be l t  severa l  
hundred  ki lometres  wide ( 2 ) .  

Figu re  1 shows t h a t  the  sha l low focus e a r t h q u a k e s  a r e  widespread  and 
t h a t  in te rmedia te  focal  e a r t h q u a k e s  occur  mostly a t  t h e  e a s t e r n  a n d  western 
e n d s  of the  a r c u a t e  mountain system in  t he  Hindukush a n d  Burma 
mountains.  However, t h e r e  i s  a l s o  a  s ca t t e r ed  d i s t r i bu t ion  of intermediate  
dep th  i n  the  Himalayas.  

Ea r thquakes  with magni tude  g r e a t e r  t h a n  7 a r e  shown in  F ig .  2 (from 
reference ( 3 ) ) .  Since 1833 many e a r t h q u a k e s  with magni tude  over  8 have 
occurred  (Tab le  1 ) .  

TABLE 1 :  EARTHQUAKES OF MAGNITUDE GREATER THAN 8. 

The d i s t r i bu t ion  of shal low e a r t h q u a k e  foci m thenor the rn  Yarlung Z a n g b \ ~  
River a n d  the Dunaxung zone a r e  shown in  Fig.  3 ,  a  a n d  b ) .  In  the 
nor thern  Ganges p l a i n  ( 4 )  a n d  Assam regions ,  t he  shal low ea r thquake  
zone d i p s  nor thward  ( F i g .  3 ,  c ) .  A few in te rmedia te  focal ea r thquakes  
a r e  c e n t r a l l y  d i s t r i b u t e d  within the  t r ans i t i on  zone between the 
Yarlung Zangbo River and  the nor thern  f r i nge  of the  Ganges p l a i n .  They 
a r e  g e n e r a l l y  sha l lower  in the south t h a n  in the nor th .  
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F I G .  1 .  THE DISTRIRUTION OF EARTHQUAKES OF VARIOUS DEPTHS. 



FIG. 2. DISTRIBUTION OF EARTHQUAKES IN TERMS OF MAGNITUDE. 

SElSMlC ACTIVITY OF THE HIN3Ul(ilSH REGION 

In the Hindukush region in te rmedia te  e a r t h q u a k e s  occur to a  maximum 
depth  of 300 km, but a r e  mainly d i s t r i b u t e d  within a  zone 200 km deep 
d i p p i n g  no r thward .  tlowever, in the Pamirs  zone i t  inc l ines  southward 
forming a  "V" d i s t r i bu t ion  ( F i g .  L ) .  The "V" form d i s t r i bu t ion  foci rnay 
be r e l a t ed  to a  bent  p l a t e  s t r u c t u r e  ( F i g .  5 )  caused  by the c o l l i s ~ o n  
o f  the  bdian  subcontinent with the  Asian cont inent .  The cont inuing  north- 
south hor izonta l  compressive force between the two cont inents  causes  ea r th -  
q u a k e s  to t ake  p lace  f r equen t ly  in t h i s  region.  

SEISMIC ACTIVITY OF THE EASTERN PART OF THE ARC 

The e a s t e r n  p a r t  of the  a r c  In northwest Burma i s  a l so  a n  intermt-dlale 
e a r t h q u a k e  zone, the maximum depth being to 200 k m ( 2 ) .  It  d i p s  eastwl1i-d 
a t  a n  a n g l e  of L O o  - L 5 O  ( F i g .  6 ) .  a n d  i s  presumably  the  resu l t  of '+17 

east-west  r a t h e r  t han  north-south compression. 

The depth  of  seismici ty a n d  f au l t  p l ane  so lu t ions  in the  above ment~onrci 
a r c u a t e  mountain svstem ind ica t e s  t ha t  the  shal low a n d  in te rmedia te  ea r th -  
quakes  a l l  involve t h r u s t i n g ,  with a  "V" s h p e d  d i s t r i bu t ion  in the H i n d ~ ~ k l ~ . - h  
reg ion .  and  a n  e a s t e r n  d i p  in the ea s t e rn  p a r t  of the a r c .  In the crntl-,j1 
p a r t  o f  the  Himalaya.  i n  Kashmir ,  n e a r  Katmandu a n d  nea rby  Gonhatl,  
the foca l  depth  of spo rad ic  in te rmedia te  e a r t h q u a k e s  i s  70 - 96 krn . 
Beneath Lhasa in Xizang the re  a r e  shocks of 82 - 180 km d e p t h ,  
1 . e . .  the  dep ths  of the in te rmedia te  shocks in the south p a r t  of the Himalava 
mountains a r e  shal lower t h a n  those of the nor th  p a r t  (Tab le  2 ) .  Whether 
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a  Benioff zone in  the mantle  ( subduct ion  zone)  i s  p resent  o r  not i s  s t i l l  
a  quest ion t h a t  r equ i r e s  fu r the r  s tudy  and  more d a t a  a r e  needed.  

FAULT PLANE SOLUTIONS IN THE TIBETAN REGION 

Most shal low e a r t h q u a k e s  t ha t  have  occurred  sugges t  t ha t  the bell  
i s  mainly undergoing  hor izonta l  compression. In the Qinghai-Xizang P la t eau .  
the p r i n c i p a l  compression a x i s  t ends  north a n d  nor theas t  ( F i g s .  7 anti 
8 ) .  The f a u l t  p lane  so lu t ions  in the  southern  Himalayan seismic zonc 
show th rus t  f a u l t i n g .  Near Lhasa ,  normal f au l t i ng  i s  found,  corresponding 
to the normal f a u l t s  of i s l a n d  arc- t rench  systems.  Within the Plateall  
there  i s  s i n i s t r a l  s t r i ke  s l i p  f au l t  a c t i v i t y ,  p robab ly  p a r a l l e l  to the  bend 
o f  the a r c .  F igure  9 shows tha t  the  focal  mechanisms in the a r e a  va ry  
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FIG. 6.  DEPTH OF FOCI OF EARTHQUAKES TOGETHER WlTH SUBDUCTION 
ZONE IN SECTlONS CROSSING THE ARCUATE MOUNTAIN SYSTEM OF INDIA 
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with depth ( 8 ) .  The r e l a t i onsh ip  between the  p r i n c i p a l  s t r e s s  a x e s  
of shal low e a r t h q u a k e s  a n d  those of more t h a n  70 km dep th  is ve ry  complex. 
However, the  gene ra l  direct ion of compression i s  t he  same from Hindukush 
to Himalaya,  ea s tward  to Burma. Except for a  few e a r t h q u a k e s ,  t he  
compressive s t r e s s  a x e s  tend mostly nor th  to no r theas t .  However, l oca l ly  
the ' s t ress  f ield i s  complex, e . g . ,  i n  the Zhamu a r e a  a n d  i t s  v i c i n i t y ,  
31 e a r t h q u a k e s  a n d  67 f i r s t  motions, recorded by a loca l  network of s t a t i o n s ,  
do not g ive  a  simple composite f au l t  p l a n e  solut ion ( F i g .  10 a ) .  But, if 
d iv ided  in to  two g roups  sens ib le  composite so lu t ions  a r e  o b t a i n e d ,  with 
different  d i rec t ions  of the  P a x e s .  ( F i g .  10, b  a n d  c ) .  

SUMMARY OF GEOPHYSICAL DATA 

In t h i s  region the  t o t a l  i n t ens i ty  of the  geomagnetic  f ie ld  s h o w s a n  
c>~s t -wes t  p a t t e r n .  Yarlung Zangbo River i s  a  h igh  pos i t ive  aeromagnet ic  
t~nomaly  belt  (150 - 450 1 .  Palaeomagnetic  d a t a  show t h a t  the  no r th  
a n d  south s ides  of the Yarlung Zangbo Riverbelong to the E u r a s i a n  p l a t e  



TABLE 2: FOCAL DEPTHS NORTH A N D  SOUTH OF THE HIMALAYA. 

2 2 8  

a n d  the  I n d i a n  p l a t e  respect ively.  

Region 

North part of  ) 

Yarlung ) 
r iver  1 

1 
) 

North fringe of ) 

Ganges p la in  and ) 
south part of  1 
Himalaya mountain ) 

system ) 

aouque r  g r a v i t y  anomaly i s  about  -200 mgal to -500 mgal ,  while in  
t he  region between the  no r the rn  f r i n g e  of t he  Ganges p l a i n  a n d  the 
Yarlung Zansbo  River  t he re  i s  a  pos i t ive  i sos t a t i c  anomaly region.  
Mount Jolmo Lungma reg ion  i s  +I20 mga l ,  a n d  here  t he  c r u s t  h a s  not reached 
i sos t a t i c  equ i l i b r ium.  

'To the south of t he  Yarlung Zangbo River a n d  i t s  nor th  f r i nge  i s  a  
geothermal  zone where hydro thermal  explos ion ,  geyse r ing ,  a n d  boi l ing 
s p r i n g s  occur .  Although t h i s  i s  t y p i c a l  geothernial ac t i v i t y  i n  a  recent 
vo lcanic  a c t i v e  zone. t he re  i s  c u r r e n t l y  no volcanic  a c t i v i t y .  

w 

Date 

21 st May, 1935 

21 s t  Jan. ,  1941 

14 th  Sept . ,  1976 

7 t h  June, 1962 

27 th  Feb., 1970 

19 th  June, 1975 

The c r u s t  t h i cknes s  of the  P l a t eau  zone i s  extremely th ick  a n d  to the 
nor th  of the  Yar lung  Zangbo River i t  i s  70 - 73 km (101, whereas  south 
of t he  r i v e r  it i s  45 - 68 km. The Yarlung Zangbo River i s  a  g r e a t  deep 
fau l t  be l t .  A low veloci ty l a v e r  i n  the  subc rus t  was  found,  i t s  th ickness  
be ing  about  10 k m  a n d  i t s  veloci ty 5.64 km/s ( F i g .  1 1 ) .  To the  north 
p a r t  of the  c r u s t  th ickness  c h a n g e s  gen t ly  a n d  f u r t h e r  to the  no r th ,  in 
the  Oaidarn Bas in ,  t he  c r u s t  th ickness  i s  52 km ( 1 0 ) .  South of the 
Ganges p l a i n  it i s  40 km o r  so  ( 1 2 ) ,  a n d ,  therefore ,  the  Xizang Pla teau  
i s  a  t remendously th ick  c r u s t a l  region ( F i g .  121, which i s  not symmetrical 
in  t he  nor th  a n d  south .  Within the col l is ion a n d  cornpression belt  the 
Himalaya mountains were l i f ted  up  to 8843 m, a n d  the Ganges p l a i n  subsided 
about  1000 m .  I t  i s  t h u s  a  region where v e r t i c a l  motion i s  most pronounced. 
The t remendously thick c r u s t  ma te r i a l  h a s  r e su l t ed  in s t r i k e  s l i p  motion 
a n d  caused  the dominant  e a s t e r l y  d i rec t ion  of ma te r i a l  rnotion (F ig .  13). 

CONCLUSIONS 

Location 

Xizang Gyanze 

Xizang Conanan 
Dawang 

Xizang Lhasa v i c i n i t y  

Kashmir 

Nepal 

Boundary o f  
China-Nepal 

In the Oin2hai-Xizang P la t eau  the  c r u s t  i s  t remendously t h i ck ,  seismic 
a c t i v i t y  i s  h igh  and  d i s t r i b u t e d  over  a  wide a r e a ,  while in  the Hinialaya 
zone e a r t h a u a k e s  a r e  d i s t r i bu t ed  a long  the  a r c u a t e  mountain system. 
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180 
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96 

In te rmedia te  depth  e a r t h q u a k e s  a r e  ch ief ly  cen t r ed  in  the  ea s t e rn  
a n d  western e n d s  of t he  a r c u a t e  mountain systern. In the  c e n t r a l  ?a r t  
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F I G  9 .  WAVE FAULT PLANE SOLUTION OF HIMALAYA ARCUATE MOUNTAIN 
SYSTEM AND I T S  V I C I N I T Y .  ( P a r t  a )  ( C O N T ' D )  



F I G .  9. W A V F  FALILT ?LANE SOLUTION O F  HlMALAYA ARCUATE MOUPJTAIId 
SYSTEM A N D  I T S  VICII ' J ITY.  ( P a r t s  b a n d  c ) .  



F I G .  10. COMPOSITE UPPER 
HEMISPHERE FAULT PLANE 
SOLUTION IN THE ZHAMU 
REGION. 

-- ( a )  f i r s t  motion pa t t e rns  
of smal l  e a r thquakes  

f au l t  p l ane  solu- ( ' J )  
t ion to  the west of 
Yaluno Zancrbo of 

f au l t  p l ane  
t he  e a s t  of 

solut ion to 
Yalung Zangbo 

I I of Zhamu reg ion .  



F I G .  1 2 .  CRUSTAL 
STRUCTURE OF THE 
QINGHAI-XIZANG 
PLATEAU (TIBETAN 
PLATEAU) AND 
NEIGHROURING 
REGIONS. 

F I G .  11. COLUMNAR 
SECTION O F  THE 
QINGHAI-XIZANG 
PLATEAU ( T I B E T A N  
PLATEAU ) : 
( A )  NORTH O F  
YARLUNG ZUNGBO 
R I V E R ;  ( B )  SOUTH 
O F  YARLUNG ZANGBO 
RIVER.  
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FIG. 13. SlkPLIFlED MAP OF THE TRANSITION BELT 
BETWEEN INDIAN PLATE A N D  EURASIAN PLATE. 

rhev a r e  more s p o r a d i c ,  being sha l lower  in the  south t h a n  in the  nor i l l .  
The fau l t  p l ane  so lu t ions  demonstrate  u n d e r t h r u s t i n g .  The Yarlung Zanqi!o 
r l v e r  1s a deep f r a c t u r e  zone d i p p i n g  s l i g h t l y  sou thward .  
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ABSTRACT 

During the  e a r l y  evolut ion of some fold mountain b e l t s ,  o ld  l i s t r i c  normal 
f a u l t s  i n  a  s t r e t ched  a n d  th inned  basement  benea th  t h e  sed imentary  column 
may become r e a c t i v a t e d  a s  t h r u s t  f a u l t s .  The r e v e r s a l  of motion on these 
f a u l t s  al lows cons ide rab l e  shor ten ing  to occur  without  subduct ion  o r  excessive 
th ickening  of con t inen ta l  c r u s t .  This  r eac t iva t ion  hypothes is  i s  supported 
by the  present  d a y  seismici ty of the  Zagros  col l is ion zone a n d  the  s t ruc ture  
of sed imentary  b a s i n s .  

INTRODUCTION 

Although p l a t e  tectonics  h a s  been v e r y  successfu l  i n  desc r ib ing  the  overal l  
deformation a n d  k inemat ics  of the  l a r g e  ocean  b a s i n s ,  no comparably  sim- 
ple descr ip t ion  accounts  for t he  g e n e r a l  behav iou r  of t he  cont inents .  Recent 
s tud i e s  of con t inen ta l  deformation (1-3) have  d r a w n  a t ten t ion  to some of the 
notab le  d i f fe rences  between oceanic a n d  con t inen ta l  behav iou r ,  a n d  have 
emphasized the  d rama t i c  role  of major s t r i ke - s l i p  f a u l t s  i n  the  Alpine- 
Himalayan Belt ,  which seem to s l i d e  l a r g e  wedges of con t inen ta l  material  
away  from zones of co l l i s ion ,  t he reby  avo id ing  the  excess ive  th ickening  of 
con t inen ta l  c r u s t .  Such l a r g e  s t r ike-s l ip  f e a t u r e s  a r e  e a s i l y  v is ib le  on 
s a t e l l i t e  pho tog raphs ,  a n d  t h e i r  s p e c t a c u l a r  n a t u r e ,  toge ther  with various 
models proposed to exp la in  t h e i r  l a rge-sca le  s ign i f i cance  (2-51, have  to some 
exten t  d ive r t ed  a t ten t ion  from the  l a r g e  a r e a s  of the Alpine-Himalayan belt 
which a r e  nonetheless  undergoing  ac t ive  sho r t en ing  o r  ex tens ion .  

In  p a r t i c u l a r ,  l i t t l e  p rog re s s  seems to have  been made towards  so lv ing  the 
c l a s s i c a l  space  problem in  orogenic b e l t s :  if the  uppe r  c r u s t  i s  shortened 
s e v e r a l  tens of km by fo ld ing  a n d  t h r u s t i n g ,  what  happens  to the basement? 
Very of ten  the sediments  involved in  fore land  fo ld ing  a n d  t h r u s t i n g  a re  
s e p a r a t e d  from the i r  basement by  a  decoupling hor izon ,  often of evapori te5 
or  s h a l e .  which provides  a  su r f ace  of d6collement s e p a r a t i n g  s t r u c t u r e s  above 
from those below. Various a u t h o r s  have  d i scus sed  subduct ion  a s  a  mecha- 
nism fo r  removing con t inen ta l  c r u s t  ( 6 ,  7 )  a n d  concluded t h a t  i t s  buoyancy 
should  h inde r  i t s  subduct ion  a n d  l e a d  to c r u s t a l  th ickening  in s t ead  ( 7 ,  8 ) .  



SEDIMENTARY BASINS 

"elwig ( 9 )  pointed out in  1976' how th i s  space  problem in  shor tened  orogenic 
belts i s  g r e a t l y  diminished if the  basement unde rnea th  the  folded be l t  i s  
thin to s t a r t  with.  Subsequent  shor tening  then th ickens  i t ,  bu t  not to a n  
abnormal degree .  Since then McKenzie (10) showed t h a t  the subs idence  of 
continental sedimentary b a s i n s  c a n  be q u a n t i t a t i v e l y  descr ibed  by a s imple 
model in which the l i thosphere  i s  r a p i d l y  s t re tched  a n d  th inned ,  s i n k s  
quickly to main ta in  i sos t a t i c  equ i l i b r ium,  a n d  then  s i n k s  more slowly a s  
i t  cools i n  a  manner s imi lar  to t h a t  descr ibed  by  the successfu l  oceanic 
models (11). The i n i t i a l  s t r e t ch ing  of t he  basement a t  shal low dep ths  i s  
thought to occur by l i s t r i c  normal f a u l t i n g  and  the rea f t e r  s t r e t ch ing  ceases  
and subsidence continues without f u r t h e r  f a u l t i n g .  This  model i s  suppor ted  
by the c r u s t a l  th ickness  a n d  hea t  flow of the Aegean, which i s  s t i l l  be ing  
stretched by normal f a u l t i n g ,  a n d  a p p e a r s  to account  well for the  subs idence  
history of the North Sea (12) a n d  many of the in t r a -Carpa th i an  b a s i n s  (13) 
a l l  of which show a n  i n i t i a l  normal f au l t i ng  episode followed by  subs idence  
with no fu r the r  f au l t i ng .  Royden e t  a1 (14) have  shown t h a t  the  g r o s s  
features of the same model wil l  account  for the  s t r e t ch ing  a n d  subs idence  
preceding the break-up of a  cont inent  to form a n  Atlant ic- type marg in .  
It  thus seems probable  t h a t  th ick  sedimentary  sequences g e n e r a l l y  form on a 
thin extended basement which was s t re tched  by normal f a u l t i n g .  Evidence 
for basement t h inn ing  i s  best  seen i n  seismic ref rac t ion  prof i les  a n d  h a s  
been demonstrated in  the  North Sea (15, 16) a n d  Pannon ian  Basin (13 ) .  
The Aegean i s  in  a n  e a r l i e r  s t age  of development, with h igh  hea t  flow (171, 
thin c rus t  (18, 19) a n d  ac t ive  normal f a u l t i n g  ( 2 0 ) .  There i s  t h u s  eve ry  
reason to th ink  t h a t  Helwig 's  ( 9 )  sugges t ion  h a s  some v a l i d i t y  a n d  t h a t  
the basement under  the thick p i les  of sediments  t h a t  make u p  fold mountain 
belts was th in  before the onset  of compression. The res t  of t h i s  d iscuss ion  
concerns the e a r l y  s t a g e s  in  the development of a  fold mountain be l t  follow- 
ing continental  col l is ion.  

It  i s  proposed t h a t  thick sediments were i n i t i a l l y  deposi ted on a subs id ing  
basement which had  been s t re tched  by normal f au l t i ng  ( F i g .  1 ) .  The f a u l t i n g  
was very probably  of a  low a n g l e  l i s t r i c  n a t u r e ,  s p r e a d  over  a  reg ion  
several  tens of km wide a s  observed  in the Great Basin ( 2 2 ) .  As s t r e t ch ing  
proceeded, ul t imately a n  Atlantic-type margin  was formed with th ick  sedi-  
ments on the cont inenta l  shelf over ly ing  a t h in  basement.  In  the  e a r l y  
s tages of cont inenta l  co l l i s ion ,  the basement t akes  up  the  sho r t en ing  by  
reversing the sense of motion on the  pre-exis t ing  normal f a u l t s  ( F i g .  11, 
which a r e  now used a s  t h r u s t s  ( r e v e r s e  f a u l t s ) .  The basement t ends  to 
re turn  to i t s  o r i g i n a l  th ickness  while the ove r ly ing  sedimentary  column, 
having been deposi ted on a n  extended basement,  i s  forced to t a k e  u p  the  
shortening by fo ld ing .  Thus in the  e a r l y  s t a g e s  of col l is ion the  space  
problem is  avoided without t h r u s t i n g  cont inenta l  basement into the  mantle  
or thickening i t  beyond i t s  o r i g i n a l  ( u n s t r e t c h e d )  s t a t e .  

SEISMICITY OF THE ZAGROS MOUNTAINS, IRAN 

The Zagros mountains of I r a n  provide a n  example of a  young fold mountain 
belt cu r r en t ly  shor tening  a s  a  r e su l t  of the col l is ion between Arabia  a n d  
I r a n .  The s t ruc tu re  of the Zagros i s  very  simple supe r f i c i a l ly ,  with a  
thick conformable sequence of Paleozoic-Mesozoic-Tertiary shelf depos i t s  
warped into gent le  folds in  a  s ingle  process in the  l a t e s t  T e r t i a r y  (23,  
24, 25) .  Long l i nea r  fold axes  a n d  seismic ac t iv i ty  t h a t  i s  predominant ly  
thrus t ing  of the same or ien ta t ion  (1,  26) ( F i g .  2 )  both ind ica t e  a  g e n e r a l  
NE-SW shor tening .  Although s t r ike-s l ip  f au l t i ng  i s  present  on the  nor theas t  



Fig.  1  Cartoons to i l l u s t r a t e  the r eac t iva t ion  of basement f au l t s  
see reference (21) .  

A .  Sedimentary b a s i n  formed by deposi t ion on a  basement which h a s  been 
s t r e t ched  a n d  th inned  by l i s t r i c  normal f a u l t i n g .  

B .  When the bas in  con t r ac t s  motion i s  r eve r sed  on the  normal f a u l t s  which 
a r e  now used a s  t h r u s t s .  The sed imentary  column t akes  u p  the  shorten- 
i n g  by fo ld ing .  

front  of the Zag ros ,  e spec i a l l y  i n  t he  nor th  (27,  281, i t  i s  not seen in the 
f au l t  p lane  so lu t ions  of t he  folded be l t  ( F i g .  2 )  a n d  the  r e l a t i ve  m'otion 
between Arabia  a n d  I r a n  i s  normal to the  s t r i k e  of the  b e l t .  

The Folded Belt ( 23 )  of the  Zagros  i s  se i smica l ly  ve ry  ac t ive  with ear th-  
q u a k e s  s p r e a d  over  a n  a r e a  about  300 km wide a n d  with a  d i s t i nc t  north- 
e a s t e r n  bounda ry  roughly  coincident  with the  Zagros  Thrus t  Line ( o r  Main 
Zagros  Reverse F a u l t ,  F ig .  2  a n d  ( 2 8 ) ) ,  which in t u r n  marks  the edge 
of the Zagros sed imentary  t rough .  These e a r t h q u a k e s  a r e  probably  a l l  
sha l lower  t h a n  40 km ( s e e  (29 )  for d i s cus s ion )  a n d  the re  i s  no re l iab le  
e v ~ d e n c e  tha t  they inc rease  in dep th  towards  the  no r theas t  margin  of Ihe 
Zagros .  Consequently t he re  i s  no ev idence  for seismic shor ten ing  on a 
s lng l e  sha l low-dipping  p l ane ,  a s  i s  commonly assumed for a r e a s  of oceanic 
u n d e r t h r u s t i n g .  Faul t  p l ane  so lu t ions  in the  Zagros  cons is ten t ly  show 
t h r u s t i n g  with compara t ive ly  h igh  a n g l e  (40"-50") f a u l t  p l anes ;  (23)  and 
F igs .  2  a n d  3. This  i s  in  marked con t r a s t  to the  shal low a n g l e  (0'-10') 
t h r u s t i n g  which occurs  in  a r e a s  where oceanic unde r th rus t i ng  of continents 



i s ,  or was ,  t a k i n g  p l a c e ,  such  a s  t he  Hellenic Arc,  Makran  a n d  Eas t e rn  
Himalaya (30 ) .  The seismic a c t i v i t y  of the  Zagros  Fold Belt r e f l ec t s  h igh  
angle reverse  f a u l t i n g  on a  l a r g e  number of f a u l t s  d i s t r i b u t e d  ac ros s  t he  
whole width of t he  be l t .  

Fig.  2  Fau l t  p l a n e  so lu t ions  from the  Zagros  from (261, 
to  i l l u s t r a t e  t he  h igh  a n g l e  t h r u s t i n g  in  the  Folded 
Belt southwest  of the  Main Zagros  Reverse Fau l t  
( c a l l e d  t he  Zagros  Thrus t  Line by Stocklin ( 2 5 )  
a n d  o t h e r s ) .  

Black q u a d r a n t s  a r e  compress iona l .  

Although microear thquake  s u r v e y s  in the  Zagros  have  shown t h a t  smal l  
ear thquakes  do occur within the  sed imentary  column (31, 32, 33)  i t  h a s  been 
suggested tha t  the  l a r g e s t  shocks ,  which reach  m 6.0-6.3, h a v e  foca l  d e p t h s  b 
of about 15 km, i . e .  benea th  t he  sed imentary  cover  a n d  in the  c r y s t a l l i n e  
basement. Berber ian  a n d  o the r s  (28, 3 4 ) r e a c h e d  t h i s  conclusion from a 
study of damage d i s t r i bu t ions  a n d  because  of the  l a c k  of su r f ace  f a u l t i n g  
in the Zagros a f t e r  major e a r t h q u a k e s .  I t  i s  known t h a t  a t  the  b a s e  of 
t h c  sedimentay column i s  the  t h i ck  i n f r a c a m b r i a n  Hormuz Sa l t  Formation,  
ant1 t ha t  add i t i ona l  s a l t  i s  p resent  i n  the  J u r a s s i c  a n d  e spec i a l l y  i n  t h e  
Ter t ia ry  Gach S a r a n  Formation ( 2 4 ) .  Any basement f a u l t i n g  i s  un l ike ly  
t-0 propagate  to the su r f ace  through these duc t i l e  hor izons .  I t  i s  a l s o  
unlikely t ha t  shocks the  s ize  of the  1972 Ghir  e a r t h q u a k e  ( m b = 6 . 0 ) ,  wi th  

a source dimension of about  30 km (35 ,  3 6 ) ,  could be con ta ined  wi th in  6 km 
of sediment th ickness  without showing su r f ace  f a u l t i n g .  The most convin-  
cing evidence of basement f a u l t i n g  comes from de t a i l ed  examinat ion  of t he  
long period teleseismic waveforms from Zagros  e a r t h q u a k e s .  Shocks i n  t he  
magnitude r ange  mb5.5-6.0 a r e  common i n  t he  Zag ros ,  a n d  t h e i r  fa r - f ie ld  

long period r ad i a t i on  i s  u s u a l l y  ve ry  s imple.  S tudies  of the  waveforms 
(371, demonstrate  t h a t  in  t h r ee  a r e a s  of the Z a g r o s ,  the  Dezful Embayment, 
Ghir and  Khurgu ( F i g .  2 ) ,  e a r t h q u a k e s  occurred  a t  dep ths  of 12-15 krn. 
I n  each c a s e ,  t h i s  i s  below the  p robab le  t h i ckness  of t he  sediments  (38 ,  
39, 40) .  There i s  therefore the s t rong  p robab i l i t y  t h a t  the  basement benea th  
the Zagros Fold Belt i s  deforming by h igh  a n g l e  (40"-50") r eve r se  f a u l t i n g .  
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Histogram to i l l u s t r a t e  the  h igh  angle 
(40'-50') n a t u r e  of t he  f a u l t  planes 
i n  t he  Zagros  compared to those in 
the  Ionian  Sea a n d  Crete,  which are  
both p a r t  of t he  Hellenic a r c  where 
ac t ive  subduct ion  ( in termedia te  depth 
e a r t h q u a k e s  a n d  andes i t i c  volcanism) 
is t a k i n g  p lace  a n d  th rus t ing  i s  on 
shal low d ipp ing  (0'-10' f a u l t  planes. 
The Zagros  histogram is similar  to 
t h a t  of western Turkey,  where active 
extens ion  by  normal f au l t i ng  i s  occur- 
r i n g .  Dips a r e  t aken  from the fault 
p l ane  solut ions i n  (11, (20)  and  (26) 
a n d  a r e  mostly well control led in 
t he  Zagros ,  even though the  s tr ikes 
may not be. 
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EVOLUTION OF THE ZAGROS 

There i s  much evidence t h a t ,  d u r i n g  the  Mesozoic a n d  T e r t i a r y ,  what is 
now the folded bel t  of the Zagros  was a subs id ing  cont inenta l  margin (24, 
25, L1, 62 ) .  Since the  basement was almost c e r t a i n l y  cut  by normal faul ts  
which caused  i t s  extension p r io r  to the  onset  of subs idence  and  sediment 
deposi t ion in the Permo-Triassic, i t  i s  l i ke ly  t h a t  the  present  d a y  reverse 
f a u l t ~ n g  i s  happen ing  on the old normal f a u l t  su r f aces  which have  been 
r eac t iva t ed .  This  would exp la in  the h igh  (40°-SO0) r a t h e r  t h a n  low (0"- 
10") ang le  na tu re  of the  f au l t  d i p s ,  a n d  the s imi l a r i t y  of the d i p s  of fault 
p l anes  in western Turkey ( c u r r e n t l y  ex tending  by  normal f a u l t i n g )  with 
those in the Zagros ( F i g .  3 ) .  React ivat ion of o ld  f a u l t s  i s  known to be 
a  common and  important  phenomenon (45 )  a n d  the r eac t iva t ion  of old normal 
basement f au l t s  a s  t h r u s t s  h a s  been repor ted  from Chile ( 4 6 ) .  The possi- 
b i l i t y  of reac t iva t ion  in the  Zagros was a l luded  to by Falcon (23 )  in  1969, 
and  Stocklin (25 )  proposed t h a t  the Zagros  Thrus t  Line i tself  was a  reac- 
t lva t ion  of a n  old Precambr ian  r i f t  boundary  which control led the distr i -  
bution of the Hormuz s a l t .  The N.W. t r end  of the Zagros  i s  found in the 
Precambr ian  of the N . E .  Arabian  sh ie ld  ( 2 5 ) .  The same t rend  i s  evident 
in the sediment i sopachs  of the nor thern  Zagros (Lures t an  a n d  Kuhzistan) 
throughout  the Mesozoic (47,  48 ) .  

An objection to th i s  sugges ted  basement involvement i s  the evidence from 
seismic relect ion l i nes  in old fold mountain be l t s ,  such a s  the  eastern 
Rockies ( L L .  Lg),  which shows a p p a r e n t l y  undeformed Precambr ian  shield 
d ipp ing  gen t ly  beneath the  fore land folds.  However, i t  i s  probable  that  
in these o lder  orogenic be l t s  the amount of shor tening  involved i s  con- 



s iderably  g r e a t e r  ( abou t  160 km, o r  50%, in  the  Canad ian  Rockies (44,  5 0 ) )  
than tha t  which h a s  so f a r  t aken  p lace  i n  the Zagros  Fold Belt ( a b o u t  
20-50 km, or  20%, ( 2 3 ) )  which i s  i n  a  much younger  s t a t e  of development. 
The contract ion mechanism proposed he re  wi l l  presumably  work un t i l  the  
reverse motion on old normal f a u l t s  res tores  the  basement a t  l e a s t  to i t s  
or ig ina l  th ickness .  Thereaf te r  the  basement wil l  e i t he r  become th i cke r  t h a n  
i ts  pre-stretched s t a t e ,  o r  be t h r u s t  i n to  the mant le .  I t  i s  l i ke ly  t h a t  the  
sediments of the folded bel t  of the  Zagros a r e  s t i l l  almost above the  o r i g i n a l  
basement on which they were depos i ted .  As shor tening  cont inues ,  the  folded 
cover will  s t a r t  to migra te  southwest over  the  undeformed Arab ian  s h i e l d ,  
separa ted  from i t s  basement by the  decollment a t  t he  leve l  of the  Hormuz 
sa l t .  The fore land folds of the  Rockies, Appalachians  a n d  J u r a  a r e  no 
longer above the i r  o r i g i n a l  basement which was  le f t  behind  i n  the  i n t e r n a l  
zones. Those orogenic be l t s  which a r e  known to have  th ick  c r u s t  a r e  a l l  
older and  in more advanced  s t a t e s  of development t h a n  the Zagros  a n d  have  
involved more shor tening .  I t  i s  t h u s  a n  in t e re s t ing  predic t ion  of the  scheme 
proposed here t h a t ,  in  the ini'cial s t a g e s  of cont inenta l  co l l i s ion ,  the base-  
ment under the orogenic bel t  should be t h i n n e r ,  not t h i cke r ,  t h a n  t h a t  of 
i ts  neighbouring c ra ton .  At present  no adequa te  re f rac t ion  d a t a  from the  
Zagros i s  a v a i l a b l e  to test  t h i s .  

In conclusion, the o r ig in  of a  young folded bel t  proposed here  accounts  
well for the present  d a y  seismici ty a n d  deformation of t he  Zagros .  Such 
an  origin involves the r eac t iva t ion  a s  t h r u s t s  of l i s t r i c  normal f a u l t s  in  
a  s tretched a n d  a t t enua ted  basement on which th ick  sediments  of the  Atlantic- 
margin type were depos i ted ,  a n d  does not necess i ta te  e i t h e r  abnormal  thick-  
ening o r  subduction of cont inenta l  c r u s t  in the  e a r l y  s t a g e s  of con t inen ta l  
col l is ion.  How long th i s  process c a n  continue i s  not c l e a r .  I t  i s  un l ike ly  
to account for a l l  the  f ea tu re s  of o lder  orogenic be l t s  which have  involved 
considerably g r e a t e r  shor tening .  However, even if ope ra t ive  in  only  the  
ea r ly  s t ages  of co l l i s ion ,  i t  g r e a t l y  reduces  the space  problem encountered  
i n  pa l inspas t ic  reconstruct ions of orogenic be l t s  ( 4 3 ) .  
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ABSTRACT 

The majori ty of e a r t h q u a k e  d e a t h s  occur  a s  a  r e s u l t  of the  co l l apse  
of small dwel l ings  of masonry o r  adobe ,  suppor t i ng  massive roofs. The 
widespread in t roduct ion  of improved methods of b u i l d i n g  cons t ruc t ion  i s  
hampered by a  l a c k  of u n d e r s t a n d i n g  of t he  behav iou r  of such  b u i l d i n g s  
under e a r t h q u a k e  forces.  The complexity of t he  problem makes a n a l y t i c a l  
s tudy very  d i f f i cu l t ,  a n d  few exper imenta l  s t ud i e s  have  so  f a r  been c a r r i e d  
out .  The p a p e r  d i s cus ses  the  exper imenta l  methods a v a i l a b l e  a n d  cons ide r s  
the problems of modelling i n  t he  l a b o r a t o r y  smal l  b u i l d i n g s  made of 
t r ad i t i ona l  low-strength ma te r i a l s .  Experimental  programmes i n  t h e  
au tho r s '  depar tments  which a r e  i n  t h e i r  e a r l y  s t a g e s  a r e  b r i e f ly  desc r ibed .  

INTRODUCTION 

Although a c c u r a t e  s t a t i s t i c s  a r e  d i f f icu l t  to o b t a i n ,  t he  number of 
f a t a l i t i e s  caused  by e a r t h q u a k e s  t h i s  cen tu ry  h a s  been es t imated  to  be  
around 1.5 mil l ion.  Most of t h i s  loss  of l i fe  h a s  r e su l t ed  from roof 
col lapse i n  unre inforced  masonry a n d  adobe low-cost hous ing .  Self-built  
housing of t h i s  type  comprises  a round  95% of the  hous ing  stock of such  
nat ions a s  I r a n ,  Turkey a n d  Chile .  

The ma te r i a l s  a n d  bu i ld ing  methods employed in  such  hous ing  v a r y  
g rea t ly  a round the  wor ld ,  bu t  c e r t a i n  c h a r a c t e r i s t i c s  a r e  common to  many 
a r e a s .  Of these the  two which p a r t i c u l a r l y  r e su l t  i n  co l l apse  d u r i n g  e a r t h -  
quakes a r e :  

i )  the use of unre inforced  b r i t t l e  bu i ld ing  m a t e r i a l s ,  

i i )  the preva lence  of heavy  roofs .  

In the l i gh t  of t h i s  i t  i s  p e r h a p s  s u r p r i s i n g  t h a t  l i t t l e  r e sea rch  h a s  been 
ca r r i ed  out in to  the seismic behav iou r  of such b u i l d i n g s .  There must 
be many reasons  for t h i s  i nc lud ing :  

i )  the fact  t h a t  i n d i v i d u a l l y  each  house r ep re sen t s  a  ve ry  small  
f i nanc i a l  investment which g ives  i t  a  low p r io r i t y  i n  p reven ta t i ve  



measures aga ins t  ea r thquakes ,  

i i )  a common belief tha t  no solution i s  possible without resort  to modern 
materials  and  building methods, 

i i i )  a tendency amongst researchers  to avoid subjects which do not lend 
themselves to theoretical  a n a l y s i s ,  

i v )  a n  assumption tha t  the problem i s  only a short-term one which 
will be overcome rap id ly  by the genera l  development of third-world 
countries.  

This las t  assumption i s  now being questioned, and i t  now seems certain 
that  the great  majority of people l iv ing in unreinforced masonry and 
adobe s t ructures  will continue to do so for the foreseeable fu ture .  

There i s  therefore a g rea t  need to inves t igate  the seismic performance 
and behaviour of such t radi t ional  bui ld ings  in order  to f ind effective 
improvements for exis t ing and new housing. Such improvements must 
l ie  within the range of exis t ing technologies and should be socially and 
economically appropr ia te .  

This paper  examines the range of experimental methods avai lable  to 
investigate the performance of low-cost masonry and  adobe structures.  

THE NEED FOR EXPERIMENTAL STUDIES 

It was once sa id  tha t  "In research,  theory i s  important ,  but experi- 
mental s tudies  a r e  more important ,  a n d -  the ana lys i s  of phenomena caused 
by nature  is best". This ce r t a in ly  appl ies  to the s tudy of the seismic 
protection of unreinforced masonry and adobe low-cost housing. 

Useful conclusions about the performance of exis t ing building types 
in ea r thquakes  can be reached from a study of damage following major 
ear thquakes .  A number of such s tudies  have been made, of which an 
outs tanding one is  that  by Razani (1) .  He presents design cr i ter ia  for 
such bui ld ings  a s  follows: 

i )  the roof and floors must remain monolithic and  connected, 

i i )  a vert ical  load system must su rv ive ,  

i i i )  a l a t e ra l  load system must survive .  

Razani a lso  makes a number of recommendations a s  to how these cri teria 
might be achieved.  

Unlike many other engineering problems, the economic investment in 
an  individual  dwelling of th i s  type bears  no relat ion to the complexity 
of the ana lys i s  required to understand i t s  behaviour.  The design cri teria 
above imply the limitation of damage ra the r  than i t s  avoidance.  Since 
the building materials  a r e  extremely b r i t t l e ,  the behaviour of such 
buildings must be considered af ter  cracking h a s  occurred,  a situation 
vhich is  not readi ly  amenable to ana ly t i ca l  treatment. 

Thus to advance our understanding of the seismic behaviour of such 
buildings.  we have to rely on experimental s tudies .  Such studies fa l l  



into two ca t ego r i e s  

i )  observa t ion  of t he  performance of e x i s t i n g  a n d  modified bu i ld ing  
types d u r i n g  e a r t h q u a k e s ,  

i i )  dynamic t e s t s  on b u i l d i n g s ,  model b u i l d i n g s  a n d  bu i ld ing  elements .  

So f a r  t he re  a r e  not a n y  r epo r t s  of such  b u i l d i n g s  be ing  ins t rumented .  
It i s  p robab ly  u n r e a l i s t i c  to  e n v i s a g e  a  s ign i f i can t  programme of i n s t r u -  
mentation g iven  t h a t  t he  r e t u r n  period of des t ruc t ive  e a r t h q u a k e s  i s  
re la t ive ly  long.  

Dynamic t e s t s  on bu i ld ings  o r  model b u i l d i n g s  offer  t he  most r e a d y  
means of a s se s s ing  the  effect iveness of proposed modif icat ions to t h e  
design.  Penzien ( 2 )  h a s  s t a t e d  t h a t  " the main objec t ive  of conduct ing  
dynamic t e s t s  on s t r u c t u r e s  i s  to improve a n d  ve r i fy  mathemat ica l  
modelling which i s  in tended  to r e a l i s t i c a l l y  r ep re sen t  prototype behav iou r  
under seismic condit ions".  While t h i s  may well a p p l y  to dynamic  t e s t s  
on "engineered" s t r u c t u r e s ,  the  p r imary  object ive of such  t e s t s  on low- 
cost housing a t  t h i s  s t a g e  i s  s u r e l y  to  a s s e s s  empi r i ca l l y  the  e f fec t iveness  
of in t roducing  simple modif icat ions to  a  des ign .  

EXPERIMENTAL METHODS 

Experimental methods for the  i nves t iga t ion  of seismic b u i l d i n g  
performance f a l l  i n to  two ca t ego r i e s  - des t ruc t ive  a n d  non-des t ruc t ive .  
Such tes t s  can  be c a r r i e d  out  e i t h e r  on fu l l - sca le  b u i l d i n g s ,  bu i ld ing  
elements or  model b u i l d i n g s .  

Non-destructive t e s t s  a r e  confined to s tudy ing  bu i ld ing  behav iou r  
in the e l a s t i c  r a n g e .  Random v i b r a t i o n s ,  impulses a n d  s t eady - s t a t e  
harmonic v ib ra t i ons  c a n  be used  ( 3 )  to measure  n a t u r a l  modes, 
f requencies ,  damping coeff icients  a n d  o the r  dynamic p rope r t i e s .  These 
low-amplitude va lues  may then be compared with va lues  de r ived  from 
the theoret ical  models which a r e  used to predic t  a  b u i l d i n g ' s  performance 
under e a r t h q u a k e  load ing .  While such work i s  p r i m a r i l y  concen t r a t ed  
on ' eng inee red '  s t r u c t u r e s  such  a s  a r c h  dams which a r e  des igned  to  
remain e l a s t i c  under  e a r t h q u a k e  load ing ,  t he  same app roach  may be 
adopted for low-cost housing to i nves t iga t e  the  condi t ions  unde r  which 
c r ack ing  i s  i n i t i a t e d .  Recently some f ie ld  s tud i e s  were c a r r i e d  out  by 
Ohta et a1 ( 4 )  in  Turkey following the  C a l d i r a n  e a r t h q u a k e  in November 
1976. Vibration tes t s  were c a r r i e d  out on s e v e r a l  adobe a n d  masonry 
bui ld ings  to measure the  n a t u r a l  per iods  of v ib ra t i on  a n d  t h e i r  r e s u l t s  
a r e  reproduced in Table  1. 

a f t e r  S a k a i  i n  ( 4 ) .  

T a b l e  1. F i e l d  V i b r a t i o n  T e s t s  o n  Smal l  B u i l d i n g s  

Adobe 

S tone  

Block 

R.C. 

N a t u r a l  P e r i o d s  

T1 ( s h o r t  s p a n )  

0 .16  s e c  

0 .155 s e c  

0 .18  - 0 . 2  sec 

0 . 1 3  - 0 . 2  s e c  

T2 ( l o n g  s p a n )  

0.135 sec 

0 . 1 3  s e c  

0 .165 s e c  

0 .24  - 0 .27  sec 



Such work could usefully be extended and supplemented by tes ts  on 
models . 

Tests in  which the building i s  s t ra ined beyond the e las t ic  limit a re  
essent ia l  to unders tanding i t s  behaviour dur ing a n  ear thquake.  Two 
approaches a r e  commonly adopted: 

i )  Stat ic or slow-cycle tests .  Full-scale bui ld ings  may be tested on 
a t i l t ing  table  (5, 6 )  or building elements may be tested in a load 
frame (7 ,  8 and o the r s ) .  Such tes ts  have the advan tage  tha t  the 
boundary conditions a r e  known throughout the test  and s t r a i n s  may 
be observed. This i s  pa r t i cu la r ly  useful for examining the conditions 
under which cracking i s  in i t ia ted  and inves t igat ing the res t ra in ing 
influence of reinforcement. I t  does not permit any  examination of 
dynamic interaction between different p a r t s  of the bui ld ing.  

i i )  Dynamic tests  on a shaking table.  Such tes ts  may be on full-scale 
bui ld ings  ( 9 )  but for reasons of economy a r e  more l ikely  to be made 
on models (10) .  The base motion may be a recorded ear thquake 
or sinusoidal  v ibra t ion.  Providing the problems of scal ing can be 
overcome, the response of a pa r t i cu la r  building may be observed 
di rec t ly  and the effects of simple modifications inves t igated.  

Recently we have ca r r i ed  out some preliminary model tests  a t  the 
Universities of Bristol and Cambridge (11, 12).  Working a t  a  scale of 
1 : 10 two types of model were developed: 

i )  Models to s tudy e las t ic  response. Tests were made using single 
point excitat ion by electro-magnetic v ibra tors  to measure natura l  
frequencies and mode shapes .  These indicated a very complex 
response combining l a t e r a l  vibration of the walls  with shear  and 
torsion. The lowest n a t u r a l  frequencies indicated for full-scale 
buildings were around 15 Hz, r a the r  higher than  expected. 

i i )  Models to inves t igate  fa i lure .  Tests made on a harmonic shaking 
table  were able  to reproduce building fa i lures  in the laboratory ,  
al though there were considerable problems with the model materials .  

In addit ion tests  were made of a model single wall on a n  electro-- 
magnetic shaking table .  Walls made from unmortared model br icks  proved 
extremely s table  even when subjected to out of plane ear thquake vibra t ion.  
This suggests tha t  Coulomb friction could usefully form the bas is  of an 
improved design.  

It i s  hoped to extend th is  work a s  modelling materials  a r e  developed. 

In reviewing previous work in this  field i t  h a s  become c lear  thal 
there has  been very l i t t le  work (10)  in which the l inks  between engineer- 
ing propert ies in the f i e ld ,  s t ruc tu ra l  arrangement,  behaviour of building 
elements under load and dynamic behaviour of buildings have been made. 
Such a coordinated experimental programme i s  essent ia l  if r ea l  progress 
i s  to be achieved.  

REQUIREMENTS FOR MODEL TESTS 

Small scale model tests  have been used for many decades by s t ructura l  
engineers ,  but until recently thei r  use was mainly confined to s t a t i c ,  



elast ic behaviour of s t ructures .  The use of simple inexpensive models 
of low-cost housing to study thei r  dynamic behaviour a p p e a r s  a t t r ac t ive  
a t  f i rs t  s ight .  However the simili tude requirements for dynamic modelling 
present considerable problems. 

The basic modelling theory for dynamic s t ruc tu ra l  models i s  well known 
and has  been presented by severa l  authors .  Nazarov (13)  g ives  a com- 
prehensive survey of the genera l  theory but i t  i s  useful to consider 
par t icular  cases here. A primary requirement when modelling s t ruc tu res  
beyond the e las t ic  region is  geometric s imi lar i ty ;  i t  i s  necessary to ensure  
that  the s t r a i n s  in the model a r e  equal  to the s t r a i n s  a t  full-scale. 
Two common approaches when designing a model a r e  a s  follows: 

i )  No change of accelerat ion.  This h a s  the advan tage  tha t  tes ts  may 
be ca r r i ed  out under n a t u r a l  g rav i ty .  However a model material  
i s  required whose s t rengths  and dynamic moduli a r e  scaled down 
and a compressed time scale i s  used.  

i i )  No change of material .  While th i s  has  obvious advan tages ,  for 
complete s imi lar i ty  tests  must be ca r r i ed  out with increased accele- 
rat ion and enhanced g rav i ty  in a centrifuge.  A compromise solution 
i s  generally attempted, by the use of addi t ional  weights hung from 
the s t ructure .  Weights may be placed on the s t ructure  but th i s  
a l t e r s  the iner t ia  forces. Alternatively the density may be increased 
without changing the other material  propert ies.  

The correct scale factors for var ious  
in Table 2 .  
1 

General 

l ength  

s t r a i n  

s t r e s s  

dens i t y  

time 

e l a s t i c  moduli 

displacement 

ve loc i t y  

acce l e r a t i on  

coulomb f r i c t i o n  

damping 

propert ies for these cases  a r e  given 

Table 2 .  Sca le  Fac tors  of Complete Model S i m i l a r i t y  



MATERIALS FOR MODEL TESTS 

There i s  a dear th  of information on materials  which have been found 
su i t ab le  for dynamic test ing of model masonry or adobe s t ructures .  For 
the test ing of concrete s t ructures  i t  i s  normal to use micro-concrete, and 
Bosjancic (14) suggests  that  similar  materials  can be used for modelling 
masonry. Unfortunately he gives no deta i ls  of the modelling materials ,  
but he discusses the use of plastic-coated wires to model reinforcement 
correctly.  Sabnis and White (15) also  discuss the modelling of concrete 
s t ructures .  

The only extensive model test ing of adobe s t ructures  of which we a re  
aware has  been ca r r i ed  out a t  the University of Mexico (10). Models 
a t  a scale of 1 : 2.5 have been tested on a shaking table ,  and i t  appears  
that  reduced s t rength  adobe was used. Conditions of complete model 
s imi lar i ty  were not achieved but useful resul ts  were obtained when compar- 
ing different  types of strengthening systems. 

- 

Modelling Materials 

Table 3. Modelling Materials and Prototype Materials 

Prototype Materials 

Material 

sand + 10% wax 

sand + 5% wax 

sand + 2% wax 

sand + 1% wax 

sand + 20% kaolinite 

sand + 10% kaolinite 

sand + plaster (3 : 1) 

sand + plaster (6 : 1) 

(5 
t 
2 

( N / m  ) 

1.46 

0.82 

0.32 

0.07 

0.24 

0.17 

U 
C 

2 
(N/m 

5.36 

2.50 

17 .O 

1.5 

0.42 mud mortar 

adobe 

E 

kN/m 
2 

0.2 

4.75 

1 .O 

P 

kg/m3 

1500 

1870 

0.03 

0.3 



In our  recent  model tes t ing  a t  Bristol a n d  Cambridge Univers i t ies  
(11, 12)  two modelling ma te r i a l s  were used:  

i )  Models to s tudy  e l a s t i c  response.  These were cons t ruc ted  mono- 
l i t h i ca l ly  out of a  mortar  of Kaffir D p l a s t e r  a n d  s a n d .  This  is 
a b r i t t l e  ma te r i a l  which reaches  i t s  fu l l  s t r e n g t h  r a p i d l y ,  but  was  
too s t rong for tes t s  to des t ruc t ion .  

i i )  Models to i nves t iga t e  f a i lu re .  In a n  at tempt to reproduce  bu i ld ing  
f a i lu re s  in the l abo ra to ry  models cons t ruc ted  from a sand-wax mor tar  
were tested on a s h a k i n g  t ab l e .  This  ma te r i a l  i s  weak a n d  b r i t t l e ,  
but i t s  s t r eng th  was s t i l l  s imi l a r  to t h a t  of mud mortar  when i t  should  
have  been reduced by the sca le  of the model (10 t imes ) .  Such a 
reduction in  s t r eng th  would have  made i t  very  d i f f icu l t  to hand le .  

Details of some of the mechanical  proper t ies  of these ma te r i a l s  a r e  g iven  
in Table 3,  but i t  i s  c l e a r  t h a t  much more work i s  r equ i r ed  to develop 
su i t ab l e  mater ia l s  for sca le  modelling. Probably  the  sca l e  of the  model 
should be increased  to a t  l ea s t  1 i n  5. This  would reduce the problems 
with the model mater ia l  but  the  inc rease  in sca le  i s  limited by the s i ze  
of the shak ing  t ab l e s .  In h is  pape r  on model ma te r i a l s ,  Bosjancic (14 )  
recognises t h i s ,  a n d  c a l l s  for urgent  cooperat ion between l a b o r a t o r i e s  
interested i n  development of model techniques .  

CONCLUSIONS 

Clear ly  there  i s  a n  urgent  need for a  coordina ted  programme of exper i -  
mental s tud ie s  of the seismic behaviour  of unreinforced masonry a n d  adobe 
low-cost housing.  A l i nk  needs to be e s t ab l i shed  between the eng inee r ing  
propert ies  of bu i ld ing  mater ia l s  in the  f i e ld ,  the behaviour  of s t r u c t u r a l  
elements under  known condit ions of l oad ing ,  a n d  the  dynamic behav iou r  
of bui ld ings  or  models tes ted .  In th i s  way the effect of s imple 
modifications may be e s t ab l i shed  which could then be incorpora ted  in  a n  
empirical  des ign  guide .  However for such  recommendations to be of a n y  
use, they must take fu l l  account of the ex i s t i ng  technica l  s k i l l s  a n d  
social a n d  economic condit ions in  the s i t ua t ion  for which they  a r e  
intended.  
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ABSTRACT 

A survey  of the  l i t e r a t u r e  concern ing  the  ea r thquake - r e s i s t ance  of 
t r ad i t i ona l  bu i ld ings  i n  developing coun t r i e s  i s  p r e sen ted .  Ce r t a in  t ypes  
have r e g u l a r l y  been found to  perform wel l ,  no t ab ly  those i n  which a  b raced  
timber frame h a s  been used .  I t  is a r g u e d  t h a t  a  s tudy  of such  t r a d i t i o n a l  
bu i ld ing  types  may be of some re levance  in  dev i s ing  f u t u r e  s t r a t e g i e s  
for modification of r u r a l  low-cost b u i l d i n g s ,  b u t  t h a t  t he  e a r t h q u a k e  h a z a r d  
should be seen a s  only  one of many f ac to r s  which h a v e  inf luenced  
t r ad i t i ona l  forms of cons t ruc t ion .  

INTRODUCTION 

It i s  well known t h a t  t he  v a s t  major i ty  of c a s u a l t i e s  c a u s e d  b y  e a r t h -  
quakes  occur i n  developing coun t r i e s ,  a n d  r e s u l t  from the  co l l apse  of low- 
cost dwell ings bu i l t  by t r a d i t i o n a l  methods i n  r u r a l  a r e a s .  Ea r thquake  
engineer ing ,  which h a s  been so successfu l  i n  e n a b l i n g  l a r g e  b u i l d i n g s  
to be bui l t  in modern ma te r i a l s  with a  h igh  degree  of e a r t h q u a k e  
res i s tance ,  h a s  so f a r  h a d  l i t t l e  impact  on the  methods of cons t ruc t ion  
used for such low-cost b u i l d i n g s .  This  i s  not because  these  b u i l d i n g s  
have been to t a l l y  ignored  by eng inee r s ,  a s  h a s  sometimes been sugges ted .  
In most count r ies  which a r e  r e g u l a r l y  v i s i t ed  by e a r t h q u a k e s ,  some 
research  into the  t r a d i t i o n a l  cons t ruc t idn  methods h a s  been - c a r r i e d  o u t ,  
and  codes of p rac t i ce  o r  cons t ruc t ion  manua l s  h a v e  been pub l i shed  which 
describe how these methods could be modified to r e n d e r  them r e s i s t a n t ,  
o r  a t  l e a s t  l e s s  vu lne rab l e ,  to e a r t h q u a k e s .  But too often t he  modifica- 
tions proposed t u r n  out to r equ i r e  the  use  of s u b s t a n t i a l  amounts  of s c a r c e  
and  expensive ma te r i a l s  ( s u c h  a s  cement a n d  s t e e l ) ,  o r  s k i l l e d  workman- 
s h i p ,  and  thus  to  be beyond the  reach  of the  v a s t  major i ty  of people who 
must bu i ld  with v i r t u a l l y  no c a s h  o u t l a y  a n d  us ing  only  t h e i r  own l a b o u r  
and  t r ad i t i ona l  sk i l l s .  ( 1  ) 

Yet, in  many seismic a r e a s ,  i t  h a s  been repor ted  t h a t  t he re  a r e  c e r t a i n  
p a r t i c u l a r  bu i ld ing  types  which t r a d i t i o n a l l y  incorpora te  ea r thquake -  
r e s i s t an t  des ign  p r inc ip l e s  o r  cons t ruc t ion  f e a t u r e s ,  o r  which h a v e  been 
found to perform p a r t i c u l a r l y  well i n  e a r t h q u a k e s .  This  i s  a n  impor tan t  
observa t ion ,  because i t  sugges t s  t h a t  t h e r e  a r e  a l t e r n a t i v e  techniques  



of bu i ld ing  ea r thquake - re s i s t an t  dwel l ings  which r equ i r e  ne i ther  modern 
ma te r i a l s  nor sk i l l ed  c ra f t smansh ip ,  a n d  opens the  poss ib i l i ty  t ha t  these 
techniques  might be a d a p t e d  for  use elsewhere,  should  su i t ab l e  materials  
be a v a i l a b l e .  And i t  is important  for ano the r  reason:  if these t r ad i t i ona l  
bu i ld ing  types  c a n  be shown to be a  conscious response to the  ear thquake  
h a z a r d .  t h i s  may provide  a n  in s igh t  in to  the  way t h a t  ear thquake  
awareness  is developed a n d  pas sed  on i n  a  society,  a n d  how th i s  aware- 
nes s ,  in t u r n ,  l e a d s  to modifications i n  the form a n d  construct ion of 
housing.  Such i n s i g h t s  would be ve ry  he lpfu l  in  at tempting to devise 
s u i t a b l e  s t r a t e g i e s  for fu tu re  modifications of low-cost housing i n  seismic 
a r e a s .  

This  p a p e r  i s  a  p re l imina ry  at tempt to collect a n d  examine the  evidence 
of ea r thquake - re s i s t an t  des ign  i n  t r a d i t i o n a l  housing i n  a l l  p a r t s  of the 
world.  The s tudy  i s  not based  on f ie ld  work;  the  information presented 
i s  taken  en t i r e ly  from publ i shed  p a p e r s  a n d  r epor t s .  The main sources 
have  been the  Proceedings of the  s i x  world conferences on ear thquake  
eng inee r ing ,  a n d  the r epor t s  of the  UNESCO reconnaissance  missions to 
the cen t r e s  of recent  e a r t h q u a k e s .  F igure  1 shows the  geographica l  
locat ion of the va r ious  bu i ld ing  types  d i scussed ,  superimposed on the 
seismici ty map of t he  world.  

SEISMIC RESPONSE OF TRADITlONAL BUILDINGS 

By f a r  the  most useful  da t a  a r e  those given i n  s u r v e y s  of the performance 
of t r a d i t i o n a l  dwel l ings  i n  e a r t h q u a k e s ,  c l a s s i f i ed  according  to types of 
cons t ruc t ion;  but  unfor tunate ly  few such s u r v e y s  have  been c a r r i e d  out.  
Arioglu a n d  Anadol ( 2 ,  3) have  repor ted  l imited su rveys  conducted af te r  
four  e a r t h q u a k e s  i n  Turkey between 1969 a n d  1975, those of Gediz, Burdur, 
Bingol and  Lice, a l l  with magni tudes  of 6.3 o r  g r e a t e r ,  a n d  with in tens i t ies  
r each ing  VIII o r  I X  in  the e p i c e n t r a l  region.  In a l l  these ea r thquakes ,  
masonry bu i ld ings  whether  of s tone o r  adobe ,  performed very  b a d l y ;  but 
in the Gediz e a r t h q u a k e  region ,  75% of the r u r a l  dwell ings were found 
to be of a  two-storey b raced  timber frame system ( loca l ly  cal led 
' B a g h d a d i ' )  which was h igh ly  e a r t h q u a k e  r e s i s t a n t ;  50% of such bui ld ings  
were undamaged,  and  only  9% were i r r e p a r a b l y  damaged in the ea r thquake .  
The seismic h is tor ies  of the  regions concerned a r e  a l so  repor ted;  Gediz 
h a s  had  no e a r t h q u a k e  of magni tude  g r e a t e r  t h a n  6.0 d u r i n g  the present 
cen tu ry .  whereas  Burdur (7 .1  in  1914) ,  Bingol (7 .0  i n  1954) and  Lice 
( 7 . 0  in 1971) have  a l l  suffered l a r g e  e a r t h q u a k e s  in l i v ing  memory. Thus 
the re  i s ,  on th i s  ev idence ,  no corre la t ion  between recent  seismic history 
and  e a r t h q u a k e  r e s i s t a n t  techniques .  

/ 

Joaqu in  4 repor ts  the r e su l t s  of damage s u r v e y s  following 10 ea r th -  
quakes  in Chile between 1918 and  1966 hav ing  in t ens i t i e s  of VII to T X ;  
some 20.000 bu i ld ings  were inc luded i n  these su rveys ,  mainly in towns 
and  c i t ies .  Nevertheless the r e su l t s  a r e  of cons iderable  i n t e re s t ,  beca1~:je 
of the r a n g e  of bui ld ing  types  inc luded.  The r e l a t ionsh ip  between damage 
and  in t ens i ty  h a s  been plotted for  f ive d i f ferent  types of c o n s t r u c t i o ~ ~ ,  
and  these r e l a t ionsh ips  a r e  summarised in  F igs  2 and  3. The bes t  
performance was achieved by modern re inforced  br ick  masonry buildiny!: 
des igned to wi ths tand l a t e r a l  l oads .  But a g a i n ,  timber framed buildings 
of t r a d i t i o n a l  construct ion performed be t te r  t h a n  unreinforced brick 
masonry,  a n d  adobe cons t ruc t ion  - used by the majori ty in  the most densely 
populated pa r t  of the count ry  - performed very  poorly.  I t  i s  a l so  reported 
tha t  subsequent  to the 1939 Chilean e a r t h q u a k e ,  the prohibi t ion of adobe 
bu i ld ings  was cons idered ,  but could not be effected because of the absence 
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FIG. 2 FIG. 3 
Proport ion of damaged bu i ld ings  Proport ion of t o t a l ly  destroyed 

bu i ld ings  

Approximate d i s t r i bu t ion  of damage to bu i ld ings  c l a s s i f i ed  according to 
construct ion techniques  in  Chile ,  based  on s u r v e y s  of ten ea r thquakes  
1918 - 1966, a f t e r  Joaquin  ( 4 ) .  

Key A = Brick masonry ,  reinforced 
B = Wooden f rame,  without f i l l  
C = Wooden frame with heavy fill 
D = Brick masonry ,  unreinfokced 
E = Adobe. 

of a n  economic a l t e r n a t i v e .  

During the l a s t  15 y e a r s ,  UNESCO reconnaissance  missions have  visi ted 
the cen t r e s  of a  number of l a r g e  e a r t h q u a k e s  sho r t ly  a f t e r  the event ,  
and  have  documented the damage.  Although the  damage su rveys  have 
not been on a  s t a t i s t i c a l  b a s i s ,  the  repor ts  note where p a r t i c u l a r  bui ld ings  
performed well or  bad ly .  Four such repor ts  have  been concerned w i t h  
e a r t h q u a k e s  in  I r a n ,  a t  Dasht-e-Bayaz (19681, Karnaveh (19701, Ghir (1972) 
a n d  Gisk (1977) (5 ,  6 ,  7,  8 ) .  In r u r a l  I r a n ,  absence of timber has  led 
to the  gene ra l  use of v a u l t s  a n d  domes for roofing,  and  many l ives  were 
lost through the  col lapse  of such roofs. ~ o w e v ~ r ,  s ign i f i can t ly  better 
performance was noted where the domes were quas i -spher ica l  r a t h e r  than 
c y l i n d r i c a l ,  or  where tie-rods o r  tie-beams had  b e e n  incorpora ted  a t  t h e  
s p r i n g i n g s  of v a u l t s  o r  domes to el iminate horizontal  t h r u s t s  on the wal l s .  
Another i n t e re s t ing  observa t ion  was tha t  t a l l  masonry s t ruc tu re s  such a s  
chimneys,  wind-towers or  minare ts  were f requent ly  undamaged.  The l ight-  
weight po r t ab le  s t r u c t u r e s  of the nomads performed well ;  they constituted 
p r a c t i c a l l y  the only  houses in the Zagros mountains which surv ived  the 
Ghir e a r t h q u a k e ,  a n d  were used for emergency housing a f t e r  the Karnaveh 
e a r t h q u a k e .  

A manual  on ea r thquake - re s i s t an t  construct ion from Bali ,  Indonesia 



( g ) ,  a t t r ibutes  a high degree of ea r thquake  res is tance  to t r ad i t iona l  
buildings because of thei r  r egu la r  p lan  form, l ightweight roof supported 
on a r ing beam, braced timber columns and  strong heavy foundations (F ig .  
4 ) .  

In Ind ia ,  Arya and Chandra (10)  report  t h a t  s imi lar ly  aseismic forms 
of construction were used in the earthquake-prone regions of Kashmir a n d  
Assam. In Kashmir braced timber stud-wall construction with br ick  nogging 
called Dhajji Diwari was used,  while in  more humid Assam, the framework 
was of bamboo poles with a l ight  c ladding of I k r a  r e e d .  

Evans (11) has  reported tha t  the Peru ea r thquake  of 1970 showed 
'quincha '  construction to be much superior to adobe. A quincha wall  
consists of ver t ica l  timber poles about 1 m a p a r t ,  with bottom bracing 
and a horizontal cap  pole. Several  equal ly  spaced horizontals  complete 
the basic frame. Vertical canes a r e  closely woven between the poles and  
the assembly plastered with mud. 

Both China and J a p a n  have a history of devasta t ing ea r thquakes ,  a n d  
in both countries the t r ad i t iona l  archi tec ture  has  a lways  been based on 
the timber frame, even where stone and brick were known and  a v a i l a b l e .  
Needham (12)  has  suggested tha t  a knowledge of the super ior  ear thquake-  
resistance of timber may have been a contributory reason for i t s  use ,  
but cer ta in ly  other cu l tu ra l  factors were involved. The t r ad i t iona l  detai l-  
ing a t  the head of the column (where complex bracket  c lus ters  supported 
deeply overhanging eaves )  and  a t  i t s  foot (where i t  res ts  on a stone p a d )  
a re  not directly derived from the need for ea r thquake  res is tance ,  but  i t  
has  been pointed out (13, 14) tha t  the l a rge  deformations and  distort ions 
which these deta i ls  can tolerate without fa i lure  a r e  a g rea t  a s s e t ,  contribut-  
ing both to f lexibil i ty and to damping. 

PAKISTAN 

In the North and West of Pakis tan  there a r e  regions of high seismic 
ac t iv i ty ,  and numerous l a rge  ear thquakes  have occurred dur ing  th i s  century  
(15) .  In the treeless region around Quetta, where mud i s  commonly used 
for wall ing,  the ear thquakes  of 1931 and 1935 caused considerable damage 
and loss of l i fe,  and the only buildings reported a s  res is t ing the shak ing  
were those buil t  in modern mater ia ls ,  usual ly  incorporating some form 
of steel reinforcement (16, 17) .  In North West Frontier  Province, the walls  
of the houses a r e  buil t  of stone, and some important differences in  per- 
formance were noted by the UNESCO reconnaissance mission following the 
Pattan ear thquake of 1974. (18)  

There a re  two types of construction ( a )  with timber-supported 
roofs and non-bearing rubble-fill  wal ls ,  in  which the heavy 
roofs a r e  ca r r i ed  independently by wooden unbraced columns, 
and ( b )  with similar  roofs supported by bear ing rubble-fill  
walls .  

In both cases i t  i s  customary to use very thick walls  coursed 
a t  in tervals  of 0.4 to 0.6 metres with horizontal bau lks  of 
timber a t  front and back tied together through the thickness 
of the wall by timber t ies.  Roofs for both types consist of 
closely-spaced timber r a f t e r s  covered with rushes  and  l ayers  
of tamped loessic c lay  in thickness sufficient  to c a r r y  heavy 
domestic animals such a s  cows. The use of the roof of one 
house a s  the ya rd  of the next house above i s  unavoidable,  



"Because obviously i t  i s  proportion- 
a l l y  divided into ' h e a d '  ' body '  
and ' feet ' . 
( a  Head: l ightweight,  low, strong 

and solid.  
( b )  Body: Strong, r ig id .  
( c )  Feet: Heavy, strong and firm." 

"From our  legend,  according to our 
ances tors ,  e a r t h  i s  supposed to be 
Bedawang Nala (Turtle-god worsh- 
ipped in Ba l i ) .  This ea r th  could 
tremble a t  any  time. .." 

f ". . .The Balinese t radi t ional  
bui ld ings  res is t  ear thquakes  well. 

I 
I It i s  s imilar  to a man, strong and 

I r e s i s t an t . "  

"The  plan of the building is  simple 
and p rac t i ca l .  Each section is  
divided according to i t s  du ty . "  

F I G .  4 .  Extracts  from Balinese manual on 
ear thquake-res is tant  construction ( 9 )  
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I "A l igh tweight  roof ,  r i g i d  a n d  
! n e a t ,  d iv ides  the  weight  evenly  

. on the  r ingbeam which wi l l  c a r r y  
! , I \  ! t he  force to t he  columns." 
! I 

I ! . . 

e-_ __.__ _._-.. . -- .._. ---- - - -  - .  

"The chosen timber columns, which I 
-.-_-_ _ _ --- - I 

r es t  on foundat ions suppor t  the  i 
roof. If the columns a r e  t i ed  
together  by a  "bamboo-bed" (1  ) , / 

a  kind of s t r u c t u r a l  f rame,  or  by I 

( 2 )  stout b r a c i n g ,  they wi l l  
be ! ' / 

capab le  of movement d u r i n g  the  I , 
ea r thquake .  The br ick  wal l s  work I 

I 

I 
! 

just l ike c lo th ing .  Strong,  heavy  
I 

l 
and s t ab l e  foundat ions would sh i f t  
the cent re  of g r a v i t y  downwards 
so t ha t  the whole bu i ld ing  i s  more 

! >>- 
4 .- . ._. - - #  ... 

s t ab l e .  . . " ..-----.; _ .  _ - _  -_._..&. ~ ---- --- -1 

" . . . A  g r e a t  e a r t h q u a k e  could t e a r  
the  b r i ckwa l l  c lo thes ,  bu t  the  con- 
s t ruc t ion  of the  bu i ld ing  must 
s t a n d  s t i l l ,  in  o rde r  to protect  
the  r e s iden t s . "  

F I G .  4 .  ( c o n t )  Ex t r ac t s  from Balinese manual  on 
ea r thquake - r e s i s t an t  cons t ruc t ion  ( 9 )  



as alrnost all settlement8 form terraeor up the steep valley 
sides. 

Dwellings of the bearing type c~n$truct lon suffered severely 
due ta  callapse of b a r i n g  walls. Othar dwellings with 
inaependent wooden columns wfthstoed the shaking much better, 
although one or more of the non-bearing walls collapsed. 
Rubble-fill. wails, consisting of angular  rocks, withstood the 
shaking better than those built  of river-worn rounded or semi- 
ruunded boulders (Fig. 5). 

FIG. 5. Deta~r  of method of construction used for houses near Pattan, 
NWF Province Pakistan: timber coursing and cross-ties, 
roof independently supported. (18) 

A special type of structure in the a rea  i s  that of the "Shingris" or 
t r iba l  forts (Fig. 6), with massive 0.8 to 1.2 m thick walls, coursed with 
timber as described above, which rise to heights of 15 m above ground. 
These towers, a s  well as other structures of similar constructions, suffered 
no demage. 

A similar though somewhat different house-type is found in the Chitral 
valley and has been described by I l l i  (19) and Hassum-ul-Mulk and Staley 
( 2 0 ) .  I t s  walls a r e  built  in  the manner described above, but the roof 
is supported on large timber beams which extend from wall to wall, but 
are supported by two ar more internal timber columns. These columns 
functionally demarcate the internal space, which i s  otherwise undivided. 
Above the centre of this  space, between the four main pi l lars ,  the roof 
is raised by an  arrangement of timber beams l a id  diagonally between 
the main beams; more such diagonal beams are  laid above, farming 
eventually a hole about 0.45 m square *en to the sky, which allows smoke 
to escape and l ight  to enter (Fig. 7). Referring to the wall construction, 
Hassam-ul-Mulk and Staley observe that  "the Chitralis claim that this 
combination of wood and stone i s  particularly resistant to earthquake 
shocks"; end that  "when there i s  an  earthquake the women run to the 
sher-a-tun (main p i l la r )  and cling to i t  as the safest place in the house." 
1111, however, maintains tha t  a t  the slightest tremor everyone would 
immediately leave the h a u ~ a .  In either case, i t  i s  clear that there i s  
a conscious awareness of the earthquake risk (small tremors a r e  frequent 



in this area).  In this case, however, we do not know how such houses 
would actually perform in a severe earthquake. 

FIG. 6.  Tribal fort (Shingri) of the Hazara-Swat area, 
NWF Province, Pakistan. Dry masonry walls coursed with 
timber and tied through the thickness of the wall. (18) 

116. 7. Sketch of the interior ol Chltrali hours. Note heavy timber 
kern@ ail ported by internal columa, md roof o p m l ~ p  aver central 

&r ~ a n u n r ~ u l *  .na $taw. (m) 



ASSESSMENT A N D  CONCLUSIONS 

The ev idence  presented  does c e r t a i n l y  show t h a t  t he re  a r e ,  i n  some 
seismic zones,  t r a d i t i o n a l  bu i ld ing  types  which h a v e  been found to  perform 
p a r t i c u l a r l y  well .  In  most c a s e s ,  these  t ypes  a r e  b a s e d  on b raced  timber 
frame cons t ruc t ion ,  a l t hough  t imber frame cons t ruc t ion  does not a lways  
perform wel l ;  unde r  c e r t a i n  c i rcumstances  v a u l t  a n d  dome construct ion 
h a s  performed well i n  e a r t h q u a k e s ,  a n d  t a l l  masonry o r  t imber s t ruc tu re s  
a r e  of ten  s u r p r i s i n g l y  r e s i s t a n t .  

However, these  e s s e n t i a l l y  eng inee r ing  obse rva t ions ,  useful  a s  they 
a r e ,  t e l l  us  l i t t l e  about  t he  way such  bu i ld ing  techniques  developed. 
I t  i s  possible  to  imagine  e a r t h q u a k e s  a s  a n  evo lu t iona ry  mechanism in 
t he  development of t he  house form. In  a n y  such  even t ,  on ly  t he  f i t t e s t ,  
the  best  bu i l t  s t r u c t u r e s  wi l l  s u r v i v e ,  a n d  these  wi l l  form a model for 
the  r ebu i ld ing  of t he  whole community. The r e s i s t a n t  s t r u c t u r e s  might 
be those which almost acc iden t ly  have  inco rpo ra t ed  ea r thquake - r e s i s t an t  
t e chn iques ,  o r  may h a v e  been in t roduced  from e lsewhere ,  p resent ing  a  
new model for the  community. The knowledge of t he  ea r thquake - r e s i s t an t  
bu i ld ing  techniques  might t hen  become p a r t  of the  t r a d i t i o n ,  a n d  be handed  
down unconsciously from gene ra t ion  to  gene ra t ion ;  o r  i n  bu reauc ra t i c  
soc ie t ies ,  the  successfu l  techniques  could become incorpora ted  in to  the 
r egu la t i ons  govern ing  what  may be b u i l t .  What i s  poss ib ly  a  ve ry  e a r l y  
example of t h i s  l a t t e r  process  h a s  been observed  i n  t he  r ebu i ld ing  of the 
anc i en t  c i t y  of T a x i l a  (18) ;  excava t ions  show t h a t  a round  25BC the  town 
was  h i t  by a  des t ruc t ive  e a r t h q u a k e ,  which led  to  b a s i c  changes  i n  the 
a r c h i t e c t u r e  of t he  r e b u i l t  c i t y .  The he ight  of t he  damaged bui ld ings  
was  reduced  from four to  two s to reys ,  a n d  the  lower s torey  was lef t  half-  
bu r i ed  benea th  t he  f a l l en  d e b r i s ,  cons t i t u t i ng  a  sor t  of basement .  Rebuilt 
houses were more s t rong ly  cons t ruc t ed  a n d  d u g  down in to  the  ground to 
make s imi l a r  basements .  There a r e  many s imi l a r  examples i n  modern times, 
where re inforced  concre te  frames,  t i e d  jack-arches o r  reinforced brickwork 
have  become mandatory  i n  t he  r e b u i l d i n g  following e a r t h q u a k e s :  bu t  such 
a process i s  more l i ke ly  to affect  u r b a n  t h a n  r u r a l  bu i ld ing .  

There a r e  a l s o  examples  to  t he  c o n t r a r y :  t he  f requency  of ea r thquakes  
i s  often such  t h a t  a  new gene ra t ion  of bu i ld ings  h a s  rep laced  the old 
between e a r t h q u a k e s .  People forget  t h e  event  a n d  mistakes a r e  often 
r epea t ed .  Bui ld ings  a r e  sometimes a l t e r e d  a n d  a d a p t e d  in  ways  which 
weaken them s i g n i f i c a n t l y ,  a n d  r e l i g ious  be l ie fs  may p roh ib i t  the  notion 
of bu i ld ing  in  such  a way a s  to p l a n  for ,  o r  e v a d e  such  a n  a c t  of God. 

In a n y  c a s e ,  the  role  /of e a r t h q u a k e s  i n  the  development of bu i ld ing  
form should not be overemphas ised .  

Ca ta s t roph ic  a s  they  a r e ,  de s t ruc t ive  e a r t h q u a k e s  a r e  very  r a r e  events  
in a n y  one community a n d  a s  major h a z a r d s  a r e  l i ke ly  to be much less  
s ign i f i can t  t han  o the r  h a z a r d s  such  a s  f loods,  h igh  winds ,  o r  rock f a l l s ;  
and  the s ign i f i cance  of n a t u r a l  h a z a r d s  h a s  to be t aken  a long  with the 
c o n s t r a i n t s  of c l imate  a n d  b u i l d i n g  ma te r i a l s  i n  determining bu i l t  form. 
F u r t h e r ,  a s  Rapoport a n d  o the r s  have  a r g u e d  (211, these phys i ca l  con- 
s t r a i n t s  must be seen in  the  l i g h t  of the whole socio-cul tural  context ,  
a n d  with a n  u n d e r s t a n d i n g  of the  re l ig ious  world-view of the  people, i f  
the development of bu i ld ing  form i s  to be p rope r ly  understood.  

The conclusion of t h i s  br ief  s t u d y  i s ,  therefore ,  t h a t  t h e r e a r e  very 
l i t t l e  d a t a  a v a i l a b l e  on which to a s s e s s  the  p a r t  which e a r t h q u a k e s  have  
p l ayed  in  the  development of t r a d i t i o n a l  bu i ld ing  types .  More de ta i led  



s tudies  a r e  needed,  p a r t i c u l a r l y  i n  the h igh ly  ac t ive  seismic zones,  where 
the r i s k  of recurrence  of a n  e a r t h q u a k e  within the l i fe  of one bu i ld ing  
or  i t s  occupants  i s  h igh .  Such s tud ie s ,  a s  well a s  examining  i n  d e t a i l  
the s t ruc tu re  a n d  form of construct ion of loca l  house-types,  should  look 
a t  the o ther  l ike ly  de terminants  of house form, a t  the  a v a i l a b l e  bu i ld ing  
mater ia l s ,  the  c l imate ,  a n d  o ther  n a t u r a l  h a z a r d s ;  should  at tempt to a s s e s s  
the geographica l  d i s t r i bu t ion  of d i f ferent  house types  a n d  t h e i r  r e l a t ionsh ip  
with e thnic  a n d  c u l t u r a l ,  g roup ings ,  a n d  with the  economic s t a t u s  of t h e i r  
occupants;  should examine the  r e l a t ionsh ip  of loca l  bu i ld ing  t y p e s  to the 
seismic h is tory  of the a r e a ,  a n d  attempt to a s s e s s  the  leve l  of e a r t h q u a k e  
awareness of the  people; a n d  should  t r y  to unde r s t and  the ove ra rch ing  
effect on a l l  t h i s  of t he i r  re l ig ious  bel iefs .  

This  i s  one of the  objects  of the mul t id i sc ip l ina ry  hous ing  s t u d y  which 
i s  to t ake  p lace  i n  the Karakoram region of Pak i s t an  in  the  next  few 
months, forming a  p a r t  of the R.G.S. expedit ion to the  a r e a .  
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ABSTRACT 

This pape r  records  the d i s t r i bu t ion  of house types  in  the  C h i t r a l  Valley.  
It  then ana lyses  the r e l a t ionsh ip  between the  house types  a n d  such  f ac to r s  
a s  t r i b a l  d i s t r i bu t ion ,  the  phys i ca l  environment,  a v a i l a b i l i t y  of bu i ld ing  
mater ia l s ,  the  h a z a r d s  faced by  the  d i f ferent  groups  a n d  the  v a r y i n g  
cul tures  they have  developed. 

INTRODUCTION; THE REGION 

Chi t ra l  d i s t r i c t  i s  s i t ua t ed  in  the  northerno-most zong of P a k i s t a n  between 
longti tudes 7 1 ' 5 1 ~  a n d  7 4 O ~ ,  a n d  l a t i t u d e s  35 N a n d  39 N .  I t  i s  su r rounded  
by Afghanistan on the north a n d  west ,  the  Northern Area of P a k i s t a n  on the  
e a s t ,  Swat and  D i r  d i s t r i c t s  of P a k i s t a n  on the south ;  see F ig .  1. I t  
covers a n  a r e a  of 5,727 s q u a r e  miles. 

Physiography 

The region i s  extremely rugged a n d  mountainous with deep ,  nar row 
and tortuous va l l eys  through which r u n  the  r i v e r  C h i t r a l  a n d  i t s  many 
t r i b u t a r i e s ;  see Fig. 2 .  It  i s  enclosed by the  v a s t  system of t he  
Hindu Kush a n d  Karakoram a n d  the i r  va r ious  offshoots which a r e  15,000 
to 25,000 feet h igh .  Here a r e  more t h a n  40 peaks  over  20,000 feet h igh  
which f ina l ly  culminate i n to  one towering mass forming Ti r ich  Mir 
(25,263 f e e t ) .  The region i s  s epa ra t ed  from the r e s t  of the coun t ry  by  
the Hindu Raj r a n g e ,  a  b ranch  of the  Karakoram t r a v e r s i n g  NE to SW, 
the only contact being through passes  over  10,000 feet .  The a r e a  i s  d r a i n e d  
by the River ~ h i t r a l -  and  i t s  many t r i b u t a r i e s ,  and  human set t lements  a n d  
the establ ishment of v i l l ages  i s  poss ib le  only along the r i v e r s ,  on t e r r a c e s ,  
a l l uv ia l  f ans  or  on abandoned r i v e r  courses.  The r i v e r  r i s e s  i n  the  
Baroghil a r e a  from the Ch ian ta r  g l a c i e r  a n d  flows for about  220 miles 
through the a r e a  and  en te r s  Afghanistan a t  a  v i l l age  ca l l ed  Arandu which 
i s  the lowest point in  th region with a n  e leva t ion  of 3,577 feet above 
sea level .  On i t s  way the r i v e r  col lects  many o ther  r i v e r s  a n d  s t reams 

Editors Note: To convert  d i s t ances  to the  metric system, note t h a t  
1 mile = 1760 yds  = 5280 ft = 1.609 km. 







which a r e  a n  important  source of l i fe  i n  the  a r e a .  

The Ch i t r a l  River va l l ey  h a s  a n  a v e r a g e  width of 3/4 mile. Sometimes, 
however, i t  opens to about  3 o r  4  miles wide a s  i n  Baroghi l ,  Buni, 
Ch i t r a l  Town a n d  Drosh, and a t  o ther  times i t  nar rows to a  defi le  of less 
t h a n  200 y a r d s ,  e . g . ,  Da rband ,  Mashal ik ,  Karb i t a r i  e t c .  The s ide  r iver  
v a l l e y s  a r e  even nar rower  a n d  the re  the  a v e r a g e  cannot  be more than 
1/4 mile. 

The most important  c h a r a c t e r i s t i c  f ea tu re  of the  a r e a  i s  t he  presence 
of the a l l u v i a l  f a n s  which a r e  found throughout  the  region a n d  on which 
a r e  almost a l l  the  set t lements  a n d  v i l l ages .  The o r ig in  of these a l luv ia l  
f a n s  c a n  be a t t r i b u t e d  to t he  tempera ture  a n d  humidity extremes of the 
a r e a  which c r e a t e  the  principal  weather ing  agen t s .  Avalanches rushing 
down the h i l l  s lopes in  s p r i n g  o r  w in te r ,  h i l l  t o r r en t s  a n d  s t reams which 
r i s e  abnormal ly  when the  snow melts i n  summer, a n d  floods which are  
caused  by the  summer t o r r e n t i a l  r a i n s ,  have  s ince  time immemorial brought 
with them millions of tons of ma te r i a l  to  be deposi ted a t  va r ious  places 
i n  the va l l ey  floor a n d  some to be p a r t l y  d r a i n e d  into the r i v e r s .  A 
succession of a l l u v i a l  f a n s  have  developed a t  the  mouths of s treams a l l  
over  the d i s t r i c t .  

Climate 

The Ch i t r a l  Distr ict  exper iences  extreme a n d  d r y  cl imates a n d  the whole 
a r e a  i s  con t inen ta l .  I n  summer i t  r a n g e s  from very  hot i n  the  lowlands 
to warm in the up lands  a n d  cool in  the  h ighe r  e leva t ions .  The highest 
tempera ture  recorded i n  Drosh i s  1 1 0 ' ~  for  the  month of J u l y .  Even in 
the h i g h l a n d s  the tempera ture  r i s e s  a p p r e c i a b l y  h igh .  In  winter  most 
of the  va l l eys  a r e  i n  the p a t h  of cold winds a n d  b l i zza rds  which sweep 
through from the  nor th  a n d  i t  becomes b i t t e r ly  co ld ,  though i t  i s  less 
severe  in the lowlands  t h a n  the  up lands .  The lowest tempera ture  recorded 

0 a t  Drosh i s  10 F  i n  the  month of J a n u a r y .  The a r e a  ge t s  10 to 40 inches 
of r a i n f a l l  from the  southwest to the  no r theas t .  This  i s  why a l l  the  forests 
a r e  found in  the  southern  p a r t s  of the  d i s t r i c t .  The r a i n s  mainly come 
in winter  a n d  s p r i n g ,  e . g . ,  between December a n d  April a n d  which amount 
to 67% of the to t a l  a n n u a l  r a i n f a l l .  These r a i n s  often come in  torrents  
and  resul t  in widespread  floods t h a t  c a u s e  g r e a t  damage to the a r e a .  

Forests  

Fores ts ,  which a r e  mostly determined by the d i s t r i bu t ion  of r a in fa l l ,  
a r e  found i n  the south a n d  southwestern p a r t s  of the region.  These forests 
occur between 3,000 feet a n d  10,000 feet above sea  leve l  a n d  comprise 
deodar  (Cedrus  deodora 1 ,  Spruce ,  F i r  a n d  Chir  ( P i n u s  longi fo l ia )  . O a k  
i s  a l s o  found but s ca t t e r ed  a n d  mainly on the southern  a spec t s  of the 
h i l l s .  Birch and  Jun ipe r  a r e  found in abundance .  The h i l l s  in  the rest 
of Ch i t r a l  a r e  almost b a r r e n .  However, in  the va l l ey  bottoms occasionally 
one comes across  thick wooded pa tches  of b i rch  a n d  wil lowbrakes and  small 
aromatic  a n d  xerophytic  s h r u b s .  Pop la r ,  walnut  and  p lane  t rees  a r e  found 
in  most p a r t s  of the  region below 8,000 feet a n d  they a r e  p lanted  wherever 
so i l  i s  su i t ab l e  and  water  i s  a v a i l a b l e  a n d  so they go  s ide  by s ide  with 
the set t lements .  The p l an ta t ions  a r e  a l l  confined to the va l ley  floors 
except where h i l l  t e r r aces  a n d  gent le  s lopes with su i t ab l e  soil a n d  sufficient 
water  a r e  a v a i l a b l e .  Fru i t  t r ee s ,  e .  g . ,  a p p l e s ,  p e a r s ,  peaches ,  mulberr ies ,  
a p r i c o t s  and  g r a p e s  a r e  a l s o  p l an ted  in the a r e a .  No t r ees  whatsoever 
a r e  found above the a l t i t u d e  of 12.000 feet .  



Settlement d i s t r i bu t ion  a n d  s i t i n g  

In Ch i t r a l  we f ind  set t lements  sp read ing  from 3,727 feet e leva t ion  a t  
Arandu,  the lowest point i n  the  reg ion ,  to the  12,000 feet contour l i n e  
a t  Baroghil .  As mentioned e a r l i e r ,  most set t lements  a r e  found on the  
a l luv ia l  f a n s ,  o r  on c e r t a i n  r i v e r  t e r r a c e s ,  wherever so i l  f e r t i l i t y  coincides 
with eas i ly  a v a i l a b l e  water .  Vil lages a r e  a l s o  located i n  the  beds of 
abandoned r i v e r  courses  where s imi l a r  condit ions ob ta in .  Besides the  
vas t  t r a c t s  of uninhabi ted  a r e a s  due  to adve r se  phys i ca l  f ac to r s ,  t he re  
a r e  many such h a b i t a b l e  s t r e t ches  sca t t e r ed  i n  the  region which a r e  a t  
present  not se t t led  because of p reca r ious  condit ions of water  supp ly .  
Settlements a r e  gene ra l ly  s i t ed  on the  r a i s e d  s ide  of a l l u v i a l  f a n s  which 
contain mostly infer t i le  a n d  stony l a n d s .  Thus the  f e r t i l e  l a n d s  a r e  s p a r e d  
for cu l t iva t ion .  Hill t o r r en t s  a n d  s t reams a r e  a l so  important  de termining  
fac tors ,  s eve ra l  being avoided because of t he i r  be ing  prone to f looding.  
The banks  of deeper a n d  l e s s  dange rous  s t reams a r e ,  on the  o ther  h a n d ,  
favoured s i t e s  for set t lements .  

There a r e  a l so  ce r t a in  socio-economic fac tors  i n  settlement foundat ions  
and  locat ions which resul t  in the es tab l i shment  of c e r t a i n  i n d i v i d u a l  hamlets  
and dwell ings amidst  the cu l t i va t ed  l a n d s .  From place  name evidence 
and t ies  of k i n s h i p ,  i t  i s  ev ident  t h a t  many such set t lements  a r e  due  
to the increase  in  populat ion on o lder  s i t e s .  Another reason i s  the  f euda l  
system tha t  prevai led  in the  region t i l l  the 1950's.  The then  r u l e r  of 
the a r e a  had  supreme power a n d  had  fu l l  au tho r i ty  t o  seize a n y  l a n d  
and g r a n t  a t  wil l .  I n  t h i s  way h i s  favour i tes  were g iven  t r a c t s  of v i l l a g e  
l and ,  where they se t t led  a n d  sur rounded themselves with a  number of 
a g r i c u l t u r a l  l aboure r s  o r  t e n a n t s  a n d  the i r  r e l a t i v e s .  The inhe r i t ance  
system prevalent  in  the  region a l so  p l a y s  a n  important  role in  t h i s  respec t .  
Because of t h i s  system the  hold ings  of v i l l a g e r s  a r e  s ca t t e r ed  in  fragmented 
pieces of different  s izes .  Many who inhe r i t  l a n d  in d i f ferent  p a r t s  p re fe r  
to set t le  nea r  t he i r  holdings.  

In the Mulkhow a r e a ,  fe r t i le  t e r r aces  and  the  gent le  s loping  n a t u r e  of 
the h i l l s  have  made i t  possible to locate set t lements  t he re .  Settlement 
growth, however, s t a r t e d  on the  va l l ey  floor but  the inc rease  in  popula t ion  
has  impelled the se t t l e r s  upward  a longs ide  the s t reams a r i s i n g  from s p r i n g s .  
The avoidance of l ands l ides  and  mudflows, which a r e  common i n  the a r e a ,  
is another  factor  in  t h i s  movement. In  many v i l l ages  t h i s  p a t t e r n  a l s o  
resul t s  from seasonal  t rans-humance,  s eve ra l  famil ies  hav ing  houses a t  
different  levels .  The Kalash tribesmen bui ld  the i r  houses on h i l l s ides  
to ga in  space  for cu l t i va t ab le  a r e a s .  Defence was p robab ly  a s  important  
a fac tor  in  the pas t  because ,  un t i l  about  one hundred  y e a r s  ago ,  t he re  
was a constant  t h rea t  of a t t a c k s  on the  Kalash v a l l e y s  from the  v a l l e y s  
of Kafir is tan (now Nuristan in  Afghanis tan)  by the Red Kafirs .  

The Wokhi of the Baroghil a r e a  l i ve  in s ca t t e r ed  dwel l ings  a n d  s i t e  
the i r  houses with a  view to she l te r  from the  cold nor thern  winds of winter .  

In Hairan Kot, the only wholly Pa than  a r e a  in Ch i t r a l  Town, houses 
a re  bui l t  a long the slope in such a way tha t  every  one h a s  i t s  door almost 
on i t s  ne ighbour ' s  roof. One reason for t h i s  may be the p r e v a i l i n g  
t rad i t ions  in the d i s t r i c t  of Dir and  Swat, from which the t r i b e  o r i g i n a t e s ,  
where most of the houses a r e  bui l t  in  the same fashion  for defence purposes .  

Distribution of Population 

The total  populat ion of the a r e a  i s  160,000 and  the dens i ty  i s  about  



30 persons  p e r  s q u a r e  mile; see Fig.  3. This  i s  low because  of the vast  
g l a c i e r  bound v a l l e y s  a n d  b a r r e n  mounta ins ,  which a r e  uninhabi ted .  
The d i s t r i bu t ion  of popula t ion  follows the  l i ne s  of s t reams a n d  r i v e r s  and 
is concent ra ted  on t h e  a l l u v i a l  f a n s  where wa te r  c a n  be e a s i l y  obtained 
o r  on the  g e n t l e r  s lopes  o r  h i l l  t e r r a c e s  which h a v e  f e r t i l e  s t re tches  and 
where wa te r  i s  a v a i l a b l e .  If we cons ider  t he  dens i ty  of i n d i v i d u a l  v i l lages  
then a  d i f fe ren t  p i c tu re  would p re sen t  i t se l f  for C h i t r a l  p r o p e r  enjoys 
a  dens i ty  of about  1,000 persons  p e r  s q u a r e  mile a n d  i n  t he  r e s t  of the 
v i l l a g e s  i t  would v a r y  from 11 persons  p e r  s q u a r e  mile i n  Baroghil  to 
755 persons  pe r  s q u a r e  mile i n  Jughoor .  The a v e r a g e  dens i ty  for  a l l  the 
v i l l a g e s  i s  433 persons  pe r  s q u a r e  mile. 

HOUSE TYPES A N D  STRUCTURES 

Broadly s p e a k i n g ,  t he  houses i n  C h i t r a l  a r e  d iv ided  in to  two types,  
e . g . ,  houses with l an t e rn - type  ce i l i ngs  a n d  the  f l a t  roof houses;  see 
F ig .  4. The main c h a r a c t e r i s t i c  of t h e  l an t e rn - type  ce i l i ng  houses i s  
the  presence  of a  bu lge  c r ea t ed  i n  the  cen t r e  of t he  roof by  bu i ld ing  up 
beams of t he  roof cross-wise to  form a n  octagon s h a p e .  The cent ra l  
s t r u c t u r e  i s  c a r r i e d  by four  s t rong  wooden p i l l a r s  e rec ted  in  the  middle 
of t he  house.  An or i f ice  o r  'koomal '  v a r y i n g  i n  d iameter  from place to 
p l ace ,  i s  lef t  open i n  t he  bu lge ,  just  above  the  h e a r t h ,  to  s e rve  a s  a  
chimney a n d  a l s o  for t he  pu rposes  of windows a n d  ven t i l a to r .  The second 
g roup  h a v e  completely f l a t  roofs without  a n y  bu lge  i n  t h e  middle.  This 
type  inc ludes  f u r t h e r  sub- types ,  e . g . ,  t he  'Sha lma '  t ype  a n d  the  'Angeet i '  
type .  The two a r e  d i f fe ren t  from each  o the r  i n  the  sense  t h a t  the  'Angeet i '  
Khattan h a s  no smoke hole i n  t he  middle un l ike  t h e  'Sha lma '  t ype ,  but 
h a s  a  chimney p l aced  on one of t he  w a l l s ,  mostly on the  back  wall .  
The f i r ep l ace  in 'Angeet i '  t y p e  houses is a l s o  made in  t h e  w a l l ,  not in 
the  cen t r e  of t h e  floor a n d  modern types  of windows a n d  ven t i l a to r s  a r e  
a l s o  provided  in  t he  wa l l s .  

Houses with l a n t e r n - t v ~ e  c e i l i n e s  

This  g roup  of houses i s  found predominant ly  i n  a l l  p a r t s  of t he  d is t r ic t  
with d i f fe ren t  v a r i a t i o n s  a n d  inc ludes  the  Khowar Khatan o r  Baipash  type ,  
the Bashga l i  t y p e ,  the  Kalash type  a n d  the  Wokhi t ype .  It  would be 
wcrthwhile  to examine the  d i f fe ren t  t ypes  of houses which have  resul ted 
from the  socio-economic, t r a d i t i o n a l  a n d  p h y s i c a l  condi t ions  of the  a r e a .  

1 .  Khowar Khatan o r  Baipash  type  

This  type h a s  i t s  o r i g i n s  among the  Khow t r i b e  which forms the  majority 
of the  populat ion throughout  the  d i s t r i c t .  The type  i s  a l so  found in 
the v a l l e y s  of Gizar ,  Yaseen a n d  Ishkuman va l l eys  i n  the  Northern 
Area of P a k i s t a n .  The reason  be ing  tha t  the  Khow popula t ion  sp reads  
a s  f a r  a s  Gupis i n  Gilgit  Agency (Nor thern  Area)  a n d  t h u s ,  throu,gh 
t r a d i t i o n a l  a n d  h i s to r i ca l  contac ts  with the people belonging to other 
l a n g u a g e  g r o u p s ,  h a s  made a n  impact on the  house types  of the a r e a .  

It i s  bel ieved t h a t  t h i s  type  was in t roduced  in to  the  region a  long 
time ago  from di f fe ren t  p a r t s  of Cen t r a l  Asia from where the different  
waves of the Khow immigrated in the  course  of h i s to ry .  The ear l les t  
of these people a r e  thought  to be of Aryan stock who invaded  and 
occupied these v a l l e y s  about  t h r ee  thousand y e a r s  a g o  coming through 
the nor thern  p a s s e s  of t he  Hindu Kush. At one time, i t  i s  bel ieved,  
t he  whole of the  a r e a  from Nur is tan  (Afghan i s t an )  to Astor (Gilgit  







Agency) i n  the  Northern Area was  occupied by one homogeneous r ace .  
But subsequent ly ,  a s  Biddulph sugges t s  (1 )  the  a r e a  was s p l i t  in to  
two p a r t s ,  ' b y  a wedge of Khow invas ion ,  r ep resen t ing  members of 
different  but  r e l a t ed  t r i b e s  coming from the n o r t h ' .  I t  i s  t h u s  concluded 
tha t  the Khow came a n d  se t t led  in  these  va l l eys  l a t e r  t h a n  the  f i r s t  
wave of Aryans ,  belonged to the  same r a c e  but  h a d  adopted  c e r t a i n  
t r a i t s  of the Ghalcha speak ing  people of the  north through long contac ts  
with them in  the a r e a  before c ross ing  over  i n to  Ch i t r a l .  In l a t e r  
periods un t i l  the modern times, people have  been coming in to  the a r e a  
from the su r round ing  regions  of Badakhshan ,  Wakhan, Russian a n d  
Chinese Turk i s t an ,  Gilgit Agency, Dir and  Swat d i s t r i c t s  of P a k i s t a n  
and  p a r t s  of Afghanis tan  in  the form of re fugees ,  i n v a d e r s  o r  a s  
followers of the  r u l i n g  c l a s s  who were a t  f i r s t  adven t i t i ous  a n d  spo rad ic  
squa t t e r s  but  they made themselves a t  home s u b d u i n g ,  d ispossess ing  
and oppress ing  the ex i s t i ng  pr imi t ive  s tock.  

These l a t e r  immigrants  despi te  t he i r  d i f fe rent  o r i g i n s  a n d  backgrounds ,  
absorbed themselves into the  o r i g i n a l  Khow by l i v ing  i n  the  same 
v i l l ages ,  i n t e rmar r i age  a n d  by  adopt ing  t h e i r  l a n g u a g e ,  Khowar, a n d  
the i r  customs a n d  o ther  ways  of l i fe .  In  l a t e r  y e a r s  I s lam,  which 
they a l l  h a d  embraced ,  p layed  a n  important  role a s  a  uni fy ing  f ac to r .  
Thus these people,  hav ing  e thnologica l ly  a n d  h i s to r i ca l ly  d i f ferent  
backgrounds  and  cons is t ing  of hundreds  of c l a n s  a n d  famil ies  a r e  one 
people today a n d  a l l  ca l l ed  the  Khow; see Fig .  5. 

The Khowar ' K h a t a n ' ,  which i s  the  t r a d i t i o n a l  house of the  t r i b e ,  seems 
to have  been introduced to  the  a r e a  from the time they h a v e  been 
l i v ing  in these va l l eys .  The t y p i c a l  "Khowar Khatan" i s  a lways  s q u a r e  
and  one storeyed.  Attached to i t  i s  a  v e r a n d a h ,  in the  c a s e  of the  
warmer a r e a s ,  o r  ' dah lenz '  (closed c o r r i d o r )  i n  the  colder  a r e a s .  
I t  i s  bel ieved t h a t  the v e r a n d a h  i s  a  recent  add i t i on .  I t s  he ight  
i s  normallv twelve feet a n d  the  floor a r e a  i s  25 x  20 s a u a r e  feet .  
The floor a r e a  of the  house would v a r y  according  to the  number of 
family members a n d  a l so  the i r  economic condit ion a n d  the height  i s  - 
mainly determined by the phys i ca l  a n d  c l imat ic  condit ions of the  a r e a ;  
the colder  a r e a s  hav ing  houses of height  about  s i x  o r  seven feet .  
The house h a s  no windows, nor ven t i l a to r s .  The smoke hole i s  i n  
the roof which i s  mostly about  fourteen inches s q u a r e  a n d  se rves  the  
purposes of le t t ing  in  l i gh t  a n d  l e t t i ng  out smoke. The door i s  about  
6 feet x  4 feet in  height  in  the  lower a n d  warmer a r e a s ,  a n d  about  
4 feet x  2 .5 feet in the colder  p a r t s ;  see Figs .  6 a n d  7.  

The whole roof s t r u d u r e  i s  mainly suppor ted  by four l a r g e  wooden 
posts in the middle and  8 to 10 small  posts  f ree  s t and ing  a g a i n s t  the  
wal l s .  The wal l s  g ive  p a r t i a l  suppor t  to the roof a n d  a l so  provide 
the weather  protect ive envelope to the  ac t iv i t i e s  c a r r i e d  on in s ide  the 
house. The four c e n t r a l  posts c a r r y  beams of about  8 x  8 inches ,  
or  of va ry ing  th ickness  according  to the  n a t u r e  of the wood, over  which 
the beams form a  diamond-shaped ce i l i ng ,  s tepped up in  four ( o r  in  
cer ta in  cases ,  f i ve )  leve ls  of about  s i x  inches e a c h ,  cu lminat ing  in  
the carved  s ides  of the s q u a r e  smoke-hole. The p a r t s  outs ide  the four 
cen t r a l  p i l l a r s  a r e  made s t r a i g h t  with the help of joints  a n d  p l a n k s  
of d i f f e ren t  th ickness .  Grass  or  brushwood i s  l a i d  on the  roof t imbers 
to preserve  the wood and  then i s  p l a s t e red  th ickly  with s t r a w  mixed 
mortar ,  r i s ing  to a  mound a round  the smoke hole. Thus from the  outs ide  
the roof of the house i s  f la t  on a l l  s ides  and  bu lg ing  in  the  middle. 
The roof a l so  s l i gh t ly  ove rhangs  the wal l s  a n d  f l a t  s tones a r e  p laced  
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FIG. 6. OCTAGON SHAPED CEILING O F  KHOWAR KHATAN. 

a .  Ceiling Plan 

Shohm ( e n t r a n c e )  

- 

V F P A N D A H  

b. Floor plan 
FIG* 7. 6BCTlOlUI OF A RHOWAR KHATAN OR BAIPASH. 



a t  t he  edge  of t he  roof to  protect  them from melt ing snow o r  r a in .  
The roof p l a s t e r i n g  i s  done i n  such  a way t h a t  t he  r a i n  water  eas i ly  
d r a i n s  towards  g u t t e r s ,  which a r e  f ixed  a t  t he  edge  of t he  roof. Wood 
sho r t age  i s  a n  acu te  problem in  most p a r t s  of t h e  a r e a  which forbids 
t he  use  of wood fo r  bu i ld ing  the  roof .  Roofs, which a r e  therefore 
bu i l t  with mud p l a s t e r ,  a r e  made mostly f l a t  t o  avoid  t he  dange r  of 
be ing  washed  away  by the  r a i n  o r  melted snow if i t  i s  made steep. 
The roofs a r e  a l s o  used  for  d r y i n g  maize a n d  s to r ing  fodder .  In  some 
c a s e s  they  a r e  a l s o  used  a s  t h r e s h i n g  f loors .  This  i s  p robably  the 
most s a t i s f ac to ry  exp lana t ion  for t he  bu i ld ing  of a  f l a t  roof even in 
a r e a s  with a b u n d a n t  wood. The wood used  in  t h e  cons t ruc t ion  of a  
house i n  C h i t r a l  v a r i e s  accord ing  to i t s  a v a i l a b i l i t y .  I n  uppe r  a r e a s  
pop la r  i s  g e n e r a l l y  used a s  t h e r e  i s  no o the r  wood loca l ly  ava i l ab l e .  
In t he  res t  of the region su f f i c i en t  p ine  i s  a v a i l a b l e  for  construction 
pu rposes ;  see Fig.  8. 

Mater ia l s  used in wa l l i ng  of t he  houses inc lude  s l a t e  s tones ,  cobble, 
sun  baked  b r i c k s ,  e a r t h ,  e tc .  Many d i f fe ren t  t ypes  of stones, 
e . g . ,  s l a t e ,  s c h i s t ,  c r y s t a l l i n e  l imestone,  g r a n i t e ,  g n e i s s ,  e t c . ,  a r e  
found in a b u n d a n c e  in  v a r i o u s  p a r t s  of t he  d i s t r i c t ,  a n d  wal l s  a r e  
cons t ruc ted  mostly i n  loca l  s tones .  The people g e n e r a l l y  use i r r e g u l a r  
masonry fo r  t he  cons t ruc t ion  of the  wa l l s  which wil l  be composed of 
undressed  f ie ld  s tones ,  q u a r r y  faced  s tones ,  o r  s t r a i g h t  undressed 
f ie ld  s tones ,  i n  each  c a s e  ob ta ined  from the  g round  close by the  bui lding 
unde r  cons t ruc t ion .  The s tones  a r e ,  however,  p laced  i n  such  a sk i l fu l  
manner t h a t  t he  ou t e r  s i d e  of the  wal l  often looks p l a n e  a n d  smooth. 
The in t e r io r  of the  wa l l s  a r e  normally packed  with smal l  loose piecns 
of was te  s tones  o r  mud. 

There a r e  a r e a s  where ,  for  v a r i o u s  r ea sons ,  people use sunbaked  br icks  
with s tone foundat ion .  In c e r t a i n  c a s e s ,  depending  on the  ava i l ab i l i t y  
of  s u i t a b l e  s tone ,  on ly  the uppe r  ha l f  of the  wall  i s  made of brick 
a n d  the lower from stone.  While making the  w a l l s ,  the  joint ing of 
t he  ma te r i a l s  i s  a l w a y s  the  g r e a t  concern of t he  bu i lde r s  so t ha t  
s t a b i l i t y  a g a i n s t  the roof-load a s  well a s  weather  condit ions can  be 
ach ieved .  I n  C h i t r a l  t he  wa l l s  of t he  ' B a i p a s h '  a r e  not necessar i ly  
load  b e a r i n g .  With t he  a v a i l a b l e  ma te r i a l s  i t  would not have  been 
poss ib le  to make them very  s t rong  to  hold the  heavy  roof load. 
Therefore  the  wa l l s  a r e  b u i l t  on ly  to g ive  p a r t i a l  suppor t  to the roof, 
a s  mentioned e a r l i e r .  But the  a r e a  exper iences  f requent  ea r thquakes ,  
though mostly not of severe  i n t e n s i t y ,  c a u s i n g  cons iderable  damage 
to the wa l l s  by c r e a t i n g  c r a c k s  in them o r  by c a u s i n g  to ta l  col lapse.  
Moreover. r a i n s  sometimes g r e a t l y  damage  the  wa l l s .  All of these 
problems a r e  s e r ious ly  cons idered  while  cons t ruc t ing  the  wal l s .  The 
wa l l s  a r e  2 . 5  to  3 feet  th ick  a n d  a r e  l ined  by hor izonta l  logs at 
he igh t s  of about  3 feet .  In  a r e a s  of a b u n d a n t  wood such logs a r e  
p laced  one foot a p a r t .  Straw mixed mortar  i s  used for cementing the 
ma te r i a l s  toge ther .  The outer  s ide  of t he  wa l l s  a r e  a l s o  thickly 
p l a s t e r ed  with t he  same ma te r i a l  a n d  f in i shed  with c l a y  dis tempering.  

The f loor  p l an  of t he  house i s  a l s o  worth cons ider ing .  The whole floor 
i s  d iv ided  in to  t he  following por t ions ,  each  h a v i n g  s e p a r a t e  functions 
a n d  u s e s ;  see Fig.  7 ( b ) .  

f i )  The Shohm: This  i s  t he  en t r ance  space  where shoes a r e  placed 
before  en t e r ing  o the r  port ions of the  house.  In  the  ca se  of 
poor people,  c e r t a i n  p a r t s  of t h i s  port ion a r e  a l s o  used for 
s to r ing  a g r i c u l t u r a l  a n d  o ther  implements a n d  for keeping newly 





born c a l v e s  o r  k i d s .  

( i i )  Shung:  This  i s  one corner  of t he  'Shohm' bu t  r a i s e d  for s torage 
of wood a n d  for  keeping  chickens .  In  c e r t a i n  cases  t h i s  corner 
i s  wal led  on a l l  s ides  a n d  tu rned  in to  a  bathroom to be used 
by the  womenfolk. 

( i i i )  'Perwano '  a n d  'Ben '  : The port ion on th ree  s ides  of the  hearth 
i s  s e p a r a t e d  from the  'Shohm' by  wooden boa rds  cal led 
' T a k t a b a n d i '  a n d  used for  s i t t i n g  purposes .  This  pa r t  i s  
f u r t h e r  d iv ided  in to  two p a r t s ,  i . e . ,  t he  port ion towards the 
Shohm, ca l l ed  the  Perwano,  is used  by younger male members 
of the  family while the  o ther  por t ion ,  ca l l ed  the  Ben, i s  used 
mostly by the  f a t h e r  o r  e lde r ly  person i n  the  house.  

( i v )  ' T e k ' :  This  i s  t he  back  port ion of the house r a i sed ,  from end 
to e n d ,  about  a  s t ep  from the  res t  of t he  a r e a .  This  portion 
i s  used by  the female members of the  house. Along the wall 
on the  back  of the  Tek a r e  cupboa rds  o r  she lves  to keep utensi ls  
e tc .  On one s i d e  of the  Tek is the  p r a y i n g  p l ace ,  mainly 
for  the  women, while on the  o ther  s ide  i s  a n  en t r ance  through 
a  smal l  door i n to  a n  a t t ached  s tore  room. 

(v )  The ' N a k h ' :  On two s ides  of the Perwano a n d  Ben a n d  along 
the  s i d e  wa l l s  a r e  the  Nakh which a r e  s epa ra t ed  by 
' T a k t a b a n d i ' .  These por t ions  a r e  used for  s leeping .  In the 
colder  a r e a s  the 'Nakh '  a r e  f i l led  with g r a s s  a n d  s t raw over 
which r u g s ,  q u i l t s ,  e t c . ,  a r e  p laced  to be used a s  beds. 
In  warmer p a r t s  cots  a r e  p laced  in  them to be used for beds. 

2.  The Kalash type  

This  type  belongs to the  Kalash t r i b e  who l i v e  i n  the va l l eys  of 
Bamburat ,  B i r i r ,  a n d  Rumbar. The t r i b e  i s  composed of about  3,000 
souls  who a r e  non-Muslims a n d  have  d i f ferent  ways  of l i f e ,  customs 
a n d  t r ad i t i ons .  They h a v e ,  s t r a n g e l y  enough,  succeeded in  maintaining 
the i r  old bel iefs  a n d  c u l t u r e  in  the  face of i nc reas ing  influence of 
Islam a n d  cen tu r i e s  of domination by a l i e n  people. I t  i s  believed 
t h a t  the Kalash immigrated to the  different  va l l eys  of Ch i t r a l  sometime 
in the 10th o r  11th cen tu ry  A . D .  from c e r t a i n  p a r t s  of the Nuristan 
Valley in  Afghanis tan .  During the 10th cen tu ry  of the  present  e r a ,  
Sabug tag in  a n d  h i s  son,  Mahmud of Gazni ,  the then Kings of Kabul, 
were waging  war  a g a i n s t  the  inf ide l  t r i b e s  in the  region of J a l a l a b a d  
a n d  Lughman. These t r i b e s ,  who a r e  now i n h a b i t a n t s  of Nuristan 
( A f g h a n i s t a n ) ,  could not s t a n d  the a t t a c k s  and  so h a d  to r e t r ea t ,  
pushing  back the  t r i b e s  i n h a b i t i n g  the  uppe r  va l l eys  between Lughman 
a n d  Lower Bashgal .  The Kalash who were then l i v ing  in  th i s  a rea  
could not face the  a t t a c k s  of the r e t r e a t i n g  t r i b e s  a n d  so in their 
t u r n  invaded  the lower p a r t s  of Ch i t r a l  which they occupied a s  f a r  
a s  the v i l l ages  of Ba ran i s  o r  Rashun ( abou t  30 miles north of 
Ch i t r a l  Town).  They remained r u l e r s  of t h i s  p a r t  of Ch i t r a l  for about 
t h ree  hundred  y e a r s  when in  1320 A . D .  they were defeated and 
sub juga ted  by the Khow who had  by then accepted Islam. With the 
pas sage  of time, the Kalash who remained i n  the  main va l l eys  with 
the Muslim Khow, were g r e a t l y  inf luenced by  them and  so accepted 
the i r  re l ig ion  a n d  adopted the i r  customs a n d  l a n g u a g e .  On the other 
h a n d ,  the  Kalash who l ived  in the va l l eys  mentioned above and  those 
who h a d  r e t r ea t ed  there  l a t e r  were,  due  to t he i r  seclusion but mainly 



because of the tolerant character d their neiphbours, able to continue 
their old practices. 

The typical house of the Kalash i s  double-storeyed and mainly made 
of wood; see Fig. 9. The main room which is on the upper etorey 

FIG. 9. A KALASH HOUSE IN BUMBORAT VALLEY. 

is built on the same pattern as the Khowar Khatan. A balcony is 
attached to the house or the upper storey made by laying wooden planks. 
Raof adjustment and plastering of the roof are also made in the same 
way as in the former case. The walls are timber based i n  which 
horizontal logs are used with rubble stones embedded in mud mortar. 
The placement of the horizontal logs varies from less than 1 faat to 
3 feet depending on the nature of the site of the house. If a house 
i s  built on a slope of the hi l l ,  then the horizontal logs are  placed 
a t  smaller intervals and if the site is, on a colmparatively stable place 
then the interval is up to 3 feet. The foundations of the walla are 
however, built with stoner only. The horizontal lags are jointed together 
a t  the corners with great skill ,  The walls a re  plastered with mortar 
with straw from inside, and ~ornetimes from outride. The area has 
abundant pine, ~ p r u c e ,  and fir, and therefore there is no problem - - 

of availability of wood material6 for construction purposes. 

The height of the whale house from the ground is about fifteeen feet, 
out of which the upper storey, which is  the living par t ,  is ten feet 
and is  reached from the ground by a ladder. The floor plan i s  etTmosf 

- - - the same a5 in the case of the Khowar Khatan. 



3.  Bashga l i  t ype  

The Bashga l i  t r i b e ,  o r  Shiekhan  a s  t hey  a r e  c a l l e d  by  o the r s ,  l ive 
i n  d i f fe ren t  p a r t s  of C h i t r a l  d i s t r i c t  such  a s  Gobor i n  the  southern 
p a r t ,  Rumbur a n d  Bumborat i n  t he  nor thwes tern  p a r t  a n d  Langur-bat 
i n  the  south .  Thei r  t o t a l  number is approximate ly  4000. The Bashgall 
a r e  the  descendents  of those immigrants  who were formerly non-muslims 
a n d  l i ved  in  t he  Nur is tan  v a l l e y s  of Afghanis tan .  They have  been 
c a l l e d  Red Kafirs  by  foreign wr i t e r s  to  d i s t i n g u i s h  them from the  Kalash 
who a r e  termed Black Kaf i r s ,  a n d  the  a r e a  was  named Kafir is tan.  
Thei r  immigrat ion to  t h e i r  p r e sen t  abode  took p lace  i n  t he  l a s t  decade 
of t he  19th c e n t u r y  when the  conversion of t h e i r  community was enforced 
by the  Amir of Afghanis tan .  In  consequence,  most of them were 
conver ted  to  Is lam but  these  people took re fuge  i n  C h i t r a l  a n d  settled 
i n  the  a r e a s  mentioned. They p rac t i s ed  t h e i r  old re l ig ion  un t i l  the 
1920's  a t  which time a l l  of them v o l u n t a r i l y  embraced Islam. 

The Bashgal i  houses - see F igs .  10 a n d  11 - a r e  ve ry  much l ike  the 
ones bu i l t  i n  Nur is tan  va l l ey  today  a s  the  envi ronmenta l  conditions 
of the  new a r e a  (except  Gobor) where t he  t r i b e  h a s  now se t t l ed ,  a r e  
t he  same. The houses a r e  mostly s i t u a t e d  on the  s teep  mountainside 
i n  o rde r  to s p a r e  t he  f e r t i l e  a n d  f l a t  l a n d s  i n  t he  v a l l e y  bottoms for 
cu l t i va t ion  a n d  a l s o  to  a t t a i n  a  good view of t he  va l l ey .  The Bashgali 
houses a r e  often two-storeyed, sometimes even  th ree .  The upper  floor 
of the house comprises  t he  main room c a l l e d  t he  ' a m a '  the  roof of 
which i s  suppor ted  by four  decora ted  wooden c e d a r  p i l l a r s  around 
the f i r ep l ace .  The roof i s  bu i l t  up  s imilar ly to  the  lan tern- type  cei l ing 
of 'Khowar Kha tan '  a n d  the  Kalash type .  The e n t r a n c e  to the  main 
room i s  the  only  entrance t o  the  house. The lower f loor ,  which serves 
a s  a  storeroom, i s  en tered  through a n  opening  in  t he  floor i n  a  corner 
of the  main room. This  opening  i s  u s u a l l y  closed with a  t r a p  door. 

The typ i ca l  f ea tu re  of a  Bashga l i  house i s  t h a t  t he  two beams under 
t he  roof run  a t  s l i g h t  a n g l e s  to  the  e n t r a n c e  wa l l  a n d  t r a v e r s e  the 
roofed v e r a n d a h  a t  the  same leve l  a n d  toge ther  with the  uppermost 
beam in the l a t e r a l  wa l l s .  Here they a r e  suppor ted  by a  row of p i l l a r s  
with ve ry  f ine decora t ions  a n d  by the  ornamenta l  f ront  s t ruc tu re  of 
the  house. 

The wall  of the  main room o r  t he  ' a m a '  i s  bu i l t  of horizontal  logs 
kept  in  p lace  by v e r t i c a l  po les ,  which a r e  a  l i t t l e  sho r t e r  . t h a n  the 
depth  from floor  to ce i l i ng  in  the  ' a m a '  a n d  which in  t u r n  a r e  supported 
on both s ides  of the  wal l  by a n  uppe r  a n d  lower wooden clamp 
( con ta in ing  two ho le s )  t h a t  have  been in se r t ed  hor izonta l ly  through 
the  wall  so  t h a t  t h e i r  two e n d s  project  from the  wa l l .  The wal l s  may 
cons is t  en t i r e ly  of hor izonta l  wooden logs  o r  t imbers  but  u sua l ly  in 
place o f  eve ry  second log the re  i s  a  l a y e r  of s tones and  mud. 

It i s  c h a r a c t e r i s t i c  of house bu i ld ing  of the  Bashgal i  t r i b e  t ha t  up 
to f i ve  houses c a n  be bu i l t  toge ther  s imul taneous ly  g iv ing  room for 
s eve ra l  households wi th in  the  same family.  The upper  s torey of the 
house a l w a y s  con ta in s  a  closed v e r a n d a h  with the  main house o r  ' a m a ' .  
I f  the  owner cannot  a f f o r d  to bu i ld  the  decora ted  v e r a n d a h  immediately 
the house may s t a n d  unf in ished ,  t he  beams of the roof projecting 
in to  the open a i r  for y e a r s .  

In the Gobor area where t he re  i s  a  problem of wood sho r t age ,  the Bashgali 
cannot  a f f o r d  to bui ld  such  ambit ious wooden houses a s  in  o ther  va l leys .  



FIG. 10. A BASHGALI HOUSE IN BUMBORAT VALLEY. 



There t he  houses a r e  mostly one-storeyed made of s tone a n d  mortar 
a n d  b i r ch  o r  pop la r  wood, which i s  brought  from o the r  v i l l ages  nearby .  
The d i s t i n g u i s h i n g  f e a t u r e  of these  houses i s  t h a t  they  have  squa re  
o r .  l e s s  of ten ,  round wicker  receptac les  covered with mud, ca l l ed  ' c h a k k i '  
o r  ' g u z z u l i '  used  to  s tore  g r a i n  a n d  a r e  f ixed  on roof tops.  These 
s t o r a g e  receptac les  resemble a  jumble of chimney pots  on the  top of 
the  house. This  shows how, i n  changed  c i rcumstances ,  g r a i n  s tores  
h a v e  been re loca ted  to t he  top of t h e  roofs  i n s t e a d  of on the  ground 
floor. 

4. Wokhi house t ype  

This  type  i s  found in  t he  Baroghil  a r e a  which i s  i nhab i t ed  by the 
Wokhi t r i b e  who a r e  a  recent  migrant  t r i b e  to t h e  a r e a  from Wakhan 
in Afghanis tan .  The a r e a  i s  about  12,000 feet above sea  leve l  and  
i s  s i t u a t e d  in  t he  neighbourhood of huge  g l a c i e r s  a n d  i s  covered with 
snow for more t h a n  seven months of t he  y e a r .  The houses though a r e  
a  lan tern-ce i l ing  type  but  a r e  only  seven  o r  e igh t  feet h igh ;  see 
Fig.  12. The roofs h a v e  chimney holes of about  n ine  inches  i n  diameter 
which i s  the only  way to le t  i n  l i g h t .  During r a i n  o r  snow o r  du r ing  
the  n ight  the  hole i s  c losed by  a  l i d  be ing  p laced  over  i t .  The door 
i s  bu i l t  on ly  30 inches  h igh .  The bu i ld ing  ma te r i a l s  a r e  mainly stone 
for wa l l i ng  a n d  b i r ch  wood for roofing.  The roof cover ing  i s  done 
with s tone s l a b s ;  g r a s s  a n d  manure-mixed mortar  i s  used for p l a s t e r ing .  
The w a l l s  a r e  a l s o  covered with manure-mixed p l a s t e r  a n d  every 
precaut ion  i s  t aken  to l eave  no g a p s  anywhere .  The en t r ance  to the 
house i s  made through many closed c o r r i d o r s ,  numbering from two to 
s i x .  depending  on how much one c a n  a f fo rd .  

A few v a r i a t i o n s  r e g a r d i n g  the  floor p l a n  of Wokhi houses a r e  worth 
mentioning;  

( i )  The Wokhi house h a s  f ive c e n t r a l  p i l l a r s ,  two on one s ide 
a n d  th ree  on the  o the r  for c a r r y i n g  the  beams of the  cen t r a l  
octagon over  them. 

( i i )  One corner  of the  'Shohm',  from where e n t r a n c e  i s  made into 
the  house ,  i s  t u rned  in to  a  closed co r r ido r  by  e rec t ing  walls  
on a l l  s i de s  up to the  roof. The way in  i s  lef t  between the 
two c e n t r a l  p i l l a r s  on the  s ide  of the  e n t r a n c e .  

( i i i )  The 'Tek '  i s  r a i s e d  h i g h ,  compared to o the r  house t ypes ,  and  
i s  about  two to t h r ee  feet .  The f i r ep l ace  i s  made l i ke  a  deep 
oven in the  'Tek '  bu t  unde rnea th  t he  smoke hole towards 
the  f ront .  

( i v )  The s i d e  por t ions  i nc lud ing  the  'Shohm' a r e  furnished with woollen 
r u g s  a n d  o the r  ma te r i a l s  a n d  used both for s i t t i n g  and  for 
s l eep ing .  

i v )  At the co rne r s  of the Shohm a n d  Nakh,  b i g  wooden boxes a r e  
placed for s to r ing  g r a i n  a n d  o the r  be longings .  

FLAT ROOF HOUSES 

Though the lan tern-ce i l ing  tvpe  of houses mentioned above have  f lat  
roofs a round the c e n t r a l  bu lge .  the f l a t  roof houses have  no c e n t r a l  bulge 
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a t  a l l .  In t h i s  c a s e  the  roof i s  completely f l a t  from end to end .  This 
type  of house h a s  f u r t h e r  sub types ,  e . g . ,  the  'Shalma '  type  and the 
'Angeet i '  o r  ' Angraz i '  t ype .  

1. 'Shalma ' tvDe 

This  type  i s  popu la r  among the  t r i b e s  ca l l ed  Gojur a n d  Dangarik who 
i n h a b i t  d i f fe rent  p a r t s  of t he  d i s t r i c t .  The Gojur a r e  a  semi-nomadic 
t r i b e  a n d  so ,  in  sp i t e  of i nhab i t i ng  some of the  well-wooded va l leys ,  
l i v e  in wretched h u t s  no be t te r  t han  those of t h e i r  an imals .  Their 
houses,  which a r e  ca l l ed  'doogoors '  o r  ' b o t h i e s ' ,  a r e  bu i l t  by pi l ing 
up  f l a t  s tones to make the  wa l l s  which a r e  without a n y  r e g u l a r  height 
o r  b r e a d t h .  The roof, which is f l a t ,  i s  bu i l t  by  p l ac ing  d r i ed  g ra s s  
a n d  pieces of wood on one o r  two beams a n d  a  few branches  and  then 
covered with mud. The chimney hole in  the  roof i s  a l s o  left open. 

The Dangar iks  who l i ve  i n  Ashrat  v a l l e y ,  a l so  make houses with a  
f l a t  roof. Thei r  houses a r e  of a be t t e r  s t a n d a r d  than  those of the 
Gojur. The Dangar iks  migrated from T a n g i r  va l l ey  i n  the  Northern 
Area about  seven gene ra t ions  ago  a n d  f i r s t  se t t led  i n  the  Ashrat  valley 
a n d  l a t e r  s p r e a d  to the su r round ing  va l l eys .  Or ig ina l ly ,  they are  
r e l a t ed  to the Shina people l i v ing  i n  the  Gilgit Agency region in the 
Northern Area where the  f l a t  roof t ype  of houses a r e  common. 

The a r e a  i s  well-wooded with pine a n d  o ther  important  species of 
cons t ruc t ion  wood. Therefore a  lot of wood i s  used in  l i n ing  the walls 
a n d  a l s o  in  roofing.  Smoke holes a r e  lef t  open i n  the roof and  no 
windows or  ven t i l a to r s  a r e  provided  in  a n y  other  p a r t  of the house. 
This  house covers  a n  a r e a  of about  20 x 25 feet.  

The roof s t ruc tu re  i s  erected on a  number of beams c a r r i e d  by many 
p i l l a r s  s t a n d i n g  in  about  t h ree  rows, two of them a long the walls  and 
one in  the  middle. Thus the wa l l s ,  which a r e  about  two feet thick 
a r e  not fu l ly  load bea r ing  a n d  g ive  only p a r t i a l  suppor t  to the roof. 
Jo i s t s  and  wide b o a r d s  a r e  p laced  over the  beams for covering the roof. 
Grass  o r  brushwood i s  l a i d  on the roof t imbers to preserve  the wood, 
a n d  t h i s  i s  fu r the r  covered with about  n ine  inches of c l a y .  Rafters 
project  s l i gh t ly  outs ide  the  top of the  wa l l s  a n d  a  rough pa rape t  is 
formed of f l a t  s tones a t  the  edge of the  c l a y  roof. The roof, though 
mainly f l a t ,  s lopes s l i gh t ly  to the back of the house where a  wooden 
spout c a r r i e s  away the r a i n  water .  The wal l ing  i s  done with rough 
stones set  i n  mud mortar  s t ab i l i s ed  by hor izonta l  logs a t  a  height 
of two feet .  The wal l s  a r e  then p l a s t e red ,  outs ide  and  i n ,  with clay 
mixed with chopped s t r aw.  

2. 'Angeeti '  o r  'Angraz i '  type  

The c h a r a c t e r i s t i c  f e a t u r e  of t h i s  house i s  t h a t  i t  h a s  a  f l a t  roof without 
a  bulge  o r  smoke hole. The chimney i s  placed on one of the walls 
in  which the f i rep lace  i s  made. Windows and  ven t i l a to r s  a r e  also 
provided .  This  type  i s  ca l l ed  'Angraz i '  o r  English because th i s  was 
introduced in the a r e a  d u r i n g  the Bri t ish period.  The adoption of 
t h i s  type i s  the  r e su l t  of the people ' s  g r e a t e r  contact  with other  par t s  
of the world,  a contact  which h a s  g r e a t l y  increased  du r ing  the past 
50 y e a r s  or  so. This  house type i s  now often combined with the Khowar 
Khatan o r  o ther  types  of houses a n d  i s  f requent ly  used a s  a  guest 
room. 



Recently c e r t a i n  well-to-do famil ies  h a v e  been us ing  co r ruga t ed  s t ee l  
shee ts  for roofing such  houses.  Thus s loping  roofs a r e  be ing  in t roduced  
by p l ac ing  the  s tee l  shee t s  over  c r i ss -c ross  wooden frames connected 
to the  wal l s .  Cement a n d  lime h a s  a l s o  been commonly used  for t he  
construct ion of these  houses.  

In  these houses t he  p i l l a r s ,  i f  a t  a l l  needed ,  a r e  e rec ted  a long  the  
wa l l s ,  s t a n d i n g  f ree ly  to  suppor t  t h e  roof. Wood l i n i n g  of t he  wa l l s  
i s  a l s o  done. I n  c e r t a i n  c a s e s ,  when cement i s  a v a i l a b l e ,  on ly  wa l l  
p l a t e s  a r e  used to  r ep l ace  most of t he  p i l l a r s  a long  the  wa l l s .  No 
c e n t r a l  p i l l a r s  a r e  used a s  i n  o the r  t ypes  of house a n d  the  floor p l a n  
i s  a l s o  s imple without a n y  pa r t i t i ons .  

THE HOUSE PLAN 

Houses a r e  g e n e r a l l y  d iv ided  in to  two p a r t s ;  1)  'Du r '  o r  human sec t ion ,  
and  2 )  ' Sha l  Mudi'  o r  an ima l  sec t ion ;  see F ig .  13. These two sec t ions  
a r e  often a t t ached  to  each  o the r  though in some c a s e s  because  of c e r t a i n  
local  fac tors  to be desc r ibed ,  the  ' S h a l '  o r  goa thouses  a r e  bu i l t  s e p a r a t e l y .  

The 'Dur '  o r  dwel l ing  sect ion in  well-to-do fami l ies  i s  d iv ided  in to  
two p a r t s  ca l l ed  ' a n d r a n '  o r  i n t e r io r  a n d  ' b e r i '  o r  ex t e r io r .  The former 
i s  used by the  family a n d  the  l a t t e r  by g u e s t s .  The two p a r t s  a r e  enclosed 
by h igh  wa l l s  which provide  s e p a r a t e  c o u r t y a r d s  o r  h a v a i l i s  for e a c h .  
Thus not on ly  i s  p r i v a c y  p re se rved ,  bu t  s ecu r i t y  from thef t  i s  a l s o  a s s u r e d .  
These ' h a v a i l i '  a r e  a l s o  made in to  smal l  g a r d e n s .  

The number of rooms depends  on the  soc i a l  s t a t u s  a n d  to t a l  number of 
family members. The well-to-do famil ies  h a v e  about  s i x  rooms for family 
use ,  two gues t  rooms a n d  four  rooms for s e r v a n t s .  An o r d i n a r y  ' d u r '  
consis ts  of two rooms, except  for the  Gojur ,  Wokhi a n d  Kalash t r i b e s  who 
have only one room a n d  a  s to re .  The Khow a r e  g e n e r a l l y  fond of a t t a c h i n g  
a  small  g a r d e n  to  t h e i r  houses ,  so even with the  o r d i n a r y  ' d u r '  one often 
f inds small  g a r d e n s  a t t ached .  The house i s  en t e r ed  th rough  a  v e r a n d a h ,  
but i n  the  colder  a r e a s  a  ' d a h l e n z '  o r  closed co r r ido r  i s  bu i l t  i n s t e a d .  
The Wokhi t ype  of house mentioned e a r l i e r  i s  a l w a y s  a t t a c h e d  to a  
' d a h l e n z '  because  of t he  h igh  a l t i t u d e  a t  which they  a r e  s i t u a t e d .  The 
Kalash a n d  the  Bashga l i  use  only  a  v e r a n d a h  o r  a  ba lcony.  The Gojur 
who l ive  mainly i n  t he  warmer southern  p a r t s  of t he  coun t ry  use  ne i the r  
a  ve randah  nor  a  dah lenz .  / 

The 'mud i s '  o r  by re s  a r e ,  except  i n  the  Kalash v a l l e y s  where t he  whole 
animal  section i s  s e p a r a t e d ,  a l w a y s  a t t a c h e d  to  the  human sect ion of t he  
dwell ing.  But the  ' s h a l '  o r  goa thouse  in most p a r t s  of lower C h i t r a l  
i s  bui l t  s e p a r a t e l y .  A ' s h a l '  o r  goa thouse  normally i nc ludes  a  s h e d ,  
two rooms for goa t s ,  one b a r n  a n d  a  hut for the  shephe rd .  A byre  h a s  
one shed ,  t h r ee  rooms ( s e p a r a t e l y  for oxen ,  cows a n d  c a l v e s )  a n d  a  b a r n .  
The number of rooms inc reases  accord ing  to  c l imate ,  a n d  the  economic 
condit ions of the  people.  For i n s t a n c e ,  i n  the  co lder  a r e a  where a  long 
spel l  of cold weather  a n d  snow necess i ta tes  much s to rage  accommodation, 
we f ind  more t h a n  one b a r n .  Those who possess  l a r g e  f locks h a v e  to  
provide more rooms. 

In view of what  i s  s t a t ed  above ,  we c a n  d i s t i n g u i s h  two p r i n c i p a l  
types of houseplans  in the  reg ion .  These a r e  s ing l e  houses a n d  mult iple  
dwell ings.  The former have  human a n d  an ima l  accommodation on the  same 
s i te  a t t ached  to one ano the r  a n d  the  l a t t e r  have  e i t h e r  t he  ' s h a l '  o r  t he  
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whole an ima l  sect ion on s e p a r a t e  s i t e s .  

Dis t r ibu t ion  of S i n ~ l e  House T v ~ e  

This  t ype  of house i s  found in  Upper C h i t r a l .  But t he  v i l l ages  of 
Gobor a n d  Siah  Arka r i  i n  Lotkuh t e h s i l  ( F i g .  1 4  a n d  Arandu v i l lages  
i n  Drosh t e h s i l ,  h a v e  a l s o  t he  same type  of houses.  I n  Upper Chi t ra l  
main ly  sheep  a r e  r e a r e d  a n d  stock a r e  accommodated i n  a n  a t t ached  animal 
sec t ion .  Because of t he  long seve re  w in t e r s ,  an ima l s  a r e  fed indoors and 
i t  becomes neces sa ry  t o  keep them a s  n e a r  t h e  house a s  possible  so tha t  
t hey  c a n  be  looked a f t e r  p rope r ly .  

The houses of Gobor a n d  Siah  Arka r i  v i l l a g e s  a r e  without s epa ra t e  
accommodation for stock because  of t h e  long winters  a n d  for  securi ty 
r e a s o n s ,  p a r t i c u l a r l y  a s  they  l i e  close to  t h e  border .  I n  Shish Kuh the 
p a s t o r a l i s t  belongs to  t he  Gojur t r i b e  main ly .  I n  most c a s e s ,  they l ive 
with the  an ima l s  unde r  the  same roof. I n  Arandu v i l l a g e  on the  border 
of Afghanis tan  t h e r e  a r i s e s  the  problem of t he f t ,  both from ins ide  the 
v i l l a g e  a n d  from a c r o s s  the  bo rde r .  A number of Gojur a l s o  l i ve  there 
possess ing  most of t h e  l ives tock .  Thus t he  soc i a l  a n d  secu r i t y  factors  
co inc ide  here .  

The Multiple Type 

Th i s  t ype  p r e v a i l s  i n  Lotkuh t ehs i l  (except  Gobor a n d  Siah Arkari 
v i l l a g e s ) ,  the  Kalash va l leys ,  Urtsoon, Damil, Ashrat  a n d  Beori va l l eys  and 
c e r t a i n  v i l l a g e s  between Kogoozi a n d  Drosh where they keep goats .  In 
a l l  these  a r e a s  only  goa thouses  a r e  b u i l t  s e p a r a t e  from the  r e s t  of the 
house.  Sheep a n d  c a t t l e  a r e  k e p t ,  however, a t t ached  to the  'dur ' .  In the 
Kalash v a l l e y s  of B i r i r ,  Bumborat a n d  Rumboor, t he  women a r e  forbidden 
to  look a f t e r  f locks ,  e spec i a l l y  t he  g o a t s ,  so  t he  an imals  a r e  kept away 
from women ' l e s t  t hey  ( t h e  a n i m a l s )  would become impure a n d  d i e ' .  The 
same custom p r e v a i l s  amongst t he  Bashga l i  t r i b e  l i v i n g  in  the  same va l leys .  

Many people a r e  supe r s t i t i ous  a n d  a r e  a f r a i d  of los ing  the i r  goats  
if they  kept  them amongst t he  'people '  because  of ' ev i l -eye ' .  Others ,  
more r e a l i s t i c a l l y ,  keep them away  from f i e ld s  because  they  damage the 
c rops .  

CONCLUSIONS 

This  s t u d y  i n d i c a t e s  t h a t  t h e  house t ypes ,  s t r u c t u r e s  a n d  p l ans  in 
t he  Ch i t r a l  Distr ict  a r e  t he  r e su l t  of m a n ' s  in te rac t ion  with na tu re  a s  
re f lec ted  by the  d i f fe rences  i n  r e l i e f ,  a l t i t u d e ,  s l opes ,  s can t ines s  of cu l t iva-  
t a b l e  a r e a s ,  a g r i c u l t u r a l  cum p a s t o r a l  n a t u r e  of the  economy, ava i l ab i l i t y  
of d i f fe ren t  t ypes  of b u i l d i n g  ma te r i a l s  i n  d i f f e r en t  p a r t s ,  a n d  d ivers i ty  
of t he  people e t h n i c a l l y .  The people a r e  q u i t e  a l i v e  to  the  d i f f e r en t  haza rds  
which they  a r e  often faced  wi th ,  e . g . ,  l a n d s l i d e s ,  rockfa l l s ,  l a n d s l i p s ,  
f l a s h  floods, a v a l a n c h e s ,  heavy  winter  snowfa l l ,  t o r r en t i a l  summer r a i n s  
a n d  e a r t h q u a k e s .  They have  t r i e d  through cen tu r i e s  of t r i a l s  a n d  e r ro r s  
to a d j u s t  themselves to such c i rcumstances .  With the  exposure  to the outside 
world d u r i n g  the  l a s t  50 y e a r s  o r  so  new t.rends in house types  a r e  also 
being in t roduced  in  the  reg ion  which most of t he  populat ion i s  slowly 
a n d  s t e a d i l y  adop t ing  in  add i t i on  to  t he i r  old t r a d i t i o n a l  houses.  
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The vulnerability and reduction of damage risk in small 
houses subject to natural hazards 

I. Davis 
Dept. of Architecture, Oxford Polytechnic 

ABSTRACT 

The de terminants  of house forms a n d  settlement p a t t e r n s  a r e  described 
with p a r t i c u l a r  re ference  to t h e i r  v u l n e r a b i l i t y  to n a t u r a l  h a z a r d s .  Three 
responses to make low-income houses r e s i s t a n t  to extreme forces a re  
i den t i f i ed :  the  in t roduct ion  of bye- laws ,  a  t o t a l  change  i n  house form 
a n d  the  modification of t r a d i t i o n a l  hous ing .  Each i s  considered in  the 
l i gh t  of i t s  p r a c t i c a l  re levance  a n d  p a s t  performance.  F ina l ly ,  a  basic 
approach  to housing modificat ions is ident i f ied  which itemises the wide 
r a n g e  of f ac to r s  which have  to be cons idered .  

SETTLEMENTS A N D  THEIR VULNERABILITY TO NATURAL HAZARDS 

In the 10-year period between 1965 a n d  1975 over 3.5 million l ives 
were lost through n a t u r a l  d i s a s t e r s  ( 1 ) .  Within th i s  period over half 
a million d e a t h s  were repor ted  in  the  Chit tagong cyclone a n d  sea surge 
of East P a k i s t a n  (now Bang ladesh )  of 1970. Then i n  1976 242,000 were 
k i l l ed  and  164,000 in ju red  in  the  Tangshan  e a r t h q u a k e  in  China.  Both 
of these d i s a s t e r s  caused  except ional  devas t a t ion ,  but  they  may be fore- 
t a s t e s  of the sca l e  of d i s a s t e r s  t ha t  a r e  i nc reas ing ly  possible due to t h e  
marked increase  in v u l n e r a b i l i t y  of set t lements  ( 2 ) .  See Fig.  1. 

There i s  no evidence of a n y  inc rease  in seismic a c t i v i t y ,  o r  a n  increase 
in the incidence of h igh  winds - h u r r i c a n e s  a n d  cyclones.  However, it 
i s  now es t ab l i shed  t h a t  the  type  of ex tens ive  flooding t h a t  h a s  occurred 
in  the  autumn of 1978 in Ind ia  was p a r t i a l l y  caused  by deforestat ion 01-1 

the  southern  slopes of the Himalayan Mountains of Nepal. This is a n  
example where the  agen t  of d i s a s t e r  (o r  the h a z a r d )  i s  being adve r s r ly  
a f f ec t ed  by the ecological  imbalance of the deforestat ion which i s  a  symp:i:m 
of poverty.  It  i s  now known t h a t  the  majori ty of people who die in 
n a t u r a l  d i s a s t e r s  do so a s  a  d i rec t  resu l t  of the vu lne rab i l i t y  of t h e i r  
settlement locat ion ( a n d  poss ib ly  the  cons t ruc t ional  form of t he i r  houses) 
to the forces tha t  a r e  exer ted  in e a r t h q u a k e s ,  h igh  winds o r  flooding. 
I t  i s  a l s o  known t h a t  the victims of d i s a s t e r s  a r e  the poorest sections 
of the populat ion within the poorest count r ies  of the  world. There is 
in effect d i rec t  cor re la t ion  between pover ty ,  vu lne rab i l i t y  a n d  
c a s u a l t i e s .  ( 3 )  
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FIG. 1 - MAJOR NATURAL I DISASTERS, 1947- 1 9 7 3  

A f i ve  y e a r  moving ave r -  
a g e  of major  i n t e rna t ion -  
a l l y  repor ted  d i s a s t e r s  
( exc lud ing  d rough t  1. For 
t h i s  per iod  the  a v e r a g e  
of a l l  r epo r t ed  n a t u r a l  
d i s a s t e r s  a p p e a r  to  decl- 
i ne  a n d  then  remain  con- 
s t a n t ,  a l t hough  both d e a t h  
r a t e s  a n d  l a rge -a rea  d i s  
a s t e r s  a r e  i n c r e a s i n g .  
(from Ref. 2 Page  3 ) .  
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Y E A R  

House forms a n d  settlement p a t t e r n s  a r e  respons ive  to a  v a r i e t y  of 
closely in te r - re la ted  elements ,  some of which c a n  be cons idered  a s  i n t e r n a l  
fac tors ,  o thers  a s  e x t e r n a l .  The i n t e r n a l  elements r e l a t e  to t he  b a s i c  
needs of the  occupant  of each  house. The owner's economic leve l  wil l  
influence or determine the  loca t ion ,  s ize  a n d  form of cons t ruc t ion  of h i s  
home, and  h i s  family needs wil l  embrace such  fac tors  a s  s ize  of u n i t ,  
a s  well a s  t he i r  l i v ing  p a t t e r n s .  At a  deeper  leve l  t he  form of t he  house 
and  i t s  r e l a t i onsh ip  to o ther  houses may have  cosmological s i gn i f i cance  
r e l a t i ng  to the  re l ig ion  or phi losophy of i t s  occupants .  Ex te rna l  f ac to r s  
include a  response to loca l  c l imate ;  a v a i l a b l e  bu i ld ing  ma te r i a l s  a n d  con- 
s t ruc t ion  s k i l l s ;  the  n a t u r e  of the  s i t e ;  a v a i l a b i l i t y  of wa te r  s u p p l y ,  a n d  
the local  l and  tenure  system. 

All of these fac tors  r e l a t i n g  to i n d i v i d u a l  famil ies  have  to be 
compounded in a n y  cons idera t ion  of a n  o v e r a l l  set t lement .  Here t he  
r e l a t i onsh ips  of one house to ano the r  a r e  d i c t a t ed  by p a t t e r n s  of s t a t u s ,  
k in sh ip  or  patr imony.  ( 4 )  

The va r ious  elements ident i f ied  above a r e  . t h e  e v e r y d a y  a f f a i r s  which 



collectively determine the form of each house and the settlement pattern.  
In effect the houses and  thei r  re la t ionship  to each other a r e  a mani- 
festation of the pr ior i t ies  and  values  of a given community. So i f  a  
haza rd  i s  a r egu la r  event ,  occurr ing,  for example, within a two year 
period,  i t  i s  l ikely t h a t  houses and  settlement configurations will have 
evolved' to cope with the r i sk .  However, when there i s  a long-return period 
of a pa r t i cu la r  haza rd  the occupants may e i ther  be unaware of the r i sks  
they face or  a l t e rna t ive ly  they may have decided tha t  i t  i s  not worth 
bothering to cope with i t .  In the l a t t e r  condition a mental equation is  
performed: "is the r i sk  of ea r thquake  (o r  other h a z a r d )  g rea t  enough to 
forego a l l  the advan tages  of s i te  or form of house construction?" ( I n  
the appendix  of th i s  paper  I have included a ser ies  of c h a r t s  which relate 
four types of settlement to possible reasons for the i r  s i t ing  and  house 
form, and to the range of possible h a z a r d s  they f a c e ) .  

The ana lys i s  of haza rds  and thei r  th rea t  to human l ife i s  normally 
referred to a s  ' r i s k  assessment '  or ' vu lne rab i l i ty  mapping ' .  This new 
science i s  s t i l l  in i t s  infancy where ana ly t i ca l  tools a r e  s t i l l  being 
developed to unders tand and  quant i fy  the levels of r i sk  facing communities. 
Much of the focus of th i s  work in  pas t  y e a r s  h a s  re la ted  to protection 
of investment in  the form of bui ld ings  and  infras t ructure  - ( roads ,  
services ,  ra i lway t r a c k s ,  b r idges ,  e t c )  within the indust r ia l ized world. 
There has  been minimal pr ior i ty  of at tention towards the r i sks  facing the 
houses in the poorest sections of communities within the poorest countries,  
and i t  i s  no coincidence tha t  these countries a r e  frequently subject to 
extreme hazards .  Professor Razani from the University of Shiraz in I ran  
has  writ ten:  

"Review o f  t h e  t e c h n i c a l  p a p e r s  p u b l i s h e d  i n  ea r thquake  eng ineer -  
i n g  j o u r n a l s  and i n  t h e  p roceed ings  of  t h e  p a s t  r e g i o n a l  o r  world  
confe rences  on ear thquake  e n g i n e e r i n g  p o i n t s  o u t  t h a t  w h i l e  c o l l a p s e  
o f  u n r e i n f o r c e d  masonry and adobe low-cost hous ing  (UMALCH) h a s  caused 
more t h a n  80% o f  t h e  ea r thquake  f a t a l i t i e s  d u r i n g  t h i s  c e n t u r y  through- 
o u t  t h e  wor ld ,  o n l y  l e s s  t h a n  5% o f  t h e  pub l i shed  papers  d e a l  w i t h  t h i s  
t y p e  of  b u i l d i n g .  The pe rcen tage  o f  t h e  t o t a l  r e s e a r c h  funds a l l o c a t e d  
worldwide t o  t h e  s t u d y  o f  t h e  s e i s m i c  behav iour  and d e s i g n  of  t h e s e  
t y p e s  o f  b u i l d i n g s  (exc lud ing  r e i n f o r c e d  masonry r e s e a r c h )  i s  much l e s s  
t h a n 5 % . "  ( 5 )  

From the limited body of knowledge tha t  has  accumulated within the 
pas t  two decades ce r t a in  matters have come to l igh t .  Analysis of medical 
records indicates  tha t  the vas t  majority of casua l t i e s  in ear thquakes  
occur when poorly or inappropr ia te ly  buil t  houses collapse.  A key 
determinant in  es tabl ishing the vulnerabi l i ty  of a settlement i s  tha t  of 
climate. For example in  d r y ,  a r i d  climates (such a s  Central  Turkey) 
high density bui ld ing i s  a n  advan tage  since bui ld ings  protect each other 
from extremes of heat or cold. However, these settlements a r e  vulnerable 
to ea r thquakes  in tha t  there  i s  inadequate space between houses for 
bui ld ings  to collapse without crushing people escaping from thei r  homes 
in response to in i t i a l  tremors. 

The most dangerous s i tuat ions  a r e  d r y ,  a r i d ,  seismic zones where there 
i s  a shor tage  of timber (such a s  p a r t s  of Central  Turkey,  I r an  and 
Central  Asia) .  In these s i tuat ions  the vulnerabi l i ty  of the settlements 
resul ts  from both the s i t ing  of the buildings a s  well a s  thei r  construction. 
Where unreinforced stone or adobe is  used for walls  and vaulted roofs, 
there a r e  obvious climate advan tages  but serious dangers  in the event 





of e a r t h q u a k e s .  

The l e a s t  dange rous  cl imate zones a r e  warm, humid a r e a s  ( such  a s  
p a r t s  of Nicaragua  a n d  Guatemala) .  I n  these  locat ions t imber,  bamboo 
a n d  tha t ch  wil l  normally be a v a i l a b l e  a n d  c a n  form the b a s i s  of safe  
l ightweight  bu i ld ing  techniques .  

In most societ ies  t he re  is a n  e s sen t i a l  difference between r u r a l  and  
u r b a n  house bu i ld ing .  Rural  houses a r e  low in  investment  whils t  high 
i n  maintenance . In  g e n e r a l ,  r u r a l  housing i s  more vu lne rab le  to ear th-  
q u a k e s  s ince  i t  i s  l i ke ly  to be bu i l t  without r e g a r d  to seismic c r i t e r i a ,  
whi ls t  h ighe r  investment  housing is more l i ke ly  to be sa fe .  

A de t a i l ed  a n a l y s i s  of d i s a s t e r  t ypes  a n d  casua l t i e s  i nd ica t e s  t ha t  
cyclones r e su l t  i n  most dea ths  a n d  i n j u r i e s ,  a n d  the  p r imary  cause  of 
dea th  i s  drowning not spec i f ica l ly  the col lapse  of bu i ld ings .  However, 
i n  the  case  of e a r t h q u a k e s  ( p a r t i c u l a r l y  i n  the d r y ,  a r i d  context  identif ied 
above where spann ing  ma te r i a l s  a r e  i n  sho r t  s u p p l y )  v i r t u a l l y  a l l  dea ths  
a n d  i n j u r i e s  a r e  caused  by the  col lapse  of bu i ld ings  o r  e x t e r n a l  wal l s ,  
o r  from f i r e s  i gn i t ed  a f t e r  the  e a r t h q u a k e .  

Where the  h a z a r d  is flooding o r  h igh  winds the vu lne rab i l i t y  of 
set t lements  i s  of a d i f f e ren t  o rde r  to t h a t  of e a r t h q u a k e s  due  to the  more 
f r equen t  r e t u r n  per iods ,  a n d  f a r  more prec ise  information being ava i l -  
a b l e  on the  a r e a  a t  r i s k .  For example,  the cyclone a n d  sea  su rge  tha t  
occurred  i n  Andhra P r a d e s h ,  I n d i a ,  i n  1977 was a n  extreme event  but 
cyclones normally occur i n  t h i s  region about  four times each  y e a r  (a l though 
the incidence of a  sea  s u r g e  i s  a  r a r e r  phenomenon). In  t h i s  region 
i t  i s  s i g n i f i c a n t  t h a t  houses i n  the  most vu lne rab le  loca t ion ,  i n  the  coas ta l  
r eg ions ,  have  made s ign i f i can t  adap ta t ions  to cope with h igh  winds.  
Houses, mainly occupied by  f ishermen,  a r e  f requent ly  round i n  the i r  p lan  
form, with s teeply  p i tched  tha t ch  roofs. This  is a n  idea l  configurat ion 
i n  such  a context .  However, despi te  such adap ta t ion  in  construct ion the 
s i t i n g  remains very  dange rous  a s  a  r e su l t  of o ther  p r io r i t i e s  such a s  
the  obvious need of fishermen to be close to the s e a .  In s imi lar  manner,  
r u r a l  famil ies  i n  Turkey f requent ly  choose to l i ve  on s teep  slopes.  This 
locat ion i s  h igh ly  undes i r ab le  in  a  ve ry  ac t ive  seismic zone, i t  i s  a l so  
subjec t  to o ther  more f requent  h a z a r d s  such a s  rockfa l l s ,  l ands l ides ,  
erosion a n d  i n  c e r t a i n  h igh  a l t i t u d e  locat ions to a v a l a n c h e s .  However, 
outweighing a l l  of these r i s k s ,  t he re  a r e  the more immediate considerat ions 
such a s  the need:  

( i )  to  ob ta in  cl imate protection by l i v ing  on the lee-side of a  
slope provid ing  she l t e r  from cold nor ther ly  winds:  

( i i )  for good d r a i n a g e ,  a n d  for good water  suppl ies  often from 
the s p r i n g  l i ne  on a h i l l s ide ;  

( i i i )  to  use f l a t  l a n d  for farming a n d  to use the less  productive 
slope for l i v i n g ;  

( i v )  to provide  a good view over the  fa rmers  l a n d  - par t i cu l a r ly  
to observe  h i s  an ima l s  to note anyone at tempting to s t ea l  his  
l ivestock.  

The equat ion  I have  r e fe r r ed  to above on h a z a r d s  a n d  benefi ts  will 
v a r y  g r e a t l y  depending  on the  economic level  of the people concerned. 
However, the r ea l i t y  i s  t ha t  a n y  s tudy  of d i s a s t e r s  i s  by defini t ion a 





s tudy of the poor, 95% of d i sas te r  re la ted  deaths  occur among the two- 
t h i r d s  of the wor ld ' s  population t h a t  occupy developing countries.  ( 2 )  
As a genera l  ru le  the poorer the community, the more they will be pre- 
occupied with immediate short-term surv iva l  needs,  with l i t t le  sense of 
pr ior i ty  for unknown and  unexpected haza rds .  I t  i s  th i s  awareness that  
i s  the dominant issue in  considering th i s  subject .  

PROVIDING SAFE HOUSES A N D  SETTLEMENTS 

Recognising the rea l i t ies  1 have referred to above,  d i sas te r  prone 
communities have frequently taken evas ive  . action to protect themselves 
or thei r  possessions ( including thei r  l a n d ,  animals or  bu i ld ings ) .  Normally 
such measures follow a d i sas te r  r a the r  than ant ic ipate  the event. In 
some r a r e  instances the response may include the abandonment of a 
pa r t i cu la r ly  dangerous set t ing for a safer  location, or in the case  of flood 
r isk  the establishment of flood control devices ( locks ,  dykes ,  bunds and 
emergency overspil l  routes for flood w a t e r s ) .  In a r e a s  subject to high 
winds communities have often attempted to build shelter  b reaks  with belts 
of trees or high mounds of ea r th .  Then there  a r e  examples where buildings 
have been modified, af ter  d i sas te r s ,  from thei r  previous constructional  form. 

There a r e  three  ways t h a t  societies have attempted to improve the 
res is tance  of housing to d i sas te r  threats : -  

( a )  To introduce bye-laws governing the construction or si t ing of 
dwellings ; 

( b )  To rad ica l ly  change the house form to a n  engineered structure,  
possibly pre-fabr ica ted,  away from the local i ty ;  and  

( c )  To modify the exis t ing t r ad i t iona l  construction or s i t ing  to make 
i t  res is tant  to d i sas te r  forces. 

Many countries faced with vas t  problems of reconstruction have rapidly 
enacted bye-laws, or land-use controls to prevent families rebuilding their 
homes in a n  unsafe manner or location. Such bye-laws a r e  based on 
severa l  pre-suppositions which may not be correct ,  such a s  the assumption 
tha t  people can read  bye-laws; secondly, government officials  draft ing 
bye-laws assume an inspectorate capable  of verifying whether house 
bui lders  a r e  conforming to the laws;  and t h i r d l y ,  they assume tha t  such 
laws a r e  legal ly  enforceable. I t  i s  a lso  apparent  tha t  many bye-laws 
prohibit  cer ta in  materials  which may be the ent i re  local building materials 
of a given region.  

These comments a r e  not intended to dismiss bye-laws a s  being 
unimportant ,  since they a r e  an  essent ia l  provision in any  hazard-prone 
environment. However, they a r e  limited in thei r  application - b e ~ n g  
primarily appropr ia te  for middle c lass  housing a s  buil t  by contractors. 
They a r e  a lso  appropr ia te  and essent ia l  for a l l  public buildings (schools, 
d i spensa r ies ,  mosques, e tc .  ) ( 6 ) .  Their relevance to the owner builder,  
pa r t i cu la r ly  when his house i s  being built for a minimal sum, i s  less 
apparen t .  In such contexts a r ad ica l ly  different approach i s  necessary. 

In a paper  presented to the Oxford Conference 'Disasters and the Small 
Dwelling' Ken Westgate spoke of the problem of introducing land-use 
controls in such contexts: 

" I t  is p o s s i b l e  t o  e n v i s a g e  l a n d - u s e  p l a n n i n g  o p e r a t i n g  o n  a n  



FIG.  4 - MODEL CYCLONE RESISTANT HOUSE I N  ANDHRA PRADESH 
DURING CONSTRUCTION. 

Anti-cyclone features include the Centre Anchor post, metal corner straps 
(see FIG,  6 )  to fit frame members to corner posts and beams. Posts are 
creobc~ted, and wrapped in polythene at ground level to retard termite at- 
tack. Diagmal cross bracing has still to be bitted. (Photo Oxfam) 



e n t i r e l y  d i f f e r e n t  level .  F i r s t l y ,  acceptance of the  f a c t  t h a t  low- 
income spontaneous set t lements i n  urban areas of the  Third World e x i s t  
is  necessary, as is the  f a c t  t h a t  these set t lements a re  l i k e l y  t o  continue 
t h e i r  growth and consolidation. Secondly, viewing low-income settlements 
as v iable  communities with an evolving soc ia l  cohesion renders it possible 
t o  consider micro-level, grassroot land-use planning t o  create  a l e s s  
vulnerable environment. Ut i l i s ing  , as f a r  as  possible,  indigenous pot- 
e n t i a l  i n  a l l  re levant  f i e l d s ,  such land-use planning may consider the 
s i t i n g  of fu ture  dwellings, the  creation of strong cen t ra l  community 
buildings,  the  dissemination of building p rac t i ces  and the  provision 
of bas ic  services  a t  low-cost. Sensible and viable  land-use planning 
coupled with adequate controls need not be the  pr iv i lege  of a wealthy 
consumer socie ty .  " (7 )  

The second approach ( to  introduce a r ad ica l ly  different  type of house 
incorporating a s t ruc tu re  engineered to withstand extreme hazards )  has 
r a r e l y  been successful .  The major weaknesses in  th i s  concept relate to 
the social change tha t  such housing inevi tably  demands a s  well ' a s  the 
genera l ly  weak performance of such houses in  economic or climatic terms. 
Stuar t  Lewis h a s  itemised the main diff icult ies encountered with the 
Prefabricated Post Disaster Housing Programme t h a t  the Turkish Government 
have operated for many yea rs .  He refers to the factors tha t  a r e  a t  the 
root of the rejection of the housing by the affected r u r a l  population:- 

1. The prefabs were conceived by urban dwellers i n  Ankara, unable t o  
iden t i fy  with needs of users;  

2 .  they have proved t o  be d i f f i c u l t  t o  r epa i r ,  modify or  extend.; 

3. they were designed f o r  f l a t  s i t e s  - t r a d i t i o n a l  v i l l ages  are  often 
on a south facing slope;  

4. regional var ia t ions  i n  t r a d i t i o n a l  buildings resu l t ing  from place 
and means of l ivelihood a re  not  possible with standard uni ts ;  

5 .  they have poor protect ion from cl imat ic  changes ( i n  t r ad i t iona l  
construction the building mass ac t s  as a heat  sink - modifying 
day/night temperature); 

6. they do not incorporate any provision fo r  animal husbandry ( t r ad i -  
t i o n a l  buildings usually r e l a t e  t o  winter housing fo r  animals and 
storage of fodder) .  (8) 

There i s  a very fundamental issue a t  s t ake  here,  namely the need 
for governments to recognise tha t  they cannot afford to provide shelter 
for their  poorer ci t izens.  The Internat ional  Council of Scientific Unions 
!1CSU) have sponsored a study which includes the statement:- 

" I t  must be accepted thatmost  s h e l t e r  w i l l  have t o  be s e l f -  
provided, such self-provision takes place i n i t i a l l y  i n  a poor way but i t  
i s  maintained by continuous e f f o r t s  a t  improvement. . . Instead of 
r e j ec t ing  t h i s  approach t o  s h e l t e r  provision, governments should accept 
as a s t a r t i n g  point  t h i s  willingness of people t o  help themselves." (9) 

The th i rd  approach is  to build on th i s  self-help principle with the 
added dimension of modifying the housing. There a r e  two issues to consider 
here. 'what to do,  in order to make the house sa fe '  and 'how to implement 
such a programme' given the local pr ior i t ies  referred to a t  the outset 
of  this  paper .  The first  i s  a  s t r i c t ly  technical i ssue ,  the second a social, 





c u l t u r a l ,  even economic concern .  

During the  p a s t  decade  some v e r y  impor tan t  s tud i e s  have  been 
completed which cons ider  t he  r e s i s t a n c e  of smal l  dwel l ings  to h igh  winds 
(10) a n d  to  e a r t h q u a k e s  (5 ,  11 ) .  In  a l l  of these  s tud i e s  t he  au thors  
h a v e  chosen t y p i c a l  t r a d i t i o n a l  houses for  t h e i r  a n a l y s i s .  However, the 
form a n d  cons t ruc t ion  of houses a r e  i n f in i t e ly  v a r i a b l e  a n d  for t h i s  reason 
spec i f ic  s tud i e s  h a v e  to  be made on a reg ion  by  reg ion  b a s i s ,  g r a d u a l l y  
na r rowing  down to  v a r i a t i o n s  i n  houses v i l l a g e  by v i l l a g e .  This  type 
of a n a l y s i s  i s  e n v i s a g e d  in  the  Housing a n d  Hazards  Study of the 
Karakoram Projec t .  

Documented exper iences  of such  house modification programmes a r e  s t i l l  
l imited s ince  t hey  remain  compara t ive ly  r a r e  events .  I n  p a s t  decades 
t h e r e  have  been occas ions  when i n d i v i d u a l s  h a v e  at tempted to  modify the i r  
house form o r  cons t ruc t ion  b u t  t he  knowledge of t he  technique  used ,  or 
t h e  performance of such  s t r u c t u r e s  i n  subsequent  d i s a s t e r s  i s  v i r t ua l ly  
non-exis ten t .  Looking a t  h i s to r i ca l  records  t he re  a r e  examples from 
c l a s s i c a l  o r  pre-c lass ica l  h i s to ry .  Nicholas Ambraseys from 
Imper i a l  College h a s  wr i t t en  :- 

"After  des t ruc t ive  earthquakes,  towns were o f t en  r e b u i l t  on an 
ex tens ive  p lan  wi th  marked changes i n  bu i ld ing  techniques such a s  
unusual types of foundat ions,  cons i s t i ng  of  a  g r i d  of wooden beams on 
which t h e  s t r u c t u r e s  a r e  b u i l t ,  t he  in t roduct ion  of timber-bracing of  
houses and the  abandonment of ordinary re inforced  brickwork. I t  is 
o f t en  assumed t h a t  these  changes a r e  due t o  techniques brought i n t o  
a  region by new s e t t l e r s ,  o r  by invaders .  This  i s  not  always t h e  case."  (12) 

One p a r t i c u l a r l y  r emarkab le  example of loca l  a d a p t a t i o n  to ea r thquake  
r i s k  occurred  on the  Greek i s l a n d  of Lefkas i n  t he  Adr ia t ic  Sea.  The 
f requency  of e a r t h q u a k e s  i s  such  t h a t  t he  l oca l  i n h a b i t a n t s  have  evolved 
indigenous  p rac t i ce s  to reduce  the  des t ruc t ive  effects  of e a r t h q u a k e s .  
The main technique  used  be ing  the  development of a  timber frame with 
masonry i n s e r t e d  between the wooden members. ( 13) 

I t  i s  not the purpose  of t h i s  p a p e r  to  desc r ibe  such  aseismic techniques 
i n  a n y  d e t a i l .  However, I want  to observe  t h a t  the  r e s i s t ance  of bu i ld ings  
to  e a r t h q u a k e  o r  h igh  wind forces h a s  much to do with the  concept of 
a n  i n t e g r a t e d  framed s t r u c t u r e ,  to hold the  bu i ld ing  toge ther ,  a n d  secondly 
the  a b i l i t y  of t he  bu i ld ing  to  a b s o r b  some of the  seismic o r  wind force 
ene rgy  in  i t s  s t r u c t u r e .  In the  fourth European Symposium on Ear thquake  
Engineer ing  held a t  Imper ia l  College i n  1972, A .  A .  Moinfar of the 
Technica l  Research a n d  S t a n d a r d s  Bureau of Teh ran  pointed out t h a t  most 
low-income houses a r e  b u i l t  not eng inee red : -  

" I t  i s  a t  t h i s  l eve l  t h a t  good workmanship and ca re fu l  choice - 
(where t h e r e  is choice)  - of ma te r i a l s  count f o r  much more than any 
r e s i s t a n t  design.  I t  is poss ib le  t o  r e in fo rce  b r i c k  and s tone  bui ld ings  
wi th  s t e e l ,  and such bui ld ings  show g r e a t l y  increased  r e s i s t a n c e  t o  
co l lapse  from earthquakes,  b u t  i f  t h e  roof i s  not  properly connected 
t o  the  wa l l s ,  then such de fec t s  w i l l  f a r  outweigh any defensive measures." 
(14) 

The f i r s t  major programme of house modification working to t a l l y  within 
a  loca l  bu i ld ing  t r a d i t i o n  occurred  in  Guatemala following the  1976 ear th-  
quake .  This  programme was  d i r ec t ed  by Fred  Cuny ( t h e  Director of an 
American based  f i rm of d i s a s t e r  consu l t an t s  ca l l ed  INTERTECT) who 



FIG. 6 - DETAIL OF CORNER POST OF ARTIC HOUSE. 
The metal strap is  to provide additional strength, this is to prevent 
the lifting force that is encountered in high windr. The: bambo~ dia- 
gonal bsreea are indicu%~d. 



developed a h ighly  s ignif icant  reconstruction programme. It differed from 
the programmes of the other agencies in  tha t  i t  d id  not attempt to build 
lots of houses. Cuny and Oxfam's Field Director, Reggie Norton, saw 
l i t t l e  point in dupl ica t ing what people could well undertake themselves; 
they saw the role of a n  ex te rna l  agency a s  being s t r ic t ly  a support 
ac t iv i ty .  Since the Indian families in  the devasta ted  highlands  of 
Guatemala possessed highly  developed building s k i l l s ,  they argued that  
i t  was pointless to build l a r g e  quant i t ies  of houses. What they ( a s  an  
expa t r i a t e  agency)  could do was to provide key materials  a t  prices which 
people could af ford ,  and  secondly provide expert ise to a ss i s t  families in 
building safe  houses. This was to give advice on both the safe  si t ing 
of bui ld ings ,  and ways of making adobe houses res is tant  to a future earth- 
quake.  The Oxfam/World Neighbours programme consisted of building model 
houses which incorporated safe  constructional  techniques in  var ious  towns 
and v i l l ages .  The houses were then used for extension programmes where 
c lasses  were held to t r a i n  people to build safe  houses. (15, 16,171; 
see a lso  Figs.  2 and 3.  

A fur ther  development of th i s  programme occurred in  Andhra Pradesh,  
I n d i a ,  following the cyclone of November 1977. Through the active involve- 
ment of ln ter tec t  a n  organisa t ion was formed called ARTIC (Appropriate 
Reconstruction Training and Information Centre) .  One aspect  of this  
g r o u p ' s  work was to develop ways of s t rengthening houses to make them 
cyclone res i s t an t ,  whilst making minimal changes to the bas ic  t radi t ional  
v i l lage  house. Oxfam and the Salvation Army were instrumental  in 
es tabl ishing th i s  work and  a s  Peter Winchester h a s  described:- 

"Experience from previous d i sas te r s  had taught these agencies 
t h a t  innovations which used materials  foreign t o  an area,  or  t h a t  
incorporated unfamiliar technology, were of l i t t l e  l a s t ing  value and 
often in te r fe red  with loca l  economic s t ruc tu res .  Therefore, the aim 
of the  Centre was t o  work through v i l l age  communities and support 
loca l  indus t r i e s  and t rades ,  only introducing new ideas which, a f t e r  
explanation and demonstration, were approved by the  v i l l age r s  them- 
se lves .  I t  was hoped t h a t  i n  t h i s  way v i l l age  communities would be 
strengthened and made more s e l f - r e l i a n t ,  while improving t h e i r  health 
standards and the l i f e  of t h e i r  houses." ( 8 ) ;  see Figs. 4 ,  5 and 6 .  

A wide range of v i sua l  a i d s  were developed by ARTIC including simple 
manuals and posters for usw a t  a v i l lage  level ;  see Fig.  7. 

In i t i a l  evaluat ions  of the Guatemalan and Andhra Pradesh housing 
programmes have been made. Results from Guatemala a r e  r a the r  more 
encouraging than from Ind ia .  (16) In some Guatemalan vi l lages  there 
has  been a wide and continual  acceptance of the new housing system long 
a f t e r  thei r  teachers have lef t ,  whilst in Andhra Pradesh there is  l i t t le  
evidence tha t  local carpenters  and house bui lders  have incorporated the 
s t ruc tu ra l  improvements such a s  cross-bracing into thei r  building 
t radi t ions .  On a recent v is i t  two years  af ter  the cyclone i t  was apparent  
tha t  in one v i l l age ,  house owners had removed the diagonal bracing 
members - perhaps  to sel l  or use a s  firewood. In other instances the 
innovations were only pa r t i a l ly  incorporated in the f i rs t  instance.  The 
director of th is  pa r t i cu la r  project has  answered my query about this  
fa i lure : -  

"The f a c t  t h a t  the new designs have not been incorporated i s  
obviously pa r t ly  our f a u l t  because we had not communicated e n t i r e l y  



FIG.  7 POSTER PRODUCED BY ARTIC FOR USE IN ANDHRA PRADESH AS 
VISUAL AID FOR SAFE HOUSE CONSTRUCTION. 



the benef i t s  o f  the new ideas ,  but partly the people's  who have 
r e s i s t e d  the change. Perhaps they have f e l t  tha t  the thick wal l s  that  
they employ compensate f o r  the cross bracing, and so have dismissed 
the idea.  " 

This c a n d i d  assessment unde r l ines  the  key role of educat ion  in  this  
process.  The subjec t  of t r a n s f e r r i n g  i d e a s  is a t  t he  ve ry  cent re  of th is  
app roach  to hous ing  a n d  the re  a r e  many examples of f a i l u r e  in  the 
educat ion  process.  In the  Oxford Conference on 'D i sas t e r s  a n d  the Small 
Dwelling' of 1978. J u l i u s  Holt a n d  John Bowers both presented  papers  
which ident i f ied  the  p a r t i c u l a r  problems of r u r a l  educat ion ,  pa r t i cu l a r ly  
when the re  a r e  c ross-cul tura l  problems between the  t eache r  and  his 
audience .  (18,  19)  The concepts  ident i f ied  by A .  Fuglesang a r e  essent ia l  
r e a d i n g  ma te r i a l  for a n y  of f ic ia l s  contemplat ing modification programmes 
which seek to t r a n s f e r  new ideas  to a  v i l l a g e  leve l .  (20 )  

DEFlNlNG A BASIC APPROACH TO MODIFICATION 

Both the  house modification programmes i n  Guatemala a n d  I n d i a  occurred 
in the af te rmath  of d i s a s t e r s .  Pe rhaps  the  most ambit ious project  of this  
n a t u r e  tha t  h a s  occurred  before a  d i s a s t e r  i s  the  s tudy  for  the  Peruvian 
Civi l  Defence Organisa t ion  on ' Indigenous  bu i ld ing  t echn iques  a n d  their  
po ten t i a l  for improvement t o  b e t t e r  wi ths tand e a r t h q u a k e s '  ( 2 1 ) .  

During th i s  pro jec t ,  which was  under taken  by a team from Carnegie- 
Mellon Universi ty with INTERTECT, a ve ry  de t a i l ed  methodology was devised 
for  the a n a l y s i s  of vu lne rab le  set t lements .  This  was  documented by Cuny 
a s  a  ' s c e n a r i o  for  hous ing  improvement'  ( 22 ) .  He ident i f ied  a logical 
process of a n a l y s i s  in  the following s t eps :  1 )  ident i fy  high-risk a r e a s ;  
2 )  i den t i fy  a r e a s  with concent ra t ions  of vu lne rab le  s t r u c t u r e s ;  3 )  determine 
housing demand;  4 )  determine recept iv i ty  to new i d e a s ;  5)  conduct a  socio- 
logica l  prof i le  of the  community; 6 )  select  a  community/site; 7 )  s tudy the 
normal bu i ld ing  process ;  8 )  develop t r a i n i n g  a i d s ;  a n d  f i n a l l y ,  9 )  conduct 
a  pilot project .  

The project  proceeded to follow these s t eps  a n d  pi lot  projects  were 
under taken  and  subsequent ly  e v a l u a t e d .  Several  important  s tud ie s  emerged 
from th i s  project which have  helped to advance  ou r  unde r s t and ing  of this  
subjec t  ( 2 3 ,  24,  2 5 ) .  

In the Karakoram Projec t :  Housing a n d  Hazards Study a multi- 
d i s c i p l i n a r y  in t e rna t iona l  group h a s  been formed comprising a s t ruc tu ra l  
eng inee r :  a n  a rchaeo log i s t ;  a n  archi tec t /e thnologis t ;  a n  anthropologist ;  
a n  expe r t  in  the anthropology of s h e l t e r ;  a n  archi tec t  with exper t i se  i n  
d i s a s t e r s  and  hous ing;  a  se ismologis t ;  a n d  a soc ia l  geographe r .  They 
will  combine the i r  s k i l l s  a n d  perspec t ives  to examine the res is tance  of 
houses and  set t lements  in the Karakoram region to e a r t h q u a k e s  and  other 
n a t u r a l  h a z a r d s .  Thei r  method of a n a l y s i s  wil l  inc lude  some of the iterns 
l i s ted  above but not inc lude  a n y  attempt to modify the ex i s t i ng  houses 
within the expedi t ion .  The bas i c  presuppos i t ions  of t h i s  group include:-  

( i )  the recognit ion t h a t  the local  community may have  other  f a r  
more p re s s ing  p r io r i t i e s  t han  adjustment  of the i r  house forms 
or  set t lements  to h a z a r d s ;  

( i i )  the awareness  t h a t  the local  populat ion a r e  the  key resource 
i f  a n y  reduction c a n  be made in  the vu lne rab i l i t y  of their 
homes and  set t lements;  



(ii i)  the  knowledge from the  examples c i ted  above t h a t  only  marg ina l  
changes  i n  t r a d i t i o n a l  ways  of bu i ld ing  a r e  feas ib le .  

The ove ra l l  i ssue  t h a t  wil l  be addres sed  i n  the  s tudy  i s  to a s k  whether  
modification of housing is f e a s i b l e .  To answer  t h i s  the  following quest ion 
will have  to be answered:  Given the  r i s k s  fac ing  loca l  communities, a n d  
given the loca l  awareness  of these r i s k s ,  a n d  g iven  loca l  a n d  r eg iona l  
resources,  a n d  g iven  loca l  p r io r i t i e s  i s  t he re  suf f ic ien t  evidence to sugges t  
a  programme of housing modification? If the answer  i s  posi t ive then  a 
fur ther  de t a i l ed  set  of s tud ie s  i s  neces sa ry ,  such a s  what  h a z a r d s  to 
design a g a i n s t  a n d  how to do t h i s  g iven  loca l  bu i ld ing  ma te r i a l s  a n d  
sk i l l s .  

This process of a n a l y s i s  r equ i r e s  a  genuine  sens i t i v i ty  to loca l  
t rad i t ions  inc luding  hous ing ,  but  not ex t r ac t ing  i t  from i t s  context ,  a s  
well a s  a  deep unde r s t and ing  of the  ac t iv i t i e s  a n d  needs of the  g iven  
local community. In  the p a s t  both a t t i t u d e s  have  f requent ly  been l ack ing  
in of f ic ia l s ,  ou ts ide  expe r t s ,  a n d  ex te rna l  agencies .  

F ina l ly ,  the process of a n a l y s i s  must be r ega rded  a s  e s sen t i a l ly  a  
two-way rec iproca l  process.  Although outs ide  expe r t s  c a n  con t r ibu te ,  
if they do so i n  the  s p i r i t  r e f e r r ed  to above ,  they c a n  a l so  receive loca l  
ins ights  a n d  wisdom from people who cont inual ly  cope with a n d  adjus t  to 
multiple h a z a r d s .  This  knowledge i s  a  v i t a l  ingredient  in  a n y  s ign i f i can t  
advance in  t h i s  emerging subjec t .  In c e r t a i n  in s t ances  loca l  a t t i t u d e s  
have placed a quest ion mark a g a i n s t  the  en t i r e  concept of modifying 
t r ad i t i ona l  hous ing ,  t h i s  h a s  occurred  when there  have  been r i s i n g  expecta-  
tions away from t r a d i t i o n a l  houses towards  a  ' supe r io r  t y p e '  of house 
probably der ived  from u r b a n  images.  In  such s i t ua t ions  where th i s  h a s  
a r i sen  from within a  c u l t u r e ,  a n y  attempt to in t roduce  a modification 
programme h a s  been greeted with deaf e a r s .  This  h a s  cont r ibuted  to the  
lack of enthusiasm for the  ARTIC housing in  Ind ia  a n d  i s  p robab ly  one 
of the most s ign i f i can t  unresolved problems i n  t h i s  f ie ld .  (26 )  

Given the sca le  of d i s a s t e r s  noted a t  the outset  of t h i s  p a p e r ,  the  
present level  of concern i s  p a l t r y  and  will  remain so u n t i l  f a r  more 
academic g roups ,  funding  bodies,  a n d  governmental  of f ic ia l s  s t a r t  t a k i n g  
a serious in teres t  in  t h i s  topic,  i t  i s  hoped t h a t  t h i s  conference a n d  the 
Karakoram project will  acce lera te  t h i s  process.  
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APPaDIX I 

THE VULNERABILITY OF SETTLEMENTS 

TYPICAL 
LOCATION OF 
SFITLEMENT 

1. P e a s a n t  
f a rmers  
l i v i n g  
on a 
s t e e p  
s l o p e  
( E a s t e r n  
Turkey: 
L i c e )  

POSSIBLE REASONS FOR 
CHOICE OF SITE OR 
HOUSE FORM 

1.1 Wind p r o t e c t i o n  
b u i l d i n g  on t h e  l ee -  
s i d e  o f  a h i l l  o r  
mountain.  

1.2 I n  c o l d  c l i m a t e s  a 
s o u t h  f a c i n g  s l o p e  
w i l l  maximise warmth 
from t h e  s u n .  

1 . 3  Good dra inage .  

1 .4  Views - p a r t i c u l a r l y  
o v e r  f i e l d s  t o  s e e  i f  
anyone is i n t e r f e r i n g  
w i t h  c rops  o r  c a t t l e ,  
o r  i f  an imals  a r e  
s t r a y i n g .  

1 .5  Cut and f i l l  founda- 
t i o n  d igg ing  is 
probab ly  e a s i e r  on 
h i l l s i d e  s i t e s .  

1.6 To b u i l d  on l e s s  
f e r t i l e  s o i l s  t h u s  
keeping f l a t ,  f e r t i l e  
v a l l e y  bot toms f o r  
c rops  o r  g r a z i n g  l and .  

1 . 7  For  f a m i l i e s  keeping 
animals  i n  t h e i r  
hduse,  a h i l l s i d e  
s i t e  i s  a s e n s i b l e  
l o c a t i o n  s i n c e  it 
a l lows  a c c e s s  f o r  
animals  a t  t h e  lower 
l e v e l  and f a m i l i e s  a t  
t h e  upper l e v e l ,  
wi thou t  t h e  need f o r  
b u i l d i n g  complicated 
s t a i r c a s e s .  

POSSIBLE HAZARDS 

1.1 R o c k f a l l s  and land- 
s l i d e s  - e i t h e r  
s e i s m i c a l l y  induced 
o r  from normal f r o s t  
a c t i o n  o r  e r o s i o n .  

1.2 F lash- f loods  t h a t  
can wash down 
s l o p e s .  

1 . 3  I n  Alp ine  r e g i o n s ,  
ava lanches .  

1 .4  Ear thquakes  ( p a r -  
t i c u l a r l y  i f  t h e  
house c o n s t r u c t i o n  
is v u l n e r a b l e )  . 



APPENDIX I ( c o n t ' d )  

POSSIBLE HAZARDS 

2 . 1  Flooding.  

2.2 I n  ea r thquake  a r e a s ,  
Tsunamis. 

2 .3  T i d a l  s u r g e s  induced 
by cyc lone  winds.  

2.4 High winds (maximum 
wind f o r c e s  i n  
c o a s t a l  a r e a s  - 
dimin i sh ing  i n  
i n t e n s i t y  i n l a n d )  . 

3 . 1  R o c k f a l l s  and land-  
s l i d e s ,  e i t h e r  s e i s -  
m i c a l l y  induced o r  
from normal e r o s i o n  
caused by r a i n s .  

3.2 F lash  f l o o d s  washing 
down s l o p e s  can 
remove t h e s e  f l imsy  
s t r u c t u r e s .  

3 . 3  Earthquakes .  

TYPICAL 
LOCATION OF 
SETTLEMENT 

2. Fishermen 
l i v i n g  i n  
a  f l o o d  
p l a i n  
d e l t a  
r e g i o n  o r  
r i v e r  
e s t u a r y  
( D i  v i  
Seema 
Region o f  
Andhra 
Pradesh 
d e l t a  
r eg ion)  

3. Urban 
s q u a t t e r s  
l i v i n g  on 
s t e e p  
r a v i n e s  
i n  c l o s e  
proximity  
t o  c i t y  
c e n t r e  
(Guatemala 
c i t y )  

POSSIBLE REASONS FOR 
CHOKE OF SITE OR 
HOUSE FORM 

2.1  Access t o  w a t e r  f o r  
t h e i r  l i v e l i h o o d .  

2.2 A need t o  work v e r y  
long  hours  i n  o r d e r  
s e c u r e  a s u b s i s t -  
ance income. 
There fore ,  any t r a v e l  
from home t o  work- 
p l a c e  w i l l  have very 
s e r i o u s  i m p l i c a t i o n s .  

2.3 I n  crowded c i t i e s ,  
t h i s  may b e  t h e  o n l y  
l a n d  a v a i l a b l e  w i t h i n  
h i s  p r i c e  range.  

3 .1  The need f o r  quick 
access  t o  t h e  c i t y  
c e n t r e  where t h e r e  
a r e  always ' unpopular  ' 
jobs a v a i l a b l e  ( i . e .  
p o r t e r a g e ;  s t r e e t  
c l e a n i n g ;  c l o t h e s  
washing; g e n e r a l  
l a b o u r i n g )  . 

3.2 The o n l y  l a n d  a v a i l -  
a b l e  a t  t h e  income 
l e v e l  of  r e c e n t  
migran t s  t o  t h e  c i t y  
from o u t l y i n g  r u r a l  
a r e a s .  
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TYPICAL 
LOCATION 
SE'ITLEMENT 

4.  Farmer 
l i v i n g  
i n  an  
unre in -  
f o r c e d  
Adobe 
house  w i t h  
heavy 
t i l e d  
roof  
(Guatemalan 
Highlands  
a r e a ) .  

POSSIBLE REASONS FOR 
CHOICE OF SITE OR 
HOUSE FORM 

4 . 1  He b u i l d s  i n  this 
manner s i n c e  it is 
t h e  e s t a b l i s h e d  
b u i l d i n g  t r a d i t i o n ,  
( e v e r  s i n c e  t h e  
Spanish  Conquest  , 
Adobe houses  w i t h  
Span i sh  t i l e d  r o o f s  
have deno ted  a c e r t a i n  
s t a t u s  o v e r  and 
above t h a t c h  r o o f  
hous ing  on corn-  
s t a l k  i n f i l l  w a l l s  
i n  t imber  frame) . 

4.2 He canno t  a f f o r d  t o  
buy b r i c k s  o r  con- 
c r e t e  b l o c k s  f o r  t h e  
w a l l s  o r  l i g h t w e i g h t  
r o o f i n g .  

4 .3  There  a r e  good c l i m a t i c  
r e a s o n s  ( i n  an a r e a  
t h a t  h a s  a wide 
s e a s o n a l  r ange)  i n  
hav ing  t h i c k  w a l l s  and 
r o o f .  

POSSIBLE HAZARDS 

4 .1  The shape o f  t h e  
house may p l a c e  it 
a t  r i s k .  

4 .2  I f  t h e  house is 
c l o s e l y  packed t o  
t h e  n e x t  house 
t h i s  may c o n s t i t u t e  
a f u r t h e r  r i s k .  

4 . 3  I f  t h e  adobe i s  
u n r e i n f o r c e d ,  t h e n  
w a l l s  may f a l l  i n  
i f  a n  ea r thquake  
o c c u r s .  

4.4 The heavy t i l e d  
roof  c o n s t i t u t e s  a 
r i s k  due t o  i t s  
massive  we igh t ,  and 
ve ry  f r e q u e n t l y  a 
b a d l y  t i e d  t i m b e r  
r o o f  s t r u c t u r e .  
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ABSTRACT 

Settlements a n d  t h e i r  bu i ld ings  a r e  f ace t s  of m a n ' s  p h y s i c a l  a n d  
sp i r i t ua l  c u l t u r e  a n d  c a n  therefore be cons idered  a s  the  express ion  of 
such fac tors  a s  the  leve l  of technological  development ,  a n d  the  soc i a l ,  
economic, po l i t i c a l  a n d  r e l i g ious  s t r u c t u r e s  of the  society which g a v e  r i s e  
to them. Settlements c a n  a l s o  be cons idered  a s  a n  express ion  of a  s o c i e t y ' s  
response to i t s  envi ronmenta l  s e t t i ng .  I t  is poss ib le  therefore  t h a t  set t le-  
ment form c a n  be affected by e x t e r n a l  f ac to r s  such a s  cl imate so i l s ,  
vegetation a n d  wa te r  t a b l e .  The subdiv is ion  of f ac to r s  a f fec t ing  t h e  
d is t r ibu t ion ,  s ize  a n d  s h a p e  of set t lements  i n to  those which a r e  " in t e rna l "  
or c u l t u r a l  a n d  those which a r e  "ex terna l"  o r  envi ronmenta l  i s  however 
misleading. I t  i s  common knowledge t h a t  the  environment  both s h a p e s  
man ' s  ac t i v i t i e s  a n d  i s  i n  t u r n  shaped  by them. There i s  a l s o  ev idence  
to show t h a t  s imi l a r  envi ronmenta l  condi t ions  c a n  e l i c i t  widely d i f fe ren t  
cu l tu ra l  responses .  With t h i s  impor tan t  proviso  i t  i s  proposed to a n a l y s e  
the set t lements  i n  Northern Nigeria  i n  terms of some of the main i n t e r n a l  
and e x t e r n a l  f ac to r s  which have  affected the i r  form a n d  d i s t r i b u t i o n .  

LOCATION A N D  ENVIRONMENT OR HAUSALAND 

Hausa land ,  Kasar  Hausa ,  i s  in  the northwestern p a r t  of the Fede ra l  
Republic of Nigeria a n d  l i e s  between the confluence of the  Niger a n d  Benue 
Rivers ( 1 ) .  I t  ex t ends  approximate ly  from l a t i t u d e  3.S0 e a s t  o to  l a t i t u d e  
11.0' e a s t  - or  525 miles (844 km) a n d  from longi tude  10.5 nor th  t o  
longitude 14.0' nor th  - o r  250 miles (400 km) .  Hausa land  cons is t s  of 
mature or  old-age p l a i n s  upon which the  forces of erosion ope ra t e  slowly. 
Weathering h a s  t aken  p lace  to a  g r e a t  depth  a n d  to such  a n  ex ten t  t h a t  
the rocks have  been decomposed, a n d  i t  i s  not poss ib le  to recognise t h e i r  
o r ig ina l  type .  Although the re  i s  a  wide v a r i e t y  of unde r ly ing  rock 
s t ruc tu re ,  l a r g e  a r e a s  of Hausa l and  a r e  covered by a  common end  p roduc t ,  
l a t e r i t e ,  with l imited exposures  of f resh  rock ( 2 ) .  From the  viewpoint 
of t r ad i t i ona l  bu i ld ing  ope ra t ions  in t he  a r e a ,  l a t e r i t e  i s  the  s ing l e  most 
important ma te r i a l  i n  use.  

As R .  J .  H .  Church poin ts  o u t ,  "Nigeria h a s  a  g r e a t e r  v a r i e t y  of cl imate 
than a n y  o ther  West African coun t ry ;  t he  Cameroon, Equa to r i a l ,  Semi- 



seasona l  Equa to r i a l ,  Seasonal  Equa to r i a l ,  Southern S a v a n n a h ,  Jos P la t eau ,  
Savannah  a n d  Sahel  t ypes  of cl imate be ing  found." ( 3 ) .  Hausaland has 
a cl imate with pronounced wet a n d  d r y  seasons .  The r a i n f a l l  drops  from 
the  south to the nor th  of Hausa land a n d  v a r i e s  from a s a v a n n a h  type 
to a  Sahel cl imate in  the  extreme nor thern  d i s t r i c t s .  H a u s a l a n d ' s  climate 
i s  inf luenced by two p r i n c i p a l  wind systems:  a  hot d r y  north-easterly 
wind blowing from the S a h a r a  a n d  a south-westerly,  warm, moist a i r  
c u r r e n t  from the  southern  Atlant ic  Ocean. The h a r m a t t a n  o r  north-easterly 
wind b r i n g s  dus t  with i t  from the  S a h a r a ;  when i t  blows from November 
to  Apr i l ,  d a y  tempera tures  a r e  h igh  in  the  af ternoon a n d  low a t  night 
a n d  in  the  morning ( 4 ) .  During t h i s  time of y e a r ,  humidity is low; it 
i s  f requent ly  hazy  with v i s ib i l i t y  reduced - sometimes to l e s s  t h a n  half  
a  mile. During the remainder of the  y e a r ,  the  south-westerly monsoon 
winds b r i n g  moist,  warm a i r ,  most of the  r a i n f a l l ,  a n d  h igh  humidity. 
Surface winds tend  to be g e n e r a l l y  l i g h t ;  the  only  exception is the line 
s q u a l l s  which a r e  a t  the beginning  and  the  end  of the  r a i n y  season and 
can  gus t  up  to 90 m.p.h.  

Climatic condi t ions  in  Hausa land affect  bu i ld ing  opera t ions  in  two 
important  ways.  Shelter  h a s  to be des igned for  two d i s t i nc t ive  climatic 
condi t ions ,  a  warm, humid cl imate where cross  vent i la t ion  is important 
and  for a  hot ,  d r y  cl imate where i t  is important  to keep the  in ter ior  cool 
and  enclosed d u r i n g  d a y l i g h t  hours .  In s impl is t ic  terms,  the f i rs t  
condit ion r equ i r e s  l i gh t  wa l l s  with many openings  screened by a la rge  
roof, and  the second r equ i r e s  th ick  wa l l s  with few a n d  small  openings. 
Unfortunately,  l a t e r i t e ,  the chief bu i ld ing  ma te r i a l  i n  Hausa land ,  i s  highly 
uns t ab le  in r a i n y  condi t ions ;  t h i s  imposes a  whole se r i e s  of problems for 
the bu i lde r  to solve.  The measures adopted to solve these  problems give 
Hausa a rch i t ec tu re  some of i t s  d i s t i nc t ive  f ea tu re s .  

There a r e  two main vegeta t ion  zones i n  Hausa land :  the  Northern Guinea 
zone and  the Sudan zone. A zone of t r ans i t i on  between the  vegetation 
types  r u n s  b road ly  east-west t h rough  Northern Z a r i a  province.  The climax 
v e ~ e t a t i o n  of the Northern Guinea zone i s  a  western extension of the grea t  a -- 
miombo woodlands,  the  lsoberlinia-Brachystegia of e a s t ,  c en t r a l  and 
southern  t rop ica l  Africa.  I t  h a s  been sugges ted  t h a t  the cl imax vegetation 
of the Sudan zone was p robab ly  s imi lar  to the  mutemwa vegetat ion of 
Zambia which cons is t s  of l a r g e  emergent t r ee s  with open canopy,  a n  under- 
s tory  of deciduous s h r u b s ,  and  s p a r s e  or  no g r a s s  ( 5 ) .  In both zones 
the n a t u r a l  vegetat ion h a s  been completely modified a s  a  resu l t  of human 
occupation because the bush h a s  been c l ea red  a n d  bu rn t  for cu l t iva t ion ,  
hunt ing  and  c a t t l e  g r a z i n g .  

In the a r e a s  nea r  l a r g e  set t lements  such a s  Kano a n d  Ka t s ina ,  na tura l  
bush vegetat ion i s  almost completely absen t .  Trees such a s  Acacia a lb ida  
Tammarrind ind ica  a n d  Butyro spermum p a r k i i  have  been p lanted  in settle- 
ments for shade  and  f r u i t ,  but  timber i tself  i s  r a r e l y  used in  building 
ope ra t ions .  An important  exception i s  the dumb palm, Hyphanene t h e b a i i a ,  
which occurs in  the Sudan zone e i the r  s ing ly  or  i n  dense groves.  ~ z d r a ,  
the wood from th i s  t r ee ,  i s  a  f i b rous  mater ia l  which i s  f ree  from at tack 
by white a n t s .  Consequently,  i t  makes excel lent  roofing joists and  may 
a l so  be used a s  reinforcement for mud bu i ld ings .  In addi t ion  to a z a r a ,  
o ther  vegetable  mater ia l  used in bu i ld ing  inc ludes  small  branches  for 
l ight  f raming,  g r a s s  t ha t ch ing ,  g r a s s  matt ing of var ious  types ,  and 
vegetable  add i t i ves  to mud for waterproofing purposes.  





Fig .  2 .  Niger ia ,  showing the  locat ion of the  seven c i t y  s t a t e s .  

F ig .  3 .  Location of Hausa land  with respec t  to her  ne ighbours  - 
a  h i s to r i ca l  perspec t ive .  (Ref .7)  



THE DEVELOPMENT OF HAUSA SETTLEMENTS 

The bu i l t  forms evolved by d i f fe ren t  c u l t u r a l  g roups  to  solve s imi l a r  
environmental  problems a r e  many a n d  d ive r se  a n d  a r e ,  dependent  almost 
en t i re ly  upon the  percept ion  of those problems ( 6 ) .  Such percept ions  c a n  
vary  from almost t o t a l l y  i gno r ing  envi ronmenta l  problems a n d  p l ac ing  
g rea t e r  emphas is  on socioeconomic o r  symbolic cons ide ra t i ons  a t  one extreme,  
to an  a t t i t u d e  which p l aces  a  premium on des ign  for optimum i n t e r n a l  
environmental  condi t ions  i n  which b u i l t  form i s  a  c l imat ic  control  
mechanism. For t h i s  reason  i t  is impor tan t  to u n d e r s t a n d  the  c u l t u r a l  
his tory of the Hausa i n  o rde r  to  a p p r e c i a t e  t he  a t t i t u d e  of these  people 
towards the  development of the  a r c h i t e c t u r a l  programme a n d  to u n d e r s t a n d  
the va lues  a t t a c h e d  by the  Hausa to  the  des ign  f ac to r s  gove rn ing  
t r ad i t i ona l  bu i l t  forms. 

HISTORICAL ASPECTS 

Until the  coming of the  Europeans ,  Hausa l and  was  cu t  off from the  
coast by a n  impenet rab le  b a r r i e r  of t rop i ca l  r a i n  fo re s t ;  a l l  contac t  wi th  
the outs ide  world was  by way of the  S a h a r a .  For many cen tu r i e s  t he  
g rea t  bul lock t r a i n s ,  a n d  l a t e r  t he  camel t r a i n s ,  which crossed  the  S a h a r a  
were the commercial l i f e l i ne  t h a t  connected Hausa land  to  nor th  Africa.  
Along these routes  t r a v e l l e d  t he  weal th  of west Africa,  gold a n d  s l a v e s  
in r e tu rn  for s a l t  a n d  Medi te r ranean  produce ( 7 ) .  Up to t he  f i r s t  
millenium A.D., the  a r e a s  jus t  south of the  S a h a r a  were undergoing  a 
change  in the  s t r u c t u r e  of t h e i r  vege t a t i on ;  i n  p a r t  t h i s  was  due  to  world- 
wide cl imatic  c h a n g e s ,  b u t  l a t e r  m a n ' s  a g r i c u l t u r a l  a c t i v i t y  brought  about  
g rea t  changes  to t h i s  reg ion .  There was ,  therefore ,  i n  what  i s  now the  
Sahel vegetat ion zone, a  consequent  i nc rease  of popula t ion  p r e s s u r e  which 
produced a southward  movement of people i n  Hausa l and  a n d  o the r  a r e a s  
of west Africa ( 8 ) .  This  g r e a t  southward  movement of peoples i s  recorded  
by the Hausa a n d  o ther  Nigerian peoples i n  t h e i r  l egends  which g e n e r a l l y  
place t he i r  o r ig in  i n  t he  nor th  ( 9 ) .  

In the s a v a n n a h  l a n d s  between the g r e a t  nor thern  bend of the  Niger 
and  Lake Chad was  founded a g roup  of seven smal l  r e l a t ed  c i t y  s t a t e s :  
Daura ,  Kano, Z a r i a ,  Gobir,  Kats ina ,  Rano a n d  Biram, ca l l ed  the  Hausa 
Bakwai o r  t rue  Hausa.  The o r ig in  of the  Hausa s t a t e s  i s  obscu red  by  
legend,  but  i t  i s  p robab le  t h a t  t hey  owe t h e i r  o r i g i n s  to a  s e r i e s  of r e l a t e d  
invas ions  of peoples from the  western shores  of Lake Chad in  t he  f i r s t  
millenium A .  D .  

Beginning in the n in th  cen tu ry  A.D., Hausa l and  was  po la r i zed  between 
the powerful s t a t e s  of Ghana ,  Mali ,  a n d  Songhai  to t he  west a n d  
Kanem-Bornu to the  e a s t .  Hausa l and  occupied the  no-man' s - land  between 
these two power blocks a n d  ac ted  a s  a  buffer  s t a t e ,  a l t e r n a t i n g  unde r  
the domination of e i t he r  west o r  e a s t .  Although i n  cons t an t  subjec t ion  
to fore ign  r u l e r s  and  despi te  h a v i n g  t h e i r  farm l a n d s  l a i d  was te  a n d  
the i r  t r a d e  d is loca ted  by the  occas iona l  a t t a c k s  of t h e i r  more powerful 
ne ighbours ,  the Hausa s t a t e s  managed to r e t a i n  t h e i r  i den t i t y  a n d  t h e i r  
local  autonomy which enab led  them to  develop a n  e l a b o r a t e  soc i a l  
o rgan iza t ion .  

Because the Hausa s t a t e s  were located a t  the  te rminus  of t he  c e n t r a l  
Sha ran  t r a d e  route ,  they were a b l e  to develop a s  a  s e r i e s  of h igh  dens i ty  
u rban  cent res  with h igh ly  s t r u c t u r e d  po l i t i c a l  a n d  admin i s t r a t i ve  systems 
of government a n d  with a  prosperous  economic b a s e .  Cont inua l  t r i b a l  



warfare  before the Brit ish occupation (1900 to 1906) of northern Nigeria 
added impetus to the establishment of a pa t t e rn  of densely occupied, walled 
settlements in a r e a s  of unoccupied savannah  l and .  In addit ion to the 
major adminis t ra t ive  c i t ies  such a s  Kano and  Z a r i a ,  there a r e  a lso  many 
smaller  walled settlements r inged by bush hamlets (10) .  

CULTURAL ELEMENTS 

Islam h a s  had a considerable effect on many aspects of Hausa culture. 
Building techniques and  a rch i t ec tu ra l  s ty le  a r e  no exception. Imported 
ideas  of what consti tutes a good bui ld ing have changed the indigenous 
archi tec ture  from a savannah  s ty le  to one tha t  i s  more suited to an  ar id  
Saharan  climate. The e a r l y  contact of the Hausa sta.tes with Islam were 
by way of the western Sudan and  the Maghrib; t radi t ion says  tha t  Islam 
was brought to Hausaland by merchants from Mali in  the fourteenth century. 
For many centur ies  Timbuctu remained a renowned centre of Muslim scholar- 
s h i p ,  and i t  was from th i s  source tha t  the Hausa received thei r  introduction 
to Islam. In the sixteenth century the Hausa c i ty  of Katsina became an 
important centre of Islamic l ea rn ing  with i t s  own specia l  quar te r  in the 
town for s tudents  (11) .  

City Structure 

It i s  diff icult  to generalize about the layout of the major Emirate cities. 
Most of them, however, have well-defined quar te r s  separa ted from the old 
c i ty .  The layout pat tern  of Z a r i a ,  in p a r t i c u l a r ,  emphasizes the 
separa t ion of the var ious  quar te r s .  The b a r r i e r s  between the quar ters  
a r e  the ra i lway t r a c k ,  the r i v e r ,  or the c i ty  wall .  The settlement 
resembles a c lus ter  of independent u rban  centres  r a the r  than a single 
un i t ,  and the pat tern  i t  forms reflects rel igious,  r ac ia l  and cul tura l  
differences over la id  by the recent need to accommodate the motorcar, modern 
educational  establishments,  or adminis t ra t ive  and commercial 
ins t i tu t ions  (12 ) .  

The one-time "European" or res ident ia l  q u a r t e r  i s  l a id  out with large 
avenues of madaci and neem t rees .  At i t s  centre i s  the Zar ia  club a n d  
race course,  and in th is  a r e a  a r e  found adminis t ra t ive  offices, law courts ,  
and the post office. The Sabon Gari (new town) is  occupied chiefly by 
southern Nigerians who work in  the indus t r i e s ,  commercial firms, rai lway,  
and adminis t ra t ive  organizat ions .  The street  pat tern  in the Sabon Gari 
i s  set out in the form of a r ig id  g r i d .  The bui ld ings  a r e  mainly concrete 
block walls  with t in  roofs to ta l ly  unsuited to the environmental conditions. 
At i t s  centre i s  i t s  market ,  and everywhere there a r e  small commercial 
f irms,  b a r s  and night c lubs .  In f ac t ,  i t  i s  a  shanty  town, full of brash 
c h a r a c t e r ,  noise and colour, but tremendously overcrowded with polluted 
open d r a i n s  and a primitive night soil collection system. 

Tudan Wada, another dist inct  quar te r  just outside the walls of the 
old c i ty ,  i s  inhabi ted  chiefly by Muslim outsiders.  This a r e a ,  like the 
Sabon Gar i ,  is  l a i d  out in a g r id  street  pat tern  conforming with health 
and byelaw regulations introduced by the British ea r l i e r  in the century. 
Here. however, many of the bui ld ings  a r e  regularized versions of 
t r ad i t iona l  Hausa bui ld ings ,  al though the ubiquitous t in roof i s  fas t  replac- 
ing the mud roof, and concrete block construction is  a lso  in evidence. 
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Fig.  8. Char t  i nd ica t ing  Hausa co-residential  kin groups  
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A l a rge  res ident ia l  a r e a  in  Samaru h a s  been es tabl ished in  the last  
15 years  to serve the Ahamadu Bello University, which i s  some five miles 
from the c i ty .  This modern a r e a  of Samaru resembles the Sabon Gari in 
form, densi ty ,  and  social  s t ruc tu re  and exhibi ts  a l l  the environmental 
problems tha t  can  be found there.  Between the univers i ty  and the older 
p a r t s  of Zar ia ,  there i s  ribbon res ident ia l  development consisting of modern 
suburban  a r e a s  for senior adminis t ra t ive ,  commercial, or universi ty s t a f f .  
There a r e  a lso  t r ad i t iona l  expanded Hausa vi l lages  following closely 
pa t t e rns  of development in  the ancient  c i ty  and  low-cost housing schemes 
buil t  by government agencies.  

Tradi t ional  City of Zar ia  

Within the apparen t ly  formless complex of mud dwellings tha t  exist 
ins ide  the wal ls  of the ancient  c i ty ,  there  i s  a bas ic  physical  framework 
which reflects  i t s  social  s t ructure .  The res ident ia l  a r e a  in the old city 
i s  subdivided into zones usual ly  associated with one of the main gateways. 
Each zone is  occupied by groups having ce r t a in  s imi lar i t ies ,  common 
occupations (dye ing ,  weaving,  pott ing,  e tc .  or  membership in  one of the 
royal  families. These zones a r e  fur ther  subdivided into a r e a s  of a few 
street  blocks occupied by families having a recent common ancestor. The 
bas ic  element within th i s  complex pa t t e rn ,  however, i s  the street  block, 
i r r e g u l a r  in  shape and enclosed by a high mud wal l .  The street  block 
conta ins  the main social  and  economic unit  of the extended family. The 
family compounds a r e  l inked by pedest r ian  routes which connect the market 
place,  the Fr iday Mosque, and  the gateways.  These routes also connect 
outdoor p ray ing  places ,  shaded s i t t ing  and  teaching a r e a s ,  and the large  
formless borrow pi ts  and take  the form of a sequence of spaces ,  some of 
which a r e  narrow passages  ba re ly  wide enough for a fu l ly  laden donkey. 

FAM 1 LY STRUCTURE A N D  HOUSE FORM 

Hausa families a r e  of three types:  ind iv idua l  families; a  married 
man, his married sons and thei r  dependents;  or a group of collateral  
agnates  and thei r  dependents.  These var ie t ies  of Hausa co-residential 
kin groups a r e  not formal a l t e rna t ives  but manifestations of the same 
rhythmic and dynamic cycles ( 1 3 ) .  The effect of th is  household cycle 
i s  most evident in the organic  nature  of the settlement pat tern .  New family 
uni ts  a r e  constantly being formed, maturing and breaking up.  During 
the dry  season each y e a r ,  new homes a r e  b u i l t ;  and dur ing the ra ins  
the unused p a r t s  of decaying compounds a r e  reduced,  f i r s t  to rubble, 
then to simple mounds of l a t e r i t e .  This process of growth and decay is 
ass is ted  by the impermanedt nature  of the building materials .  Once 
vaca ted ,  a building soon d i sappears ,  e i ther  na tu ra l ly  or by being 
demolished; i t s  mater ia ls  a r e  then reused for building on another si te.  

A typical  house plan follows the t r ad i t iona l  African pat tern  with rooms 
a r ranged  within or around a cour tyard .  The compound within a wall 
i s  a lso  an  important feature of t radi t ional  African housing and contains 
the main economic unit  of the extended family which works the same l ields,  
sha res  the same g r a i n  store and ea t s  from the same pot. The extended 
family is  broken down within the compound into mar i ta l  family units or 
s a s s a .  each of which occupies a separa te  p a r t  of the house delineated 
by low walls  of mud or matting made from guinea corn s t a lks  ( 1 4 ) .  
Figure 9 shows the plan of a typical  house in Zar ia  which provides 
pr ivacy for the womenfolk. Entrance to the house (Qlda) i s  through the 
ent rance  hut ( z a u r e ) .  Circulation from the ent rance  hut  to the family 





p a r t  of t he  house ( c i k i n  g i d a )  i s  t h rough  one o r  more , cou r tya rds .  In 
these c o u r t y a r d s  a r e  h u t s  for  unmar r i ed  youths  a n d  male g u e s t s ,  and 
a r o u n d  them a r e  f u r t h e r  h u t s  which a r e  screened  e n t r a n c e s  to t he  various 
q u a r t e r s  of the  i n d i v i d u a l  m a r i t a l  g roups .  Within each  s a s s a  each  wife 
h a s  one o r  two hu t s  which she  decora tes  with he r  dowry a n d  o the r  belong- 
i n g s  a n d  where she  s l eeps  with he r  c h i l d r e n .  I n  a d d i t i o n ,  t he re  may 
a l s o  be a  hut  for t he  h u s b a n d  a n d  h u t s  for  h i s  o the r  dependent 
r e l a t i v e s  ( 1 5 ) .  

Changes  i n  t he  fami ly  s t r u c t u r e  r e s u l t  i n  e i t h e r  the  subdiv is ion  of 
the  compound between the  new compound h e a d s ,  t h a t  i s ,  t he  male inher i tors  
of t he  e s t a t e ;  o r  t he  g roup  may b r e a k  u p  completely,  a n d  one or  more 
sec t ions  bu i ld  new ce l l s  on a  new s i t e .  If t he  compound i s  subdiv ided ,  
t he  d iv i s ions  between s a s s a  become h a r d e r ,  a n d  e a c h  new compound has 
i t s  own perimeter  wa l l  a n d  e x t e r n a l  ga t eway .  Field i nves t iga t ions  indicate  
t h a t  t he  man who se t s  up  a  new compound on a v i r g i n  s i t e  bu i ld s  f i r s t  
h i s  perimeter  wa l l  a n d  then a n  e n t r a n c e  hu t  a n d  hu t s  for h i s  wife and  
himself.  As h i s  family grows,  he a d d s  h u t s  where a n d  when they  become 
neces sa ry ;  l a t e r  s t i l l ,  wa l l s  a r e  b u i l t  to  s u b d i v i d e  t he  compound into 
s a s s a .  When the  fami ly  s h r i n k s ,  t h rough  d e a t h  o r  t he  loss  of a breakaway 
s a s s a ,  the  l a n d  soon r e t u r n s  to a g r i c u l t u r a l  use.  Like the  set t lement ,  
t he  house is dynamic d u r i n g  a  m a n ' s  l i fe t ime;  i t  is cons t an t ly  a d a p t e d  to 
s u i t  h i s  c h a n g i n g  needs  with the  un i t  of growth a n d  decay  be ing  the 
hut  (16).  

In  t r a d i t i o n a l  Hausa soc ie ty ,  l a n d  a n d  the  b u i l d i n g s  e rec ted  upon it 
have  no marke t  v a l u e ,  t he  ownersh ip  of l a n d  be ing  usuf ruc tory  only  ( 1 7 ) .  
The f a b r i c  of t he  house a c t s  main ly  a s  a  she l t e r  a n d  i s  not regarded  
a s  a  long-term investment .  Until r ecen t ly  Hausa b u i l d e r s  were not pre- 
occupied wi th  t he  d u r a b i l i t y  of b u i l d i n g  ma te r i a l s .  However, even in 
the  r u r a l  a r e a s  of Hausa l and  a n d  over  l a r g e  a r e a s  of the  Emirate c i t i e s ,  
t h e r e  i s  ev idence  of exper imenta t ion  with new forms of ma te r i a l  a n d  with 
new systems of cons t ruc t ion .  For example ,  concrete  block wa l l s  a r e  used 
with mud w a l l s ,  a n d  co r ruga t ed  i ron  roofs a r e  used with e i t he r  wall  
system. Mono-pitched i ron  roofs a r e  qu i t e  common in Kano with gab le  
w a l l s  t aken  above  the  roof l i ne .  The t r a d i t i o n a l  out look,  however, of 
t he  Hausa b u i l d e r  h a s  been a concern to  prolong the  l i fe  of the  bui ld ing  
to  s u i t  t he  needs only  of t he  c u r r e n t  occupants .  

The g r e a t  i ngenu i ty  of t he  Hausa b u i l d e r s  h a s  produced many and  
v a r i e d  techniques  of weatherproof ing  for the  c r i t i c a l  su r f aces  of the 
bu i ld ing .  F igu re  10 shows Hausa men a t  work r e p a i r i n g  a  well-weathered 
s t r u c t u r e .  The r e su l t  of the  system of cons t ruc t ion  which h a s  been 
developed i s  a  perfect  match between the  c h a n g i n g  needs d u r i n g  the life- 
cyc le  of the  family a n d  the  o r g a n i c  n a t u r e  of t he  houseform. Experiments ,  
therefore ,  with methods of ex t end ing  the  l i fe -span  of bu i ld ings  e i t he r  with 
new cons t ruc t ion  methods o r  with new a d d i t i v e s  to the  ex i s t i ng  mater ia l s  
a r e  not e n t i r e l y  a p p r o p r i a t e  un l e s s  confined to those a r e a s  of the home 
such  a s  the  z a u r e  ( e n t r a n c e  h u t ) ,  which often i s  expected to ou t l a s t  the 
l i f e span  of the occupan t s .  

Climatic  Inf luence  on House S t ruc tu re  a n d  Layout 

As ind i ca t ed  e a r l i e r  i t  i s  d i f f icu l t  to des ign  for comfort in  both types  
of cl imate in Hausa land  when t r a d i t i o n a l  bu i ld ing  techniques  a r e  used.  
To f ind  a  solut ion to t h i s  problem in the  form of a  s ing l e  bu i ld ing  type 
i s  expens ive  a n d  c a n  be achieved  only  by us ing  a  modern s t ruc tu re  with 
a  mechanical  suppor t  system. The Hausa ,  therefore ,  have  adopted  a  com- 





promise using different  s t ruc tu ra l  types for different  times of the day 
or yea r .  

The house normally consists  of s t ructures  with different properties; 
rooms buil t  ent i re ly  from mud; simple s t ructures  consist ing of a l ight  frame 
and a l a rge  g r a s s  roof with shade  t rees  and  l a r g e  walls  providing 
addi t ional  shaded a r e a s .  The all-mud bui ld ing ( so ro )  h a s  a heavy mud - 
roof and thick walls  with few openings which give i t  good properties of 
thermal insula t ion.  Within a bui ld ing of th i s  type ,  i t  i s  possible to t rap  
the cool night  a i r  and  prevent the in ter ior  from being warmed by the 
sun or ex te rna l  a i r ;  conversely,  dur ing cold nights  the warm a i r  is  
re ta ined ins ide  the bui ld ing.  In th i s  way,  the extremes of external 
temperature associated with the d ry  season a r e  reduced,  and  a more even 
in te rna l  climate i s  achieved. In con t ras t ,  the a r e a s  beneath the shade 
trees and under the grass-roofed open s t ructures  a re '  ideal  in the humid 
r a i n y  season when a i r  movement through the building i s  important to keep 
skin  temperature cool. 

In d iscuss ing the adapta t ion of bui l t  form to climatic conditions in 
the case  of the Hausa, i t  i s  important to consider the complete range of 
buildings and spaces to be found in  the family compound. I t  becomes 
c lea r  tha t  the Hausa system of house planning provides comfortable living 
conditions a t  a l l  times of the yea r .  I t  i s  a lso  c lea r  tha t  climatic control 
cannot be a s  effectively achieved using cheap modern materials  par t icular ly  
on a t ight  urban s i te .  

Construction Techniques 

The construction process for a mud building i s  a long one, and  careful 
prepara t ion of the materials  i s  important. The mud walls  a r e  made up 
of r egu la r  courses of unbaked br icks  ( t u b a l i )  l a i d  in rough courses and 
set in mud mortar. The t u b a l i  a r e  coneshaped,  and in  Zar ia  they are  
usual ly  about 15.2 cm in  diameter (18). I t  i s  considered good practice 
to l a y  only two or three courses of mud br icks  a d a y ;  when the wall 
reaches the height of the door l in te l ,  the work i s  suspended for 24 hours 
so tha t  the walls  a r e  thoroughly d ry  before f in ishing the top courses 

The normal method of bui ld ing i s  for the builder to s i t  a s t r ide  the 
top of the unf in ished wal l .  Mud br icks  and pa t s  of mortar a r e  thrown 
up to him; a s  he f inishes the d a y ' s  courses which a r e  within his reach,  
he moves away backwards over tha t  p a r t  of the wall  which was built the 
previous d a y .  Scaffolding and  l adders  a r e  then needed only for the con- 
struction of the l a r g e r  bui ld ings ,  such a s  the Fr iday Mosque in Zar ia .  
Heavy roofs require  the construction of thick wal ls ;  for example, those 
of the Fr iday Mosque in  Zar ia  measure 1.2 m a t  the base .  All such walls 
a r e  fur ther  strengthened with a z a r a  l a i d  t ransverse ly  across the width 
of the wa l l ,  on top of which a r e  placed l aye rs  running longi tudinal ly ,  
a t  about 0.6 m to 1.0 m above the ground and aga in  just above the height 
of the door. Piers and columns a r e  a lso  reinforced by using groups of 
bound a z a r a  bonded together with mud mortar and surrounded by a thick 
coating of mud. 

The most basic type of mud roof i s  formed simply by spanning a space 
1.8 m wide between supporting mud wal ls .  Spaces which a r e  l a rge r  than 
th i s  economic span for a z a r a  can be made by forming a series of mud 
corbels a t  the tops of the walls .  These mud corbels a r e  reinforced with 
severa l  layers  of a z a r a  and  project 45 cm from the face of the wall.  







They a r e  u s u a l l y  a t  about  2.25cm on cen t r e ,  a n d  the  space  between them 
i s  spanned  by a beam made u p  of s e v e r a l  l a y e r s  of a z a r a .  From t h i s  
beam, a z a r a  jois ts  s p a n  ac ros s  to  the  o ther  wa l l  i n  t he  u s u a l  way.  Using 
th i s  construct ion system, the room width c a n  be i nc reased  to 2.7m. In  
order  to i nc rease  the room s ize  to about  3.45 , a z a r a  must be p l aced  
d i agona l ly  ac ros s  the  co rne r s  of the  room. For t he  cons t ruc t ion  of v e r y  
l a r g e  rooms, the  roof may be suppor ted  on a se r i e s  of columns connected 
by beams. The mud column i s  u s u a l l y  surmounted by a  s imple c a p i t a l ,  
cons is t ing  of two or  four  a z a r a  corbe ls  which a r e  used in  o rde r  to i nc rease  
the spac ing  between the  columns to  about  2.4 o r  2.7m. The spaces  between 
columns a r e  spanned  by mud beams re inforced  in  t he  u sua l  way wi th  a z a r a ;  
the roof jois ts  then  s p a n  between the  beams. F igu re  16 is a d rawing  of 
the roof p l an  of the  Mosque a t  Kazaure which i l l u s t r a t e s  the  roof form 
of a  bu i ld ing  with a  simple t r a b e a t e d  construct ion a n d  wi th  some use  of 
corbe l l ing  techniques .  

2 
Spanning  spaces  l a r g e r  t h a n  3.5m ( a s ,  for  example,  in  the  F r i d a y  

Mosque depic ted  in  F igu re  12 r e q u i r e s  the  use of the  mud arch; ,  a n d  with 
t h i s  s t r u c t u r a l  system, i t  i s  possible  to cons t ruc t  rooms 8.0m2. The mud 
a rch  i s  e s sen t i a l l y  a  s e r i e s  of reinforced mud corbe ls  p l aced  one on top 
of the o the r .  F igure  17 i s  a  sect ion through a mud a r c h  showing a t y p i c a l  
a r rangement  of reinforcement .  I n  be t t e r  c l a s s  cons t ruc t ion ,  t he  l a y e r s  
of a z a r a  reinforcement should not project  more t h a n  about  70cm. nor should  
the change  in  a n g l e  between succeeding a z a r a  be too g r e a t .  

For these reasons  the  mud a r c h e s  should  s t a r t  qu i t e  low down, a n d  
they a r e  normally cons t ruc ted  in  the  following manner.  Each l a y e r  of 
a z a r a  reinforcement ( k a f i )  - i s  t i ed  back  to the  preceding  one;  when the  
g a p  between the two ha lves  of the  a r c h  i s  smal l  enough,  hor izonta l  a z a r a  
( b i k o )  - a r e  used to complete the  a r c h .  Each corbe l  i s  a l lowed to d r y  over- 
night  before the  next  one i s  cons t ruc t ed ,  a n d  in  t h i s  way the  a r c h  c a n  
be bu i l t  without the  use of cen t r ing  o r  scaf fo ld ing .  Addit ional  l eng ths  
of a z a r a  a r e  used for reinforcement a n d  a r e   laced a t  r i e h t  a n e l e s  to 
the wal l  a n d  project  into the body of the a r c h .  Leneths  of a z a r a  

* - 
(Mashim f i d i )  a r e  a l so  placed in the  wa l l  a t  the  back  o f - the  a r c h x  
a t  r i gh t  ang le s  to i t  so  t h a t  c r a c k i n g  i s  prevented  by  d i s t r i b u t i n g  a n y  
t h r u s t s  th rough a l a r g e  a r e a  of the  wal l .  

In a  r e c t a n g u l a r  room where the  shor tes t  s i de  i s  l e s s  t h a n  about  4.5m 
the room i s  u s u a l l y  d iv ided  into b a y s  of 2 . lm;  a n d  simple a r c h e s  s p a n  
across  the room p a r a l l e l  to the  shor tes t  s i de .  The a r e a  between the  
a r ches ,  which i s  u s u a l l y  about  1.8m. i s  covered i n  the u s u a l  way with 
a z a r a  r a f t e r s .  When the shor tes t  s i de  of a  room without i n t e r n a l  p i e r s  
exceeds 4.5m i t  i s  u s u a l l y  spanned  by two or  more a r c h e s  bu i l t  a t  r i g h t  
ang le s  to each  o ther .  When th i s  system i s  used a n d  the  a r c h e s  h a v e  been 
bu i l t ,  d i agona l  l eng ths  of a z a r a  a r e  l a i d  ac ros s  the  co rne r s  of the  room; 
from the t r i a n g u l a r  platforms so formed, a z a r a  beams a r e  c a r r i e d  over  
the backs  of the  a r ches .  The a r ches  and  these  beams form a r i g i d  frame- 
work on which the a z a r a  r a f t e r s  run  from the  apex  of the  a r c h  over  to 
the wall  beams,  presumably  in o rde r  to throw most of the  l oad  d i r ec t ly  
on to the wal l  and  reduce the  loading  on the  a r c h e s .  

Mud i s  an  extremely uns t ab l e  bu i ld ing  ma te r i a l  when used in a  cl imate 
such a s  t h a t  of nor thern  Nigeria where r a i n f a l l  i s  h igh  a n d  f r equen t .  
The Hausa,  however, have  developed ingenious  methods of a d a p t i n g  mud 
construct ion to the cl imate.  Rainwater  i s  d i rec ted  away from the  roof 
in one of two ways ,  e i t he r  by long r a i n w a t e r  spouts  which project  just  
over ha l f  a  metre from the  face of the w a l l ,  o r  down deeply  inc ised  



Fig. 14. Mud roof construction: ( A )  basic span 1.8m wide 
between supporting mud walls ; (B increased span 
allowing room width of 2 .7  m by means of cor- 
belling and a beam. (Ref. 19) 

a 
F f O .  13. Wrtbd d watrtrctfw mud roof for cmm 3.4.5m . 

tRrf. 191 



I:%. ;& Y r; rl$llr PI,I2 p - \:I- 
,. + t?, < 

DG t \  ,-if ?- 

SCALE IN UPIRES 

Fig. 16. Mud roof plan,  Friday Mosque, Kazaure, using 
columns and beams in  addition to the corbell- 
ing and diagonal azara  used for smaller rooms. 
(Ref. 19) 



Additional shear 
reinforcement 

Mashim Fidi  

Fig .  17.  Schematic d i a g r a m ,  cons t ruc-  
tion of mud a r c h .  (Ref. 19) 

Fig .  18. Schematic r ep re sen ta t i on ,  
mud roof cons t ruc t ion  for 
room without i n t e r n a l  piers  
a n d  more t h a n  4 .5  m on i t s  
shor tes t  s i de .  (Ref. 19) 



ver t ica l  channe l s  cu t  i n to  t he  face  of t he  wa l l  a n d  l i n e d  wi th  a waterproof 
f i n i sh .  The base  of t he  wa l l  is u s u a l l y  pro tec ted  by a  p l i n th  p ro j ec t ing  
about half  a  metre. The Hausa ,  too, h a v e  developed many types  of water -  
proof f i n i shes  which cannot  be desc r ibed  in  d e t a i l  h e r e ,  b u t  which prolong 
the l i fe  of the  bu i ld ing  (20 ) .  Each f i n i sh  h a s  a  recommended use a n d  
a recognized l i f e span .  For example ,  & which i s  made from Kats i ,  i s  
a  byeproduct  of t he  dye ing  t r a d e .  I t  i s  used  for  t he  most exposed 
su r f aces ,  such a s  roofs ,  p innac l e s  ( zankwaye  1, a n d  r a i n w a t e r  c h a n n e l s ;  
i t  h a s  a  l i fe  expec tancy  of f ive to  s i x  y e a r s  when used  for  wa l l s .  The 
best a n d  most expens ive  f i n i sh  for wa l l s  is ca fe  which i s  r epu ted  to l a s t  
for many y e a r s  without main tenance .  I t  u s u a l l y  cons i s t s  of b l ack  e a r t h  

- 

mixed with the  solut ion of the  pounded seeds  of the  b a g a r u w a  t r e e .  

Hausa bu i ld ing  techniques  a r e  h igh ly  developed a n d  ex t remely  complex; 
i t  i s  d i f f icu l t  to conceive improvements to  t he  system without  des t roy ing  
i t s  i n t eg r i t y .  The ex tens ion  o r  cont inua t ion  of i t s  use  wil l  r e q u i r e  t h a t  
bu i ld ing  codes wi l l  a l low i t s  use a long  with o the r  modes of cons t ruc t ion  
so t h a t  i t  c a n  be confined to those a r e a s  a n d  for those  problems for  which 
i t  i s  best  su i t ed .  In such  c i rcumstances ,  i t  wi l l  s imply involve  t he  manage- 
ment of the  bas i c  a n d  neces sa ry  resources  for  t he  cons t ruc t ion  process ,  
ensu r ing  t h a t  palm p l an t a t i ons  a r e  renewed,  t h a t  t he  b u i l d i n g  c r a f t  r ema ins  
a t t r ac t i ve  to young men, a n d  t h a t  proposed developments  a r e  p rope r ly  
r e l a t ed  to mud borrow p i t s  ( 2 1 ) .  

Limitations of t he  House System 

Most technological  systems have  s t r i c t  l imi ta t ions  on t h e i r  u se ,  a n d  
the Hausa system for p rov id ing  she l t e r  i s  no except ion .  For example ,  
the Hausa system i s  thought  t o - c o n t r i b u t e  to t he  s p r e a d  of epidemics such  
a s  meningit is .  For p a r t  of the  d r y  s eason ,  the  h a r m a t t a n  blows from 
the dese r t ,  b r i n g i n g  with i t  f ine p a r t i c l e s  of suf foca t ing  d u s t .  The only  
method the Hausa know to reduce  the  effect of the  h a r m a t t a n  i s  to  r e t i r e  
within s ea l ed  rooms: i t  i s  a t  t h i s  time t h a t  dust-borne e ~ i d e m i c s  occur .  
Doctors bel ieve t h a t  these epidemics a r e  c a u s e d  by  the  'confinement  of 
many people in overcrowded a n d  s tuf fy  rooms where t he  chances  of contac t  
with affected ca ses  i nc rease .  This  f a i l u r e  of the  system in  te rms  of t he  
control of the  s p r e a d  of epidemics may be due  in  p a r t  to t he  growth 
in populat ion and  i t s  concent ra t ion  in  l a r g e  u r b a n  complexes such  a s  Kano; 
a s  such ,  i t  may represent  a  fundamenta l  l imi ta t ion  of t he  s y s t e m ' s  a b i l i t y  
to cope with the  problems a s soc i a t ed  with r a p i d  u r b a n i z a t i o n .  I t  must 
be pointed ou t ,  however, t h a t  epidemics a r e  just a s  p reva l en t  i n  a r e a s  
such' a s  Sabon Gar i  a n d  ~ a m a r "  where the  p h y s i c a l  'des igns  a r e  qu i t e  
d i f fe ren t ;  therefore ,  e r ad i ca t ion  of the  d i s ease  mav r e a u i r e  more 
fundamental  t reatment  t h a n  a  s imple change  of b u i l t  form. 

Yet another  problem assoc ia ted  with s ca l e  a n d  dens i ty  of development 
r e l a t e s  to sewage d i sposa l  a n d  water  s u p p l y .  I t  i s  t he  Hausa custom 
to provide both a  water  supp ly  from a well a n d  a l s o  a  p i t  l a t r i n e  wi th in  
each compound, a n d  i t  i s  not known under  what  condi t ions  t h i s  a spec t  
of the system will  cons t i tu te  a  hea l th  h a z a r d .  Therefore ,  r a t h e r  t h a n  
concent ra t ing  on r e s e a r c h ,  exper iment ing  with c l imat ic  cont ro l  d u r a b i l i t y ,  
e tc .  it may be wiser  to i nves t iga t e  the l imits  of t r a d i t i o n a l  systems such  
a s  t h i s  one in order  to determine the c r i t i c a l  f ac to r s  a n d  to sugges t  
methods for ex tending  the bounda r i e s  of t he  system. 



CONCLUSION 

This paper  h a s  attempted to expla in  the form a n d  dis t r ibut ion of the 
Hausa settlements of northern Nigeria in terms of pol i t ica l ,  socia l ,  economic 
technological and environmental fac tors .  The present  regional  location 
of the Hausa settlements can be t raced to ecological and  demographic 
changes  in the a r e a  south of the Sahara  which occurred up unt i l  the f i r s t  
millennium A . D .  The regional  location was l a t e r  confirmed by Hausaland's 
role a s  a poli t ical  buffer between the g rea t  African empires to i t s  east  
and  west. The dis t r ibut ion of discrete nucleated and highly defensive 
settlement form adopted by the Hausa reflected the genera l ly  unstable  con- 
dit ions prevai l ing in the a r e a  r igh t  up unti l  the end of the 19th century 
and the colonisation of Nigeria. The in te rna l  s t ructure  of the c i ty  has 
been shown to reflect the ethnic and social  divisions within the community 
and the buil t  form a s  a product of both technological developments, 
reactions to the environment and  a reflection of rel igious and  social  require- 
ments. This paper  has  emphasised only a few of the factors involved 
pr imar i ly  because of the reason of brevi ty .  I t  i s ,  therefore,  in many 
respects a n  over-simplification and i f  time and  space had  permitted other 
themes such a s  the a v a i l a b i l i t y  of good agr icu l tu ra l  l a n d ,  potable water 
supply  and the system of marketing could well have been developed. 
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and building techniques 

R.E. Hughes 
Ove Arup & Partners, London 

ABSTRACT 

There a r e  many factors tha t  affect the ve rnacu la r  b u i l d i n g ' s  abil i ty 
to withstand a n  ea r thquake .  These not only include fea tures  of the 
s t ructure  ' s ' t ype  ' but a lso  i t s  construction q u a l i t y ,  the environment, 
condit ion,  history of deformation, and  history of s t resses  and s tabi l i ty .  
It is  shown, i l lus t ra ted  with British examples,  how these aspects form 
the survey techniques for the s tudy of Karakoram bui ld ings .  

INTRODUCTION 

C,3dly, decay of our  bui ld ings  i s  a n  inevi table  fact  of l i fe with which 
we ?ave to l ive (1) .  Although i t  may t ake  hundreds  of yea r s  to have 
a total effect, material  and  s t ruc tu ra l  decay s t a r t s  off slowly and speeds 
up.  and the result  i s  a lways  the same - a rott ing mass of vegetation- 
a pile of rubble.  This i s  inc identa l ly  what my colleagues would call  
a  va luab le  archaeological  s i te .  

However, the r a t e  of decay can be modified, i f  not controlled, and 
here we see the ski l l  of the a rch i t ec t ,  engineer or  bui lder ,  in  providing 
numerous protective fea tures  ( 2 ) .  Perhaps  massive ha rd  stone walls  need 
minimum design since they may lose less than  1% of thei r  mass in 100 
y e a r s ,  so extending the bui ld ing wall  beyond i t s  estimated l ife expectancy. 
Soil and some soft stones can  to ta l ly  erode within just a  few years  and 
need special  designed features .  In England we have a saying tha t  "all 
a  cob house wants i s  a good top ha t  and a p a i r  of shoes" ( h a t  = roof, 
and shoes = foundations) ( 3 ) .  To ensure  aga ins t  the effect of ear thquakes ,  
floods and rock f a l l s ,  the most dramatic formsof decay and regu la r ly  experi- 
enced in Karakoram, needs even more special ised sk i l l s .  

During construction,  occupation and  subsequent a l t e ra t ion ,  a building 
s t a r t s  to decay and 'maintenance'  keeps the s t ructure  in  good order. 
A badly  decayed building can  be brought back into active use by 
' renovat ion '  and  ' res tora t ion '  and a n  important monument of ru in  can 
be ' conserved ' .  ' s tab i l i sed '  or even ' re-buil t  ' . These secondary building 





ac t iv i t i e s  a r e  never  qu i t e  i nv i s ib l e  a n d  indeed a r e  often in  a  total ly 
d i f f e ren t  s ty le .  Over the  y e a r s  we therefore  see  a  bu i ld ing  slowly develop- 
i ng  a unique  c h a r a c t e r  a n d  the  a p p e a r a n c e  of a g e  i s  one main qual i ty  
we va lue .  

I t  i s  the  purpose  of my th ree  month s t u d y  programme to locate and 
examine the  c lues  to the  c h a r a c t e r  of selected b u i l d i n g s  a n d  accura te ly  
record them ( 4 ) .  Those f ea tu re s  des igned a n d  adopted  to r e s i s t  the 
h a r s h  Karakoram environment a r e  to be a n a l y s e d  i n  g r e a t  d e t a i l .  By 
necess i ty ,  much of my own work wi l l  be h i s to r i ca l  detect ion and  can 
be compared with the  h i s to r i an  who a n a l y s e s  the  content  a n d  meaning 
of a n  old document. This  detect ion work is g e n e r a l l y  ca l l ed  "s t ruc tura l  
archaeology".  

My approach  i s  to be qu i t e  d i s t i nc t  from t h a t  of the in teres ted  visi tor  
t o  the  Karakoram who h a s  noted bu i ld ings  with ' s n a p  s h o t s ' ,  sketches 
and  p e r h a p s  out l ine  p l a n s .  Bas ica l ly ,  the  recording  of a  bui ld ing  must 
revolve a round  a s t u d y  of i t s  h i s to ry  r e g a r d i n g  i t s  cons t ruc t ion ,  environ- 
ment, ma te r i a l s ,  phys i ca l  a n d  chemical condi t ion ,  deformation stresses 
a n d  s t a b i l i t y .  

For the  g e n e r a l  i n t e re s t  of my audience  I  wil l  i l l u s t r a t e  the approach 
to my s t u d y  with examples from projec ts  I h a v e  p a r t i c i p a t e d  i n ,  in the 
United Kingdom, but  c l e a r l y  t h i s  could a l s o  be done with ac t iv i t i e s  abroad .  
This  work h a s  been unde r t aken  for  Ove Arup a n d  P a r t n e r s ,  a n  inter- 
na t iona l ly  known firm of consul t ing  c i v i l  eng inee r s  a n d  for the 
In t e rna t iona l  Council of Monuments a n d  Sites .  This  h a s  been recognised 
by UNESCO since 1966 a s  be ing  the  p r i n c i p a l  non-governmental organisa t ion  
in  the f ield of a r c h i t e c t u r a l  he r i t age .  

HISTORY OF CONSTRUCTION 

In o rde r  to unde r s t and  the  s t r u c t u r a l  i n t e rac t ion  between the  various 
p a r t s  of a  bu i ld ing  a de t a i l ed  h i s to ry  of cons t ruc t ion  is requi red  ( 5 ) .  
This  involves recording  the sequence a n d  extent  of each  construction 
opera t ion  by p l a n s ,  rec t i f ied  a n d  stereoscopic photography ( 6 )  a n d  written 
descr ip t ion  ( see  Fig .  1) 

( i )  Where possible records  should be made of previous  buildings 
on the  s i t e .  Often m a n ' s  ac t iv i t i e s  c a n  de t r imenta l ly  affect 
the ground condi t ions  a n d  foundat ions  can ' t  be re-used.  The 
locat ion a n d  type  of n e a r b y  previous  l a n d  use c a n  affect 
the  ex i s t i ng  b u i l d i n g ' s  s t r u c t u r a l  i n t eg r i ty  ( see  Fig.  2 

( i i )  It i s  e s sen t i a l  to have  a complete h i s to ry  of the building 
inc luding  the ex ten t ,  type  a n d  d a t e s  of the o r i g i n a l  bui ld ing ,  
subsequent  a l t e r a t i o n s ,  add i t i ons ,  t ypes  of foundat ions ,  periods 
of neglect o r  d i suse  a n d  a n y  s t r eng then ing  or  s ignif icant  
r e p a i r  work. 

HISTORY OF THE ENVIRONMENT1 

A bu i ld ing  i s  cons t ruc ted  in to  a  continuously chang ing  environment 
a n d  a l so  the bu i ld ing  i tself  can  the  environment.  It  i s  therefore 
important  to apprec i a t e  the t a t  the  time of the bu i ld ing ' s  



FIG. 2. Excavated Archaeological Remains Below a Proposed 
W@dmI0pmel~1 Lower Th&mc~ Sumst, L&z~'@. 





construct ion a s  well a s  at t h e  time of su rvey .  The f ac to r s  of chief  
concern a r e :  

( i )  Subsoi l  : prev ious  b u i l d i n g s  a n d  vege t a t i on  c a n  improve 
o r  de t r imen ta l l y  affect  t he  so i l  p rope r t i e s .  Geotechnical  
i nves t iga t ions  c a n  u s u a l l y  determine whether  t h e  so i l  s t r e n g t h  
p rope r t i e s  a r e  suf f ic ien t  for t he  b u i l d i n g .  Ex i s t i ng  n e a r b y  
t r ee s  c a n  e x t r a c t  wa te r  a n d  minera l  n u t r i e n t s  from t h e  g round  
a n d  in  t he  c a s e  of c l ayey  so i l s  t h i s  r e s u l t s  i n  so i l  
s h r i n k a g e  ( 7 ) .  

( i i  Water t a b l e :  c h a n g e s  i n  the  g roundwa te r  regime c a n  se r ious ly  
affect  the  i n t e g r i t y  of foundat ions .  For example ,  a f a l l i n g  
wa te r  leve l  c a n  c a u s e  t imber foundat ions  to  decay  a n d  p e a t y  
so i l s  to consol ida te .  A r i s i n g  wa te r  t a b l e ,  p e r h a p s  nex t  
to  a  new c a n a l ,  c a n  c a u s e  a  so i l  to soften o r  c a n  induce  
c a p i l l a r y  wa te r  to r i s e  up  a  w a l l .  

( i i i )  Climate: t empera tu re ,  r a i n ,  wind a n d  the  ' a s p e c t '  of t h e  
bu i ld ing  on both a  micro a n d  macro s c a l e  c a n  se r ious ly  
cause  s t r u c t u r a l  i n s t a b i l i t y  of wa l l s  a n d  the  decay  of b u i l d i n g  
ma te r i a l s .  

( i v  Air pol lu t ion :  the  product ion  of s l i g h t l y  a c i d i c  r a i n  a n d  
a i r  moisture,  the  t r a n s p o r t a t i o n  of d i r t  a n d  the  co lonisa t ion  
of b a c t e r i a  a n d  simple o rgan i sms  a l l  c a u s e  ma te r i a l s  to  decay .  
I t  i s  a l s o  worth not ing  t h a t  'smoke from domestic f i r e s  c a n  
p re se rve  o rgan ic  m a t e r i a l s .  

HISTORY OF PHYSICAL A N D  CHEMICAL CONDITION 

It i s  e s sen t i a l  to  recognise t h a t  t he  decay  of t he  s t r u c t u r e  a n d  
mater ia l s  a r e  inherent  from the  d a y  of cons t ruc t ion .  I t  i s  f i r s t l y  impor tan t  
to unde r s t and  the composition a n d  d u r a b i l i t y  of the  ma te r i a l s  a n d  whether  
they were chosen to res i s t  c e r t a i n  decay  mechanisms.  A s t u d y  should  
then be made to see how the  ma te r i a l s  h a v e  changed  o r  de t e r io ra t ed  
with time a n d  the  effect of the  p r e v a i l i n g  c l imat ic  condi t ions .  Decay 
of the f ab r i c  must then be recorded ,  for example :  t h e  erosion of masonry 
f ac ings ,  joint wea the r ing ,  d r y  a n d  wet rot i n  t imbers  ( s ee  F ig .  3 ) ,  
s a l t  e f f loresc ing  a n d  su r f ace  s p a l l i n g ,  an imal  a t t a c k ,  root p e n e t r a t i o n ,  
soil  slumping a n d  foundat ion undermining  ( 8 ) .  ( s e e  F ig .  4A a n d  B ) .  

HISTORY OF DEFORMAT ION 

By how much a  bu i ld ing  h a s  d i f f e r en t i a l l y  moved i s  a measure of 
the sk i l l  of the o r i g i n a l  bu i lde r  a s  well a s  a  product  of i t s  decay  
his tory ( 9 ) .  Since we do not have  p l a n s  of the  o r i g i n a l  cons t ruc t ion  
of most bu i ld ings ,  the  s t r u c t u r e  should  be su rveyed  p a r t i c u l a r l y  not ing  
the phases  of construct ion and es t imat ing  defects  in  the  o r i g i n a l  bu i ld ing  
procedure.  The in t roduct ion  of modern a n d  ' a l i e n '  ma te r i a l s  should  
be noted because they c a n  often c a u s e  new s t r e s se s  a n d  s t r a i n s  to develop.  
I t  i s  important  to supplement t h i s  with measurements  of the b u i l d i n g ' s  
ex is t ing  deformation ( 1 0 ) .  This  i s  to inc lude  d i f f e r en t i a l  set t lement ,  
ve r t i ca l i t y  of t h e  wa l l s ,  posi t ion or ien ta t ion  a n d  width of c r a c k s .  I t  
i s  important  to determine whether  the  bu i ld ing  i s  c u r r e n t l y  be ing  deformed, 
and  here a measurement record ing  system i s  i n s t a l l ed  for f u t u r e  



FIG. 4a. The high water table 
at Theobald's Park Farm barn 
has caused the soil walls to 
slump. 

FIG. tb. Animal infestatfan and 
aalt efflorescing has caused surface 
spelling at Bedehouse Bank C o t t q e ,  
Bourne. 
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FIG.  5. Simple c r a c k  a n a l y s i s  at Po l lock ' s  Toy Museum, London. 





r ead ings  ( see  Fig .  5 ) .  

HISTORY OF STRESSES A N D  STABILITY 

The deformation of a  bu i ld ing  provides  e s s e n t i a l  d a t a  for de termining  
the s t a b i l i t y  a n d  s t r e s ses  i n  a  bu i ld ing .  This  c a n  somewhat be checked 
and  supplemented by  ca l cu la t ions  on a 'model '  of the o r i g i n a l  bu i ld ing  
and then on the  bu i ld ing  in  i t s  ex i s t i ng  form. This  he lps  to a s c e r t a i n  
the safe ty  of the bu i ld ing  a g a i n s t  ove ra l l  co l lapse  ( s e e  Fig .  6 ) .  

CONCLUSION 

I t  i s  t h i s  methodical app roach  t h a t  i s  to be adopted  d u r i n g  the  following 
three  month s tudy .  I t  i s  hoped t h a t  t h i s  wi l l  r e su l t  i n  a  thorough a n d  
de ta i led  survey  of a n  extremely in t e re s t ing  g roup  of s t r u c t u r e s  t h a t  ex i s t  
in one of the  most phys i ca l ly  h a r s h  environments in  t he  world.  1 n 
p a r t i c u l a r ,  the outcome will produce a n  apprec i a t ion  of bu i ld ing  techniques  
developed by empir ica l  knowledge to r e s i s t  ca t a s t roph ic  even t s  such a s  
ea r thquakes .  Much of the information wi l l  be co l la ted  for  use by o the r  
members of the r e sea rch  team. I t  i s  a l s o  predic ted  t h a t  t h i s  information 
will  benefit  o ther  societ ies  where such  sophis t ica ted  technology i s  not yet 
ava i l ab l e .  I t  i s  a l s o  hoped t h a t  the  r e sea rch  wi l l  provide  a co rpus  of 
d a t a  re levant  to the  development of a  conserva t ion  programme ( 1 1 ) .  
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Geomorphology 

Sedimentological analysis of glacial and proglacial debris: 
a framework for the study of Karakoram glaciers 

E. Derbyshire 
Dept, of Geography, University of Keele 

ABSTRACT 

Sediments of mixed g r a i n  s izes  exh ib i t i ng  multimodal p a r t i c l e  s i ze  c u r v e s  
(d iamic tons)  a r e  widely d i s t r i bu ted .  Processes producing  them inc lude  
g l ac i a l  deposi t ion,  p e r i g l a c i a l  so l i f luc t ion ,  d e b r i s  s l i de  a n d  flow, mudflow, 
l a h a r  flow (volcanic  1, a n d  l a c u s t r i n e  a n d  marine dens i ty  c u r r e n t s  
( t u r b i d i t e s ) .  Glaciers  a n d  ice shee ts  a r e  a major source ,  depos i t s  of 
t h i s  o r i g i n ,  mostly of Pleis tocene a g e ,  be ing  found over abou t  one t h i r d  
of the l a n d  a r e a  of the  e a r t h .  

Diamictons of g l a c i a l ,  p e r i g l a c i a l  a n d  mud a n d  d e b r i s  flow o r i g i n  a r e  
abundant  in g l ac i a t ed  t e r r a i n ,  a n d  they have  cons ide rab le  s ign i f i cance  
in the s tudy  of both pu re  a n d  app l i ed  geomorphology. 

This  pape r  p re sen t s  a  framework for the  s t u d y  of Karakoram g l a c i a l  
and p rog lac i a l  deb r i s  based  on knowledge of the  processes involved  a n d  
the propert ies  of sediments .  

FACTORS INFLUENCING SEDIMENT PROPERTIES 

The sedimentological a n d  geotechnica l  proper t ies  of g l a c i a l  sediments  
a r e  d ic ta ted  by a wide r a n g e  of f ac to r s ,  some of the  most impor tant  be ing  
the l i thology of the g l a c i e r  bed ,  the a c t i v i t y  a n d  regime of the g l a c i e r ,  
the dominant mode of g l a c i e r  movement, the  type ,  incidence a n d  r a t e  of 
degradat ion  of s u b a e r i a l  s lopes above the g l a c i e r ,  the  ice d e b r i s  f ac i e s  
and  deb r i s  f lowpaths,  the processes ac t ing  on sediments  a long the  f lowpath ,  
the mode of p d m a r y  deposi t ion a n d  the type ,  incidence a n d  r a t e  of 
secondary processing of the deposi ted ma te r i a l .  

Var iabi l i ty  in the l i thology of the g l a c i e r  sole i s  azonal  bu t  not 
random. Glacial  sediment proper t ies  respond within 1 krn to changes  i n  
lithology of the g l ac i e r  bed a n d ,  on a reg ional  s c a l e ,  t h i s  i s  exemplif ied 
by the t i l l s  left behind by the  Pleistocene ice shee ts  of Great Br i ta in  (1) 
and ( 2 ) .  Rocks of geosyncl ina l  fac ies  which have  been s t r e s sed  by  severe  
fo ld ing ,  f a u l t i n g  a n d  brecc ia t ion ,  together  with some igneous a n d  medium 
to high g r a d e  metamorphics, a r e  c h a r a c t e r i s t i c  of the T e r t i a r y  Alpine 
orogenic be l t s ,  p a r t s  of which a r e  undergoing  the g r e a t e s t  r a t e s  of c u r r e n t  



uplif t .  These include the Karakoram and  Himalaya, a s  well a s  the 
American cordi l leras  a n d  the New Zealand Alps, for example. 

Glacier regime and act iv i ty  ( throughput  a r e  subs tan t i a l ly  controlled 
by prevai l ing climate. Montane g lac ie r s  in  temperate climates with high 
snowfall input  a n d  high losses a r i s i n g  from warm summer temperatures tend 
to have high ac t iv i ty  indices (3) .  This enhances thei r  potential  for erosion 
(especia l ly  a b r a s i o n )  and  t ranspor ta t ion of debr is .  In a r e a s  of active 
upl i f t ,  such high act iv i ty  g lac ie r s  genera te  steep-sided g lac ie r  valleys and 
may c a r r y  abundan t  suprag lac ia l  debr is  often leading to l a rge  terminal 
zones of s tagnat ion.  The t h i r d  factor ( s u b a e r i a l  degrada t ion)  p lays  a role 
in th i s  and i s  influenced by both climate and tectonism; e .g .  see ( 4 ,  5 and 
6 ) .  

The re la t ive  importance of subg lac ia l  and  suprag lac ia l  sediment input 
in a lp ine  g lac ie r s  i s  influenced by g lac ie r  regimen and  dominant flow mode 
and in t u r n ,  by the re la t ive  size of the abla t ion and  accumulation zones, 
a  fur ther  product of climate. With input  from the bed,  sediment flowpaths 
will be in  the t rac t ion zone of maximum comminution. Sediment incorporated 
and inter-bedded with snow above the equil ibrium line will suffer relatively 
l i t t l e  comminution in the eng lac ia l  t ranspor t  p a t h ,  and  suprag lac ia l  debris 
will a g a i n  be pass ively  t ranspor ted  ( 7 )  but may suffer comminution by geli- 
faction and  sor t ing by s u p r a g l a c i a l  r i l l s  and streams and  by deflation of 
f ines ,  see Fig. 1. 

Variation in sediment propert ies a r i s i n g  from primary depositional mode 
has  been much s tudied over the pas t  decade,  e .g .  ( 7 ,  9, 10, 11, 12, 13, 
16. 15, 16, 17, 18, 19, 20 and  21).  The dominant depositional mode is  
g rea t ly  influenced by glaciological  regime which, in  t u r n ,  i s  dictated by 
climate. Til ls  deposited by the primary processes of lodgement and  meltout 
and by the secondary processes of s l id ing and flow have distinctive 
sedimentological and geotechnical proper t ies ,  including par t ic le  size (17) 
par t ic le  shape ( 7 )  and total  sediment f abr ic  (macro-, meso- and micro- 
f a b r i c )  (18,  21 and 22) .  I t  h a s  been tenta t ively  suggested (23) that  the 
mesofabric (pebble  f a b r i c )  of t i l l  l a id  down by surging glaciers  differs 
from the es tabl ished re la t ionship  for non-surge deposits ,  but th is  requires 
fur ther  test ing in g lac ie r s  over a wide climatic r ange ,  including the 
Karakoram. 

Til ls  of d i f ferent  or ig in  v a r y  in thei r  moisture content ,  index pro- 
pert ies.  bulk dens i ty ,  void r a t i o ,  coefficient of consolidation and compressive 
and shear  s t rengths  ( e . g .  24, 25, 26, 27 and 28).  Some general  relation- 
ships  between genetic mode and  sedimentological and geotechnical properties 
of mid-latitude t i l l s  a r e  shown in  Fig. 2. Some t i l l s ,  including those from 
valley g lac ie r s  in climates with warm summers, behave a s  collapsing soils 
and some have a marked s t rength  anisotropy ( 2 2 ) .  

FACIES DISCRIMINATION 

Diamictons of different  or ig in  ( a l l u v i a l  f an ,  g lac ia l  outwash,  mudflow, 
t i l l .  glacimarine sediment have been successfully discriminated using 
selected par t ic le  size descriptors.  Passega (29)  used plots of the coarsest 
one - percenti le a g a i n s t  the median g r a i n  size to discriminate sediments 
transported by t rac t ive  cur ren t s  from those produced by turbidi ty  currents.  
Buller and McManus (30) dif ferent ia ted  Pleistocene t i l l s  into three grain 
size populations using plots of quar t i l e  deviations and median g ra in  size. 
Landim and Frakes (31) used severa l  graphic  measures including standard 
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deviation ( a s  a measure of degree of s o r t i n g ) ,  mean, skewness a n d  kur tos is  
in discriminating t i l l s ,  outwash,  a l l u v i a l  f ans  and  mudflows. Frakes  a n d  
Crowel (32) segregated t e r r e s t r i a l  t i l l s ,  and  two types of g lac ia l ly  derived 
diamictons by -means  of s t a n d a r d  deviation/mean g r a i n  size plots. 

Environmental discrimination within the very v a r i a b l e  g l a c i a l  facies i s  
relat ively poorly developed. Mills (33) examined the t ex tu ra l  propert ies of 
several  representative North American g lac ie r s  a n d ,  on the  bas i s  of pro- 
gressive increase in  both mean par t ic le  size and  degree of so r t ing ,  discrimi- 
nated b a s a l ,  recessional  moraine, end moraine, abla t ion and  s t r a t i f i ed  d r i f t  
sub-facies. The percentage of s i l t  plus c lay  was found to decrease in th i s  
ser ies ,  a  cha rac te r i s t i c  now widely recognised in  the differentiat ion of 
basal  t i l l s  and those of suprag lac ia l  provenance (F ig .  3 ) .  Apart from 

GRAVEL 

SAND SILT and 

Key to ornament: 1 = North American Cordil leran g lac ie r s  ( 3 3 ) ;  
2 = Matanuska Glacier ,  Alaska ( 2 0 ) ;  
3 = Breidamerkurjokull,  S. E .  Iceland ( 1 9 ) ;  
4 = Hooker Glacier ,  New Zealand.  

FIG. 3. TERNARY D I A G R A M  SHOWING PERCENTAGE G R A V E L ,  SAND, 
SILT A N D  CLAY I N  SUPRAGLACIAL ( PERIPHERAL DISTRIBUTION) A N D  

BASALDEBRlS (CENTRAL DISTRIBUTION) FROM SELECTED MODERN GLACIERS. 

basal  t i l l s  which Mills found disposed symmetrically about the zero skew 
l ine ,  the other sub-facies were a l l  positively skewed, but no correlat ion was 
evident between kurtosis  and depositional mode. No correlat ion was found 
between the selected s ta t i s t ica l  parameters and bedrock l i thology,  thus  
throwing some doubt on Slatt ' s  (34 ) positive corre la t ions ,  al though Mills 
recognised a positive correlation in the fine t i l l  fractions (c lay  plus  s i l t ) .  
Boulton ( 7 )  was cr i t ica l  of Mills' approach which discriminated between 
gra in  size character is t ics  produced by secondary (deposi t ional )  r a the r  than  



prlmslry psoceases, He emphasized the wnstrasting characteristics of debris 
processrd tn rranrft  an and within the glacier fsupraglacial and englacial) 
on the one hand, and debris whish is processed in the basal zone 
(tractional debris on the other 1. Different flaw paths produce sediment 
populations with different statistical groupings on standard deviation/mean 
grain size end st&nd&rd deviation/rkewncss plots. Some limited data 
recently published am$. (35, 36 and 371, plot clearly within one or both of 
thaoc two flaw path zones. 

The 1lmtr;ad data  subjected to this type faf malyrfs have come from two 
main aourcea: mid-latitude tca-&@at tills d Fletst~eene age and degoeito of 
isetbmal valley $hciwr. Little artbentba appssrs  to Bavs been paid to 
valley glsctern in cl-imatasr, wf-th hat rermmmarsi yetl in view af the funda- 
mental influence sf climate on glacier activity and sediment entrainment, 
transport and deposition, such envitonrneolts (rcrngfng from warm temperate 
to nroritana equatorial) marit invest2g&t,Efonl Mth respect to the rel;nge of their 
* ~ b - h c $ t ~  

The glaciers on the eastern side d the S.outherrm Alps of New Zealand 
land sane suppert to this view. Many display large stagnant zones with 
wtdespread supra$laefal debris. Till is being deposited by lodgement, but 
meltout is dominant and deposition By supraglacial sliding i s  also important. 
-sitton of flow till is rare. A l l  the til ls of the lower Hooker Glacier, 
for example, (38) including lodgement and meltout types, are deficient in 
fbee (Fig. 4) as a result of general mechanical eluviation by percolating 

PIG. 4. EA)5WlRC ELECTRW PWTOMICROGRAPH OF LODGEMENT TILL OF 
THE HOOKER GLACIER, MEW ZEALAND. 



meltwaters a n d  a l so  by  the  wind d u r i n g  deposi t ion by s l i d i n g  (cf  37, 38 
and 40 ) .  Selected g r a i n  s ize  pa rame te r s  of t he  t i l l s  of t h i s  g l a c i e r  a r e  
shown a s  envelopes on Figs .  5 ,  6 a n d  7,  together  with envelopes for a  wide 
range  of g l a c i a l  sediments ,  modern a n d  Pleistocene.  

In Fig.  5 i t  c a n  be seen t h a t  Pleis tocene t i l l s  from North America, 
Britain (above  a n d  below present  s ea  l eve l )  a n d  New Zealand a r e  d i s t i nc t ly  
more poorly sor ted  t h a n  the  d e b r i s  of modern g l a c i e r s ,  r e g a r d l e s s  of deposi t-  
ional t y p e  o r  flow p a t h .  Modern sediments  tend  to be pos i t ive ly  skewed 
while the Pleistocene t i l l s  r a n g e  only  from -0.25 to +0.32 with the  mode 
close to zero skew. The Pleistocene t i l l s  a l s o  tend  to have  a much f ine r  
mean g r a i n  s ize ( F i g .  6 ) .  S u p r a g l a c i a l  d e b r i s  from the  New Zea land  g l a c i e r  
plots a s  two major zones on Fig .  6:  a  f i ne ,  moderately sor ted  g roup  t r a n s -  
ported by s u p r a g l a c i a l  s treams a n d  a coa r se ,  v e r y  poorly sor ted  g roup  of 
s u p r a g l a c i a l  deb r i s  with the g e n e r a l  a p p e a r a n c e  i n  the  f ie ld  of a  g r a n u l a r  
t i l l .  Between these two g roups  l i e  poorly sor ted  a n d  ve ry  poorly sor ted  
zones represent ing  recent ly  deposi ted kame t e r r a c e  sediments which a r e  
c lear ly  t r a n s i t i o n a l  i n  granulometry .  I t  wil l  be noted t h a t  the  s u p r a -  
g l ac i a l  deb r i s  from the  New Zealand g l a c i e r  ove r l aps  the  ' h i g h  leve l  d e b r i s '  
of Boulton ( 7 )  a n d  the  ' a b l a t i o n  d r i f t '  of the Cordi l le ran  g l a c i e r s  s tud ied  
by Mills ( 3 3 ) .  The d i s t r ibu t iona l  r a n g e  i s  v e r y  much wider ,  however, a n d  
c lear ly  re f lec ts  the  sub-fac ies  recognised on the  g l a c i a l  su r f ace  d u r i n g  f ie ld  
work. The r e l a t ionsh ip  between the  Alpine, Cordi l le ran  a n d  New Zea land  
' h igh  level  d e b r i s '  sediments i s  e q u a l l y  d i s t i nc t ive  i n  F ig .  5, the  l a t t e r  
ly ing  pe r iphe ra l  to the o ther  two envelopes.  The r a n g e  of ku r tos i s  i s  not 
facies-specif ic  on a n  in ter -g lac ier  b a s i s  ( F i g .  71, bu t  i t  may be spec i f ic  
when plotted a g a i n s t  mean g r a i n  s ize for one p a r t i c u l a r  g l a c i e r .  

Several  possible exp lana t ions  might be advanced  to e x p l a i n  these  
differences,  inc luding  differences i n  the dens i ty  a n d  f requency of sampl ing .  
However, experience of European va l l ey  a n d  p l a t e a u  out le t  g l a c i e r s  sugges t s  
tha t  the d i f ferences  between the d a t a  s e t s  a r e  not merely a  product  of 
sampling.  The s u p r a g l a c i a l  deb r i s  in ,  the  h igh  tempera ture  summer con- 
di t ions on the e a s t e r n  s ide  of the Southern Alps suf fers  a  g r e a t  d e a l  of pro- 
cessing d u r i n g  t r a n s i t  a n d  lowering by the  g l a c i e r .  F l u v i a l ,  meltout a n d  
sl ide facies  a r e  c l ea r ly  to be seen on the  g l a c i e r  su r f ace .  Photographs  of 
Himalayan a n d  Karakoram g l a c i e r s  sugges t  c e r t a i n  s imi l a r i t i e s :  they  wi l l  
provide a test  of the hypothesis  sugges ted  here .  

One of the c r i t e r i a  used by Boulton a n d  Eyles (19 )  for  d i s t i n g u i s h i n g  
basa l  and  s u p r a g l a c i a l  sediment sub-facies i s  a  l ack  of p re fe r r ed  p a r t i c l e  
organisa t ion .  On seve ra l  g l a c i e r s  s tudied  in  New Zea land ,  deposi t ion of 
t i l l  by a combination of s l i de  a n d  flow of s u p r a g l a c i a l  d e b r i s  produces a  
f a b r i c  an iso t ropy a s  g r e a t  a s  those found i n  many t i l l s  de r ived  from the  
basa l  f lowpath ( F i g s .  8 and  9 ) .  Post deposi t ion mechanical  e luv ia t ion  of 
f ines does not necessar i ly  produce s ign i f i can t  a l t e r a t ion  of the  c l a s t  ( p e b b l e )  
f a b r i c  (cf 37 a n d  3 9 ) .  

Well marked c l a s t  an iso t ropy ( h i g h  aniso t ropy number:  Fig.  8 )  with 
c l a s t s  l y ing  p a r a l l e l  to the d i s t a l  s lopes of l a t e r a l  moraines h a s  been 
a t t r i bu ted  to s l i d ing  of s u p r a g l a c i a l  d e b r i s  from the f l a n k s  of t he  
Athabasca Glacier ( 4 1  ) a n d  the Bethartol i  Glac ier ,  Garwhal  Himalaya ( 4 2 ) .  

APPLICATION TO THE KARAKORAM: A FRAMEWORK 

Field descr ip t ion ,  mapping a n d  sampl ing  of sediments  upon,  wi th in  a n d  
adjacent  to the Karakoram g l a c i e r s  i s  necessary  in  o rde r  to e s t a b l i s h  
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FIG. 8. ANISOTROPY NUMBER 
(PERCENTAGE OF CLASTS WITHSHORT 
AXES LYING WITHIN A N Y  ONE PER- 
CENT OF A N  EQUAL AREA HEMI- 
SPHERICAL PLOT) FOR PARTlCLES 
GREATER THAN 2 M M .  

Categories  1 - 5 based  on samples  
from Ice l and ,  Norway, Antarc t ica  
a n d  England.  

genetical ly c r i t i c a l  proper t ies  of d i f fe rent  t ypes  of diamicton a n d  the  
re la t ive  importance of each .  

This should involve a t  l e a s t  t h ree  main components a s  follows: 

( i  the provenance ,  t r a n s p o r t  h i s to ry ,  a n d  g l a c i a l  fac ies  cont r ibut -  
ing  to deposi t ion in  the v a l l e y s ;  

( i i )  v a r i a t i o n s  in  the sedimentological a n d  geotechnica l  p rope r t i e s  of 
diamictons a r i s i n g  from di f ferent  modes of p r imary  depos i t ion;  
and  

( i i i )  va r i a t ions  in  sedimentological  a n d  geotechnica l  p rope r t i e s  
a r i s i n g  from n a t u r a l  re-moulding, re-sedimentation a n d  i n  s i t u  
post-depositional changes .  

Idea l ly ,  work of t h i s  n a t u r e  should  be in t eg ra t ed  with s tud ie s  of g l a c i e r  
f luc tua t ions ,  and  with s tud ie s  of processes a t  h igh  a l t i t u d e s  so t h a t  
provenance and environment of g l a c i a l  d e b r i s  supp ly  a n d  sediment f lowpaths 
and  in t r a n s i t  processes can  be determined.  

The s tudy  of systematic  v a r i a b i l i t y  in  the  behav iou ra l  p rope r t i e s  of 
g l ac i a l  diamictons and  the app l i ca t ion  of t h i s  knowledge in  c i v i l  engineer -  
ing i s  a  r e l a t ive ly  recent development a n d  i s  s t i l l  g a i n i n g  momentum. Most 
work has  been concerned with the depos i t s  le f t  behind  by  the Pleistocene 



FIG. 9. CONTOURED EQUAL A R E A  GRATlCULE 
PLOT OF SHORT AXIS AZIMUTH A N D  DIP OF CLASTS 
IN A RECENT LATERAL MORAINE OF THE HOOKER 
GLACIER, N E W  Z E A L A N D .  

Anisotropy number i s  30. Clast  d i p  mode i s  20-24 
diametrically opposed to the surface  ( ' i c e  
contact '  moraine slope,  indicat ing accumula- 15-19 
tion by s l id ing  of debr i s  off the l a t e r a l  slope I PER CENT 
of the g lac ie r .  

10 -14 PER 1 

t o  cyclographic 

mn] 5 - 9  

trace 

PER CENT 

continental  ice sheets in North America and  N .  W .  Europe, and standard 
methods in si te investigations a r e  only now beginning to emerge ( e . g .  21,  
28 and L 3 ) .  

Subtropical  g lac ie r s ,  including those of the Karakoram seem likely to 
provide valuable  d a t a  on systematic var ia t ions  in the propert ies of high- 
ac t iv i ty  ice masses on a scale not yet studied.  The findings should be 
capable  of application and development in other g lac ia ted  montane a reas  of 
the th i rd  world including the Himalaya and the Andes. 
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APPENDlX 

DATA COLLECTION: TECHNIQUES A N D  EQUIPMENT 

Techniques used  to d iscr iminate  diamictons of d i f ferent  o r ig ins  i nc lude  
the following : 

( i )  Observat ion a n d  recording  a n d  de t a i l ed  photography of measured 
sect ions of e n g l a c i a l  a n d  p rog lac i a l  ma te r i a l .  Many of the  
locat ions c a n  be f ixed on l a r g e  sca l e  maps produced unde r  
expedi t ion  condi t ions ,  but  the  cons t ruc t ion  of de t a i l ed  loca l  
basemaps by  us ing  a l ightweight  p l ane  t a b l e  a n d  a l i d a d e  i s  
a  well e s t ab l i shed  geomorphological f ie ld  technique .  Specif ic  
s i t e s  a r e  recorded by stereoscopic f ie ld  photography.  

( i i )  Pa r t i c l e  s h a p e  measurements provide  the bas i c  d a t a  in  f ac i e s  
d iscr iminat ion  of s u p r a g l a c i a l  a n d  p rog lac i a l  d e b r i s ,  a n d  
sediments s tudied  a long selected sediment flow p a t h s .  Within- 

and  between-site v a r i a t i o n  c a n  be cons ide rab le .  S t a n d a r d i s e d  
photography of pebble se t s  for l a t e r  two-dimensional a n a l y s i s  
i s  a  technique which i s  becoming more widely used .  

( i i i )  Pa r t i c l e  s ize a n a l y s i s  of l a r g e  rock f ragments  i s  effected by  
a x i a l  measurement: f i ne r  g r a d e s  a r e  determined by d r y  s i ev ing .  
In add i t i on ,  wet-sieving a n d  sedimentat ion methods a r e  app l i ed  
to determine c l a y  a n d  s i l t  percentages .  

( i v )  Macrofabric a n d  mesofabric proper t ies  a r e  determined with 
contact  goniometers a n d ,  l e s s  p rec i se ly ,  with compass cl ino-  
meters. 

( v  Selected or ien ted  a n d  level led samples must be col lected ( i d e a l l y  
us ing  a por table  freeze-drying uni t  i n  the case  of c l a y  r i c h  
sed imen t s ) ,  for de t a i l ed  a n a l y s i s  of mesofabric a n d  microfabric  
va r i a t ion  us ing  contac t  goniometer a n d  scann ing  e lec t ron  micro- 
scope ( 4 4 ) .  

( v i )  Sediment colour i s  recorded a s  a  rout ine  f ie ld  procedure  but  pH 
i s  best  done in  the f ield l a b o r a t o r y ,  to ta l  ca rbona te  content  a n d  
c l a y  mineralogy being determined in a  sedimentological  
l abo ra to ry  us ing  sea l ed  d i s tu rbed  samples .  

( v i i )  Bulk dens i ty ,  n a t u r a l  moisture content ,  s h e a r  s t r eng th  a n d  
unconfined compressive s t r eng th  c a n  be de termined,  i n  p a r t  a t  
l e a s t ,  under  f ield condi t ions .  

Sealed samples a r e  u sua l ly  collected for subsequent  l abo ra to ry  determina- 
tion of voids r a t i o s ,  p l a s t i c i t y  and  l i qu id i ty  ind ices ,  coeff icients  of con- 
sol idat ion and  s h e a r  s t r eng ths  of selected diamictons.  



EQUIPMENT 

The following equipment is required for inves t igat ions  of th i s  kind. 

A - FIELD 

Survey 

1. Standard l eve l l ing  and l i n e a r  measuring equipment. 
2. Lightweight plane t a b l e ,  al idade,  l e v e l  and 30 m tape. 
3. A Four- inch compass and t r ipod.  

Data Recording 

1. Scaled photography: 35 mm cameras and t r ipod.  
2. P a r t i c l e  measurement: 

( a )  ca l ipe r s  
(b) compass - clinometer 
(c) pocket penetrometer 
(dl se lec ted  shear vanes 

Sediment Colour 

Standard s o i l  colour char t s  

Sediment Sampling 

Spade and trowel 
Bubble l e v e l  and compass 
P l a s t e r  of Par is  
1 . 1 / 2  inch sampling tubes (unconfined compressive s t rength)  
100 m l  and 500 m l  sampling tubes (bulk density) 
Tube sampler and ram 
Wax and saucepan 
Portable 'gaz '  stove 
Moisture content t i n s  
Portable f reeze  - dry apparatus 

B - FIELD LABORATORY 

1. P a r t i c l e  s i z e  analysis:  

( a )  Set of s ing le  @ 200 m sieves 
(b)  E l e c t r i c a l  sieve-shaker 

Balance (accurate t o  0.01 g) 
2 kg beam balance 
1 . 1 / 2  inch tube sample extruder 
Drying oven (small) 
Drying oven ( l a rge ,  fan ass i s t ed )  
Unconfined compression machine 
Proctor compaction apparatus 
Contact goniorneter 
Low power binocular micros cope 

Several o ther  techniques used t o  determine sedimentological and geotechnical 
propert ies of diamictons require a f u l l y  equipped laboratory. One example of a 

laboratory flow system i n  current  use is shown i n  Fig. 10. 
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ABSTRACT 

High a l t i t ude  rock wea the r ing  i s  poorly unders tood  both i n  te rms  of processes  
involved a n d  r a t e s  of a c t i v i t y .  As well a s  freeze-thaw a c t i v i t y  which pro- 
duces small  b locks ,  l a r g e r  s c a l e  rock fa l l s  a p p e a r  to be  common. I n  a d d i t i o n ,  
chemical processes a r e  p r o b a b l y  more impor tan t  a t  h igh  a l t i t u d e  t h a n  h a s  
been gene ra l ly  r ea l i zed .  This  chemical  wea the r ing  c a n  t a k e  p l ace  i n  e i t h e r  
c racks  or on the  su r f ace  to g i v e  s a n d  a n d  si l t -s ized p a r t i c l e s  ( g r u s ) .  Rock 
surface r i n d s ,  a s  a  form of dese r t  v a r n i s h ,  a p p e a r  to form where s p e c i a l  
conditions o p e r a t e ,  a l t hough  these  envi ronmenta l  p a r a m e t e r s  a r e  not ye t  
e lucidated.  Other p l aces  show g r a i n  by g r a i n  d i s i n t e g r a t i o n  due  to  weather -  
ing in micro-cracks. The v a r n i s h  r i n d s  a r e  of complex chemical  composition 
and show p re fe ren t i a l  enrichment  of Mn a n d  Fe over  the  p a r e n t  rock.  A 
var ie ty  of techniques  h a v e  been used  to i nves t ige t e  these  c r u s t s .  Examples 
a r e  shown of s c a n n i n g  e lec t ron  micrographs  a n d  MGssbauer spectroscopy which 
suggest formation of haematite a n d  a  ge l  form of Fe(OHI3. The form of Mn 
concentrat ion i s  not yet  known bu t  a p p e a r s  to  be i n  smal l  nodules  
( 1  - 2wm d iame te r )  on the  v a r n i s h  s u r f a c e .  

INTRODUCTION 

The high mountains of t he  world h a v e  r a r e l y  been inves t iga t ed  from the  point  
of view of weather ing  processes  a c t u a l l y  t a k i n g  p lace  i n  such  r eg ions .  With 
denudation r a t e s ,  for  example ,  in ferences  a r e  u s u a l l y  made from r i v e r  sam- 
pl ing well ou t s ide  the mountains a n d  which incorpora te  wea the r ing  p roduc t s  
from many processes .  This  p a p e r  i s  p r imar i l y  concerned with t he  examina t ion  
of some micro-scale rock wea the r ing  processes which con t r ibu t e  to the  denuda-  
tion of a  h igh  mountain a r e a .  Work to d a t e  h a s  been p r i m a r i l y  from t h e  
Alps a n d  the  Hindu Kush of Afghan i s t an ,  bu t  the  Karakoram should  p rov ide  
comparable condi t ions .  The work of Hewitt ( 1 )  h a s  i nd i ca t ed  the  impor tance  
of f ros t  a n d  chemical  ac t i v i t y  i n  t h i s  reg ion .  However, v i r t u a l l y  no d e t a i l e d  
inves t iga t ions  have  been made a t  h igh  a l t i t u d e  in such  a  d r y  a r e a .  The 
s tudies  repor ted  here  a r e  a  f i r s t  s t e p  i n to  some spec i f ic  i nves t iga t ions  of 
weathering processes.  



Fig. 1 Mountains of the Hindu Kush showing typical gullied 
geometry of rock faces and glaciers heavily charged 
with debris (GI. Small block breakdown can be seen 
front and left and desert varnish and  rocks rounded 
by chemical weathering on the right (V). 

Fig. 2 Granular disintegration of a grani te  rock surface 
wi th  some desert varnish centre bottom. 



THE SCALE OF WEATHERING PRODUCTS 

~ o c k  weather ing  a t  h igh  a l t i t u d e  a p p e a r s  to t a k e  two b a s i c  forms. One g i v e s  
blocky products  a  few cm i n  s ize  u p  to  s e v e r a l  metres ,  a n d  the  o the r  i s  t he  
production of f i ne r  ma te r i a l  of s a n d  o r  s i l t  s ize  (of ten  known a s  g r u s ) .  I t  
is  commonly thought  t h a t  a l l  wea the r ing  processes  which produce  these  s izes  
of de t r i t u s  i n  mounta ins  a r e  e s s e n t i a l l y  p h y s i c a l  processes  of freeze-thaw 
ac t iv i ty .  Some a u t h o r s  ( 2 )  h a v e  sugges t ed  t h a t  chemical  wea the r ing  may 
play an  impor tan t  p a r t  however,  a n d  the  complexi ty of t he  process  r e f e r r ed  
to a s  "freeze-thaw" h a s  been reviewed by  McGreevy ( 3 ) .  I t  i s  l i ke ly  t h a t  
a  complex of f ac to r s  i s  i n  ope ra t ion  a n d  t h a t  physico-chemical agenc i e s  may 
be responsible  for product ion  of the  complete s ize  r a n g e  of wea the r ing  pro- 
ducts mentioned above.  Some, e s s e n t i a l l y  chemica l ,  f ac to r s  wi l l  be  d i s cus sed  
separa te ly  below. 

The problems a s soc i a t ed  with u s i n g  t h e  mechanica l  ac t ion  of f reez ing  wa te r  
a s  an exp lana t ion  of the  means whereby l a r g e  blocks c a n  be s p l i t  off moun- 
ta ins  have  been d i scus sed  by Whalley ( 4 ) .  By us ing  some of t he  i d e a s  of 
Gerber a n d  Scheidegger  (5 )  he a l s o  ( 6 )  h a s  sugges t ed  the  impor tance  of 
endogenic a n d  long term c l imat ic  f ac to r s .  The endogenic agenc i e s  a r e  those 
of creep induced  by mountain geometry ( e . g .  F ig .  1 )  a n d  s t r e s s  re l ie f .  The 
r a the r  c h a r a c t e r i s t i c  b u t t r e s s  a n d  g u l l y  s h a p e  of mountains h a s  been a t t r i -  
buted to t h i s  ( 5 )  bu t  t he  importance of melt-water a t  dep th  in a  cl i ff  ( 7 )  
i s  f requent ly  a  means of promoting a  cl i ff  f a l l  from t ens  to  mil l ions of 
metres cubed  ( 4 ) .  Such processes ,  a l t hough  they  may be i n f r e q u e n t ,  a r e  
p a r t i c u l a r l y  impor tan t  i n  mounta ins ,  e spec i a l l y  if the  d e b r i s  f a l l s  onto 
g lac ie rs  which c a n  exped i t e  t h e i r  removal ( F i g .  1 ) .  I t  i s  a l s o  poss ib le  t h a t  
blocks a  few t ens  of cm c a n  a l s o  be produced  in  t h i s  way a s  well a s  by 
"freeze-thaw" processes .  The crack-forming processes c a n ,  however,  be pa r -  
t i cu lar ly  prone to chemical  ac t ion  a t  t h e i r  t i p  by s tress-corrosion processes .  
Such ideas  to he lp  e x p l a i n  rock wea the r ing  a r e  s t i l l  i n  t h e i r  i n f ancy  ( 8 ) .  

The small s ize f r ac t i on  i s  most p robab ly  produced by  wea the r ing  of c e r t a i n  
minerals ,  f e l d s p a r s  for example ,  p e r h a p s  a ided  by crack-forming processes .  
Figure 2 shows the  g ra in -by -g ra in  removal  of a  g r a n i t e  s u r f a c e  a t  h igh  a l t i -  
tude.  Even though winter  a n d  night-time t empera tu re s  may be v e r y  low, the  
day  rock tempera tures  c a n  e a s i l y  r each  40°C. With w a t e r  s u p p l i e d  from 
melting snow i t  i s  l i ke ly  t h a t  cons ide rab l e  chemical  a c t i v i t y  c a n  occur  on 
warm rock su r f aces  a n d  Reuslat ten a n d  Jdrgensen  ( 9 )  h a v e  shown c h a n g e s  
i n  cat ion concent ra t ions  ac ros s  bedrock even a t  t empera tures  jus t  above  zero.  
Such reac t ions  dese rve  more de t a i l ed  s t u d y  a s  do more c a r e f u l  measurements  
of rock tempera ture  changes  in r e l a t i on  to meteorological condi t ions .  

HIGH ALTITUDE DESERT VARNISH 

One fea ture  of rock su r f aces  even up  to  6000m in  t he  Hindu Kush was  found 
to be a  su r f ace  c r u s t  o r  r i n d  s imi l a r  to dese r t  v a r n i s h  ( F i g .  3 ) .  This  is 
a  th in  ( < 1 0 p m )  coat  of much d a r k e r  ma te r i a l  on top of unweathered  rock.  
Under some c i rcumstances  t h i s  h a d  f laked  off a n d  r evea l ed  a  new s u r f a c e  
undergoing a l t e r a t i on  ( F i g .  4 .  Some r e l a t i v e  d a t i n g  on su r f aces  produced  
a t  d i f f e r en t  times may be poss ib le  if note i s  t aken  of the  degree  of su r f ace  
colourat ion.  

Some recent s tud i e s  in  southwes tern  USA (10) h a v e  sugges t ed  t h a t  de se r t  
va rn i sh  there  i s  produced by the  "plaster ing-on" of p rev ious ly  weathered  
day  minera ls .  This  a p p e a r s  to be a n  un l ike ly  o r ig in  a t  h igh  a l t i t u d e  



I 
Fig 3 Desert varnish top 

and fresh surface 
below. Scale in c m  

1 Flp. 4 Desert varnish next 
to a glacier at  4000m 
showing a flaked off 
removal. 



because a  source  a r e a  of s u i t a b l e  c l a y  mine ra l s  is d i f f icu l t  to e n v i s a g e  a n d  
different  s ides  of rocks  a r e  uniformly covered .  Ra the r ,  a n  i n  s i t u  (au toch-  
thonous) o r ig in  is f avoured  s imi l a r  to  t h a t  proposed by  Hooke e t  a1 (11) i n  
which weather ing  p roduc t s  from t h e  mine ra l s  a r e  concen t r a t ed  a t  t he  su r f ace .  
Several techniques  h a v e  been used  to  i n v e s t i g a t e  t he se  r i n d s  i nc lud ing  x- ray  
diffract ion,  thermo-analy t ica l  methods a n d  in f r a - r ed  spec t roscopy.  Some recent  
f ind ings  on the  c h a r a c t e r  of t he  v a r n i s h  from s c a n n i n g  e lec t ron  microscope 
(SEMI  a n d  Mb'ssbauer spectroscopy (MS) wi l l  be r epo r t ed  here .  

SCANNING ELECTRON MlCROSCOPE EXAMINATION 

To f ac i l i t a t e  de t a i l ed  examinat ion  of the  t h in  c r u s t s ,  a  Cambridge Ins t ruments  
Stereoscan 180 was  used  to  examine  them i n  t h e  secondary-emissive mode a t  
10-20 kV.  The specimens were g l u e d  to  a  mounting s t u b  a n d  s p u t t e r  coa ted  
with a  conduct ing  gold c o a t i n g ;  ca rbon  coa t ing  was  used  for  EDS a n a l y s i s .  

The extreme th innes s  of the  c r u s t  c a n  be seen i n  F ig .  5 a n d  the  way i t  may 
sometimes f l ake  off from the  b a r e l y  a l t e r e d  rock below. This  does not neces- 
s a r i l y  i nd i ca t e  a n  a l lochthonous  o r i g i n  such  a s  Potter  a n d  Rossman (10) 
suggest because  t he  wea the r ing  p roduc t s  a r e  formed a t  t he  s u r f a c e ,  p r o b a b l y  
in solut ion,  a n d  a r e  i n  effect p r ec ip i t a t ed  t he re .  This  d i f f e r s  from the  i d e a s  
of Hooke e t  a1 (11) a s  i t  i s  not a  diffusion-control led process  wi th in  t he  rock 
but i s  r a t h e r  a  t r ans loca t ion  of ma te r i a l .  

Figure 6 shows two impor tan t  f e a t u r e s  of t he  coat  which a r e  common. One 
is  the wr inkled  a p p e a r a n c e  which i s  sugges t ive  of t he  con t r ac t ion  of a  ge l  
upon dehydra t ion .  This  g e l  p robab ly  cons i s t s  of complexed ions  of Al, Fe, 
Mn, and  Si i n  the  main .  The more so luble  ca t i ons  Mg, Ca ,  K a n d  Na a r e  
less l ike ly .  This  i d e a  i s  suppor t ed  by  the  f i nd ings  of a r e a  s c a n s  of su r -  
faces with a n  energy-d ispers ive  x- ray  a n a l y s e r  (EDS) f i t t ed  to  t h e  SEM 
(Table 1 ) .  

Table  1  Energy Dispersive Spectrometer semi-quant i ta t ive  
a n a l y s e s  of major  ca t i ons  for  v a r i o u s  a r e a s  of 
v a r n i s h  coa t .  

Zone 

Surface 1 

2 

3 

'Nodules'  1 

2 

3 

4 

Area 
l-'n-l 

50x50 

10x10 

10x10 

S i  A1 Ca Mg K Na Fe Mn 

60 15 4 1 3  1 10 3 

45 14 0 0 4 5 15 8 

63 21 0 0 0 0 5 2 

48 38 0 0 0 0 3 0 

50 25 5 2 0 0 12 12 

80 3 0 2 0 0 4 0 

48 21 0 4 0 0 15 10 



Fig. 5 Scanning electron micrograph showing thin layer 
of varnish coat. Scale between bars i s  30 p m .  

Fig. 6 Close up of wrinkled varnish surface with small 
nodules. ka le  between bare is 3 rrn 



Fig.  7 300K Mblssbauer spectrum of surface  coat .  
The numbers a r e  referred to i n  the text .  

Table 2 Peaks and parameters for MUssbauer Spectrum 

1 Possible 
I n t e rp re ta t  ion I 

haernat i t e  

Fe(OHI3 ge l  

weathered b l o t  i t e  

AE ,,,,, s-l 

1,04 

2,61 

Peaks 

1,2,3,4,5,6 

7,8 

9,lO 

Type 

Ferrornagnet i c  

High Spin F~I'I 

High Spin ~ e "  

I 

6 mn s - I  

0.34 

1.14 
I 



Also seen in  Fig. 6 a r e  small nodules,  usua l ly  1-2 P m i n  diameter. These 
a p p e a r  to be on top of the skin  or  coat but a r e  assumed to be pa r t  of the 
overa l l  va rn i sh  s t ructure .  The composition of the coat shows concentrations 
of Mn and Fe and  these nodules a r e  mostly r ich  in  these elements too (Table 
1 ) .  The reason for the formation a n d  composition of these nodules i s  now 
known. 

Cross sections of f r ac tu re  surfaces  of the va rn i sh  often show a layered struc- 
ture  where the skin i s  more than  a few micrometres thick.  No dist inct  clay 
minerals  have been seen to have formed a n d  x-ray diffraction has  given 
indeterminate resul ts  to da te .  

This technique (12) h a s  been used to t r y  to character ize  the iron component 
in the va rn i sh .  Material  for the specimen was obta ined by careful ly  scraping 
some of the c rus t  and  concentrat ing t h i s  in  the specimen holder. A typical 
spectrum i s  shown in Fig. 7.  This was obtained a t  300K; low temperature 
spect ra  were much less  d is t inct .  

The in terpre ta t ion i s  s t i l l  not c l e a r  but tenta t ively  the peaks  can  be grouped 
into three components with parameters 6 (isomer s h i f t )  and  A E  (quadrupole 
s p l i t t i n g )  shown together with possible in terpre ta t ions  in  Table 2. 

The or ig in  of the ferromagnetic mater ia l  which has  the form of the iron spec- 
trum may be a form of haematite. The gel  s t ruc tu re ,  a lso  found by Herzenberg 
and Toms (13) i s  a lso  in  l ine with the idea  mentioned above tha t  the weather- 
ing of the rock i s  complex and  produces a gel  which may contain Fe, Al, 
Mn and Si. Whalley (14) h a s  shown tha t  a r a p i d l y  d ry ing  solution containing 
S I ( O H ) ~  produces a gel-like precipi ta te  which can  show a contraction-wrinkled 

surface.  Further work on the elucidation of the va rn i sh  s t ructure  i s  in 
progress.  

DESERT VARNISH A N D  WEATHERING 

The va rn i sh  formation outl ined above presents  some restr ict ion to overall 
weathering a s  the mater ia l  i s  ba re ly  moved from the rock where i t  i s  pro- 
duced.  However, it does show the importance of chemical a s  well a s  mecha- 
nical  processes ac t ing a t  high a l t i tudes .  Furthermore, the va rn i sh  coat does 
tend to spl in ter  off ( F i g .  4 )  and  the process can  be repeated.  I t  i s  possible 
that  g r a n u l a r  d is in tegra t ion a s  shown in Fig. 2 may be dependent upon the 
size and mineralogy of the rock concerned, or  i t  may be controlled largely 
by environmental factors such a s  precipi ta t ion.  

Clearly there i s  much yet to l ea rn  about high a l t i tude  rock weathering pro- 
cesses of a l l  k inds ,  but the importance of chemical effects i s  undeniable.  
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ABSTRACT 

Meltwater runoff from g l a c i e r s  a n d  snow f i e lds  v a r i e s  s easona l ly ,  with 
d a y  to d a y  hydrometeorological  condi t ions ,  a n d  d i u r n a l l y .  Suspended 
sediment t r a n s p o r t  i s  h igh  in  meltwater  r i v e r s  but  does not have  a  simple 
r e l a t ionsh ip  with d i s c h a r g e ,  a n d  so lu te  concent ra t ions  depend on the 
e n g l a c i a l  o r  s u b g l a c i a l  p a t h  of the  meltwater  a s  well a s  on rock type. 
Quan t i t a t i ve  unde r s t and ing  of meltwater  runoff ,  sol id load  a n d  hydro- 
chemis t ry  i n  the  Alps, S c a n d i n a v i a ,  a n d  North America h a s  been improved 
by continuous monitoring of r i v e r  conduct iv i ty  a n d  t u r b i d i t y  a s  well a s  
s t a g e ,  automatic  water  sampl ing  a t  f requent  i n t e r v a l s ,  a n d  use of atomic 
absorpt ion  spectroscopy a n d  ion-selective e lec t rodes .  

The sediment removed by meltwater runoff may come from benea th ,  above 
o r  downstream from the  g l a c i e r .  Sources of suspended a n d  dissolved 
sediment c a n  be in fe r r ed  c rude ly  from changes  in  t u r b i d i t y  a n d  conductivity 
a long meltwater routes .  They c a n  a l s o  be inves t iga t ed  a t  the microscale 
by l abo ra to ry  a n a l y s i s  of rock samples a n d  weathered d e b r i s  from different 
a l t i t u d e s  us ing  scann ing  electron microscopy, X-ray d i f f r ac t ion ,  microprobe 
a n a l y s i s  a n d  o ther  techniques  a l r e a d y  app l i ed  to rock d e b r i s  from the 
Alps a n d  Hindu Kush. Rockfall cont r ibut ions  c a n  be assessed  by time- 
l a p s e  photography,  a n d  bedload t r a n s p o r t  i n  meltwater r i v e r s  may be 
p red ic t ab le  from h y d r a u l i c  p rope r t i e s  ob ta ined  d u r i n g  g a u g i n g  by the 
veloci ty-area o r  d i lu t ion  methods. 

INTRODUCTION 

Each y e a r  the l n d u s  River c a r r i e s  some 500 million tonnes of solid 
a n d  d isso lved  rock to the  ocean ( 1 ) .  This  huge load ,  2  - 3% of the total 
erosion of the  cont inents ,  i s  de r ived  very  l a r g e l y  from the Karakoram, 
Himalaya.  a n d  Hindu Kush mountains v i a  major t r i b u t a r i e s  from the 
Kabul River in  the northwest f ront ie r  to the Chenab in  the Pun jab .  The 
h ighes t  recorded erosion r a t e  of a l l  i s  for  the Hunza River t r i b u t a r y  to 
the  l n d u s  in  the western Karakoram, whose suspended sediment concentrat ions 
( 2 )  i nd ica t e  a n n u a l  erosion of c .  5000 tonnes km-2 which i s  equ iva l en t  to an 
a v e r a g e  lowering of the e n t i r e  l andscape  by c .  2  m every  1000 y e a r s .  



This except iona l ly  r a p i d  erosion i s  almost e n t i r e l y  r e s t r i c t ed  to t he  
summer months (June-September)  when r i v e r  d i s c h a r g e  r eaches  20 - 50 t imes ,  
and s i l t  concent ra t ion  500 - 1000 t imes,  t he  win ter  leve l  ( 2 ) .  I n  t h i s  
northern ex t remi ty  of P a k i s t a n  t he  source  of summer runoff ,  a n d  t h u s  
erosion, i s  not s o  much the  monsoon r a i n s  a s  r a p i d  melt ing of win ter  snow 
and g l ac i e r  ice.  The meltwater  f loods a r e  one of P a k i s t a n ' s  major n a t u r a l  
resources ( i r r i g a t i o n  w a t e r ,  hydro-e lec t r ic  power)  bu t  a l s o  pose s e r ious  
problems (f lood h a z a r d ,  s i l t i n g  of r e s e r v o i r s ,  wash ing  a w a y  of r o a d s  a n d  
cul t ivated l a n d ) .  

Ful ler  u n d e r s t a n d i n g  of t he  sources  of meltwater  runoff a n d  i t s  so l id  
and dissolved load  should  be  of v a l u e  i n  manag ing  P a k i s t a n ' s  wa te r  
resources. Our work i n  t he  Karakoram,  following on a s  i t  does from s imi l a r  
invest igat ions i n  o the r  g l a c i e r i s e d  mountain r a n g e s ,  wi l l  we hope a s s i s t  
this unde r s t and ing  while  a l s o  r evea l ing  sc i en t i f i ca l l y  impor tan t  c o n t r a s t s  
with the lower,  l e s s  geomorphica l ly  a c t i v e ,  mountains of h i g h e r  a l t i t u d e s .  
We surnmarise below some modern sc ien t i f ic  techniques  for t he  i nves t iga t ions  
of meltwater runoff a n d  eros ion ,  unde r  four  h e a d i n g s :  runoff measurement ,  
sediment load  measurement .  runoff sources  a n d  sediment sources .  

RUNOFF MEASUREMENT 

Rivers fed by meltwater  a r e  c h a r a c t e r i s e d  by h igh  peak  d i s c h a r g e s  
and cycl ic  v a r i a t i o n s  i n  flow, e spec i a l l y  s ea sona l ly  but  a l s o  d i u r n a l l y ,  
since melting r a t e s  of snow a n d  ice depend on a i r  t empera ture  a n d  o the r  
hydrometeorological condi t ions .  S tudy  of meltwater  hydro logy t h u s  r e q u i r e s  
frequent monitoring of s t ream l eve l s ,  o r  p r e fe rab ly  cont inuous  measurement 
using a  f loat  mechanism enclosed in a  s t i l l i n g  well a n d  l i nked  to t he  
pen of a  clockwork c h a r t  r eco rde r .  ~ u a s i - c o n t i n u o u s  record ing  c a n  a l s o  
be achieved  by d i g i t a l  d a t a  logging  of t he  s i g n a l  from a f loa t -dr iven  
rotary potentiometer o r  from a p r e s s u r e  t r a n s d u c e r  on the  s t ream bed .  
Conversion of cont inuous  records  of wa te r  leve l  to  d i s c h a r g e  r e q u i r e s  t he  
estimation of a  d i s c h a r g e  r a t i n g  c u r v e  by measur ing  d i s c h a r g e  a t  d i f fe ren t  
water leve ls .  At permanent  g a u g i n g  s t a t i o n s  t h i s  i s  normal ly  done by 
means of a  cable-suspended c u r r e n t  meter ,  a n d  where road  b r i d g e s  a r e  
ava i l ab l e  t h i s  i s  the  best  t echnique  for  f a i r l y  l a r g e  meltwater  r i v e r s .  
Small melt s t reams may be wadeable so t h a t  ve loc i t ies  c a n  be measured  
by f loa ts  ( 3 )  o r  hand-held c u r r e n t  meter ,  bu t  i n  both intermediate-sized 
and small s t r eams ,  i nc lud ing  s u p r a g l a c i a l  ones 4 g a u g i n g  i s  best  done 
by the d i lu t ion  method (5 ,  6 )  u s ing  e i t h e r  common s a l t  (NaC1) o r  
rhodamine-WT dye  a s  t he  t r a c e r ,  a n d  a conduct iv i ty  meter o r  f luorimeter  
respect ively to  measure the  degree  of d i lu t ion  of e i t h e r  a  cons t an t - r a t e  
or sudden inject ion of t r a c e r .  The h igh  tu rbu len t  diffusion in s teep  
mountain s t reams ( 7 )  reduces  t he  neces sa ry  mixing l eng th  but  makes i t s  
correct choice c r i t i c a l  if t r a c e r  concent ra t ion  i s  not to d rop  below the  
detectable l imi t ;  a n d  most Karakoram r i v e r s  have  such h igh  d i s c h a r g e s  
that  impossibly bulky  and /o r  expens ive  q u a n t i t i e s  of t r a c e r  would be 
requi red .  Gauging here  i s  dependent  on the  a v a i l a b i l i t y  of winch-supported 
cur ren t  meters a n d  of b r idges  from which to use them. 

SEDIMENT LOAD MEASUREMENT 

The mass t r a n s p o r t  r a t e  of suspended o r  d isso lved  sediment in  a  r i v e r  
i s  found a s  the product  of wa te r  d i s c h a r g e  a n d  sediment concent ra t ion .  
Since suspended sediment concent ra t ion  t ends  to i nc rease  g r e a t l y  with 
d ischarge  the  long-term sol id load  of a  r i v e r  c a n  be f a r  g r e a t e r  t h a n  



the product of ave rage  discharge  and  average  sediment concentration; 
and the opposite i s  t rue  of dissolved load.  In  each case  a more accurate 
picture can  only be pieced together by intensive water sampling and 
a n a l y s i s ,  especia l ly  dur ing  flood periods.  

Collins (8 ,  9 )  h a s  successfully used automatic vacuum samplers to 
inves t igate  the d i u r n a l  va r i a t ion  i n  suspended load in  Swiss meltwater 
r ive r s .  These devices (F ig .  1) obta in  twenty-four successive samples by 
suction.  using a clockwork or  battery-powered timer to re lease  a t  a  constant 
in te rva l  ( e . g . ,  hourly the c l ips  on tubes  leading to successive sample 
bott les.  Increas ing the sampling in te rva l  allows the collection of less 
frequent samples over a longer to ta l  unattended period.  Once a l l  twenty- 
four samples have been collected they a r e  pressure  f i l tered through 
preweighed f i l ter  papers  which a r e  sealed in  numbered plas t ic  bags for 
subsequent weighing in  the l abora to ry .  The chief problem in  small meltwater 
streams i s  the coarse na tu re  of the suspended load ,  which can clog up 
the suction tubes and  a l so  l eads  to considerable random sampling variation 
since the loss or  cap tu re  of individual  l a rge  g r a i n s  may have a major 
effect on to ta l  sediment mass in  the sample. 

Total dissolved sediment (TDS)  concentrat ions can  be determined from 
automatically-collected samples by evaporat ion and  weighing, and 
concentrat ions of ind iv idua l  dissolved ions may be determined by atomic 
absorption spectroscopy. These techniques require  laboratory  facilities 
and therefore the s torage a n d  t ranspor t  of water samples. To minimise 
a l tera t ion of ionic balance  and  solute loss by absorption onto suspended 
solids it i s  essent ia l  to f i l te r  samples in  the field and store them under 
ref r igera t ion.  An a l t e rna t ive  ana ly t i c  technique tha t  avoids th is  problem 
is  the use of ion-selective electrodes and  a su i t ab ly  ca l ib ra ted  pH meter 
( 101, but field resul ts  using battery-powered instruments a r e  questionable 
because of systematic instrumental  d r i f t .  A th i rd  possibil i ty for field 
a n a l y s i s  i s  the range of t i t ra t ion and calorimetric methods described in 
s t a n d a r d  handbooks ( 1  1) .  

A f inal  and very useful field technique i s  to obta in  a continuous chart  
record of the e lec t r ica l  conductivity of a meltwater stream, which i s  l inearly 
proportional to TDS assuming constant  temperature and ionic balance. 
Bat tery-powered conductivity meters and  c h a r t  recorders (F ig .  1 )  have 
proved very re l iable  in Switzerland and Canada ( 9 ,  12 )  and a s  explained 
below the continuous record gives  ins ight  into runoff sources a s  well as 
sediment loads .  

RUNOFF SOURCES 

Streamflow from heavily g lacier ised catchments a r i ses  from various 
sources in proportions that  change over time in absolute and relative 
Importance. Extraglacia l  r a in fa l l  inputs  can readi ly  be assessed using 
a simple temporary rain-gauge network, but the ex t rag lac ia l  snowmelt 
contribution in the Karakoram will remain uncertain in the absence of 
year-round precipitat ion measurements and snowpack surveys .  

Available climatological information suggests tha t  the bulk of Karakoram 
runoff  i s  derived from glacier  ab la t ion ,  but the streams emerging from 
glacier  snouts may a lso  contain water in i t ia l ly  derived from ra in fa l l ,  
valley-side snowmelt, or groundwater sp r ings .  In typical  temperate valley 
g lac ie r s  water from a l l  these sources passes along a n  organised network 
of progressively bigger subglacia l  conduits  ( 1 3 ) .  The nature  of this 



K E Y :  A. Automatic water sampler 
B .  Crate of sampled bottles for A 
C .  Meter for conductivity measurements 
D.  Recorder for C 
E .  Conductivity probe 

FIG. 1. TYPICAL FIELD INSTALLATION FOR SEDIMENT AND 
SOLUTE MONITORING. 



in te rna l  d r a i n a g e  system i s  thought to have a bear ing on both short-term 
var ia t ions  in g lac ie r  s l id ing (1.4) and  long-term periodic surging ( 1 5 ) ,  
and  meltwater floods may be re la ted  to subg lac ia l  d ra inage  of ice-dammed 
lakes  (13) or  sudden shi f ts  in the position of subg lac ia l  channels  a s  in 
1972 under the Batura g lac ie r  ( 1 6 ) .  Compared to the a lp ine  g lac ie r s  hitherto 
inves t igated,  the Karakoram g lac ie r s  have g rea te r  summer precipitat ion 
and  ava lanche  nourishment and  a r e  much longer.  Their hydrological 
behaviour may well be different  i n  de ta i l  but  the same techniques of 
inves t igat ion a r e  thought appropr ia te .  

The seasonal  cycle of snow and  ice melt depends pr imar i ly  on gross 
so la r  r ad ia t ion  but weather va r i a t ions  (especia l ly  cloud cover or  f resh  
snowfall)  may subs tan t i a l ly  reduce net insolat ion and thus  r ive r  d ischarge .  
Basic meteorological observat ions  a r e  thus  a n  essent ia l  prerequis i te  for 
in te rp re t ing  short-term fluctuations in  runoff ,  a n d  rugged lightweight auto- 
matic weather s ta t ions  scanned frequently by a d ig i t a l  d a t a  logger (17)  
a r e  ideal .  Correlation coefficients ca lcula ted  between mean or  maximum 
d a i l y  d ischarge  and  temperature or  r ad ia t ion  a t  d i f ferent  l a g s  can indicate 
the de lays  involved in  meltwater flow from source a r e a s  to proglacia l  r ivers :  
1 - 3 d a y s  in  Switzerland (18)  but probably  more in  the very long 
(>SO km) val ley  g lac ie r s  of the Karakoram. 

The small temperate val ley  g lac ie r s  studied in  other p a r t s  of the world 
invar iab ly  show marked d i u r n a l  runoff cycles whose afternoon or  evening 
peaks  a r e  in terpre ted a s  the d a y ' s  meltwater from the abla t ion zone. 
Flow does not cease ent i re ly  a t  night  ; ins tead there  i s  a seasonal ly  varying 
background contribution which could a r i s e  e i ther  from the g rea te r  delay 
experienced by meltwater conveyed subglacia l ly  from d i s t an t  p a r t s  of the 
g lac ie r  or from delays  due to s torage in  f i r n ,  crevasses ,  or  a t  the g lacier  
bed away from conduits .  

The re la t ive  importance of r ap id  and delayed runoff may be assessed 
by conventional hydrograph separa t ion ( e . g .  19) or  by hydrochemical 
a n a l y s i s  a: pioneered by Collins ( 2 0 ) .  Variat ions in  e lec t r ica l  conductivity 
( a n d  thus TDS) in  glacier-fed r ive r s  reflect the mixing, in changing 
proportion through time, of almost pure  surface-derived meltwater and 
chemically enriched water tha t  h a s  been in  prolonged contact with the 
g lac ie r  bed e i ther  a s  diffuse sheets or  in  smal l ,  slow subglacia l  streams. 
The re la t ive  contributions of baseflow and  rap id  melt runoff can be 
quant i f ied  using a simple mass balance  model. This technique has  been 
appl ied  successfully in  Switzerland (21) and Canada (12)  and will now 
be t r i ed  on the much l a r g e r  Karakoram g lac ie r s .  

SEDIMENT SOURCES 

It i s  c l e a r  from the m e a ~ u r e d  sediment concentrations in  the Indus 
and  i t s  t r ibu ta r i e s  tha t  the Karakoram and adjacent  mountains a r e  under- 
going rap id  erosion,  but f a r  less c l ea r  whether the main sediment sources 
a r e  high and remote ( e . g .  mountain sides and glacier  beds)  or lower and 
more l ikely to a f fec t  the local inhab i t an t s  ( a s  with erosion of r iver  channels 
or cul t ivated valley l a n d s ) .  Of course these a r e  not mutually exclusivt. 
a l t e rna t ives :  debr is  eroded from mountain s ides ,  for  example by rockfalls  
or  ava lanches ,  may be deposited and stored for long periods before oncc 
a g a i n  being eroded,  perhaps  th is  time by r a i n  or r ive r  action. Sediment 
stores such a s  l a t e r a l  moraines, ice-cored terminal moraines, and river 
ter races  act a s  buf fe r s  between the hillslope and r ive r  sediment transport  
svstems and make i t  very di f f icul t  to assess  the long-term importance of 



di f fe ren t  sediment sources  from only  short-term measurements .  Nonetheless 
much c a n  be l e a r n e d  by p iec ing  toge ther  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  
evidence a t  a  v a r i e t y  of s p a t i a l  s ca l e s .  

A f i r s t  way of compar ing  erosion r a t e s  i n  d i f fe ren t  l oca l  a r e a s ,  a n d  
thus  beginning  to  p inpoin t  major sediment sou rces ,  i s  to  measure  r i v e r  
flow a n d  sediment concent ra t ion  ( s o l i d  a n d  d i s s o l v e d )  a t  not jus t  one bu t  
s eve ra l  s i t e s .  Measurements on two d i f fe ren t  t r i b u t a r i e s  of a  r i v e r  may 
enab le  a  comparison of erosion from glac ie r -covered  a n d  g lac ie r - f ree  t e r r a i n ,  
o r  on two d i f fe ren t  t ypes  of rock expe r i enc ing  the  same geomorphic processes .  
Measurements a t  d i f fe ren t  s i t e s  a long  the  same r i v e r  al low es t imat ion  of 
the  net erosion ( o r  depos i t i on )  a long  a  s t r e t ch  of v a l l e y .  A c a r e f u l l y  
located se t  of s ampl ing  s i t e s  c a n  t h u s  r e v e a l  much about  t he  geograph ic  
v a r i a b i l i t y  of erosion wi th in  the  mountain a r e a .  Moreover, i n t ens ive  
measurements a t  e a c h  s i t e  may i n d i c a t e  whether  erosion in  t he  c o n t r i b u t i n g  
a r e a  i s  l imited by the  a v a i l a b i l i t y  of weathered  sediment o r  by the  c a p a c i t y  
of the  r i v e r s :  i f  t he  l a t t e r ,  the  same d i s c h a r g e  should  be  accompanied 
by the  same suspended  a n d  d isso lved  sediment concen t r a t i ons  on eve ry  
occasion,  whereas  d i f fe rences  i n  concent ra t ion  for  a  g iven  d i s c h a r g e  sugges t  
a  v a r i a b l e  s u p p l y  of sediment .  For example ,  t he  s i l t  concen t r a t i ons  of 
the  Hunza River a p p e a r  to  be h i g h e r  i n  J u n e  t h a n  September desp i t e  s i m i l a r  
d i s cha rges  ( 2 )  sugges t ing  f l u sh ing  out  by  the  f i r s t  meltwaters  of loose 
mater ia l  accumula ted  over  t he  w in t e r ;  a n d  the  wide r a n g e  of concen t r a t i ons  
observed a t  s imi l a r  d i s c h a r g e s  i n  a  Swiss p r o g l a c i a l  r i v e r  l ed  Coll ins  
( 8 )  to sugges t  t h a t  s u b g l a c i a l  c h a n n e l s  pe r iod i ca l ly  migra te  a n d  t a p  f r e s h  
pockets of t i l l .  

The r i v e r  measurements  desc r ibed  so  f a r  neglect  the  t r a n s p o r t  of sediment 
a s  bedload .  In meltwater  s t reams t h i s  may comprise up  to ha l f  the  t o t a l  
load (22)  but  i s  allnost irnpossible to measure  without e l a b o r a t e  permanent  
s t ruc tu re s .  The s ize  a n d  amount of ma te r i a l  moved c a n  however be es t imated  
from h y d r a u l i c  p rope r t i e s  of t he  r i v e r  u s ing  the  well-known Shie lds  c r i t e r ion  
and  a n y  of s eve ra l  bedload  equa t ions .  Formulae a p p l i c a b l e  to  coarse-  
bed meltwater r i v e r s  a r e  reviewed by  Church a n d  Gilbert  ( 2 3 ) ;  one promising 
addi t ion  i s  t h a t  of Bagnold ( 2 4 ) .  The neces sa ry  information on r i v e r  
d i s c h a r g e ,  d e p t h ,  w id th ,  a n d  slope c a n  be ob ta ined  by s t ream g a u g i n g  
us ing  the  ve loc i ty-area  o r  d i lu t ion  methods, p l u s  e lementary  s u r v e y i n g  
us ing  a n  automatic  leve l  o r  l e s s  soph i s t i ca t ed  equipment .  

Hewitt ( 25 )  cons idered  rock fa l l s  to be a  major sediment source  i n  t h e  
Karakoram, not s u r p r i s i n g l y  i n  view of t he  prec ip i tous  unvege ta t ed  s lopes  
and  in tense  f ros t - sha t te r ing  p reva l en t  in  the  g l a c i e r  v a l l e y s .  Techniques  
for  a s se s s ing  rockfa l l  magni tude  a n d  f r equency ,  i nc lud ing  the  use  of time- 
l apse  pho tog raphy ,  a r e  d i s cus sed  by Whalley ( 2 6 )  a n d  Brunsden a n d  Jones  
( t h i s  volume).  

Complementary to  a l l  these techniques  fo r  e s t ima t ing  mean erosion r a t e s  
over  more o r  l e s s  ex tens ive  a r e a s  i s  t he  i nves t iga t ion  by f i e ld  a n d  
l abo ra to ry  techniques  of microscale wea the r ing  processes  a n d  p roduc t s .  

In the  a r i d  h igh  mountains of t he  Hindu Kush, Whalley (27 )  h a s  found 
dese r t -va rn i sh  wea the r ing  r i n d s  t h a t  a r e  poss ib ly  promoted by the  v e r y  
h igh  u l t r av io l e t  r a d i a t i o n  f l ux  a t  a l t i t u d e s  above  5000 m .  Assessment 
of t h i s ,  and  o ther  more f ami l i a r  wea the r ing  processes  such a s  f ros t -  
s h a t t e r i n g ,  s a l t  c r y s t a l l i s a t i o n  a n d  h y d r a t i o n ,  r e q u i r e s  measurement of 
d i u r n a l  f luc tua t ions  i n  such microclimatic v a r i a b l e s  a s  su r f ace  t empera tu re ,  
wetness,  a n d  U V  a n d  shor twave  r a d i a t i o n  f l u x ,  a l s o  of tempera tures  a t  
d i f f e r en t  dep ths  within rocks.  Many of these  c a n  be recorded au toma t i ca l ly  
a t  hourly o r  sho r t e r  i n t e r v a l s  us ing  a  bat tery-powered mul t ichannel  magnetic  



casset te  d a t a  logger. 

Modern techniques of laboratory  ana lys i s  can reveal  much about the 
weathering history of rock and debr is  samples from different al t i tudes 
and  microenvironments. One useful technique i s  scanning electron 
microscopy. which has  revealed character is t ic  differences in surface textures 
of quar tz  g r a i n s  from different g lac ia l  and  f luvia l  environments in the 
Alps and Hindu Kush (28. 29) and  throws much l ight  on the origin of 
the s i l t  load in high-mountain r ive rs  (30) .  Clues to the nature  of chemical 
weathering processes a r e  given by the elemental conlposition of surface 
weathering c r u s t s ,  which can be determined in the laboratory  by n~icroprobe 
a n a l y s i s ,  and  the presence of different c lay minerals,  determined by X-ray 
diffraction and  thermal methods. Conrplementary to th is  i s  the chemical 
a n a l y s i s  of snowmelt waters from the s i tes  a t  which weathered rock samples 
a r e  collected. The techniques here a r e  essent ia l ly  the same a s  for river 
water chemistry a n a l y s i s  except tha t  pH may a lso  be of in teres t .  

CONCLUSION 

It will be apparen t  from this  review that  the scientific study of melt- 
water runoff and erosion in high mountain a r e a s  i s  f raught  with difficulties 
qui te  a p a r t  from the in t r ins ic  hazards  and  inaccessibil i ty.  It i s  impossible 
to observe what i s  happening on r ive r  beds or  beneath g lac ie r s ,  and the 
high var iab i l i ty  in runoff and  geomorphic processes necessitates intensive 
measurements. Modern field techniques developed by geographers and 
other ea r th  scientists  a r e  of great  value in allowing unattended sampling 
and  monitoring of environmental properties,  and  laboratory analys is  of 
water and  rock samples provides very significant addi t ional  information. 
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The geomorphology of high magnitude - low frequency events 
in the Karakoram mountains 
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ABSTRACT 

The conceptual  b a s i s  of h igh  magnitude-low f requency event  s t u d i e s  
in h igh  mountains i s  descr ibed  a n d  the  use of a  T rans i en t  Form Ratio 
to i so la te  the  s t a b i l i t y  s t a t e  of the  landform evolut ion p a t t e r n  i s  proposed.  
Methods of s tudy  a n d  the  use of the  Karakoram Project (1980) for Hazard 
su rveys  a r e  out l ined .  

lNTRODUCT ION 

Recent reviews of the geomorphology of h igh  mountains ( 1 )  ( 2 )  ( 3 )  h a v e  
emphasised t h a t  h igh  magnitude-low f requency even t s  should  be cons idered  
a s  the formative events  of medium a n d  long term l a n d s c a p e  evolu t ion .  
During these even t s ,  the  amount of work accomplished,  a n d  the  way 
In which slope a n d  channe l  un i t s  a r e  in t imate ly  l inked in a  sediment 
t r ans fe r  system, sugges t s  t h a t  g ros s  va l l ey  a n d  slope forms a r e  best  
considered a s  h igh  magni tude  response forms. In t e rven ing  per iods  a r e  
cha rac t e r i s ed  by on1 y slow adjus tments  of s lope form, r ed i s t r ibu t ion  
of d e b r i s ,  channe l  i nc i s ion ,  revegeta t ion  o r  d e g r a d a t i o n a l  smoothing 
of morphological d iscont inui t ies  ( 4 )  ( 5 )  ( 6 )  ( 7 ) .  

I f  p rogress  i s  to be made in  unde r s t and ing  such l a n d s c a p e s ,  i t  i s  e s s e n t i a l  
tha t  research  programmes a r e  devised  to assemble information on ( a )  the  
f requency a n d  mean a r r i v a l  times of events  of d i f fe rent  magni tude ,  ( b )  a n  
a n a l y s i s  of those events  which a c t u a l l y  do most work in  i n i t i a t i n g  c h a r a c -  
te r i s t ic  o r  pers i s ten t  form; the  formative even t s ,  ( c )  the length  of time 
requi red  for a  r e tu rn  to the previous  o r  to a  new system s t a t e .  This  infor- 
mation i s  r equ i r ed  to a s s e s s  the occurrence of c h a r a c t e r i s t i c  a n d  t r a n s i e n t  
landform p a t t e r n s  for the region a s  defined by the Trans i en t  Form Ratio, 
(TFR).  

TFR = 
mean recovery time 

mean a r r i v a l  time of formative events  

when TFR>1.0 the  landform may be r e g a r d e d  a s  s t a b l e ,  a n d  

when TFR<l.O the landform may be r e g a r d e d  a s  u n s t a b l e .  



DISCUSSION 

Currently avai lable  da t a ,  see Table 1, suggest that  the mean a r r i va l  times 
of formative events on hillslopes in high mountains are approximately 5 to 
20 years  compared with 1 to 30-100 years  in New Zealand and 1 to 500 years 
for a r id  zone a reas  and 1 to greater  than 1000 years  for northern Europe. 
For a  further discussion, see references ( 8 )  and (9). 

T A B L E  1  Formative Event Frequencies, Relaxation Times and 
Transient Form Ratios for some Landform Systems 

Recovery times given in Table 1  range from 10-I to years for sofr 

Landform system 

Cliffs 

Clay sea cliffs U K  
Sand cliffs U K  
Clay hillslopes U K  
Gravel moraines (Athabasca)  
Silt cliffs,  Louisiana 
Granite, Dartmoor 

Landslides 

Appalachians 
Auckland, N.Z.  
Himalaya 
Japan 
Hawaii 
Tanzania 

Channels and Floods 

S. Fork R .  USA 
Mad R .  USA 
Patuxet R .  
Appalachians 

-6 
rocks to 10 years for hard rocks with obvious variations for environment 
and geomorphological sub-systems. These figures indicate that high mountair)? 
have rapid recovery times but a  very high frequency of events capable 
~f causing landscape change. They may well, therefore, be characterisetl 
by a  form or suite of forms typical of frequent disturbance, continuous 
adjustment and rapid transmission times for debris.  The process balance 
on hillslopes is dependent on the rate  of weathering and that of sediment 
slopes ( sc rees )  or valley floors dependent on transport rates and storage 
tlmes. Equivalent figures for channel systems (Table 1) indicate that 
characteristic.  more stable cross sectional and downslope forms can exist ,  

Formative Event 
Frequency 

Years 

9 
40 
1000-5000 
1000-5000 
>1000-5000 
>50,000 

> 100 
30 
10-20 
5-10 
1 
10 

50-100 
50-100 
100-200 
100 

Relaxation 
Time 

Years 

100-500 
100 
10,000 
10 
150 
1,000,000 

> 25 
> 25-30 
10 
25 
3-5 
2-10 

5 
10 
15 
10 

Transient 
Form 
Ratio 

11-55 
2.5 
2-10 
0.01-0.003 
0.15 
25 

0.25 
1.0 
1.0-0.5 
2.5-5.0 1 
3-5 
0.2-1.0 

0.1-0.05 
0.2-0.1 
0.075 
0.1 

.. J 



for the recovery to a new s ta te  i s  possible before the next "formative" flood 
event a r r ives .  

In the field study a r e a  of the Royal Geographical Society, Karakoram Project 
1980 and  especia l ly  in the Hunza Valley above Gilgit ,  these concepts a r e  
of pa r t i cu la r  importance; Fig. 1. The enormous absolute e levat ion,  r e l a t ive  
rel ief ,  slope steepness,  climatic vigour and  the ex te rna l  controls exerted by 
ea r thquake ,  intense precipitat ion and  snow melt combine to form a n  environ- 
mental domain dominated by extremes. 

F ig .  1 .  The Hunza Valley 



TABLE 2 Outline of haza rd  assessment techniques 

In these circumstances i t  i s  necessary to design a field programme which 
records the location,  date ,  pa t t e rn  and  magnitude of events and  which can 
be used a s  a sampling framework for the elucidation of recovery times and 
persistence times of such events in the landscape.  

An essent ia l  element in the programme i s  to obta in  a rea l is t ic  picture of 
frequency based upon re l iable  da tes ,  and  a l l  common da t ing  methods a re  
employed including re la t ive  da t ing  by s t r a t i g r a p h i c a l  and  morphological 
methods, the use of h is tor ica l  sources,  o r a l  t radi t ion and  folk memory, dend- 

Approach 

Mapping 

Mapping 

No.1 
Mapping 

rochronology and lichenometry, and  pollen a n a l y s i s  or  radio-carbon dat ing 
on soils or organic  mater ia ls  buried by the ca tas t rophic  debr is  deposits. 
Of pa r t i cu la r  importance i s  lichenometry using Rhizocarpon geographicurn, 
Acarosporam Chloropana and  Lecidea lac tea  (10) which a r e  common in the 
a r e a  ( for  a convenient summary see Hewitt (11) and  severa l  fine records 

Scale 

1:200 - 1:10,000 
Site scale  
- 
1:10,000 - 
1 : 100.000 
Regional Scale 

Site-Region 

.- 

Site 

Site 

Site 

Type 

Direct 
( F i e l d )  

lndi rect  

Other 

on geomorphological change ( 12) .  The 1980 Karakoram project will provide 
one more date l ine  point to a s s i s t  future s tudies .  

Description 

Direct field rnapping of haza rd  
forms 

Mapping of secondary o r  predict ive 
va r i ab les .  Slope geometry, material 

1 types ,  d ra inage  performance, vege- 
t a t ion ,  anthropogenic.  

lsopleth map, haza rd  scoring 
techniques.  

Proformas a n d  checklists  for serni- 
quan t i t a t ive  d a t a  collections 

- 

Instrumentation 

Sta t is t ica l  r i sk  and  s t ab i l i ty  
a n a l y s i s .  

A major aim of the research will be to use the field maps and the parameter 
values  of the controll ing environmental va r i ab les  to generate a hazard  
assessment of the valley for p lanning and  engineering purposes. The Hunza 
Valley must represent  one of the most awesome and in t rac tab le  landscapes 
on ea r th  for sophist icated engineering des igns .  Existing projects such a s  
the Karakoram Highway, a s  well a s  future ideas  for r iver  flood control, 
i r r iga t ion .  br idge construction and  access,  can  only benefit from a survey 
of possible n a t u r a l  haza rds .  

The main haza rds  a l ready  known for the a r e a ,  see Table 3 , include flooding, 
g lac ie r  su rge ,  rockfal l ,  major landsl ide  and catas t rophic  d is in tegra t ing 
debr i s  flows caused by f lu idisa t ion and n a t u r a l  dam burs ts .  These 
phenomena will be s tudied using a va r i e ty  of haza rd  mapping techniques 
(Table  2) and will supplement the studies of the ea r thquake  res is tant  build- 
ing survey to produce a framework for future development projects. Site 



Table 3 Information on major haza rds  
-- 

Date or 
1.oca t ion -- Hazard Frequency Source -- 

1. 80 miles Landslide 1 to 2 Fa r  East Ec. Rev. 14.10.79 
North cf Gilgit months 

2. 45 miles Rockfall Winter Far East Ec. Rev. 14.10.79 
North of Gilgit thaw 

3. 120 krn N N E  of I 
Pattan Earth- 28.12.74 Far  East Ec. Rev. 14.10.79 

Tarbela Dam quake (2000 

140 krn SW of 
dead)  

t ~ i l ~ i t  

4. Balthar Glacier Glacier surge 1976 Fa r  East Ec. Rev. 14.10.79 
(Sheeshkat)  & Lake 27 km 

long. 

5. ~ h e e s h k a t  43m Friendship 1976 to Fa r  East Ec. Rev. 14.10.79 
Bridge flooded 13.7.78 

6. Hunza Valley Frozen culverts  1978 Far  East Ec. Rev. 14.10.79 

7. Yongutsa Glacier Glacier surge 1901 hiason Rec. Geol. Surv. 
Ind. 1930 

8. Minapin Glacier Glacier surge? 1889-1892 

9. Hasanahad Glacier Glacier surge 1903 

10. Hunza R .  Gharnmesar Landslide & 1858 
Landslide, Atabad & Pasu lake 

11. Shimshal Valley Glacier surge & 1884 
r iver  dams on 1893 
various g lac iers  1905 

1906 

12. Batura Glacier 
8 Hunza 

13. Batura Glacier & Hunza 

14. Batura Glacier & Hunza 

15. Batura Glacier 

16. Hunza R .  (Ba tu ra )  
(30 year flood?) 

17. Hunza River 
(Batura)  

Flood-glacial 1972 Chinese 1nvest. Team 1976 
melt. 30111 bridge 
damaged 

Flood 8m bridge 1973 0 

Surge Approx 1770 

Surge? 1925? ( a n d  
between 
( 1885-1930 ) 

Surge(517.5m/yr) 1974 

Rapid r iver 1973 
migration of 
Batura outlet 

Mud-rock flow Aug. 14, 
(10.3mm rain 1972 and 
in 2 d a y s )  1975 
Blocked river 

investigations for slope s t a b i l i t y ,  flood frequency,  hydrology,  material 
properties and ava i l ab le  water and aggrega te  propert ies will benefit 
from a study of these hazard  maps. 

Conclusion 

The landscape of Hunza, described by the Hon. George Nathaniel Curzon 
a s  "This great  workshop of primaeval forces" where "nature  seems to 
exert  her supremest energy" and the Hunza r ive r  where John Keay 



was so impressed by "this  thunder ing discharge  of mud and  rock ... 
i t  i s  a  revolt ing sight" presents  a massive chal lenge to fu tu re  geomorph- 
ological research and  to the engineers  of the Frontier  Works Organization 
of the Pakis tan  Army. Our present  s t a t e  of knowledge reveals  tha t  high 
magnitude events a r e  normal for the region and tha t  a n y  engineering 
projects must be designed to overcome very severe conditions of slope 
s t ab i l i ty  and r ive r  d ischarge .  Of primary importance i s  the danger 
of l ands l ide  dams which may threaten reservoir  developments and the 
effect of s i l t ing  on reservoir  l i fe.  Highway, i n d u s t r i a l  and  housing 
development must a l so  consider the danger ,  from lands l ide  and  mudflow 
act iv i ty .  In these respects the h a z a r d  mapping project should provide 
va luab le  p lanning documents and locational  guidel ines .  
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ABSTRACT 

The Pleis tocene a n d  Holocene sequence  of t h e  Potwar P l a t e a u  r e q u i r e s  re- 
examinat ion ,  p a r t i c u l a r l y  i n  t he  l i g h t  of t he  development of new d a t i n g  tech- 
n iques .  Some p re l imina ry  r e s u l t s  of work on the  post-Siwalik depos i t s  of 
the  Soan va l l ey  a r e  presented .  A rev is ion  of t he  r e l a t i v e  chronology of t he  
Pleistocene depos i t s  i s  sugges t ed ,  a n d  the  poss ib i l i t i e s  of t h e  cons t ruc t ion  
of a n  absolu te  chronology a r e  d i s cus sed .  

INTRODUCTION 

The Potwar P l a t eau  h a s  long been recognised  a s  a  key a r e a  for  both t he  
Siwalik s e r i e s  a n d  the  l a t e r  Pleis tocene a n d  Pa l aeo l i t h i c  sequences  of north-  
e r n  P a k i s t a n  a n d  I n d i a  ( 1 ,  2 ,  3 ) .  I n  recent  y e a r s ,  de t a i l ed  s t u d i e s  of t he  
middle a n d  uppe r  Siwalik sequences  h a v e  been unde r t aken  on a n  in te r -  
d i s c i p l i n a r y  b a s i s  ( 4 ,  5, 6 ,  7 )  a n d  h a v e  inc luded  the  e s t ab l i shmen t  of a  
magnetic po l a r i t y  s t r a t i g r a p h y  for t he  uppe r  Siwalik subgroup  ( 7 ) .  Given 
the fac ies  changes  t h a t  c h a r a c t e r i s e  t he  uppe r  p a r t  of t he  Siwalik sequence ,  
the  es tab l i shment  of a  chronology t h a t  i s  independent  of t he  v e r t e b r a t e  
f a u n a l  assemblages  r ep re sen t s  a  most impor tan t  b r eak th rough .  However, the  
post-Siwalik depos i t s  of the  Potwar P l a t eau  h a v e  been l a r g e l y  neglec ted  s ince  
the  pioneering work of the  Yale-Cambridge expedi t ion  i n  t he  1930's  (8 ,  9 ) .  
The sequence deduced by De T e r r a  a n d  Pa terson  ( s e e  Table  1 )  h a s  been 
widely adopted  by a r chaeo log i s t s  (10,  11, 12, 13)  a n d  h a s  recent ly  been 
co r r e l a t ed  with t he  sequence of Pleis tocene depos i t s  i n  t he  a d j a c e n t  Peshawar  
Basin (14 )  ( see  Fig.  1 ) .  Although De T e r r a  a n d  Pa t e r son  were undoubtedly  
aware  of the  complexity of sequences t h a t  might r e su l t  from a n  in t e r ac t ion  
of cl imatic  a n d  tectonic agenc i e s ,  t h e i r  co r r e l a t i on  of t he  ev idence  of 
Himalayan g l a c i a l s  with that  of t he  Alps h a s  p e r h a p s  served  to obscure  the  
Potwar sequence r a t h e r  t h a n  i l luminate  i t .  Ce r t a in ly  t h e i r  sequence  i s  r i p e  
for  re-examinat ion,  a n d  t h i s  p a p e r  p re sen t s  some p re l imina ry  obse rva t ions  
based  on fieldwork unde r t aken  a s  p a r t  of t he  f i r s t  s e a s o n ' s  work of the  
Cambridge Universi ty Archaeological  Mission to P a k i s t a n  i n  t he  Potwar a r e a .  



TABLE 1 Relative chronology of the Pleistocene deposits  of the Potwar 
according to De Terra  and  Paterson 

PLEISTOCENE SEQUENCE OF THE MIDDLE SOAN VALLEY 

4th glacia t ion 

3rd in te rg lac ia l  

3rd glacia t ion 

2nd in te rg lac ia l  

........................... 

2nd glacia t ion 

1st in terglacia l  

1st g lac ia t ion 

The Middle Soan Valley (F ig .  2 )  h a s  provided a focus for Palaeoli thic studies 
within the Potwar. The Siwalik and  older rocks were f i rs t  mapped by Wynrle 
(15)  in the 1870's. and l a t e r  by Cotter (16) a n d  Wadia ( 3 ) .  Pa r t  of the 
a r e a  was subsequently remapped by Gill ( 1 7 ) .  The Yale-Cambridge exped- 
ition ( 8 , 9 )  concentrated on the s t r a t i g r a p h y  of upper Siwalik and  post-Siwalik 
deposits  and thel r  re la t ionship  with var ious  Palaeoli thic s i tes .  Some of De 
T e r r a ' s  conclusions a r e  however d i rec t ly  contradicted by the f indings  of G111 
( 17 )  and Pilgrim ( 2 )  and  on the bas i s  of f ie ld  observations and recently 
published mate r i a l ,  the following observations may be made on the Pleistoccne 
sequence: - 

T4 pink loarr., s i l t ,  f l u v i a l  sedimentation 
g r a v e l  

T3 th in  loam erosion/warping 

T2 Potwar loessic aeol ian ,  f luv ia l ,  lacustr ine 
s i l t  and  g rave l  

T1 upper t e r race  
g r a v e l  

erosion/t i l t ing/folding .......................... 

Boulder Conglomerate f l u v i a l  and  fluvio- 
g l a c i a l  sedimentation 

----------------- erosion/t i l t ing/folding --------------- 

Pinjor Beds conglomerates, s a n d s ,  c l ays  

Tatrot  Beds conglomerates a n d  s a n d s  

F i r s t ,  the major h ia tus  between upper Siwalik and  post-Siwalik depns- 
i t ion.  with var ious  en echelon s t ructures  achieving surface expression, 
a p p e a r s  to have commenced between 700,000 and  500,000 BP ( 7 ) .  The 
post-Siwalik deposits  overl ie Siwalik and older rocks with a marked 
a n g u l a r  unconformity while the junction between the middle (Dhok 
P a t h a n )  and  upper ( T a t r o t )  Siwalik beds i s  a disconformity (18) .  How- 
ever ,  De Terra  ( 9 )  s t a t es  tha t  in the Soan val ley  Tatrot and Pinlor 
deposits  "unconformably overl ie the slopes of a planed elevated surface" 
(p .255) .  In the opinion of th i s  au thor ,  De T e r r a ' s  contradiction stems 
from a mapping and  in terpre ta t ion problem that  i s  outlined below. 
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Second, the major post-Siwalik formation within the Soan val ley  i s  the 
Lei Conglomerate (17, 19). This formation i s  a valley-fi l l  deposit con- - 
s is t ing of massively bedded conglomerates, predominantly composed of 
locally-derived limestone pebbles,  with subs id ia ry  grey s a n d s  and  pink 
and yellow/buff s i l t s ,  and  with occasional  palaeosols. This 'conglom- 
e ra te  complex' i s  cu r ren t ly  being incised by the Soan r i v e r ,  reveal ing 
sections 60m thick south-east of Rawalpindi. The Lei Conglomerate 
Complex dominates the middle Soan va l l ey ,  but the d i s t r i b u g o n  of the 
conglomerate facies i s  very va r i ab le .  Near Adiala ( l a t .  33 28' long. 
72'59' 30") the formation consists  of massively bedded pink claystones 
with one conglomerate horizon near  the top of the section,  the beds a r e  

0 
also s l ight ly  t i l t ed ,  a t  a n  angle  of 2-3 , towards the main a x i s  of the 
Soan syncline.  The Lei conglomerate may be dis t inguished from upper  
Siwalik conglomerates on petrological a s  well a s  s t ruc tu ra l  grounds .  
The upper ~ i w a l i k  conglomerates i r e  mainly composed of quar tz i te  a n d ,  
to a lesser extent ,  sandstone pebbles (18)  whereas the Lei conglomerate - 

i s  predominantly composed of pebbles of locally-derived grey Margala 
Hill limestone, of Eocene age.  

Third ,  De T e r r a ' s  use of the term 'Boulder Conglomerate' i s  misleading.  
As Gill (17)  pointed out ,  th i s  term was f i r s t  used by Pilgrim to describe 
the upper ~ i w a l i k  conglomerates whereas De Terra  uses i t  a s  a blanket  
term for both the upper Siwalik and  the post-Siwalik conglomerates. 
In the absence of palaeontological evidence,  De Terra  a p p e a r s  to have 
mapped pink s i l t s  underlying his  'Boulder Conglomerate' a s  Pinjor Beds 
whereas both the conglomerate and  pink s i l t s  a r e  merely p a r t  of the 
Lei Conglomerate complex. Thus De Terra  a ss igns  too g rea t  a n  age  to 
a whole ser ies  of deposits within the middle Soan va l l ey ,  a n d ,  g iven 
that  he maps l a rge  sections of the f iner beds within the Lei Conglom- 
era te  a s   atr rot and Pinjor zones, i t  i s  ha rd ly  su rp r i s ing  tha t  he- then 
identifies a major a n g u l a r  unconformity a t  the base of h is  'Ta t ro t '  
zone_. Typical sections a r e  those south-east of Rawalpindi,  north of 
Adiala and on the south-eastern f lank of the Rak Dhungi r idge  north- 
west of Sanghral  ( l a t .  33O24' long. 72°53'30"); in each case  De Terra  
has  mapped-the upper massive conglomerates a s  'Boulder Conglomerates' 
and the underlying finer beds a s  'P in jo r '  and ' T a t r o t ' .  

F inal ly ,  a major period of erosion pre-dated and may a lso  have been 
pa r t ly  contemporaneous with the deposition of the Lei Conglomerate Com- 
plex,  but the conglomerate complex itself suffered a major erosional  
phase pr ior  to the deposition of a thin cover of loess over the whole 
a rea  of the middle Soan val ley .  The Rak Dhunqi r idges ,  north-east 
of Sihal ,  a r e  out l iers  of the Lei conglomerate complex res t ing with a n  
angu la r  unconformity on the upturned s t r a t a  of middle and  upper Siwalik 
beds. These r idges r i se  to heights of 47 to 93m above the planed-off 
level of lower and middle Siwalik beds which forms a summit surface  
a t  a height of c .  515m ( 2 0 ) .  The pebble-strewn eroded surfaces  of the 
Lei Conglomerate and of the upper Siwalik conglomerates were exposed 
in Palaeolithic times a n d ,  a s  Wadia ( 3 )  pointed out, "... hundreds  of 
detached chips  of f l in t ,  fine quar tz i te  and t r a p  (with cores of pebbles 
bearing s igns  of intentional  f r ac tu r ing)  a r e  met with wherever a suit-  
able type of raw material  occurs among the g rave l  c a p  covering the 
surface  of the valley" (p .346) .  

A revised re la t ive  chronology for the Pleistocene and Holocene deposits of 
the middle Soan valley is  given in Table 2 .  



TABLE 2 Modified Relative Chronology of the Siwalik and  
Pleistocene Deposits of the Middle Soan Valley 

THE 'POTWAR LOESSIC SILT' 

Sequence Tentative Dates 

The na tu re  of the 'Potwar Loessic Si l t '  has  been hotly debated,  with aeolian,  
f l u v i a l  and lacust r ine  or ig ins  suggested.  The term appears  to have bech 
used by De Terra  and  Paterson ( 9 )  and  others  (17) to cover a t  least  t w o  
dis t inct ly  different  deposits .  
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a )  Loess 

------------- erosion/deposition ------------ 

Loess Deposition Upper Pal aeoli thic 
- Middle Palaeoli thic 

-------------- erosion/warping ------------ 

Lei Conglomerate Complex (va l l ey  f i l l )  
includes deposition of loess/uplif t  p a r t l y  
contemporaneous 

- - - - - - - - upl i f t / fo lding/s tar t  of erosion ----- - 0.7-0.5 mya 

Upper Siwalik Conglomerates 

- 1 . 9  mya 
Soa n 
Formation Pinjor Beds 

- 2.5 mya 

Tatrot Beds 

---------------- disconformity --------------- 

Dhok Pathan Formation - 8 . 6  mya 

Nagri Formation 

Chinji Formation - 10 .2  mya 

Loess, in the sense of a c l a s t i c  deposit of predominantly silt-sized 
par t ic les  occurring in wind-laid sheets ( 2 1  1, occurs a s  a summit-surfac~ 
deposit over much of the middle Soan val ley .  It f i l l s  the hollows i n  
the surface  of the degraded Lei conglomerate and covers spreads  of 
middle Palaeoli thic cores,  f lakes and  sc rapers .  Over much of the area 
the loess i s  uns t ra t i f ied  and  i s  frequently rich in calcareous nodules; 
the thickness of the deposit ranges  from less  than  2m to 8m. Deposits 
of loess a r e  not confined to the summit su r face ;  loess-like intercalat ion 
a r e  present  in the sections of Lei conglomerate complex south-east of 
Rawalpindi and  on the south-eastern f lank of the Rak Uhungi r idges.  



TABLE 3 Analyses  of Potwar Loess - Middle Soan Valley S i tes  

Sample Median Gra in  % Finer  t h a n  % Finer  t h a n  % C a C 4  
Size (mm) 0.002 mm 0.063 mm 

Mean 0.017 15.09 89.49 13.53 

Some p re l imina ry  r e s u l t s  of t he  a n a l y s i s  of a  s e r i e s  of samples  of t he  
loess  a r e  g iven  in  Table  3. The samples  a r e  b r o a d l y  r e p r e s e n t a t i v e  
of sect ions throughout  t he  middle Soan v a l l e y  ( s e e  F ig .  2 )  a n d  sample 
numbers 9  a n d  10 a r e  from the  i n t e r c a l a t e d  loess  depos i t s  of the  Rak 
Dhungi r i dge .  I t  a p p e a r s  t h a t  the phases  of loess  movement i n to  t he  
Potwar a r e a  may have  been more complex t h a n  h a s  h i t he r to  been 
supposed .  However, with the  a i d  of thermoluminescence (TL)  d a t i n g  
of t he  loesses, i t  should  prove poss ib le  to cons t ruc t  a n  abso lu t e  chron- 
ology for a t  l e a s t  p a r t  of the  post-Siwalik sequence  in t h i s  a r e a .  
Although T L  d a t i n g  of loess  depos i t s  a p p e a r s  to h a v e  developed a s  a  
s t a n d a r d  technique  in the  U.S.S.R. d u r i n g  the  l a s t  decade  (22 ,  231, 
t h i s  d a t i n g  method i s  s t i l l  i n  i t s  i n f ancy  in  western Europe a n d  no r th  
America (24 ,  2 5 ) .  The d a t i n g  technique  i s  h igh ly  complex a n d  a l t hough  
many d a t e s  have  been repor ted  for both loess  a n d  o the r  Pleis tocene 
depos i t s  in  the  Soviet Union, the  d e t a i l s  of the  exper imenta l  techniques  
employed remain obscure  ( 2 4 ) .  Work on the  d a t i n g  of t he  Soan va l l ey  
loesses i s  c u r r e n t l y  be ing  unde r t aken  in  co l labora t ion  with t he  Research 
Labora tory  for Archaeology a t  Oxford Univers i ty .  

b )  Al luvia l  S i l t s  

Recent incis ion h a s  r evea l ed  a  sequence of thinly-bedded ove rbank  p ink  



s i l t s ,  buff s i l t s  and  buff s a n d s ,  with occasional  channel  g rave l s ,  in 
the a r e a  of the middle Soan val ley  around Sihal .  These deposits are 
described a s  'Potwar loessic s i l t '  by De Terra  a n d  Paterson and 
a p p e a r  to post-date the Lei Conglomerate complex. Samples were 
collected from severa l  locali t ies for a n a l y s i s  and  possible dat ing.  

PLEISTOCENE SEQUENCE IN THE PESHAWAR BASIN 

A recent s tudy  (14) h a s  es tabl ished the re la t ive  sequence of Pleistocene 
deposits  in the Peshawar Basin and h a s  corre la ted  t h i s  sequence with that  
for the Potwar. It h a s  been es tabl ished t h a t ,  a t  one point dur ing the 
Pleistocene, the Peshawar Basin was dammed to form a l a r g e  lake  into which 
loess was e i ther  blown or  c a r r i e d  by flowing water (14, 26). The lacustr ine 
deposits  a r e  now exposed a s  a sequence of thinly-bedded creamy-yellow silt- 
stones. These s i l t s tones  a r e  over la in  by torrent  g r a v e l s  and  then by a 
thick deposit of loess. It i s  envisaged t h a t ,  with the a id  of the TL dating 
technique,  a n  absolute chronology may be es tabl ished for these Pleistocene 
deposits  in the course of the programme of work current ly  being undertaken 
by the author  and others .  

CONCLUSION 

A preliminary investigation of the upper Siwalik and  post-Siwalik deposits 
of the middle Soan val ley  h a s  ra i sed  serious doubts about the relat ive 
chronology es tabl ished by De Terra  and  Paterson (9 ) .  I t  i s  a lso  apparent  
tha t  the loess deposits  of the middle Soan val ley  represent  a f a r  more com- 
plex sequence than  h a s  been hi ther to  supposed and  t h a t  the term 'Potwar 
Loessic Silt ' h a s  been appl ied  to a l l u v i a l  s i l t s  a s  well a s  to a series of 
genuine loess deposits .  Work is  being cur ren t ly  undertaken to da te  the loess 
deposits  using thermoluminescence. 
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ABSTRACT 

The loess  of t he  Ta j ik  SSR i s  some of t h e  t h i ckes t  on Ear th  a n d  
conta ins  many l a t e  Pliocene a n d  Pleis tocene pa laeosols  t h a t  Soviet workers  
have  d a t e d  by  pa laeomagnet ic  a n d  thermoluminescence methods. Gra in  
s ize ,  chemical  a n d  minera logica l  d a t a  a r e  p re sen ted  toge ther  with a n a l y s e s  
of g r a i n  c h a r a c t e r i s t i c s  ( s h a p e ,  roundness ,  su r f ace  t ex tu re  determined 
by scann ing  e lec t ron  microscopy. 

INTRODUCTION 

Tajikis tan,  p a r t  of Soviet Cen t r a l  Asia,  h a s  a  southern  f ron t i e r  with 
Afghanistan a n d  i s  bounded on the  nor th  by the  Gh i s sa r  mountains a n d  
on the e a s t  by the  Pamirs .  The southern  p a r t  of T a j i k i s t a n  h a s ,  for  
much of the  T e r t i a r y  a n d  Q u a t e r n a r y ,  been a n  a r e a  of a g g r a d a t i o n ,  a n d  
the s u b a e r i a l  a g g r a d a t i o n  sequence con ta in s  a l t e r n a t i o n s  of b u r i e d  so i l s  
a n d  loess  depos i t s  which provide  c l ima to - s t r a t i g r aph ic  information ex tend-  
ing over  the  l a s t  1.5 to 2 Ma. Soviet workers  have  s tud i ed  these  sec t ions  
in tens ive ly  a n d  h a v e  unde r t aken  pa laeomagnet ic  a n d  thermoluminescence 
da t ing  of the  sequences ,  toge ther  with pol len a n a l y s i s .  In September 
1979 obse rva t ions  of these  sec t ions  were made by two of t he  a u t h o r s  a n d  
r ep re sen ta t i ve  samples  were col lected ( s ee  F ig .  1  a n d  Table  I ) .  Most 
of the s i t e s  l i e  a t  about  1400 - 1900 m above sea- leve l ,  a n d  much of 
the l a n d  below about  2000 m h a s  a  loess  cover .  

GENERAL DISCUSSION OF THE SEQUENCE 

The T a j i k i s t a n  loesses a n d  a s soc i a t ed  pa laeosols  are some of t h e  
most important  depos i t s  of t h i s  type  on the  e a r t h ' s  s u r f a c e ,  i n  terms 
of not on ly  t h i ckness  but  a l s o  a r e a l  ex t en t .  They a r e  a l s o  a t  the  fore- 
f ront  of the  cont roversy  over  "warm" a n d  "cold" o r i g i n s  for loess  (1,  
2 ,  3 ,  4 ) .  Whether the loess  i s  de r ived  by ' d e f l a t i o n  of ou twash  ma te r i a l s  
from the  formerly more ex t ens ive  g l a c i e r s  a n d  ice c a p s  of the  Pami r s ,  
Ghissar  a n d  o ther  mountain r a n g e s  in the  ne ighbourhood,  o r  whether  
the loess was de r ived  from dese r t  p l a i n s  to t he  south a n d  e a s t  i s  s t i l l  
a  matter  of content ion.  
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FIG. 2. SELECTED LOESS SECTIONS FROM TAJIKISTAN: A. KHONAKO 1, 
B. KHONAKO 1 1 ,  C. LAKHUTI, D. KAYBRUBAK, E. CHASMANIGAR. 







Examination of loess sequences a t  var ious  locations in  Taj ik is tan  shows 
tha t  they a r e  up to 200 m th ick ,  and  a r e  comparable i n  thickness to 
the c lass ic  loesses of China which have been shown to be 75-175m thick 
(5. 6 ) .  Loess deposits  elsewhere i n  the world a p p e a r  to have thicknesses 
of up to 30 m or  so (7, 8, 9 ) .  A magnetic polar i ty  s t r a t ig raphy  has 
been es tabl ished for the Tajik loess sequences da t ing  back to the late 
Pliocene and e a r l y  Pleistocene (10) .  The Lower Pleistocene formations 
do not exceed 30 - 35 m in  th ickness ;  comparable thicknesses of Middle 
Pleistocene formations exis t  whereas the Upper Pleistocene sequence is  
50 - 60 m thick.  

The sequence preserves  evidence of frequent environmental oscillations 
since the Bruhnes-Matuyama boundary (0.69 Ma) which occurs just above 
the Xth soil complex from the top. The I Ind  pedocomplex l ies  just below 
the Laschamp event (22,000 y e a r s )  ; the age  of the Vth soil complex is  
es tabl ished by the palaeomagnetic episode recognised above i t  and 
corre la ted  with the Blake event (110,000 y e a r s ) .  Thermoluminescence 
( T L )  da t ing  (11)  h a s  given values  of 200,000 and  300,000 yea rs  for the 
Vlth and  VIIth soil complexes. 

Individual  loess horizons a r e  genera l ly  up to 7 - 10 m in  thickness 
( l e s s  frequently 15 m )  while the buried soil  complexes a r e  generally 
5 - 7 m thick.  The Upper Pleistocene loess horizons a r e  thicker than 
the pedocomplexes whereas in  the lower Pleistocene the reverse i s  the 
case .  The densi ty  of the loess a lso  increases  with age ,  while i t s  porosity 
decreases.  The fossil soils  contain well-developed calcre te  hardpan 
horizons and  the associated reddish  brown soils  have been characterised 
a s  of meadow-steppe type.  Some geologists judge tha t  the soil formation 
took place in comparatively warm, d r y  periods while loess was deposited 
under re la t ively  cool conditions. On the other h a n d ,  on the bas is  of 
pollen a n a l y s i s ,  Pakhomov ( i n  Ranov and  Davis ( 1 2 ) )  a rgues  that  the 
soils  should be corre la ted  with s tadia1 periods since the in te r s t ad ia l s ,  
with thei r  very d ry  climates and s h a r p  reduction in a rborea l  vegetation, 
provided the bas i s  for loess formation. 

It i s  evident from the sections i l lus t ra ted  in  Figs.  2 and 3 tha t  there 
i s  a re la t ively  consistent  sequence within the loess deposits of Taj ik is tan .  
This permits tenta t ive  corre la t ions  with the loess deposits  of Central 
Europe where Kukla (13)  h a s  es tabl ished nine soils  and eight  loess layers  
above the Brunhes-Matuyama boundary.  In Taj ik is tan  th i s  occurs above 
the 10th soil complex. This would seem to indicate  tha t  there have been 
a t  leas t  eight  g lac ia l - in terglacia l  cycles in  both a r e a s  in the las t  
0.73 million y e a r s ,  though the precision of da t ing  methods does not allow 
fu r the r  correlat ion of individual  events since the Matuyama. Some loess 
horizons occur below the Olduvai-Gilsa palaeomagnetic event (14) and 
up to 25 cycles have been recognised for the whole Pleistocene. Penkov 
and Gamov (15)  recognise a s  many a s  45 or 46 soils  above the Gauss- 
Matuyama reversa l  (2.48 Ma).  In China the Brunhes-Matuyama boundary 
is  over la in  by a t  leas t  12 palaeosols ( 1 6 ) .  

CHARACTERISTICS OF TAJIK LOESS 

Loess may be defined a s  a c l as t i c  deposit which consists  predominantly 
of q u a r t z  par t ic les  20 - 50pm in diameter and which occurs in wind-laid 
sheets ( 1 7 ) .  It has  been strongly argued that  g lac ia l  action provides 
the only viable  mechanism for the generation of si l t-  and clay-size quar tz  
par t ic les  ( 1  1 .  It i s ,  however, diff icult  to demonstrate the or ig in  of the 



quar t z  p a r t i c l e s .  Developments i n  s cann ing  electron microscopy (SEM) 
have added  g r e a t l y  to t he  knowledge of s h a p e s  a n d  t ex tu re s  of f i n e  
par t ic les  a n d ,  a long with o the r  more g e n e r a l  a n a l y s e s ,  some re su l t s  of 
SEM work on the  Ta j ik  loesses a r e  presented  below. 

a )  Grain Size Charac t e r i s t i c s  

The r e su l t s  of the  granulometr ic  a n a l y s e s  of 11 rep resen ta t ive  Taj ik  
loess a r e  shown i n  Table  1. The loess i s  predominantly s i l t y  with 
a n  a v e r a g e  median g r a i n  s ize  of 13.5 pm. The mean percentage  
of clay-size ma te r i a l  ( 2  pm)  i s  18.32% while t he re  i s  ve ry  l i t t l e  
mater ia l  c o a r s e r  t h a n  63 pm. I t  i s  ev ident  t h a t  the loess of 
Ta j ik i s t an  i s  r a t h e r  f i ne r  t h a n  most examples t h a t  a r e  c i ted  i n  the  
l i t e r a t u r e  (5 ,  18, 19 ) .  

b )  Chemical Composition 

The r e su l t s  of g e n e r a l  a n a l y s e s  of the loess samples a r e  g iven  in 
Table 1. The ca rbona te  content  of a l l  samples i s  h i g h ,  with a  mean 
va lue  of 20.9 percent  by weight .  The p a r t i a l  cementation of most 
of the samples a p p e a r s  to be the  r e su l t  of r ec rys t a l l i s a t ion  of p r imary  
ca rbona te .  The p r imary  n a t u r e  of the  ca rbona te  i s  a t t e s t ed  by  the  
r e su l t s  for  sample TJ/11, a  completely uncemented loess ,  with a  
ca rbona te  v a l u e  close to the  mean. A p a r t i a l  elemental  a n a l y s i s  
of the samples was  c a r r i e d  out  u s ing  a n  elecron probe a t tachment  
on a s cann ing  electron microscope. Relative concent ra t ions  of s i l icon ,  
aluminium a n d  potassium remained f a i r l y  cons tant  for a l l  samples 
with s i l icon the  major component. 

c ) Mineralogical  Analys is  

The mineralogy of the  loess samples was determined q u a l i t a t i v e l y  
by X-ray d i f f r ac t ion .  Samples were p repa red  by sedimentat ion i n  
acetone on to  g l a s s  s l i des  a n d  were a n a l y s e d  i n  a  Siemens Diffracto- 
meter with a  cobal t  source.  The major peaks  obta ined  for a l l  
samples were for  q u a r t z  (4.26 , 3.34 1 with smal ler  peaks  for 
ca rbona te  (3.03 A ) ,  f e ldspa r  (3.19 A) a n d  minor peaks  for kaol in i te  
and  montmorillonite. Peaks  for i l l i t e  a n d  mica were present  for 
most samples ,  but  only  TJ/4 possessed a peak  for ch lor i te .  The 
mineralogy of the samples is therefore f a i r l y  uniform. Apart  from 
the dominance of q u a r t z  a n d  c a r b o n a t e ,  or thoclase  a p p e a r s  to be 
the major f e l d s p a r  component and  t h i s  might prove useful  for 
provenance s tud ie s .  Also, a l though much of the ca rbona te  a p p e a r s  
to have  undergone secondary  c r y s t a l l i z a t i o n ,  ' c a r b o n a t e  d u s t '  a p p e a r s  
to be a n  important  component ( c .  20 percent  by weight )  of the 
Tajik loesses ,  a n d  i t 'would  be extremely useful  to discover i t s  
provenance.  

Scanning Electron Microscopy 

i )  Gra in  Shape 

The q u a r t z  g r a i n s  to be a n a l y s e d  were puffed onto a n  electron 
microscope viewing s t u b  following sample p repa ra t ion  s imi l a r  
to t h a t  adopted  by Krinsley a n d  Doornkamp ( 2 0 ) .  Fifty g r a i n s  
were inspected  u t i l i z ing  the ' ad jo in ing  g r a i n  examination 
technique '  employed by Bull ( 2 1 ) .  Note was t aken  of the g r a i n  
dimensions ( l o n g ,  in termedia te  a n d  shor t  a x i s ) ,  sur face  t ex tu re s  
and  roundness  a n d ,  following the technique  of Sneed a n d  Folk 



( 2 2 ) .  t r i a n g u l a r  form d i a g r a m s  were cons t ruc t ed  to summarise 
t he  c h a r a c t e r i s t i c s  of grain-form in  e a c h  of the  samples 
( F i g s .  4 a n d  5 ) .  

FORM TRIANGLE 

COMPACT 

0 
PlATY 0.33 

BLADED 0.67 
ELONGATE 

L-l - 
L-S 

F I G .  L .  TRIANGULAR FORM-DIAGRAM; AFTER SNEED A N D  FOLK (22) 

Although i t  was consider-ed important  to  a s c e r t a i n  the shape  
c h a r a c t e r i s t i c s  of the s i l t - s ized  p a r t i c l e s  pe r  se  the under ly ing  
aim was to test  the  hypothes is  t h a t  small  sed imentary  qua r t z  
p a r t i c l e s  g e n e r a l l y  adopted  a  more p l a t y  hab i t  t h a n  the i r  l a rge r  
c o u n t e r p a r t s  ( 2 3 .  2 L ) .  This  p a r t i c l e  form v a r i a t i o n  i s  con--  
s ~ d e r e d  to occur  below a  c r i t i c a l  s ize  limit a l though there is 
a  c e r t a i n  v a r i a t i o n  in the  es t imate  of  ' c r i t i c a l  s i z e '  
I I . ? .  200 p m - 100 p m  ( 2 0 ) ) .  General  inspect ion of the form 
t r ~ a n g l e s  ( F i g .  5 )  and  more p a r t i c u l a r l y  of the composite fc>rm 
t r i a n g l e s  ( F i g .  5: composi te)  show t h a t  ne i ther  the c r i t ica l  
s lze  lirnlt nor the tendency for  pa r t i c l e s ,  f l a t n e s s  seem to apply 
for  the Taj ik  loess ( F i g .  6 a ) .  This  anomaly to the genera l ly  
accepted theory h a s  a l s o  been ident if ied from loess-derlvcd 
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FIG. 5. TRIANGULAR FORM-DIAGRAMS FOR TAJ lK LOESS SAMPLES 





mater ia l  cu r ren t ly  found in  British caves  (21) a n d  i s  supported 
by genera l  observations undertaken dur ing  on-going research 
(PAB) of loess taken from near  Wurzburg, West Germany a n d  
Kentucky, U.S.A. Whilst the quar tz  loess par t ic les  adopt th i s  
va r i ed  form, pa r t i c l e s  of mica, fe ldspar  and  calci te seem to 
provide the ' t r a d i t i o n a l '  form of the composite loess mater ia l .  
Indeed micas charac te r i s t i ca l ly  produced cleavage-controlled 
pla tes  whilst f e ldspars ,  pa r t i cu la r ly  orthoclase,  seem responsible 
for the more elongate par t ic le  shapes .  

Although there  would appear  to be the more obvious relat ion- 
sh ips  of par t ic le  form with mineralogy there i s  evidently a 
discrete va r i a t ion  of form of the q u a r t z  par t ic les  within and  
between samples. 1 for example (F ig .  5: 1 )  exhibi ts  a 
genera l ly  elongate-compact form with only 18% of the g r a i n s  
showing a p la ty  hab i t .  Similarly,  samples TJ/3, TJ/9 and 
T]/11 (Figs .  5:3, 5:9,  5:11) a lso  show a strong component of 
elongate form, al though each h a s  i t s  own composite form (F ig .  
6B).  These res idua l s  of breakdown can be found in samples 
1 ,  TJ/4, T]/7 and  TJ/10 i n  f a i r l y  s ignif icant  proportions. 
Whilst they may reflect inherent  microfracture pauci ty  (25, 
26) a n d  hence the nature  of the parent  material  (Metamorphic, 
igneous e t c . )  more work needs to be directed into such 
provenance s tudies  before firm conclusions can be drawn.  

( i i )  Grain Roundness 

Mechanical rounding of silt-sized sedimentary par t ic les  has  
long been shown to be of limited effect ( 2 7 ) .  However, rounding 
does occur upon the surfaces of small quar tz  pa r t i c l e s ,  both 
by mechanical modification processes (subaqueous  and  aeo l i an )  
and by chemical agencies (precipi ta t ion and solution of q u a r t z ) .  
The Tajik loess exhibi ts  var ious  degrees of rounding due to 
processes of both chemical and mechanical a l tera t ion 
(Table  I 1  1. 

Sample No. Degree  o f  Rounding Cause o f  Rounding 

TJ 79/1 Sub-Rounded Mechanica l  edge  round ing  

TJ  79/2 Well-Rounded I n i t i a l  mechan ica l  r o u n d i n g ,  
l a t e r  less e x t e n s i v e  chemica l  
round ing  

TJ 79/3 Mixed L a r g e l y  chemica l  a c t i o n  

TJ  79/4 Sub-Rounded Mechan ica l ly  rounded 

TJ 79/5 Angu la r  t o  Sub-Rounded L imi t ed  mechan ica l  a c t i o n  

TJ 79/6 Angular  - Sub-Angular L imi t ed  mechan ica l  a c t i o n  

TJ 79/7 Sub-Rounded (Chemica l ly  o b s c u r e d  s u r f a c e )  

TJ 79/8 Sub-Rounded L a r g e l y  chemica l  a c t i o n  

TJ 79/9 Mixed F l a t t e r  g r a i n s  more a n g u l a r :  
Chemical  a c t i o n  

TJ 79/10 Sub-Rounded Chemical  a c t i o n  

TJ 79/11 Sub-Rounded Mechanica l  a c t i o n  

TABLE 11. ROUNDING EXTENT AND CAUSE OF ROUNDING 



Edge-rounding due to mechanically induced abras ion i s  adjudged 
to have occurred on s i x  of the eleven samples,  whilst silica 
precipi ta t ion ( post-depositional? a n d  hence edge-dulling is  
evident on the remaining f ive  samples (F ig .  6C).  Significantly 
there  i s  no re la t ionship  s p a t i a l l y  o r  s t r a t ig raph ica l ly  between 
the location of the loess samples a n d  the suggested mechanism 
of rounding.  

(ii i )  Grain Surface Textures 

Although surface  texture  s tudies  have been normally concentrated 
on sand-sized pa r t i c l e s ,  the genera l  concensus i s  t h a t  surface 
textures  a r e  l a rge ly  absent  upon silt-sized g r a i n s .  It has 
a l so  been shown, however, (21)  t h a t  mechanically and  chemi- 
ca l ly  derived su r face  fea tures  do exis t  upon these small gra ins .  
Tajik loess samples show surpr i s ing ly  few 'mechanical '  features 
present  upon thei r  surfaces  (F ig .  6D). Conchoidal fractures 
and  b reakage  blocks a r e  present ,  reflecting the inherent 
cha rac te r i s t i c s  of q u a r t z  but l i t t l e  else has  been identified. 
Although chemically produced precipitat ion fea tures  are 
re la t ively  abundan t  ( a n d  considered post-deposition) the loess 
g r a i n s  exhibi t  no solutional  fea tures  a t  a l l ,  perhaps as  
testimony to post-depositional groundwater conditions. A few 
solutional  hollows were evident upon a number of gra ins  
examined but these were considered to be inherent  to a previous 
cycle ,  probably  a first-cycle q u a r t z  inclusion subsequently 
dissolved out .  I t  i s ,  then,  the lack of chemical features that  
i s  s u r p r i s i n g ,  indicat ive  of quiescent groundwater modification 
since deposition (Post-depositional chemical etching has  been 
ident i f ied  by one of us  (PAB) upon the surface  of loess-derived 
mater ia ls  from Germany, Britain and  U.S.A.). 

CONCLUSIONS 

Loess i s  very extensive in  Ta j ik i s t an  and i s  of comparable thickness 
to tha t  of the c lass ic  loess t e r r a i n s  of China.  I t  conta ins  multiple layers 
of palaeosols,  many of which contain ca lcre te  horizons, and thermo-- 
luminescence and palaeomagnetic da t ing  techniques indicate  tha t  the Ice:. 
h a s  been deposi teds ince  the l a t e  Pliocene. As in  China and Central  Euroi!rl- 
there have been a t  leas t  eight  or nine cycles of soil formation and loc;.s 
deposition in the l a s t  0.73 m.y. 

The Tajik loess i s  f iner-grained than  many examples ci ted from o t h e r  
p a r t s  of the world, has  a high carbonate  content ,  and i s  dominated by 
quar tz .  Par t ic le  shape s tudies  using the SEM have shown t h a t ,  cdhtra:'y 
to the accepted view, the quar tz  par t ic les  a r e  not character ised by  
f l a tness .  Shard-like q u a r t z  par t ic les  were common, and  although somc 
rounding had occurred,  there  was no evidence of solution. The lack p f  

chemical fea tures  i s  perhaps  indicat ive  of quiescent ground water condition3 
since deposition. 
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