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1. STATUS OF DATA AQUISITION 

A t o t a l  of 51 quads of day time TM da ta  were included in  the o r ig ina l  

proposal.  Three f u l l  n i g h t  scenes were a l s o  requested on an experimental b a s i s ,  

with o thers  t o  be acquired i f  the  experimental scenes were successfu l .  36 of 

the  day time scenes requested have been received t o  d a t e ,  mostly covering the  

sou hern pa r t  of t he  area under inves t iga t ion .  Two night  time scenes over path 

row 233/ 75 have been acquired in  photographic form f o r  examination, b u t  the  

d ig  t a l  da t a  have n o t  y e t  been del ivered.  In addi t ion ,  because o f  the  i n t e r e s t  

in  cu r ren t  volcanic  a c t i v i t y  a t  Lascar volcano, n o r t h  Chi le ,  two f u r t h e r  
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F i q u r e  1. L o c a t i o n s  of TM scenes a l r e a d y  o b t a i n e d ,  a n d  t h o s e  
a w a i t i n g  a c q u i s i t i o n .  9 0 %  of t h e  C e n t r a l  Andean v o l c a n i c  
Y r o v i n c e  w i l l  u l t i m a t e l y  b e  c o v e r e d .  



acqu i s i t i ons  have been made of path row 233/76, and f u r t h e r  d i g i t a l  da ta  a re  

expected. (Figure 1 ) .  

- - -  

2. QUALITY OF THE DATA 

As descr ibed in the  previous r e p o r t ,  the  q u a l i t y  of t he  da t a  has been 

uniformly extremely high, and has not been a problem in the  research.  Care has 

been taken t o  examine photographic products f i r s t  before  obtaining d i g i t a l  

da ta .  

3 .  RESULTS TO DATE 

- -  3.1 .  Preparation of h a r d  C O D Y  da ta  base. 

I n  order  t o  provide a comprehensive and cons i s t en t  da t a  base f o r  

volcanogical s t u d i e s ,  a s e r i e s  n f  fa lse  co lo r  composite images covering the  

volcanic  c o r d i l l e r a  has been wr i t ten  t o  f i lm on the  I n s t i t u t e ’ s  Optronics f i lm 

w r i t e r .  Each image i s  45 km square (1536 x1536 p ixe l s )  and i s  constructed 

using bands 7 ,  4 and 2 of the  TM d a t a .  This provides a working da ta  base on 

which individual  volcanoes of i n t e r e s t  can be i d e n t i f i e d .  Approximately 100 

images have been prepared t o  d a t e .  

- 3 . L  Compilation of volcano d a t a  base. 

A s e t  of Landsa t  MSS images was used in conjunction with the  TM 

hardcopy images t o  compile a computer d a t a  base of a l l  volcanic  s t r u c t u r e s  in 

the  Central Andean province. Over 500 individual volcanic  s t r u c t u r e s  were 



i d e n t i f i e d ,  ranging in  age from -20 my t o  Recent n o t  including numerous smal l ,  

monogenetic s c o r i a  cones and lava flows. About 75 major volcanoes were 

i d e n t i f i e d  a s  ' Iact ive" ,  or po ten t i a l ly  ac t ive .  Many of t hese  a r e  extremely 

l a rge  composite cones reaching over 6 ,000  m in  a l t i t u d e .  Only fourteen of t hese  

were previously known and l i s t e d  in  the 'Cataloque of Active Volcanoes of 

World', (Casertano, 1963) b u t  the  remainder (about 80%) were not .  I n  p r i n c i p l e ,  

an "ac t ive"  volcano i s  usual ly  taken a s  one t h a t  may erupt  in  the  f u t u r e .  I n  

p rac t i ce ,  t he  c r i t e r i o n  we have i s  evidence of e rupt ive  a c t i v i t y  in  

pos t -g l ac i a l  t imes,  roughly the  l a s t  10,000 y r .  Glacial  moraines a re  well 

developed on Central Andean volcanoes down t o  a l t i t u d e s  of - 4,300~1 

(Hollingworth and Guest 1967).  Fortunately,  t he  r e so lu t ion  of t he  TM data  i s  

s u f f i c i e n t l y  good t h a t  moraines a re  c l ea r ly  i d e n t i f i a b l e  where present .  Thus, 

moraines an exce l len t  and consis tent  s t r a t i g r a p h i c  marker f o r  most of 

the  study a rea .  The southernmost pa r t  of the  region ( l a t s .  26- 29's) i s  

except iona l ly  a r i d  a t  the  present  day, and appears t o  have been so during 

g l a c i a l  times a l s o .  Moraines a r e  d i f f i c u l t  t o  i den t i fy  in  t h i s  a r ea ,  and thus 

i n  th i s  a rea  the  best  c r i t e r i o n  of a c t i v i t y  we have used i s  simply morphologic 

youthfulness .  

provide 

t imes,  perhaps in excess o f  1 mil l ion years .  Given the  

t h a t  e x i s t ,  c r i t e r i a  f o r  recognising those t h a t  a r e  

urgent ly  requi red .  k'e hope t h a t  the  Andean study wi 

guide l ines  in  deal ing with t h i s  problem. 

A s e r ious  problem a r i s e s  i n  deal ing with the  very l a r g e s t  volcanic  

systems, e s p e c i a l l y  resurgent  s i l i c i c  calderas .  These may have very long repose 

o f  l a rge  ca lderas  

a l l y  ac t ive  a re  

de some important 

number 

potent 

1 p r o v  

- 3 . 3  I d e n t i f i c a t i o n  o f  l a r q e  volcanic debr i s  avalanche depos i t s .  



The erupt ion  of Mount S t .  Helens on May 18, 1980 focussed the  

a t t e n t i o n  of volcanologis ts  on t h i s  d i s t i n c t i v e  mode of  e rupt ion ,  in which 

ca t a s t roph ic  g rav i t a t iona l  f a i l u r e  of a l a rge  segment of  t he  volcanic  e d i f i c e  

produces a huge avalanche, while t he  concomitant sudden depressur i sa t ion  of the  

volcano’s i n t e r i o r  t r i g g e r s  a v io len t  explosive b l a s t  (Lipman and Mull ineaux, 

1982). Many o the r  examples of t h i s  phenomenon have been i d e n t i f i e d  around the  

world s ince  1980. This work has been reviewed by S iebe r t  (1984) and by S iebe r t  

e t  a l .  ( i n  p re s s ) .  One of the  most outstanding examples was i d e n t i f i e d  in Chi le  

a t  the  western foo t  of the  Socompa volcano (Francis  e t  a l ,  1985, Rothery and 

Franc is . ,  Se l f  and Francis 1986). Debris from t h i s  avalanche covers some 500 

km2 of t h e  Atacama d e s e r t .  TM images have been invaluable  in f i e l d  s tud ie s  o f  

Socompa because of t h e i r  high resolut ion and spec t r a l  d i scr imina t ion .  In 

p a r t i c u l a r ,  t he  TM allows d i s t inc t ion  between d e b r i s  streams with subt ly  

d i f f e r e n t  conten ts  of i ron oxide minerals (mostly g o e t h i t e ) ,  such t h a t  the  

t r a j e c t o r i e s  of individual components o f  the  o r i g i n a l  volcanic  e d i f i c e  can be 

t raced in  the  deb r i s  avalanche deposi t .  

- - -  

Since work  on Socompa began, we have i d e n t i f i e d  many o the r  major 

deb r i s  avalanche depos i t s  on TM imagery. Their  p rope r t i e s  a r e  summarised in  

Tab 

Par 

by 

Oal 

e 1 .  Of these ,  only Socompa has so f a r  been s tudied c lose ly  in the  f i e l d .  

nacota has been v i s i t e d  on a reconnaisance b a s i s ,  and s tudied in  the  f i e l d  

a co l l abora t ing  group (R .S .  Harmon e t  a l . ,  Southern Methodist Universi ty ,  

a s ) .  The o the r s  have been s tudied only on TM images, and requi re  f i e l d  

inves t iga t ions  t o  provide ‘ground t r u t h ’ ,  b u t  some conclusions can already be 

drawn ( e .g .  Francis and Ramirez, 1985). Because of t he  genera l ly  except ional ly  

a r i d  environment, the  Central Andes provides a unique opportuni ty  t o  study t h i s  



CHARACTERISTICS OF PREVIOUSLY UNDESCRIBED ANDEAN VOLCANIC DEBRIS AVALANCHES 

Vol can0 Lat. Summit Max. Vert. Horiz. H/L Area Azimuth 
Long. Height summit descent run 

Parinacota 18:10’S, 6348 35 1900 23 0.08 156 253 

Tata Sabaya 19:08’S, 5430 35 1730 25 0.07 331 166 

T i t i v i l l a  19:43’S, 5050 30 1350 20 0.07 189 68 

69 8’W 

68 31’W 

68 l l ’ W  

San Pedro 19:53’S, 6145 45 2845 1 €id 
68 23’W 

0.18 118 275 

Napa 20:31’S, 5170 21 1450 16 0.09 139 109 
68 40’W 

Aucanqui 1 cha 21:13’S 6176 25 2100 17 0.12 59 311 
68 28’W 

01 1 ague 21:18’S, 5863 35 
68 l l ’ W  

2171 16 0.14 113 286 

- 0.17 5 216 

Socompa 24z25’S 6051 35 3020 37 0.08 606 324 

Lull a i  11 aco 24:43’S 6723 -36 2500 25 0.1 197 114 

22:37’S 4986 e -500 3 
68 O l ’ W  

68 15’W 

68 33’W 

Ro s ado 24:46’S7-5100 e -960 6 0.16 10 96 

Las ta r r i  a 25:10’S, 5700 e 1200 9 0.13 18 105 

68 24’W 

68 31’W 

a Summit a l t i t u d e s  given a re  those of the  present  volcanoes; the  
height of the  volcanoes a t  time of co l lapse  
b Maximum slopes f o r  the  uppermost 500m were measured from 
topograqphic maps. 
a t  the  time of co l l apse .  
c Vert ical  height descended assumes present  summit he ight .  
d Distal  margin has been eroded. 

was probably d i f f e r e n t .  

They may n o t  be r ep resen ta t ive  of volcano s lopes 

e Detailed topographic information n o t  ava i l ab le .  



important phenomenon. Deposits which a r e  r ap id ly  o b l i t e r a t e d  in  temperate 

environments such a s  those of Indonesia o r  Mexico a r e  p e r f e c t l y  preserved. 4c 
da t e s  on Socompa, f o r  example, show tha t  t he  depos i t  i s  -7,000 y r  o ld ,  y e t  t h e  

morphology of t he  d i s t a l  p a r t s  i s  such t h a t  i t  appears p r i s t i n e .  
--- 

3.4. Inteqrat ion o f  TM with other remotely sensed d a t a  se t s  

The a v a i l a b i l i t y  in recent  years  o f  several  new remote sensing 

techniques have made i t  worthwhile t o  explore means whereby the  best f e a t u r e s  

of each technique can be extracted and combined w i t h  o the r s  t o  maximise t h e  

geological knowledge of an a rea .  This seems t o  be inev i t ab ly  t h e  d i r e c t i o n  of 

f u t u r e  remote sens ng research,  especial ly  in  t h e  ‘Space S ta t ion  Era’, when 

many d i f f e r e n t  kinds o f  da ta  wi l l  be available.  Data sets t h a t  we have used in  

a preliminary way nclude Hasselblad and Large Format Camera photography fron 

the  Space S h u t t l e ;  S h u t t l e  Imaging Radar and MOMS -01  (Modular Optoelectronic 

Mu1 t i  spec t r a l  Scanner) images. Shuttle photography was obtained over t he  

Socompa t e s t  s i t e  on several  occasions. With the  250 mm l e n s ,  t h e  r e so lu t ion  

obtained comparable t o  t h a t  of TM, b u t  i t s  ch i e f  advantages f o r  geological 

i n t e r p r e t a t i o n  l i e  in the  f l e x i b i l i t y  of i l luminat ion and viewpoint: t he  

S h u t t l e  i s  not locked i n  t o  a sun-synchronous o r b i t ,  and photographs obtained 

in  l a t e  afternoon o r  e a r l y  evening revealed some very important t e x t u r a l  

f ea tu re s  in  the  secondary deposi ts  of the  Socompa avalanche. A f u r t h e r  very 

important a s s e t  of  the  S h u t t l e  photography i s  the  s t e r e o  cover;  in t h i s  regard 

i t  forms a valuable complement t o  t he  TM images, on  which i t  can of ten be 

d i f f i c u l t  t o  i n t e r p r e t  s lopes .  

i s  

We have a l s o  begun p i l o t  studies combining SIR da t a  with TM f o r  a t e s t  



Page ( 1 )  

area  in n o r t h  Chi le  and Boliviz  (Cerro Quemado volcano).  Although i n t e r e s t i n g ,  

these  d a t a  a r e  d i f f i c u l t  t o  i n t e r p r e t  a t  p resent ,  because of u n c e r t a i n t i e s  o f  

what the  radar  signal i s  responding t o .  Field work t o  obtain ground truth i s  

required,  b u t  even t h i s  may not resolve a l l  the  unce r t a in t i e s  - in  t he  t e s t  

a r ea ,  som areas  covered by young ash deposi ts  appear b r igh t  in the  radar  image; 

o thers  appear dark.  The moisture content of t he  ash i s  suspected t o  be 

respons ib le  f o r  va r i a t ions  in  the  returned s igna l ,  and t h i s  i s  a f a c t o r  t h a t  i s  

d i f f i c u l t  t o  quant i fy .  

The MOMS-01 was the  f i r s t  high reso lu t ion  pushbroom dev ce t o  be used 

f o r  remote sensing from Earth o r b i t  (Bodechtel a t  a l ,  1984, 1985) I t  was flown 

experimentally on STS 7 and STS 11 in  June 1983 and February 1984. The system 

has two spec t r a l  bands (600 and 900 urn) and a pixel s i z e  o f  20m. Coverage of 

the  Socornpa t e s t  s i t e  was obtained on STS 11. I n i t i a l l y ,  i t  was an t i c ipa t ed  

t h a t  t he  higher reso lu t ion  of the  MOMS would o f f e r  addi t iona l  oppor tuni t ies  f o r  

t ex tu ra l  and strlrctlrral  i n t e rp re t a t ions  o f  the  deb r i s  depos i t ,  and t h a t  the  

spec t r a l  c a p a b i l i t i e s  would n o t  o f f e r  any advantage over the  TM. 

t h e  o p t i c s  of t he  MOMS system turned out  be poorly focussed, and 

r e so lu t ion  no b e t t e r  than TM. MOMS data  proved t o  be useful 

however: t he  Socompa o r b i t a l  pass took place in  l a t e  af ternoon,  

e leva t ion  of only 25'. The low, westerly i l luminat ion ernphasised 

number of s u b t l e  topographic fea tures .  By combining the  spect  

contained in the  TM with t ex tu ra l  information from the  MOMS, we 

Unfortunately,  

the  e f f e c t i v e  

n one r e spec t ,  

w i t h  a s o l a r  

and revealed a 

a1 i nforrnat i on 

were able  t o  

c r e a t e  images with a po ten t ia l  f o r  i n t e rp re t a t ion  s i g n i f i c a n t l y  enhanced over 

e i t h e r  system alone (Rothery and Francis,  in p r e s s ) .  

The Socompa t e s t  area was also been se lec ted  as  one o f  the  s i t e s  f o r  



t he  prel iminary s e r i e s  of PEPS experiments f o r  the  French SPOT s a t e l l i t e ,  in  a 

co l l abora t ive  p ro jec t  with D. Rothery, Open University,  United Kingdom. Our 

da ta  a r r ived  in  the  same week t h a t  this repor t  was prepared, so no d e f i n i t i v e  

conclusions a r e  poss ib le .  However, from preliminary s tud ie s  i t  appears t h a t  the  

spec t r a l  c a p a b i l i t i e s  of the  SPOT system o f f e r  no advantage over t he  TM. The 

enhanced reso  ution wil l  c e r t a i n l y  prove valuable f o r  some app l i ca t ions ,  b u t  

much the  most mportant advantage wil l  be the  s t e reo  f a c i l i t y  o f f e red .  This has 

a l ready l ed  t o  some revised in t e rp re t a t ions  of the  Socompa morphotectonic 

s e t t i n g .  

. 

- -  3.5 .  Applicat ions o f  TM da ta  t o  s tud ies  of volcanic thermal anomalies 

From the  ou t se t  of our  TM projec t ,  i t  was planned t o  attempt t o  use 

the  therixal band t o  'ibent i fy and character i  s e  thermal anomal i e s  associ a ted with 

volcanic  phenomena. Given the  ambiguities t h a t  can a r i s e  from the  e f f e c t s  o f  

d j f f e r e n t i a l  s o l a r  heating on day t i m e  TM d a t a ,  a spec ia l  request  was made for  

night  scenes t o  be acquired t o  minimise these  complicat ions,  a1 t h o u g h  

unfor tuna te ly  the  timing of the  n i g h t  overpass i s  t o o  ea r ly  t o  be ideal 

(Watson, 1971).  The night time scenes have n o t  y e t  been acquired,  b u t  a r e  

expected soon.  I n  the  meanwhile, a careful search was made with the  day time 

thermal da t a  f o r  evidence of thermal anomalies assoc ia ted  with s i t e s  of 

fumarolic a c t i v i t y  on known ac t ive  volcanoes. Several of t he  1 i s t e d  "ac t ive '  

volcanoes have continuously ac t ive  fumaroles, and a few have steam plumes 

s u f f i c i e n t l y  l a r g e  t o  be observable a t  l a rge  d is tances  on t he  g round  (-100km), 

and t o  be i d e n t i f i a b l e  on the  TM imagery ( e .g .  G u a l l a t i r i ,  n o r t h  Ch i l e ) .  With 

one except ion,  none of these  volcanoes exh ib i t s  a s i g n i f i c a n t  thermal anomaly, 

and t h e r e f o r e  can be regarded as quiescent.  



The s i n g l e  exception i s  Lascar volcano, n o r t h  Chi le ,  a 5,145 m high 

volcano loca ted  e a s t  of the  Sa la r  de Atacama. This volcano has a complex summit 

area of s i x  nested c r a t e r s ,  the l a rges t  about 1 km in diameter and 200 m deep. 
-.- - 

Located in  a deep p i t  c r a t e r  a t  t he  cen t r e  of the  complex i s  a small (~200m) 

b u t  in tense  thermal anomaly, s u f f i e n t l y  in tense  t h a t  i t  r a d i a t e s  not only in  

the  thermal in f ra red  (band 6)  b u t  a l so  in mid-infrared bands 7 and  5. This 

anomaly has been observed on scenes acquired on two separa te  March 

and Ju ly  1985. Temperature ca lcu la t ions  in  bands 7 and 5 give values of 

300-400°, b u t  these  may n o t  accura te ly  r e f l e c t  the  actual  temperature of t he  

occasions,  

h o t  body, because of the  l ikel ihood t h a t  i t  i s  observed through a d r i f t i n g  ve i l  

of steam or v a p o r .  (Francis  and Rothery, submitted).  The following volcanic 

phenomena may account f o r  t he  observed thermal anomaly: 

1. A l ava  lake  in a deep p i t  c r a t e r ,  with a s o l i d  or semi-sol id  c r u s t  

( c f  Erebus, Antarc t ica ;  Giggenbach, e t  a1 1973; Kyle, 1986). 

2 .  An ex t rus ive  d a c i t e  lava dome, with a r e l a t i v e l y  cool ,  f rac tured  

sur face  and a h o t t e r  i n t e r i o r  ( c f  Mt S t  Helens; Lipman and Mullineaux, 1982). 

3.  An a rea  of strong fumarolic a c t i v i t y ,  heated by superheated steam 

or gas escaping a t  t he  sur face ,  indicat ing the  presence of hot magma a t  shallow 

depths ( c f  Poas, Costa Rica; Barquero 1985). 

This except ional ly  in t e re s t ing  observation i s  important in  two 

regards .  F i r s t ,  i t  revea ls  Lascar t o  be in an unusually ‘ a c t i v e ’  condi t ion,  

with the  p o s s i b i l i t y  t h a t  i t  may erupt a t  some point in the  sho r t  term fu tu re .  

Lascar t h e r e f o r e  i s  c e r t a i n l y  worthy of f u r t h e r  study and monitoring. Second, 

and of more general importance, i t  demonstrates t h a t  t he  TM provides a means 



whereby even r a t h e r  smal 1 (< loom) and r a t h e r  cool (<400°C) volcanic 

manifestat ions can be confident ly  iden t i f i ed .  The TM thus represents  a powerful 

new tool f o r  t he  monitoring o f  act ive or p o t e n t i a l l y  ac t ive  volcanoes, 

e spec ia l ly  in  remote or inacess ib le  regions. 



L a n d s a t  T h e m a t i c  Mapper (Band 5)  image of L a s c a r  v o l c a n o ,  n o r t h  C h i l e .  
Image i s  1 5  k m  across. Therma l  anomaly i s w h i t e  s p o t  a t  c e n t g r  of Summit 
crater c o m p l e x .  Measured  t e m p e r a t u r e s  are a p p r o x i m a t e l y  360  C .  Image 
a c q u i r e d  March 1985 
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Publications arising from this work in the last six months: 

F r a n c i s ,  P.W. and Rothery,  D.A.; Us ing t h e  Landsat Thematic Mapper t o  d e t e c t  

and m o n i t o r  a c t i v e  vo lcanoes:  an example f r o m  Lascar  vo lcano,  n o r t h  

C h i l e .  Geoloqy; submi t ted  

Rothery,  D.A. and F ranc i s ,  P.W. S y n e r g i s t i c  use of  MOMS 01 and Landsat  TM 

da ta ;  Remote Sensinq L e t t e r s , .  i n  p ress  

A l lmend inger ,  R.W.; Eremchuk, J.E. Sosa Gomez, J ;  Ojeda, J .  and F r a n c i s  P.W. 

The Pasto  Ventura  p u l l - a p a r t  and t h e  southward c o l l a p s e  o f  t h e  

sou the rn  Puna p l  a teau,  Geol oqy , submi t ted .  
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