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T h e  s t r u c t u r a l  p o s i t i o n ,  m o r p h o l o g y ,  g e o l o g i c  s t r u c t u r e ,  e r u p t i v e  h i s t o r y ,  a n d  m a g m a  
e v o l u t i o n  o f  K i z i m e n ,  K a m c h a t k a ,  a r e  c o n s i d e r e d  f r o m  t h e  b i r t h  o f  t h e  v o l c a n o  ( 1 2 — 1 1  
t h o u s a n d  y e a r s  a g o )  t o  t h e  p r e s e n t  t i m e ,  P o u r  c y c l e s  o f  e r u p t i v e  a c t i v i t y  h a v e  b e e n  
d i s t i n g u i s h e d ,  e a c h  l a s t i n g  2  t o  3 . 5  t h o u s a n d  y e a r s .  T h e  l a r g e s t  e r u p t i o n s  h a v e  b e e n  
d a t e d ,  a n d  t h e i r  p a r a m e t e r s  d e t e r m i n e d .  T h e  v o l u m e s  a n d  w e i g h t s  o f  e r u p t e d  p r o d u c t s ,  t h e  
r a t e  o f  m a t e r i a l  d i s c h a r g e ,  a n d  t h e  p r o d u c t i v i t y  o f  t h e  v o l c a n o  h a v e  b e e n  e s t i m a t e d  f o r  
d i f f e r e n t  p e r i o d s  o f  i t s  a c t i v i t y .  I t  i s  d e m o n s t r a t e d  t h a t  t h e  K i z i m e n  r o c k s  e v o l v e d  f r o m  
d a c i t e  t o  b a s a l t i c  a n d e s i t e  a s  a  r e s u l t  o f  d a c i t i c  a n d  b a s a l t i c  m a g m a  m i x i n g .  I t  i s  
s u p p o s e d  t h a t  e r u p t i o n s  s i m i l a r  t o  t h e  1 8 8 8  e r u p t i o n  o f  B a n d a i  o r  t h e  1 9 8 0  e r u p t i o n  o f  
M o u n t   S t .   H e l e n s   a r e  l i k e l y   t o   o c c u r   a t   K i z i m e n   i n   t h e   f u t u r e ,  

INTRODUCTION 

Kiz imen  (55°08  N,  160°  19 ,3  E ,  he ight  2376 a  m)  i s  the  sou the rnmos t
ac t ive  volcano  in  the  Cent ra l  Kamchatka  Depress ion  (F igures  1 ,  2) .  At
the  present  t ime  i t  i s  in  the  s t a te  o f  fumaro l i c  ac t iv i ty ,  which  has
been  recorded approximate ly  s ince  1825  [3] .  The  on ly  h i s to r ica l
e rup t ion  was  documented  in  December  1928  to  January  1929,  when  red
gla re  was  seen  a t  the  summit  a t  n igh ts ,  and  b lack  "smoke"  i s sued
f rom the  p lace  where  the  present -day  fumaroles  a re  s i tua ted .  The
erup t ion   was   accompanied   by   f requent   ea r thquakes   [15] .  

Kiz imen i s  s t i l l  a  l eas t  known ac t ive  volcano of  Kamchatka .  Only
two papers  a re  ava i lable :  one  was  wr i t t en  in  1946  by  Pi ip  [15] ,  where
he  repor ted  h i s  reconna issance  of  the  Kiz imen  ac t iv i ty ,  the  o the r  in
the  ear ly  sevent ies  by  Shantse r  et  a l  [19] ,  who  descr ibed  in  out l ine
the  s t ruc ture  and  e rup t ive  h i s tory  of  the  vo lcano .  In  the  presen t
paper  we  summar ize  the  resul t s  o f  our  geologica l  and tephrochrono-
logica l  s tudy  of  the  vo lcano ,  which  inc luded  the  in te rpre ta t ion  of
la rge-sca le    a i r    photographs    and   ca rbon-14    da t ing   o f   the   rocks .   The  

а T h i s  h e i g h t  w a s  m e a s u r e d  d u r i n g  t h e  1 9 7 2 - 1 9 7 9  t o p o g r a p h i c a l  s u r v e y ,  e a r l i e r  m a p s
g i v e   2 4 8 5  m .  
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resu l t s  of  th i s  s tudy  add  to  and  in  many  respec t s  modi fy  the  exi s t ing
v iews  on  the  o r ig in ,  s t ruc ture ,  and  the  geologic  h i s to ry  of  the
volcano  and on  the  evo lut ion  of  i t s  magmat ic  mater ia l .  New evidence
enabled  us  to  e luc ida te  the  presen t -day  s t age  o f  i t s  ac t iv i ty  and
assess    the    type    and    s i ze    o f    fu ture    e rupt ions .  

The  h i s to ry  o f  the  Kiz imen  format ion  was  s tudied  us ing  a  
t echnique  tha t  had  been  deve loped by  a  g roup  of  workers ,  tha t  were  
engaged  in  t ephrochronology  a t  the  Ins t i tu te  o f  Volcanology  in  1970-  
1980  [2] ,  [12] .  A  compos i te  sec t ion  of  the  so i l -pу roc las t ic  cover  a t  the  
Kiz imen  foo t  (Figure  3 )  was  compi led  f rom 23  loca l  sec t ions  f rom 
d i f fe rent  sec tors .  The  bas ic  markers  used  in  the  d i f fe ren t ia t ion  of  the  
Kiz imen  volcanics  were  ash  layers  tha t  had  been  ident i f i ed  and  da ted  
by  Bra i t seva  e t  a l .  [20] .  These  a re  the  Sh ive luch ashes  (Sh 2 ,  900 1 4 C 
years ;  Sh 3 ,  1300-1400 1 4 C years ;  Sh 5 ,  2500-2600 1 4 C years ) ;  the  
Ksudach  ash ,  1700-1800  1 4 C  years ;  the  Avacha  ash ,  3500-3800  1 4 C 
years ,  and  the  Khangar  ash ,  6900-7000  1 4 C years .  In  descr ib ing  the  
Kiz imen  e rup t ive  h i s to ry  we use  the  1 4 C ages  for  the  event s  tha t  took  
p lace  in  the  t ime  in te rva l  o f  10  000  to  8000  years  ago and  the  1 4 C 
ages  cor rec ted  for  changes  in  the  1 4 C  concent ra t ions  in  the  a tmos-  
phere  [29]  fo r  the  even ts  tha t  occurred  f rom 8000  years  ago  to  the  
present    t ime.  

STRUCTURAL SETTING,  MORPHOLOGY AND GEOLOGIC STRUCTURE 

Kiz imen Volcano  s tands  on  the  sou theas te rn  s ide  of  the  Shchapina
graben  where  th i s  graben  borders  the  Tumrok  Range  hors t  a long a
sy stem of  l a rge  magni tude  normal  faul t s  o f  the  NE s t r ike .  The
founda t ion  of  the  volcano  i s  composed  of  the  volcanic  and  vo lcanoge-
n ic  sed imentary  s t ra ta  o f  the  la te  Miocene  Shchapina  Format ion  and
the  vo lcanic  rocks  o f  the  Tumrok  and Iu l t  complexes  of  l a te  P l iocene
to  P le i s tocene  age  [18] .  Al l  inves t iga tors ,  beginning  wi th  P i ip  [15] ,
considered  the  age  o f  Kiz imen  to  be  la te  P le i s tocene  to  Holocene  on
the  bas i s  tha t  i t s  rocks  f i l l  the  t roughs  o f  the  la te  P le i s tocene
glac ia t ion .  

As  regards  i t s  s ize ,  Kiz imen  i s  a  typica l  example  of  the  ac t ive  
Kamchatkan volcanoes .  I t  i s  120  km2  across  a t  the  base ,  toge ther  wi th  
the  foo t  f l a t s ,  and  r i ses  to  a  he igh t  of  1950  or  2000  m above  the  
Levaya  Shchapina  River  bed .  The  s lope  of  the  cone  in  i t s  middle  and  
upper  par t s  i s  30°  to  40° .  The  to ta l  volume of  the  cone  i s  about  25  
km 3    inc luding  the  foot  f la t s .  

Kiz imen  i s  a  ra ther  unique  fo rmat ion  in  t e rms of  morphology  ( see
Figures  1  and  2) ;  i t  has  no  exac t  ana logues  in  the  Kur i l e -Kamchatka
region.  Al though  i t s  summit  re sembles  outward ly  the  cones  of  o rd inary
s t ra tovolcanoes ,  i t  has  an  in t r i ca te  s t ruc ture .  I t  i s  a  combina t ion  of
a  few c lose ly  spaced ext rus ive  domes,  d i f fe r ing  in  s ize ,  degree  o f
preserva t ion ,  and  age ,  each  having  i t s  own th ick  agglomera te  mant le
and  lava  f lows,  which  d i f fe r  f rom the  f lows of  the  o the r  domes  in
morphology     l ength ,     age ,    and    compos i t ion ,    on     t he    one     hand ,    and  



 

 

KIZIMEN   VOLСANO,    KAMCHATKA 

 

355

 

s teeply  inc l ined  (8°  to  10°)  l eve l  grounds  composed of  explos ion-  
rocks l ide  deposi t s  and  py roc las t ic  f lows,  on  the  o the r  hand.  The  
typ ica l  forms  a t  the  foot  of  the  cone  a re  extensive ,  s l igh t ly  inc l ined  
(2°  to  5°)  py roc las t i c  f low pla ins  wi th  a  ne twork  of  radia l  va l leys  
inc i sed   to   depths   o f   40   to   170   m.  

The  Shchapina  graben a rea ,  where  Kiz imen i s  s i tua ted ,  i s  f rag-
mented  by  faul t s  [8 ]  which  broke  in to  numerous  b locks  no t  only  the
pre  Kiz imen  rocks  but  a l so  the  vo lcan ic  cone  i t se l f .  Of  the  mos t
d i s t inc t  and in t r ica te  pa t te rn  i s  a  sy s tem of  the  NE-t rending  normal
faul t s  ( see  F igure  2)  which  de formed the  Kiz imen cone  in  the
nor thwes t .  The  magni tudes  o f  d i sp lacement  vary  f rom 50-60  m in  the
NE  end   of   the   fau l t   zone   to   170-200  m  in   the   NW  end .  

Volcanic  ac t iv i ty  wi th in  the  Tumrok  morphost ruc ture  t e rmina ted  in
the  ea r ly  ha l f  of  P le i s tocene  t ime ,  200  or  300  thousand  years  ago  [8] .
Ye t ,  in  the  la te  P le i s tocene  the  magma sources  of  the  volcanoes  tha t
had  ex i s ted  the re  were  ac t iva ted  as  a  re su l t  o f  ac t ive  fau l t ing  dur ing
the  format ion  o f  the  Shchapina  graben  and  the  Tumrok Range  hors t .
Apparent ly ,  a  k ind  of  "ga lvaniza t ion"  o f  these  d i f fe ren t i a ted  magma
chambers  by  a  h igh- tempera ture  basa l t  magma caused the  b i r th  o f
Kiz imen  Volcano  and  a l so  o f  the  Tamara  c inder  cone  (named by  the
wr i te r s ,  see  F igure  2 )  and  a  few o ther  smal le r  cen ters  of  basa l t  and
andes i te  vo lcani sm,  which  preceded the  Kiz imen  b i r th ,  and  whose  l avas
and  tuf f  b recc ias  ou tc rop  in  a  deeply  ent renched  va l ley  of  a  c reek
in   the   NW  sec tor   o f   the   Kiz imen  foot   ( see   F igure   2 ,   inse t ,   s i te   28) .  

Accord ing  to  Ki r sanova  e t  a l .  [9] ,  these  d i f fe rent ia ted  magma 
chambers  a re  the  sources  o f  the  Verkhneshchapina  hot  spr ings  
s i tua ted   10   km  to   the   nor theas t   f rom  Kiz imen.  

Figure   1      Kizimen    Volcano.    View    from    the    southwest.    Photo    by    V.  N.    Dvigalo. 
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ERUPTIVE   HISTORY 

The  ea r l ie s t  t races  of  the  Kiz imen e rupt ive  ac t iv i ty  a re  the  l ayers  o f
c las t ic  explos ive  deposi t s  found  a t  s i t es  14  and  28  (see  Figure  2 ) .
They  a re  over la in  by  t ephra  which  in  tu rn  in  over la in  by  compac t
pyroc las t ic  f low PF 1

0  depos i t s  wi th  columnar  jo in t ing .  This  suggest s
tha t  the  Kiz imen  ac t iv i ty  began  wi th  a  powerfu l  exp los ion  which  was
fo l lowed  by  the  e jec t ion  o f  a  la rge  amount  of  juveni le  pyroc las t ics .  No
tephras  o f  the  in i t ia l  phase  have  been  found  in  the  Holocene  soi l -
py roc las t i c  cover  o f  the  s tudy  a rea .  On th i s  bas i s  and  cons ider ing  the
re la t ions  be tween the  volcanic  ma te r ia l  o f  th i s  phase  and  the
accumula t ion  forms  of  phase  I I  o f  the  la t e  Ple i s tocene  g lac ia t ion ,  we
may  conclude  tha t  Kiz imen was  born  in  the  la te  P le i s tocene ,  a t  the
c lose   of   the   g lac ia l ,   obvious ly   12   o r   11   thousand  years   ago.  

We di s t inguish  four  cyc les  in  the  Kiz imen e rupt ive  h i s to ry ,  KZ I ,  
KZ I I ,  KZ I I I  and  KZ IV,  each  cons i s t ing  of  ac t ive  and  repose  per iods  
(F igure  4 ) .  As  a  ru le ,  the  ac t ive  pe r iod  of  each  cyc le  began  wi th  the  
g rowth  of  an  ext rus ive  dome and lava  e f fus ion .  The  cyc les  d i f fe red  
in  the  volume and  composi t ion  of  the  e rup ted  produc ts ,  in  the  
charac te r  and  produc t iv i ty  o f  e rupt ions ,  and  in  the  propor t ion  of  the  
juveni le    and    re surgent    mate r i a l   ( see   Figures   3   and   4) .  

Cyc le  KZ I  (12-11  to  8400  years  ago) .  The  cyc le  began  wi th  
explos ions ,  bu t  the i r  p roduc ts  and  the  depos i t s  o f  the  f i r s t  
py roc las t ic  f lows,  PF 1

0 ,  could  not  be  recons t ruc ted  because  they  a re  
whol ly  bur ied  under  the  l a te r  depos i t s  and  have  no topographic  
express ion .  

The  exp los ive  phase  was  fo l lowed by  ext rus ive  ac t iv i ty .  The  dome 
i t se l f  i s  no t  expressed  in  the  geomorphology ,  fo r  i t  was  obvious ly  
a lmost    whol ly   removed   dur ing    the    subsequent   e rupt ive   per iods ;   ye t ,  

F i g u r e  2  S c h e m a t i c  g e o l o g i c a l  a n d  g e o m o r p h o l o g i c a l  m a p  o f  K i z i m e n  V o l c a n o  a n d  a  l o c a t i o n  m a p
o f  o b s e r v a t i o n  s i t e s ,  1  t h r u  5  −  l a v a  f l o w s :  1 ,  2 ,  3  −  c y c l e  K Z  I V ;  4  −  c y c l e  K Z  I ,  5  −  T a m a r a
C o n e ;  6  −  u n d i f f e r e n t i a t e d  p y r o c l a s t i c  f l o w  a n d  e x p l o s i o n  d e p o s i t s  o f  c y c l e  K Z  I V ;  7  −
u n d i f f e r e n t i a t e d  d e p o s i t s  o f  p y r o c l a s t i c  a n d  a g g l o m e r a t i o n  f l o w s  o f  c y c l e  K Z  I V  a n d  K Z  I I ;  8  t h r u
1 1  −  p y r o c l a s t i c  f l o w  d e p o s i t s :  8  −  c y c l e  K Z  I V ,  9  −  c y c l e  K Z  I I  a n d  I V ,  1 0  −  c y c l e  K Z  I  a n d  I I ,
1 1  −  c y c l e  K Z  I ;  1 2  t h r u  1 5  −  e x t r u s i v e  d o m e s :  1 2  −  l a t t e r  h a l f  o f  K Z  I V ,  1 3  −  f o r m e r  h a l f  o f  c y c l e
K Z  I V ,  1 4  −  c y c l e  K Z  I I ,  1 5  −  c y c l e  K Z  I ;  1 6  −  T a m a r a  c i n d e r  c o n e ;  1 7  −  c r a t e r s ;  1 8  −  f a u l t s ;  1 9  −
l a h a r  d e p o s i t s  o f  c y c l e  K Z  I V ;  2 0  −  r o c k s l i d e  a v a l a n c h e  c i r q u e s  a n d  d e p o s i t s ;  2 1  −  a g g r a d a t i o n a l
p l a i n s :  a  −  a l l u v i a l ,  b  −  p r o l u v i a l ,  с  −  l a c u s t r i n e ;  2 2  −  g l a c i a l  l a n d f o r m s ,  p h a s e  I I ,  l a t e
P l e i s t o c e n e  g l a c i a l :  a , b  −  h u m m o c k s  a n d  h o l l o w s ,  с  −  m o r a i n i c  r i d g e s ;  2 3  −  e r o s i o n  s c a r p s ;  2 4  −
l a v a  p l a t e a u  f r a g m e n t s ;  2 5  −  d i r e c t i o n  o f  m o v e m e n t ;  2 6  −  e x t e n t  o f  d i s p e r s a l  o f  K i z i m e n  e r u p t i o n
p r o d u c t s  ( e x c l u d i n g  f a r  d i s p e r s e d  t e p h r a ) .  P F  −  p y r o c l a s t i c  f l o w ;  L B  −  l a t e r a l  b l a s t  d e p o s i t s
( r o c k s l i d e  d e b r i s  ? ) ;  P a g g l  −  a g g l o m e r a t i o n  p l a i n ;  P l a h  −  l a h a r  p l a i n ;  M 2  −  m o r a i n e  o f  p h a s e  I I ,
l a t e  P l e i s t o c e n e  g l a c i a l ;  P g l f l  −  g l a c i o f l u v i a l  p l a i n .  T o p  i n s e t  s h o w s  l o c a t i o n  o f  s t u d y  a r e a ,
b o t t o m    i n s e t ,    o b s e r v a t i o n    s i t e s .    F i g u r e s    i n    c i r c l e s    a r e    d o m e    n u m b e r s .  
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i t s  t r aces  remained a t  s i t e s  14  and 28  as  re l ic s  of  a  th ick  coarse -
c las t ic  mant le  cover ing  the  PF 1

0  depos i t s .  A d i s t inc t  s t ra t i f i ca t ion  of
the  mant le  t e s t i f i e s  to  a  mul t i s tage  growth o f  the  dome.  I t s  growth
was  accompanied  by  the  ef fus ion  of  ve ry  v i scous  lava  f lows not  more
than  2 .5  or  3  km long.  The  l avas  a re  o f  an  Amf−Pl  dac i t e  and  dac i t i c
andesi te  compos i t ion  ( see  F igures  2  and  3) .  Lava  f lowed  la rge ly  in  the
NW sec tor  o f  the  vo lcano.  Ear l i e r  [15] ,  the  l avas  were  thought  to  be
of  ext rus ive  or ig in  because  of  the i r  l a rge  th ickness  (up  to  200  m)  and
the  fan-shaped  pa t t e rn  o f  the  lava  f low f ronts .  The i r  to ta l  a rea  was
es t imated    to    be    9 -10    km 2    and    the    volume   0 .8-1    km3 .  

By  the  t ime  the  dome ceased  to  g row the  vo lume of  the  volcanic  
s t ruc ture  was  7  to  10  km 3  accord ing  to  our  recons t ruc t ion ,  and  the  
to ta l  volume  of  the  juveni le  and resurgent  ma ter ia l ,  inc lud ing  the  fa r  
d i spersed  tephra  (0 .5  to  1  km 3  by  ana logy  wi th  the  tephra  of  s imi la r  
recent  e rupt ions) ,  might  be  7 .5  to  11  km 3 ;  the  we ight  of  the  to ta l  
e rupted      ma ter ia l      was      o f      t he      o rde r      o f      20x10 9     tons .  

The  c l imax of  cyc le  KZ I  occurred  in  the  ea r ly  Holocene ,  ~10
thousand  years  ago.  A se r i es  o f  c l imact i c  e rup t ions  was  p receded by
a  grea t  in tens i f ica t ion  of  t ec tonic  and  volcano- tec ton ic  movements  and
by  the  format ion  of  a  dome-shaped  vo lcano- tec tonic  upl i f t .  Par t  of
th i s  up l i f t ,  f ragmented  by  fau l t s  wi th  up  to  200-250  m d isp lacement
in to  huge  s teps ,  i s  s t i l l  p resent  in  the  NW sec tor  of  the  Kiz imen foot
(see  F igure  2) .  The  fau l t s  a f fec ted  the  ends  of  the  prev ious  l ava
f lows.  I t  i s  qu i te  l ike ly  tha t  the  major  normal  faul t  o f  the  nor thern
foot     o r ig ina ted     a t     tha t     t ime.  

A la te r  powerful  exp los ion  des t royed  par t  of  th i s  up l i f t  and  the
prev iously  fo rmed ext rus ive  dome.  Blocks  of  the  dome mater ia l ,  up  to
5-6  m in  s ize ,  were  found  dur ing  our  survey  a t  the  base  o f  the
pyroc las t ic  f low PF 1

1  on  the  l e f t -hand  bank  of  the  Levaya  Shchapina
River  9  to  10  km f rom the  e rup t ive  vent .  Thi s  py roc las t ic  f low was
produced  by  a  voluminous  e jec t ion  of  dac i te  and  dac i t i c  andes i te
pyroclas t ic s  immedia te ly  a f te r  a  c l imac t ic  explos ion  and was  the
la rges t  in  the  explos ive  h i s tory  of  the  volcano  (a rea  80  to  90  km2 ,
vo lume 2 .4-3 .6  km3 ) .  In  the  nor th ,  i t s  depos i t s  bur ied  a  >15  km
st re tch  of  the  Levaya  Shchapina  va l ley .  At  a  d i s tance  of  10  to  15  km
from the  vo lcano  the  so i l -py roc las t ic  cover  inc ludes  l igh t  gray
s t ra t i f ied  sands  wi th  pumiceous  l api l l i ,  sy nchronous  wi th  the
pyroc las t ic  f low PF1

1 ,  which  l i e  on  a  mora ine  ( see  F igure  2 ,  s i t es  1 ,
44 ,  45) ;  they  were  in te rpre ted  as  py roc las t ic  su rge  depos i t s  [1] .
Al though  we  have  no t  found  tephra  of  the  c l imat ic  e rup t ion ,  i t s
vo lume can be  es t imated  a t  1  km3  by  ana logy  wi th  s imi lar  recent
e rup t ions    o f     o the r    volcanoes .  

Af te r  the  py roc las t i c  e rupt ion ,  a  new ex t rus ive  dome (dome 1  in  
F igure  2 )  began  to  g row in  the  e rup t ive  ven t ,  which  i s  a t  present  the  
o ldes t  o f  the  domes  hav ing  a  topographic  express ion .  Depos i t s  re la ted  
to  i t s  g rowth ,  such  as  smal l  py roc las t ic  f lows  (PF 1

2  in  F igure  2) ,  
py roc las t ic  surges ,  and rocks l ide  debr i s  compos ing  i t s  th ick  (>100  m)  
agglomera t ion  mant le ,  occur  near  the  foo t  o f  the  volcano .  Accord ing  
to   our    r econs t ruc t ion ,   the    to ta l   volume  of   the   ex t rus ive   body   wi th   i t s  
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agglomera t ion  mant le  was  3 .5 -4  km,  the  he ight  o f  the  summit  was  
2100-2200 m,   and  the   to ta l   Kiz imen  vo lume  o f   tha t   t ime   was   22  km3 .  

The  upper  age  l imi t  (~9500 years)  of  cyc le  KZ I  i s  to  a  f i r s t  
approximat ion  de f ined  by  the  1 4 C  age  (8550±100  to  9190±150  years)  of  
a  uni t  of  bur ied  humic  sandy  loam wi th  ra re  l ayers  o f  t rans i t  f ine  
ash ,    which    l i e s    on    the    KZ  I    deposi t s .  

The  juveni le  and  resurgent  ma te r ia l ,  inc luding  the  fa r  d i spe rsed  
tephra ,  tha t  was  e rupted  dur ing  the  f i r s t  2000  or  2500 years  o f  the  
vo lcano ' s  l i fe  to ta l s  23 .5-24  km 3  in  vo lume and  ~50xl09  tons  in  weight  
(Table  1) .  So  the  ra te  of  d i schage a  dur ing  the  f i r s t  cyc le  can  be  
es t imated  a t  22xl0 6  tons  per  year .  The  bu lk  of  the  e rup ted  produc ts  
was  a  juveni le  mater ia l :  the  pe rcentage  of  the  basement  rocks  in  the  
py roc las t ic  depos i t s  was  10  to  20  percen t  o f  the  rock vo lume in  the  
in i t i a l  phase ,  and  decreased  progress ive ly .  The  e rupt ive  per iod  of  
cyc le   KZ  I   was   succeeded  by   a   repose   per iod   of   ~  1100  years .  

Eruptive  cyc le  KZ II  ( 8400  to  6400  years  ago)  began  wi th  a  se r i es
of  modera te  e rupt ions  which  a re  represented  in  the  so i l -py roclas t ic
sequence  by  2  or  3  l ayers  o f  pumiceous  tephra  to ta l ing  0 .001  to  0 .01
km 3  in  volume.  La te r ,  about  8300 years  ago ,  a  c l imact ic  e rupt ion  took
place ;  i t  was  one  of  the  la rges t  e rupt ions  in  Kamchatka  a t  tha t  t ime.
Tephra  covered  an  area  o f  severa l  hundreds  o f  thousand  square
ki lomete rs  [20] .  Thei r  l ayers  have  been  found  in  Ber ing  Is land  360  km
to  the  eas t -nor theas t  and  near  Bolshoi  Semyachik  Volcano  95 km to
the  south-sou thwest  f rom Kiz imen.  At  the  foo t  of  Kiz imen  the  t ephra
range  be tween  15  and  30  cm and  cons i s t  o f  pumiceous  bombs ,  lap i l l i ,
coa rse  sand ,  and  f ine  ash .  The  tephra  composi t ion  i s  dac i t ic  andes i t e
and   dac i te ,    the    vo lume   2 .5   to   3   km3 .   The    vo luminous     py roc las t ic  

F i g u r e  3  C o a p o s i t e  s e c t i o n  o f  l a v a s  a n d  p y r o c l a s t i c  d e p o s i t s  a t  t h e  K i z i m e n  f o o t .  K i z i m e n
t e p h r a :     1   −   p u m i c e o u s     l a p i l l i ;     2   −   p u m i c e o u s     g r a v e l ;     3   −   l i g h t     ( p a l e    y e l l o w    o r    y e l l o w )     f i n e    a s h ;  
4   −    l i g h t    ( p a l e    y e l l o w    o r   l i g h t   g r a y )    f i n e    a s h    w i t h    v o l c a n i c    s a n d    a n d    g r a v e l    a n d    p u m i c e o u s    l a p i l l i ;  
5  −  b l a c k  v o l c a n i c  s a n d ;  6  −  s a n d y  l o a m  w i t h  a d m i x t u r e ,  l e n s e s ,  o r  i n d i s t i n c t  l a y e r s  o f  l i g h t  g r a y  
f i n e  a s h ;  7  −  o r a n g e  f i n e  a s h .  T e p h r a  f r o m  o t h e r  v o l c a n o e s :  8  −  p a l e  y e l l o w ,  y e l l o w  a n d  l i g h t  g r a y  
a s h ;  9  −  b l a c k  v o l c a n i c  s a n d ;  1 0  −  y e l l o w  a n d  l i g h t  g r a y  f i n e  a s h  w i t h  v o l c a n i c  s a n d  o f  t h e  s a m e  
c o l o r s ;  1 1  −  p y r o c l a s t i c  f l o w s  ( s y m b o l s  a n d  n u m b e r s  c o r r e s p o n d  t o  F i g u r e  2 ) ;  1 2  −  e x t r u s i v e  d o m e s ;  
1 3  −  t h i c k  v i s c o u s  l a v a  f l o w s  o f  c y c l e  K Z  I ;  1 4  −  o t h e r  l a v a  f l o w s  ( s y m b o l s  c o r r e s p o n d  t o  F i g u r e  
2 ) ;  1 5  −  s a n d y  l o a m ;  1 6  −  m o r a i n e ;  1 7  −  c o a l s ;  1 8  −  h u m i c  l e n s e s ;  1 9 ,  2 0  −  c o m p o s i t i o n  d a t a  p o i n t s  
i n  p e r c e n t  o f  i n s o l u b l e s :  1 9  −  l a v a s  a n d  p y r o c l a s t i c  f l o w s ;  2 0  −  t e p h r a s .  K Z  I ,  I I ,  I I I ,  I V  −  
m a t e r i a l  d e p o s i t e d  d u r i n g  e r u p t i v e  p e r i o d s  o f  r e s p e c t i v e  c y c l e s .  I n d i c e s  o f  t r a n s i t  a s h e s :  S h 2 ,  
S h 3 ,  S h 5  −  S h i v e l u c h ;  K s 1  −  K s u d a c h ;  A v  −  A v a c h a ;  G m  −  G a m c h e n s k i y ;  K h  −  K h a n g a r ;  G T F E  −  G r e a t  
T o l b a c h i k  f i s s u r e  e r u p t i o n ,  1 9 7 5 − 1 9 7 6 .  T r a n s i t  a s h  a g e s  a r e  g i v e n  a f t e r  [ 2 0 ] .  D a t e s  t o  t h e  r i g h t  
o f  t h e  c o l u m n  a r e  t h e  a g e s  o f  t h e  d e p o s i t s  a t  t h e  f o o t .  T h e  c o m p o s i t e  s e c t i o n  c o r r e s p o n d s  i n  
t h i c k n e s s     t o     t h e     s o i l - p y r o c l a s t i c     c o v e r     a t     a     d i s t a n c e     o f     8 − 9     k m     f r o m     K i z i m e n .  

а W e  e s t i m a t e d  t h e  r a t e  o f  d i s c h a g e  b y  d i v i d i n g  t h e  m a s s  o f  t h e  e r u p t e d  j u v e n i l e  m a t e r i a l  b y  t h e
l e n g t h    o f    t h e    e r u p t i v e    p e r i o d .  
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erup t ion  resu l ted  in  the  format ion  of  ex tens ive  (70-80  km2 )  py roc las t ic  
f low PF 2  deposi t s  ranging be tween 10 and  60 m in  th ickness .  Taking 
the  average  th ickness  to  be  20-30 m,  we  es t imated  the  vo lume to  be  
1 .5 -2  km 3 .   The   juveni le   ma te r ia l   in   the   deposi t s   i s   dac i t ic   andesi t e .  

Dur ing  the  c los ing  phase  o f  the  e rupt ive  pe r iod  of  cyc le  KZ I I  a
new la rge  dome grew (dome 2  in  F igure  2 ) .  I t s  g rowth  t ime  can be
es t imated  to  be  700  years  p roceeding  f rom th in  l igh t  g ray  ash  layers
assoc ia ted  wi th  i t ,  which  l i e  be low and immedia te ly  above  the  tephra
of  Khangar  Volcano  whose  age  i s  7700-7800  years  ( see  Figure  3) .  The
volume of  the  dome,  i t s  agglomera t ion  mant le ,  and  the  tephra  e jec ted
dur ing i t s  g rowth i s  0 .3-0 .4  km 3 .  S ince  dome 2  grew somewhat  away
f rom  the   summi t ,   the   he ight   o f   the   volcano  d id   no t   change .  

The  cyc le  KZ I I  p roduct iv i ty a  was  es t imated  to  be  ~3 .6xl0 6  pe r  
year  ( see  Table  1 ) .  The  800-year  dura t ion  of  the  e rupt ive  pe r iod  
g ives  the  average  ra te  of  d i schage  to  be  (7 .8-9 .4)x l0 6  tons  per  year .  
The  ac t ive  per iod  was  fo l lowed by  a  re la t ive  repose  pe r iod  which  
l as ted  ~1200  years .  The  t ime  of  the  cyc le  KZ I I  e rup t ive  per iod  and 
the  ca tas t roph ic  charac te r  o f  i t s  c l imact ic  e rupt ion  do  no t  seem to  be  
inc identa l :  tha t  t ime  in te rva l  i s  known to  be  an  ear ly  Holocene  c l imax 
of   exp los ive   ac t iv i ty   in   Kamchatka   and  in   the   Kur i l   I s l ands   [11] .  

Eruptive  cyc le  KZ III  (6400  to  3000  years  ago)  was  d i f fe rent  f rom
the  two previous  cyc les  by  a  lower-sca le  volcanic  ac t iv i ty :  mere ly
weak  and  mi ld  explos ive  e rupt ions  took p lace  dur ing  the  e rupt ive
per iod  (6400  to  6000 years  ago) .  The  la rges t  exp los ions  occur red  a t
the  beg inning  of  th i s  pe r iod  and  e jec ted  ~0 .1  km3  of  re surgen t  and
juveni le  mater ia l .  Coarse  e jec ta  fe l l  to  the  nor th  f rom the  vent .  The
erup t ions  tha t  fo l lowed  produced th in  l ayers  of  pumiceous  tephra
which  ranged  f rom smal l  l ap i l l i  to  f ine  ash .  The i r  to ta l  vo lume i s  0 .005
to  0 .01  km 3 .  The  chemica l  composi t ion  i s  dac i t ic  andes i te .  The
produc t iv i ty  o f  the  volcano  was  <  0 .1xl06  tons  per  year .  The  ra te  o f
d i scharge  was  presumably  not  l a rger  than  0 .5x l06  tons  pe r  year ,  i . e . ,
i t   was   an   order   o f   magni tude   smal le r   than   dur ing   cyc le   KZ  I I .  

Cycle  KZ IV (300  years  ago  to  the  p resen t  t ime) .  A powerful  
e rup t ion  a t  the  beg inn ing  of  th is  cyc le  was  a  turn ing point  in  the  
Kiz imen  hi s to ry .  I t  in i t i a ted  a  new se r ies  o f  e rup t ions  a f te r  a  long  
pe r iod  (~3000  years )  of  re la t ive  qu iescence  which  t e rmina ted  e rupt ive  
cyc le  KZ I I I .  Tha t  e rup t ion  was  s imi la r  in  charac te r  to  la rge  e rup t ions  
o f  the  opening  phases  o f  cyc le  KZ I  and  KZ I I .  The  common fea tures  
were  the  e jec t ion  of  vo luminous  juveni le  py roc las t i c s ,  the  format ion  
o f  py roc las t i c  f lows,  and  the  g rowth  of  a  la rge  ext rus ive  dome wi th  
l ava  f lows.  Ye t ,  the re  were  cons iderab le  d i f fe rences .  The  juven i le  
ma te r ia l  became more  bas ic  and  more  cont ras ted:  for  the  f i r s t  t ime 
basa l t ic  andes i te  was  e rupted .  The  to ta l  vo lume (0 .7  to  1  km 3 )  and 
we ight  (1 .5  to  2x l0 9  tons)  of  the  juveni le  ma ter ia l  were  smal le r  than  
in   the   e rupt ions   of   the   prev ious   cyc les .  

а P r o d u c t i v i t y  w a s  e s t i m a t e d  b y  d i v i d i n g  t h e  m a s s  o f  t h e  e r u p t e d  m a t e r i a l  b y  t h e  d u r a t i o n  o f  t h e
e r u p t i v e    p e r i o d    t o g e t h e r    w i t h    t h e    p r e c e d i n g    r e p o s e    p e r i o d ,  
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F i g u r e  4  D y n a m i c s  o f  K i z i m e n  e r u p t i v e  a c t i v i t y .  T o  t h e  r i g h t  o f  t h e  t i m e  s c a l e :  1  −  p e r i o d s
i f  e x t r u s i v e  a n d  e x p l o s i v e  a c t i v i t y :  g r o w t h  o f  d o m e  a c c o m p a n i e d  b y  m i l d  o r  w e a k  l i g h t  g r a y  t e p h r a
e j e c t i o n s  a n d  s m a l l  p y r o c l a s t i c  f l o w s ;  2  −  s a m e ,  w i t h  o c c a s i o n a l  m i l d  e r u p t i o n s  o f  b l a c k  b a s a l t i c
a n d e s i t e  s a n d ;  3  −  p e r i o d s  o f  w e a k  e x p l o s i v e  a c t i v i t y ;  m i n o r  e j e c t i o n s  o f  b l a c k  b a s a l t i c  a n d e s i t e
s a n d   a n d   m i l d   p h r e a t i c   e r u p t i o n s ;    4   −   l a t e r a l   b l a s t ;    5   −   l a r g e   p y r o c l a s t i c    f l o w s ;    6   −   l a v a    f l o w s ;  
7  −  s i n g l e  t e p h r a  e j e c t i o n s ;  8  −  p h r e a t i c  e r u p t i o n s ;  9  −  t r a n s i t  a s h .  L e n g t h s  o f  a r r o w s  a r e
p r o p o r t i o n a l  t o  a m o u n t s  o f  e r u p t e d  m a t e r i a l .  I n d i c a t e d  t o  t h e  l e f t  o f  t h e  t i m e  s c a l e  a r e :  t h e  r a t e s
o f  j u v e n i l e  m a t e r i a l  d i s c h a r g e  d u r i n g  t h e  e r u p t i v e  p e r i o d s  o f  c y c l e s  K Z  I  t o  K Z  I V  ( x l O 6  t o n / y r ) ,
t h e    t i m e s    o f    t h e    l a r g e s t    e r u p t i o n s ,    a n d    t h e    w e i g h t    o f    t h e i r    j u v e n i l e    p r o d u c t s    ( x l O 9  t o n s ) .  

L ike  in  the  p revious  cyc les ,  mos t  o f  the  juveni le  ma te r ia l  was  
e rup ted  in  the  fo rm of  py roclas t ic  f lows (PF3  in  F igure  2 ) ,  bu t  the i r  
to ta l  a rea ,  30-35  km 2 ,  was  two t imes  as  smal l  a s  tha t  of  the  KZ I  or  
KZ I I  f lows.  The  KZ IV f lows  were  the  l as t  py roc las t i c  f lows  in  the  
Kiz imen  e rup t ive  h i s tory .  The  o ther  deposi t s  synchronous  wi th  the  
PF 3  f lows,  a re  a  py roc las t ic  surge  mater ia l  and  a  smal l  amount  o f  
t ephra .  

An  andes i te  dome (dome 3  in  Figure  2 ) ,  1  km by  1 .2  km in  s ize ,
was  s lowly  growing  in  the  expos ive  c ra te r  dur ing  a  long  pe r iod  of
t ime  (up  to  ~1100  years  ago)  tha t  fo l lowed  the  c l imax.  The  growth of
the  dome was  a  mul t i s tage  p rocess  accompanied  by  explos ive  and
effus ive  ac t iv i ty .  Lava  f lows  va r ied  in  s i ze ,  form,  and  composi t ion .  The
o lder  f lows,  1  to  2  km long,  cons i s ted  of  e l l ipso ida l  l ava ,  were  very
th ick  a t  the  f ronts  (>100  m) ,  and had  an  andesi te  compos i t ion ,  s imi la r
to    the    dome.    The    younger   f lows   were   th inner ,   amounted    to   4   km  in  
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T a bl e  1   A m o u n t s   o f   e r u p t e d   m a t e r i a l ,   r a t e s   o f    d i s c h a r g e   a n d   p r o d u c t i v i t y   o f    K i z i m e n    V o l c a n o .  

C y c l e  a n d  
i t s  t i m е  
i n t e r v a l ,  
t h o u s a n d  
y e a r s  

E r u p -
t i v e

p e r i o d ,
t h o u -
s a n d
y e a r s  

R a t e  o f  
d i s c h a g e  

o f  
j u v e n i l e  

m a t e r i a l ,  
× 1 O 9     

t o n / y r  

P r o d u c -  
t i v i t y ,  
× 1 O 6     

t o n / y r  

  A m o u n t     o f     e r u p t e d     m a t e r i a l  

   V o l u m е ,    к m 3  W e i g h t ,   × 1 O 9    t o n s  

KZ   IV   B, 1.1    0.09 −                 ~ 0.03      0.17 −        ~ 0.07 ~ 0.06 _ 

0   to   1.1    0.10       0.20    
KZ   IV   A, 1.9   1.0 −   0.7 −      1.9 − 1.5 −       0.8 −              0.3 − 
1,1  to   3         1.3            1.0     2.5            2.0  1.1              0.4 
KZ   IV 3.0     1.09 −     0.73 −       2.07 −   1.57 −      0.5 −           ~ 0.3 
(A + B)     1.40  1.03      2.70            2.07 0.7  
KZ   III, 0.4   0.1 < 0.1     0.2           < 0.2 < 0.5            < 0.1 
3   to   6,4        
KZ   II, 0.8     4.4 −      3.9 −       7.2 −    6.2 −       7.8 −      3.3 − 
6.4   to   8.4     5.4   4.7      8.9             7.5   9.4   3.9 
KZ   I,   9.5 2.0 − 2.5      23.5 − ~ 21    ~ 50             ~ 45             ~ 20    − 
to   11-12          24.0      
KZ   I   to   IV 6.2 − 6.7  ~26               ~ 54        8.1 − 

    8.7 
            ~ 4.7 

Σ  J u v e -  Σ           J u v e -
          n i l e        n i l e

N o t e .  Σ  d e n o t e s  t o t a l  v o l u m e  o r  w e i g h t  o f  j u v e n i l e  a n d  r e s u r g e n t  m a t e r i a l ;  A  -  f i r s t  p h a s e
o f   c y c l e   K Z   I V ,    В  –  s e c o n d   p h a s e   o f   c y c l e   K Z   I V .  

l ength  and consi s ted  of  b lock  lava  of  more  bas ic  compos i t ion .  The  
to ta l  vo lume  of  l ava  was  0 .15  or  0 .16  km 3 .  Numerous  explos ions  and 
grav i ta t iona l  s l id ing  produced  a  th ick  agglomera t ion  mant le  a t  the  foot  
o f  the  dome.  According  to  our  reconst ruc t ion ,  the  dome a t t a ined ,  
toge ther  wi th  the  mant le ,  a  volume of  0 .25-0 .3  km3  a t  the  end  of  i t s  
g rowth  and was  the  major  summit  form of  the  volcano.  I t  i s  no t  
un l ike ly   tha t   Kiz imen  was   h igher   a t   tha t   t ime  than   i t   i s   now.  

Judging  f rom the  success ion  o f  the  events ,  the  charac te r  of  
e rup t ions ,  and  the  vo lcanic  fo rms produced,  a  ra ther  c lose  ana logue  
of  the  Kiz imen ac t iv i ty  o f  tha t  t ime  i s  a  se r i es  o f  e rupt ions  a t  
Bezymyanny i ,  which  began  in  1955 and  cont inue  a t  the  present  t ime .  
The  Kiz imen dome resembles ,  in  many  respect s ,  the  dome,  ca l led  Novy i ,  
which   i s   g rowing  a t   Bezymyanny i .  

The  t ime  of  the  dome 3  growth  can  be  es t ima ted  f rom th in  l ayers
of  l ight  g ray  f ine  t ephra  in  the  so i l -pyroc las t i c  cover :  the  f i r s t  l ayers
l ie  immedia te ly  above  the  deposi t s  of  the  cyc le  KZ IV c l imact ic
e rup t ions ,  o the rs  occur  in  the  sequence  tha t  fo l lows,  and  the  las t
l ayer  res t s  on  the  Sh 3  marker  ash  1200-1300 years  of  age  ( see  F igure
3) .  Hence ,  the  dura t ion  of  the  in i t i a l  phase  o f  cyc le  KZ IV can  be
es t imated    a t   ~  1900  yea rs ,   and    i t s    p roduct iv i ty    a t    (0 .3-0 .4)  x l0 6    tons  
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per  year .  I t  i s  impor tan t  to  note  tha t  a t  l eas t  four  layers  of  b lack  
vo lcanic  sand,  obviously  of  more  bas ic  compos i t ion  ( see  Figure  3) ,  
were  deposi ted  a t  tha t  t ime  a long  wi th  the  l igh t  g ray  (andesi t i c  ? )  
t ephra ;  two of  them were  apparent ly  p roduced  by  e rup t ions  tha t  
d i scharged    l ava .  

The  volcanic  ac t iv i ty  of  the  in i t ia l  phase  of  cyc le  KZ IV was
accompanied  by  v igorous  tec tonic  movements .  A considerable  d i sp lace -
ment  took  p lace  a long  a  fau l t  in  the  N and  NE sec tors  of  the  Kiz imen
foot .  The  d i sp lacement  of  a t  l eas t  10  m occurred  in  the  a rea  of  the
Verkhneshchapina  ho t  spr ings  and  where  the  fau l t  in te r sec t s  one  of
the  KZ IV lava  f lows .  New normal  fau l t s  o r ig ina ted  on bo th  s ides  o f
the    middle  course   o f   the   Poperechny i   Creek .  

Among the  o the r  even ts  assoc ia ted  wi th  the  c l imax,  wor thy  of  
ment ion  i s  a  l a rge  l aha r  which  obviously  reached  the  va l ley  of  the  
Levaya  Shchapina  River  and  covered  the  a rea  where  the  Verkhne-  
shchapina   ho t   sp ings   a re   s i tua ted .  

The  second phase  o f  cyc le  KZ IV (1100  years  ago  to  the  present
t ime)  exhibi t ed  an  even more  p ronounced  spec i f i c  charac te r .  F i r s t ,  the
in i t ia l  explos ion  was  no t  fo l lowed,  as  i t  was  in  the  f i r s t  phase ,  by  a
voluminous  e jec t ion  of  juveni le  pyroc las t i cs .  The  explos ion  removed
the  upper  pa r t  of  dome 3  and  produced  a  1  km by  0 .7  km c ra ter  open
to  the  nor theas t .  The  resu l t ing  coarse  debr i s ,  0 .05-0 .06  km3  in  volume,
covered  the  60°-70°  NE sec tor  of  the  foot  to  a  d i s tance  of  3-3 .5  km
from the  ven t .  A  new,  re la t ive ly  smal l  dome grew in  the  c ra te r  (0 .015
km 3  toge ther  wi th  the  agglomera t ion  mant le )  (dome 4  in  Figure  2 ) .
Secondly ,  the  l ava  tha t  f lowed  dur ing  the  growth  of  the  dome,  and
the  juveni le  tephra ,  were  o f  the  mos t  bas ic  compos i t ion  in  the  Kiz imen
his to ry .  Moreover ,  the  l ava  was  of  the  lowes t  v i scos i ty ,  and  the  f lows
were   smal l   in   s ize   ( to ta l  ~  0 .012  km 3 ) .  

The  so i l -pyroc las t ic  cover  recorded  s ix  e rupt ions ,  each represen ted  
by  a  th in  ash  layer  (0 .5  to  3  cm a t  3  to  5  km f rom the  ven t ) .  The  
l ayers  conta in  bo th  juveni le  and  resurgent  mater ia l .  In  fac t ,  the  la s t  
1100  years  seem to  wi tness  a  l a rger  number  o f  e rup t ions ,  many  of  
which  might  be  as  mi ld  as  the  exp los ive  e rupt ion  of  1928-1929  which  
d id  not  p roduce  i t s  own tephra  layer .  

An  impor tan t  po in t  i s  tha t  the  h i s to r ica l  renewals  of  the  Kiz imen 
ac t iv i ty  exhib i t  a  d i s t inc t  cor re la t ion  wi th  loca l  ear thquakes .  For  
ins tance ,  the  e rup t ion  of  1928-1929  was  accompanied  by  f requent  
ea r thquakes  tha t  came f rom the  s ide  o f  Tolbachik  Volcano  [15] .  A 
sudden  in tens i f ica t ion  of  fumarol ic  ac t iv i ty  in  1963  [14]  took  p lace  
immedia te ly  a f te r  loca l  sha l low ear thquakes  of  magni tude  6 .2  and  5 .8 ,  
whose  epicente r  was  approximate ly  25  km to  the  nor thwest  f rom 
Kiz imen  [16] .  The i r  in tensi ty  in  the  Kiz imen  a rea  might  be  7  o r  8  on  
the   12  -  po in t   sca le .  

Dur ing  the  l a t te r  ha l f  o f  cyc le  KZ IV,  the  e rupted  mate r ia l  to ta led  
0 .09-0 .1  km3 ,  le ss  than  40  pe rcent  o f  which  were  juveni le  p roduct s :  
0 ,03  km 3  weighing 0 .07xl0 9  tons  ( see  Table  1 ) .  P roduc t iv i ty  was  
es t imated  to  be  <  0 .06х10 6  ton/y r ,  which  i s  an  o rder  o f  magni tude  less  
than   in    the    former    ha l f    o f    the    cyc le .  
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The  produc t iv i ty  as  low as  tha t  (2 .5  to  3  thousand  k i lowat t s  of
the rmal  power  wi th  400 ca l /g  o f  basa l t )  i s  a t  g rea t  va r iance  wi th  the
the rmal  power  genera ted  by  fumarol ic  ac t iv i ty  [9]  (46  565 kca l / s ,  200
thousand  k i lowat t s ) .  The  ven ts  of  a  recen t  and  an  o lde r  fumarole
occur  a t  the  base  o f  dome 3  a long  i t s  pe r imete r ,  where  the  rocks  a re
extens ive ly  a l t e red  [14] ,  which  suggest s  the  exi s tence  o f  a  long- l ived
source  of  hea t .  A grea t  hea t  d i scharge  and cont inued  ac t iv i ty  o f  the
fumaroles  seems  to  be  mainta ined  by  a  la rge  amount  o f  magma (0 .5  to
1  km 3 )  in t ruded  in to  o r  immedia te ly  be low the  base  of  the  Kiz imen
cone .  Apparent ly ,  a  smal l  quant i ty  of  th i s  magma has  been  e rupted  to
the  sur face ,  whereas  the  bulk  of  i t  i s  s t i l l  p resent  a t  depth  in  the
form of  s lowly  cool ing  subvolcanic  bodies .  Magma in t rus ion  began
presumably  as  fa r  back  as  the  p repara t ion  pe r iod  of  the  c l imac t ic
e rup t ion  of  cyc le  KZ IV.  Suppor t ive  o f  th i s  supposi t ion  i s  the
occur rence  in  the  py roclas t ic  f low depos i t s  o f  basa l t ic  andes i te
f ragments  of  vary ing  s i ze ,  inc luding  la rge  b locks .  The  annua l  amount
of  hea t  g iven  of f  by  the  fumaroles  equal s  to  the  hea t  loss  of
(3 -4)xl0 6  tons  o f  basa l t  magma as  i t  cool s .  The  weigh t  o f  magma tha t
cooled  dur ing  a  per iod  of  1825-1990  mus t  be  (500-700)x l06  tons  and
the  volume 0 .2  km 3  (wi th  densi ty  2 .8  g /cm3 ) .  I t  i s  unl ike ly  tha t  there
can  be  any  o ther  source  of  hea t  capable  to  produce  the  grea t  amount
of    hea t    tha t    i s    d i scharged    by    the    fumaroles .  

In    t e rms    o f   the   cont r ibut ion   in to   the   cone   format ion ,   the   cha rac te r  

F i g u r e  5  C l a s s i f i c a t i o n  d i a g r a m s  f o r  K i z i m e n  r o c k s ,  A  − r e g i o n  o f  m i l d l y  p o t a s s i c  r o c k s  a f t e r
[ 2 1 ] ,  В  − l o w e r  l i m i t  o f  s u b a l k a l i c  r o c k s  a f t e r  [ 1 0 ] ,  С  − b o u n d a r y  b e t w e e n  c a l c - a l k a l i c  a n d
t h o l e i i t i c  r o c k s  a f t e r  [ 2 1 ] .  1  − l a v a  a n d  j u v e n i l e  p y r o c l a s t i c s ;  2  − t e p h r a .  I n  a d d i t i o n  t o  t h e
w r i t e r s ,    m a t e r i a l ,    d a t a    f r o m    [ 1 9 ]    w e r e    u s e d .  
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of  e rupt ions ,  and  the  compos i t ion  of  the  rocks ,  the  f i r s t  th ree  cyc les  
of  the  Kiz imen ac t iv i ty  can  be  combined  in to  a  h igher- rank  uni t  -  a  
g roup  of  cyc les  o r  a  vo lcanic  ep i sode .  In  sp i te  o f  some d i f fe rences  
be tween  them,  the  cyc les  cons is ten t ly  cont inued  one  anothe r  and 
produced  a  s ingle  vo lcanic  s t ruc ture .  The  progress ive  decrease  o f  the  
p roduc t iv i ty  and  the  ra te  of  d i scharge ,  the  invar iab i l i ty  of  the  
juveni le  mate r ia l ,  and the  unusua l ly  long repose  per iod  and mi ld  
e rupt ive  ac t iv i ty  of  cyc le  KZ I I I  infer  tha t  cycle  KZ I I I  t e rmina ted  the  
ea r ly  epi sode  of  the  Kiz imen volcanic  ac t iv i ty .  We suggest  tha t  the  
vo lcanic  s t ruc ture  fo rmed  dur ing  the  f i r s t  th ree  cyc les  should  be  
ca l led  S ta ry i  Kiz imen (Old  Kiz imen) ,  the  to ta l  t ime  of  i t s  exi s tence  
be ing  5   to   6   thousand  years .  

The  commencement  of  a  new erup t ive  cyc le ,  KZ IV,  about  3000  
years  ago  was  apparent ly  the  b i r th  o f  a  new volcano.  As  has  been  
demonst ra ted  above ,  i t  d i f fe r s  f rom Old  Kiz imen by  the  charac te r  of  
e rupt ive  ac t iv i ty ,  the  composi t ion  of  juveni le  ma te r ia l ,  p roduc t iv i ty ,  
and  o the r  pa ramete rs .  We sugges t  to  ca l l  i t  Molodoi  Kiz imen  (Young 
Kiz imen) .  

An  impor tan t  poin t  i s  the  approx imate ly  ident ica l  dura t ion  o f  a l l  
e rup t ive  cycles :  KZ I  ~3000  years ,  KZ I I  ~2000  years ,  KZ I I I  ~3400 
years ,  KZ IV ~3000  years .  The  la s t  cyc les  seems to  be  approach ing 
t e rminat ion .  
 

COMPOSITION,  ORIGIN AND EVOLUTION OF ERUPTED MATERIAL 

As  a  resul t  o f  our  s tudy ,  we  found  the  rocks  composing the  vo lcano  
to  be  of  a  basa l t i c  andesi te -andes i te -dac i te  se r ies  wi th  a  p rogress ive  
inc rease  of  bas ic i ty  f rom the  ea r ly  to  the  la te  phases  of  i t s  evolu t ion  
( see  F igure  3 ) .  Al l  rocks  be long  to  a  modera te ly  potass ic  ser ies ,  the  
andes i te s  and  dac i te s  ly ing  in  the  reg ion  of  the  ca lc -a lka l ic  se r ie s ,  
and  the  more  bas ic  var ie t ie s  a t  the  boundary  be tween  tho le i i t es  and  
ca lc -a lka l ic  rocks  or ,  l e ss  f requent ly ,  in  the  region  of  thole i i te s  
(F igure  5) .  

I t  i s  impor tant  to  note  tha t  in  add i t ion  to  the  dominant  andesi te -
dac i te  ma ter ia l  (Table  2 :  ana lys i s  9 ,  f ragments ;  an .  8 ,  f i l l ing  mate r ia l ) ,
the  py roc las t ic  f low PF 3  conta ins  juven i le  f ragments  o f  basa l t i c
andes i te  (Table  2 ,  an .  4) .  Thi s  may  be  ind ica t ive  of  the  s imul taneous
occurrence  of  dac i t ic  andes i te  and  basa l t ic  andes i t e  mel t s  in  the
magma  source   and   o f   the i r   mixing   dur ing   the   course   o f   e rup t ion .  

A  d i s t inc t ive  pe t rographic  fea tu re  o f  the  Kiz imen  rocks  i s  the
presence  of  nonequi l ib r ium minera l  a ssoc ia t ions:  the  s imul taneous
occur rence  o f  the  phenocryst s  of  quar tz  and  re la t ive ly  magnesian
o l iv ine  in  the  andesi t e  and  dac i te ,  the  presence  of  compos i t iona l ly
cont ras ted  p lagioc lase  phenocrys ts ,  the  or thopyroxene  reac t ion  r ims
developed  a round  the  o l in ines ,  the  h igh  Mg content  of  the  or tho-
pyroxene  microl i te s  a s  compared  to  i t s  phenocrys t s ,  and so  on .  An
impor tant  observa t ion  i s  the  ub iqui tous  p resence  of  amphibo le
phenocrys t s   in   a l l   rock   types   f rom   the    dac i te   to   the   basa l t ic   andes i te .  
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O x i d e  
1 2 3 4 5 6 

7K 35K/2 26Ka 22K/2 11K 40K 

SiO2 51.70 54.44 54.52 55.90 57.66             57.96 
TiO2   1.00   0.93  1.11   1.01   0.81 0.89 
Al2O3 16.95 18.79 17.63 17.40 17.94             16.80 
Fe2O3   3.19   2.79  3.62   5.00   2.05 8.20 
FeO   7.26   5.50  6.19   3.62   4.86 — 
MnO  0.15   0.18  0.12   0.15   0.13 0.14 
MgO   6.68   4.13 3.58   4.20   3.61 3.60 
CaO   8.32   7.91 8.20   8.00    7.37 6.80 
Na2O   2.92   3.31 3.17   3.32   3.26 3.43 
K2O   1.00   1.20 1.25   1.13   1.35 1.37 
H2O-   0.10 — 0.02 — — — 
H2O+   0.54 — 0.28 —   0.43 — 
P2O5   0.26   0.12 0.09   0.34   0.16 0.09 
LOI — — —   0.53 — 0.32 
Sum                100.07 99.70 99.78             100.60 99.63 99.60 

T a bl e  2     R e p r e s e n t a t i v e    c h e m i c a l    a n a l y s e s   o f    K i z i m e n     r o c k s .

O x i d e  
7 8 9 10 11 12 

34K/2 18K/4 22K/1 31K/2 6K 35K/1 

SiO2                 59.52             61.14             61.45             61.56             63.38             63.72 
TiO2 0.70 0.72 0.73 0.69 0.62 0.58 
Al2O3                 17.08             16.74             16.40             15.99             15.60             16.94 
Fe2O3 2.47 2.69 2.70 2.88 1.80 2.24 
FeO 3.63 3.51 3.23 3.46 3.60 2.85 
MnO 0.11 0.13 0.12 0.12 0.10 0.11 
MgO 2.48 2.59 2.60 2.43 2.20 1.84 
CaO 5.92 6.07 6.20 5.55 5.10 5.70 
Na2O 3.31 3.46 3.60 3.19 3.24 3.68 
K2O 1.54 1.63 1.32 1.78 1.73 1.49 
H2O- 0.84 0.28 — 0.54 — 0.26 
H2O+ 0.76 0.87 — 1.60 — 0.12 
P2O5 0.14 0.04 0.26 0.14 0.17 0.17 
LOI 1.36 — 0.91 0.37 2.84 0.14 
Sum                99.86             99.87             99.52            100.30           100.28              99.84 

N o t e .  1  −  T a m a r a  c i n d e r  c o n e  l a v a .  K i z i m e n  r o c k s :  2  t h r u  6 , 8 , 9  −  r o c k s  o f  c y c l e  K Z  I V  ( l a s t
3 0 0 0  y e a r s ) :  2 , 3 , 5 , 6  −  l a v a s ;  4 ,  8 ,  9  −  P F 3  p y r o c l a s t i c  f l o w  ( 4 ,  9  −  j u v e n i l e  f r a g m e n t s ,  8
−  f i l l i n g  m a t e r i a l ) ;  7 ,  1 0  −  r o c k s  o f  c y c l e  K Z  I I :  7  −  c o a r s e  p u m i c e o u s  t e p h r a ,  1 0  −
f r a g m e n t s  f r o m  P F 2  p y r o c l a s t i c  f l o w ;  1 1 ,  1 2  −  r o c k s  o f  c y c l e  K Z  I :  1 1  −  p u m i c e o u s  l a p i l l i
f r o m  P F 4  p y r o c l a s t i c  f l o w ,  1 2  −  l a v a .  A n a l y s e s  2 ,  3 ,  5 ,  7 ,  8 ,  1 0  a n d  1 2  w e r e  m a d e  a t  t h e
C e n t r a l  L a b o r a t o r y  o f  t h e  I n s t i t u t e  o f  V o l c a n o l o g y ,  t h e  o t h e r  a t  t h e  I n s t i t u t e  o f  G e o c h e m i s -
t r y ,  S i b e r i a n  D i v i s i o n ,  R A S .  M i n e r a l s  f r o m  s a m p l e s  7 K ,  2 6 K a ,  1 1К  a n d  3 5 K / 1  w e r e  d e t e r m i n e d
w i t h   a n   e l e c t r o n   m i c r o p r o b e .  
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7(Рс) 8(M) 9(Рс) 10(Рс) 11(Рm) 12(M) 13(P) 

51.85 53.34 46.75 56.23  51.60 54.43 55.81 
  0.01   0.05  0.00  0.02     0.00  0.08  0.03 
29.90 29.26 33.97 27.56   30.18 27.93 27.41 
  0.80  0.98 0.56   0.29      0.69   1.02  0.29 
  0.01   0.03 0.00   0.01      0.00   0.05  0.02 
  0.00   0.13 0.00   0.01      0.03   0.13  0.02 
13.20 12.16 17.11   9.65     12.27 10.81  9.79 
  4.06   4.13   1.82   5.69      4.03   4.63  5.59 
  0.18   0.23   0.00   0.28       0.15   0.41   0.27 

            99.99            100.32            100.22 99.74      99.96 99.49  99.23 

               63.5 61.0 83.8 47.6      64.0 54.9 48.4 

 35.4 37.6 16.2 50.7      35.2 42.6 50.0 
  1.1   0.4     0.00   1.7        0.8   2.5   1.6 
 7 5   9   13        8   5   10 

N o t e .  1 ,  2 ,  3  −  b a s a l t ;  4  t h r u  8  −  b a s a l t i c  a n d e s i t e ;  9  t h r u  1 2  −  a n d e s i t e ;  1 3  −  d a c i t e .
H e r e  a n d  i n  t h e  t a b l e s  t h a t  f o l l o w :  P  −  p h e n o c r y s t  ( P c  −  c o r e ,  Р m  −  m a r g i n ,  P i z  −  i n t e r m e d i -
a t e  z o n e ) ,  M  −  m i c r o l i t e ,  P i n  −  i n c l u s i o n  i n  p h e n o c r y s t .  A n a l y s e s  w e r e  m a d e  w i t h  a  C a m e b a x
m i c r o p r o b e ,    o p e r a t o r s    G .  P .    P o n o m a r e v    a n d    V .  A .    A n a n i e v .  

Based  on  the  da ta  o f  the  minera l  composi t ions  p resented  in  Tables
3  thru  6 ,  these  fea tu res  a re  cons idered  be low in  more  de ta i l .  Two
groups  of  p lag ioc lase  phenocryst s  can  be  d i s t inguished  in  the  basa l t i c
andesi tes  and  the  andes i tes :  one  group  wi th  the  cores  o f  by towni te
(An 6 8 - 9 1 ) ,    l ike     i n     basa l t s ,   the     o ther    wi th    the    cores    o f     andesine -  

Oxide, 
component 

1 (Pc) 2 (Pm) 3 (M) 4 (Pc) 5 (Pc) 6 (Piz) 

SiO2 47.99 52.95 53.01 46.63 56.23 48.66 
TiO2 0.05  0.08  0.09  0.00  0.00  0.00 

 Al2O3 33.69 29.99 29.71 33.57 28.14 32.24 
             FeO  0.71  1.09  1.14  0.65   0.29  0.67 

MnO  0.03  0.03  0.04  0.00  0.00  0.00 
MgO  0.11  0.13  0.10  0.00  0.00  0.00 

             CaO 16.23 12.76 12.43 17.15 10.27 15.44 
 Na2O  1.94  3.72  4.00  1.84  5.69  2.73 
K2O  0.08   0.27  0.28  0.02  0.23  0.10 
�            100.83            101.02            100.79 99.87             100.81 99.84 

An 81.8 64.4 62.2 83.7 49.2 75.3 

Ab 17.7 34.0 36.1 16.1 49.7 24.1 
Or   0.5  1.6   1.7  0.1 1.4   0.6 
n 4 4  6                 7                 10  4 

T a bl e  3     C o m p o s i t i o n   o f   p l a g i o c l a s e s   f r o m   K i z i n e n   r o c k s .  
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N o t e .    1 ,  2  −  b a s a l t ;     3 ,  4  −  b a s a l t i c    a n d e s i t e ;     5  −  a n d e s i t e ;   6 ,  7 ,  8  −  d a c i t e ,    1    t h r u  6  −
o l i v i n e s ;     7 ,  8   −   a m p h i b o l e s ,    F o r    e x p l a n a t i o n    o f    a b b r e v i a t i o n s    s e e    T a b l e    3 .  

l ab rador i t e  (An 4 4 - 5 5 ) ,  l ike  in  dac i te s .  The  margins  of  the  p lagioc lases
of  bo th  groups  a re  c lose  in  compos i t ion ,  An 4 7 - 7 2  and  An 4 9 - 7 4 ,  re spec t -
ive ly .  They  a re  s imi la r  to  the  p lagioc lase  of  the  micro l i te s  (An 5 0 - 6 6 )
and  a re  composi t iona l ly  in te rmedia te  be tween the  cores  of  the  two
groups  (Figure  6 ,  Tab le  3) .  Somet imes,  the  sod ic  cores  a re  sur rounded
by  in te rmedia te  zones  of  ca lc ic  p lagioc lase  (An 6 3 - 7 2 )  exh ib i t ing  a
"c r ibra te"    t ex ture    due    to    minute    g lass    inc lus ions .  

The  presence  of  two d i f fe rent  g roups  of  p lag ioc lases  in  the  
basa l t ic  andes i te s  and  andes i t e s  i s  c lea r ly  seen in  the  FeO-An d iagram 
of  Figure  7 .  The  sodic  p lagioc lases  l i e  in  the  f ie ld  o f  p lag ioc lases  f rom 
dac i te s  and a re  lower  in  FeO (0 .2 -0 .4  wt .%) ,  whereas  the  ca lc ic  
p lagioc lases  occur  in  the  region  o f  p lag ioc lases  f rom basa l t s  and  a re  
h igher  in  FeO (0 .5-0 .9  wt .%) .  The  mic ro l i te s  f rom the  basa l t i c  andes i t e s  
l ie  be tween these  regions  and  show maximum FeO concen t ra t ions  (0 .75-  
1 .35  wt .%) .  The  ou ter  zones  on  the  cores  o f  the  ca lc ic  p lagioc lases  a re  
sh i f ted  toward  the  f i e ld  of  the  micro l i t e s ,  and the  compos i t ions  o f  the  
c r ibra te  zones  and  the  ou te r  r ims  on  the  cores  of  the  sod ic  p lagio-  
c lases  fa l l  f i r s t  in  the  f ie ld  of  the  ca lc ic  cores  and  a re  then  a l so  
sh i f ted   in to   the   f ie ld   o f   the   micro l i t e s .  

The  cores  o f  the  o l iv ine  phenocryst s  f rom the  basa l t ic  andesi te s ,
andesi te s ,  and  dac i te s  a re  c lose  in  composi t ion ,  Fo7 3 - 7 9 ,  (Table  4 ,
F igure  8) .  The  o l iv ines  in  the  andes i te s  and  dac i te s ,  and  occas iona l ly
in  the  basa l t i c  andes i tes ,  a re  sur rounded  by  or thopyroxene  and
magnet i te  r ims ,  which  indica tes  tha t  th i s  minera l  was  not  in  equi l ib-
r ium wi th  the  respec t ive  mel t s .  This  i s  suppor ted  by  the  resul t s  o f
ca lcula t ion   by   Roeder   and   Emsl ie , s    method  [28] :   the   d i s t r ibu t ion   ra t ios  

Oxide  1 (Pc) 2 (Pm) 3 (Pc)  4 (Pm) 5 (Pc)  6 (Pc)  7 (P)  8 (M) 

SiO 2 39.75 38.16 38.58 37.90 38.13 38.22 45.79 45.79 
TiO2  0.04   0 .05   0 .00  0.02  0.03  0.04   1 .77   1 .85 

  Al 2O 3  0.05   0 .04   0 .00  0.01  0.04  0.03   9 .00  9.24 
  Fe2O 3  0.05   0 .02   0 .01 0.01  0.01  0.01   0 .02  0.00 

      FeO 17.78 26.42 20.73 26.93 22.17 21.27 13.28 14.24 
      MnO  0.27   0 .49   0 .29  0.47  0.36  0.55   0 .37  0.43 

 MgO 42.37 34.88 40.18 34.43 37.87 38.63 13.61 13.14 
      CaO  0.09   0 .18   0 .09  0.17  0.14  0.04 10.98 10.99 

  Na2O  0.00   0 .01   0 .01  0.05  0.01  0.02   1 .58  1.51 
 K 2O  0.00   0 .00   0 .00 0.00  0.00  0.00   0 .34  0.42 

       �        100.40 100.24 99.83 99.99 98.75 98.81 96.74 97.61 

     f  ,  at% 19.1 30.4 22.6 31.0 25.0 24.1 36.1 38.5 

       n  7  7 7 7 7 3 5 1 

T a bl e   4      C o m p o s i t i o n s    o f    o l i v i n e s    a n d    a m p h i b o l e s  i n   K i z i m e n   r o c k s .
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8(P)  9(P)  10(Piz) 11(M) 12(M) 13(M) 14(P)  15(M) 

50.54 53.64 54.05 50.27 52.40 53.09 52.47 53.20 
 0.82  0.13  0.30  0.85  0.35  0.29  0.13  0.24 
 3.83  0.80  1.32  3.82  2.52  1.53  0.83  1.50 
 0.03  0.03  0.00  0.02  0.00  0.00  0.00  0.03 
 9.36  21.66  15.62 10.34 16.40 17.52 21.63 20.09 
 0.34  1.17   0 .52 0.40  0.46  0.56  1.12  0.84 
14.41 21.83 24.74 14.33 22.25 23.84 21.92 22.11 
19.37  0.75  1.87 18.26  3.91  1.84 0.67  1.26 
 0.19   0.02  0.01  0.11  0.01  0.02 0.01  0.01 
  0 .01  0.00  0.00  0.02  0.00  0.02 0.00  0.00 
 98.90       100.01 98.42 98.42 98.31 98.71 98.78 99.28 

 41.2  1.5  3.8 39.2  8.2 3.8 1.4 2.6 
 42.7 62.1 70.4 42.8 64.9 67.8 62.3 63.6 
 16.1 36.4 25.6 18.0 26.9 28.4 36.3 33.8 
   4  8 1 7 1 17 6 2 

N o t e .  1 ,  2 ,  3  −  b a s a l t ;  4 ,  5 ,  6 ,  7  −  b a s a l t i c  a n d e s i t e ;  8  t h r u  1 3  −  a n d e s i t e ;  1 4 ,  1 5  −
d a c i t e ;  1 ,  4 ,  6 ,  8 ,  1 1  −  c l i n o p y r o x e n e s ;  2  −  s u b c a l c i c  a u g i t e ;  3 ,  1 2  −  p i g e o n i t e ;  5 ,  7 ,  9 ,
1 0 ,   1 3 ,   1 4 ,   1 5   −    o r t h o p y r o x e n e s .    A b b r e v i a t i o n s    a r e    e x p l a i n e d    i n    T a b l e    3 .  

K d
F e - M g )  in  the  dac i tes ,  andes i te s ,  and  ca lc-a lka l ic  basa l t ic  andes i te s

i re  h igher  than  the  equ i l ib r ium values  (K d  = 0 .36,  0 .44 ,  and  0 .35 ,
respec t ive ly ) ,   and   on ly   in   the   tho le i i t i c   basa l t ic    andes i te s    does   the   K d  

Oxide ,  
compo-  
nent  

1(M) 2(M) 3(M)        4(P)            5(P)          6(M) 7(M) 

SiO 2 51.17 52.77 53.06 50.86         53.46 50.87 53.69 
TiO2  0.91  0.61  0.44  0.77           0 .18  0.90  0.26 
Al2O3  3.03  1.63  1.18  3.61           2 .98  3.65  1.71 
Cr2O3  0.02  0.02  0.01  0.02     0.01  0.02  0.00 
FeO  12.47 17.79 20.26  9.65          17.46 10.64 17.28 
MnO  0.43  0.62  0.78  0.30 0.63  0.35  0.67 
 MgO 14.42 16.81 19.13 14.28 23.43 13.89 23.89 
CaO 16.84 10.27  5.18 19.51 1.47 18.54  2.06 
Na2O   0.22  0.11  0.04  0.18 0.10  0.16  0.00 
 K 2O  0.02  0.02  0.03  0.00 0.08  0.02  0.07 
 � 99.54      100.63       100.11 99.19 99.81 99.04 99.62 

Wo 35.8 21.4 10.7 41.5 3.1 40.0  4.2 
En 42.7 48.6 55.2 42.2 67.6 41.5 68.1 
Fs 21.5 40.0 34.1 16.3 29.3 18.5 27.7 
n 8 3 9 10      5  13 5 

T a b l e  5      C o m p o s i t i o n    o f    p y r o x e n e s   i n    K i z i m e n   r o c k s .
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Oxide  8(Pin)  9(Pin)  10(Pin)    11(Pin)  12(M) 13(P)  14(P)  

 Si02  0 .00 0.00  0.00  0.00  0.05  0.01  0.01 
 Ti02  6 .29       36.43 12.16 44.44 11.87  5.96 39.73 
 Al2O3 2.00 0.00  1.33  0.00  2.06  2.15  0.50 
 Cr2O3 0.06 0.00  0.00  0.00  0.02  0.06  0.03 
 Fe2O3         57.54       31.85 45.40 17.71 39.85 56.53 24.96 
 FeO         35.36       28.13 40.12 34.91 44.57 35.17 31.89 
 MnO 0.45 0.80  0.44  0.57  0.52  0.50  0.66 
 MgO 1.59 2.26  1.50  2.51  1.40  1.13  1.98 
 CaO 0.00 0.00  0.00  0.00  0.11  0.01  0.01 
 Na2O 0.00 0.00  0.00  0.00  0.00  0.01  0.00 
 K 2O 0.00 0.00  0.00  0.00  0.00  0.00  0.00 
 �         103.29       99.26       100.95       100.14      100.45       101.54 99.77 

 f         92.6        87.5        93.8 88.6        94.2 94.6 90.2 
 n            1           1           1  1          2  4 3 

N o t e .  1 ,  2  − b a s a l t ,  i n c l u s i o n  i n  o l i v i n e ;  3  t h r u  6  − b a s a l t i c  a n d e s i t e  ( 4 ,  5  − a g g r e g a t e s
o f  c r y s t a l  g r a i n s ) ;  7  t h r u  1 2  − a n d e s i t e  ( 7  − i n c l u s i o n  i n  c l i n o p y r o x e n e ;  8 ,  9  − i n c l u s i o n
i n  t h e  c o r e  o f  a n  o r t h o p y r o x e n e  c r y s t a l ;  1 0 ,  1 1  − a g g r e g a t e - i n c l u s i o n  i n  t h e  m a r g i n  o f  t h e
s a m e   c r y s t a l ) ;    1 3 ,   1 4   −  d a c i t e .  

va lue    cor responds    to    the    equ i l ib r ium   (0 .31) .  
In  addi t ion  to  s ingle  o l iv ine  c ry s ta l s ,  many  basa l t ic  andes i te s  and

andes i te s  conta in  aggrega tes  of  o l iv ine  and  ca lc ic  p lag ioc lase
(by towni te ) .  Such  gra ins  a re  o f ten  sur rounded by  c las t s  o f  the
crys ta l l i zed  groundmass  which  i s  markedly  d i f fe rent  f rom the
mesos tas i s ,   conta in ing   c l a s t s   o f   rocks   wi th   color less   o r    g ray    g lass ,   by  

Oxide l(Pin)  2(Pin)  3(P)  4(P) 5(P) 6(M) 7(Pin) 

SiO 2 − −  0.12  0.00  0.00  0.17  0.01 
TiO2  1.42  5.07 11.54 12.15 44.00 13.61  7.52 
Al2O3 24.79 11.37  2.24  1.44  0.00  1.51  3.21 
Cr2O3 21.92 14.67  0.10  0.00  0.00  0.08  0.09 
Fe2O3 19.21 33.43 45.39 45.84 19.82 41.29 53.36 
FeO  23.10 28.75 38.93 39.66 33.75 40.76 34.80 
MnO  0.34  0.44  0.44  0.50  0.55  0.52  0.50 
MgO 9.10  5.53  1.92  1.87  2.95  1.61  2.68 
CaO − −  0.07  0.00 0.00  0.16  0.09 
Na2O − −  0.01  0.00             0.00  0.04  0.00 
K2O − −  0.00  0.00  0.00  0.00  0.00 
�  99.83 99.26      100.76 101.47 101.07 99.74 102.26 

f          59.2 74.4 92.0 92.3 86.5 93.5 87.9 
n 14 14 6 2 2 11 5 

Table  6   C o m p o s i t i o n s  o f  o r e  m i n e r a l s  i n  K i z i m e n  r o c k s .
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the  brown color  o f  i t s  g lass  and a  g rea te r  degree  of  c rys ta l l i za t ion .
The  cores  of  o l iv ine  phenocryst s  f rom the  in te rmedia te  and  ac id  lavas
i re   s l ight ly   more   fe r r ic   than   the i r   cores   in   basa l t s   (Fo 7 9 . 7 - 8 1 . 5 ) .  

The  phenocrys t s  of  amphibole  a re  absolute ly  f resh  in  the  dac i t ic  
andesi te s  and  dac i te s  and  a re  whol ly  d i ssoc ia ted  and  rep laced  by  an  
aggrega te  o f  subca lc ic  aug i te  (Fo 2 4 - 2 7  En 4 2 - 5 3  Fs 2 2 - 3 1 ), andes ine -  
l abrador i t e  (An 4 3 - 6 2 ) ,  and  t i t anomagnet i te  in  the  basa l t ic  andes i te s  and  
bas ic  andesi t es .  This  sugges t s  tha t  amphibole  was  no t  in  equi l ib r ium 
wi th   the   basa l t i c   andes i t e   and   andes i te   l iqu ids .  

The  composi t ions  o f  or thopyroxene  phenocrysts  f rom the  andesi tes
and dac i te s  a re  iden t ica l  in  the  i ron  and a luminum conten t s  but  a re
markedly  d i f fe ren t  in  these  paramete r s  f rom the  or thopyroxene
phenocrys t s  of  the  basa l t ic  andes i te s ,  whereas  the  or thopyroxene
micro l i te s  f rom the  andes i te s  and  basa l t ic  andes i t e s  l ie  in  one  f ie ld
(F igure  8  and  9 ;  Table  5 ) .  The  microl i t es  o f  o r thopyroxene  a re  more
magnes ian  s l igh t ly  in  the  dac i te s  and  markedly  in  the  andesi t e s ,  and
average ly  more  a luminous  than  the  phenocryst s ,  whereas  the
mic ro l i te s  in  the  basa l t ic  andes i t es  a re  s imi la r  to  the  phenocrys t s  in
the  i ron  con tent  bu t  d i f fe r  in  the  a luminum content  which  i s  notably
smal le r  in  the  microl i t es .  The  or thopyroxene  phenocrys t s  a re  usua l ly
unzoned,  though  some andesi tes  do  conta in  scarce  zoned  c rys ta l s
whose   in te rmedia te    zones   t end    to    the    f ie ld   o f    the   basa l t i c   andesi t e s ,  

F i g u r e  6  C o m p o s i t i o n  o f  p l a g i o c l a s e s  f r o m  K i z i m e n  r o c k s ,  1 , 2  -  p h e n o c r y s t s  ( 1  -  c o r e ,  2  -
m a r g i n ) ;   3  -  m i c r o l i t e s .   В  -  b a s a l t ,  B A  -  b a s a l t i c  a n d e s i t e ,   A  -  a n d e s i t e ,   D  –  d a c i t e .  
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and  the  ou te r  zones  to  the  f i e ld  o f  the  micro l i t es  (Figure  9 ) .  In  some 
of  the  andes i te  samples ,  the  or thopyroxene  phenocrys t s  have  r ims of  
c l inopyroxene .  These  fac t s  pe rmi t  the  conc lus ion  tha t  the  or thopyro-  
xene  c rys ta l s  were  not  in  equi l ibr ium wi th  the  andes i te  me l t  and  were  
l ike ly   to   be   in   equi l ibr ium  wi th   the   basa l t ic   andes i t e   me l t .  

No  c l inopyroxene  phenocrys t s  were  found  in  the  dac i t e s  ( they
conta in  amphibo les  ins tead) ;  those  found  in  the  basa l t i c  andesi tes  and
andes i te s  a re  ident ica l  in  composi t ion .  In  both  cases  the  mic ro l i te s  of
c l inopyroxene  a re  s l igh t ly  le ss  ca lc ic  and  more  fe r r ic  than  the
phenocrys t s ,  though the  basa l t ic  andesi te s  conta in  mic ro l i te s  of
p igeoni te ,  in  addi t ion  to  those  of  c l ino-  and or thopyroxene ,  which  a re
very  scarce  in  the  andes i te s  (Table  5 ;  F igure  8 ) .  Minute  c l inopyroxene
crysta l s  a re  seen  to  grow on  the  p igeoni tes  f rom the  basa l t ic
andes i te s .  No  phenocrys t s  of  c l inopyroxene  or  or thopyroxene  were
found  in  the  basa l t s ;  the  microl i tes  they  conta in  a re  o f  c l inopyroxene
or   p igeoni te ,   in   equa l  amounts ,   or   occas iona l ly   of   subca lc ic   augi te .  

The  basa l t s  conta in  o re  minera l  p ro toc ry s t s  o f  Al-Cr-Fe  sp ine l  o r  
Cr-magnet i te ,  which  a re  enc losed in  the  o l iv ine  phenocryst s .  The  
py roxenes  f rom the  basa l t ic  andes i te ,  andes i te ,  and  dac i te  enc lose  
c rys ta l s  of  t i t anomagne t i te  or ,  l ess  common,  i lmeni te  (Table  6) ,  the  
T iO 2  content  in  the  former  dec reas ing  s lowly  f rom the  basa l t ic  
andes i te    to    andes i te   to   dac i te :   9 -14 ,   6 -12,   and   5-7   wt .%,   re spec t ive ly .  

Figure 7 Variation of the FeO content in zoned plagioclase phenocrysts from Kizimen rocks,
1 − basalt; 2 − basaltic andesite; 3 − andesite. Solid symbols are cores, open, intermediate and
outer zones. Arrows indicate composition variation from core to margin in some crystals, I −
plagioclase phenocrysts from basalts, II − plagioclase phenocrysts from dacites, III − microlites
from    intermediate    to    basic    rocks. 
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In  the  andes i te s ,  the  t i t anomagne t i te s  enc losed  in  the  cores  of  the  
py roxene  phenocryst s ,  con ta in  6-12% TiO 2  and  those  in  the  marg ins  
9 -12%  TiO 2 .  

The  oxygen fugac i ty  ca lcula ted  a f te r  [27]  fo r  a  magnet i te  and 
i lmeni te  aggrega te  f rom a  phenocryst  in  basa l t i c  andesi te  i s  approx i -  
ma te ly   an   o rder   o f   magni tude   la rger   than   the   f o 2   buf fe r   and   l ie s    on  

the  curve  ca lcu la ted  for  the  bulk  basa l t  and  andesi te  composi t ion  by

a    t echnique     suggested     in     [23] .     The    f o 2    va lue    ob ta ined     fo r    a  

magnet i te - i lmeni te  pa i r  f rom the  dac i te  i s  one  more  order  o f  magni tude  
l a rger  and  l ie s  on  the  curve  ca lcu la ted  for  the  bulk  dac i te  composi -  
t ion .  The  oxygen fugac i ty  ca lcu la t ion  for  the  magne t i t e - i lmeni te  pa i rs  
f rom the  core  and the  margin  of  an  o r thopyroxene  phenocrys t  in  the  
andesi te  y ie lded  d i f fe rent  va lues  cor responding  to  the  dac i te  curve  
for   the   fo rmer   and  to   the   basa l t -andesi te   curve   for   the   l a t t e r   (F igure  
10) .  

Three  mechani sms can  be  invoked  to  account  for  the  nonequi l ib-  
r ium minera l  a ssoc ia t ions  in  the  rocks :  an  abrupt  change  in  the  PT 
condi t ions ,  a  wal l  rock  ass imi la t ion ,  or  magma mixing .  The  la s t  
mесhanism   seems   to    be    more    l ike ly .  

F i g u r e  8  C o m p o s i t i o n s  o f  p y r o x e n e s  a n d  o l i v i n e s  f r o m  K i z i m e n  r o c k s .  1 ,  2  −  b a s a l t ;  3 ,  4  −
b a s a l t i c  a n d e s i t e ;  5 ,  6  − a n d e s i t e ;  7 ,  8  − d a c i t e .  S o l i d  s y m b o l s  a r e  c o r e s  o f  p h e n o c r y s t s ,  o p e n ,
m i c r o l i t e s .  
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F i g u r e  9  V a r i a t i o n  o f  i r o n  a n d  a l u m i n a  c o n t e n t s  i n  o r t h o p y r o x e n e s  f r o m  K i z i m e n  r o c k s .  1  −
b a s a l t i c  a n d e s i t e ;  2  −  a n d e s i t e ;  3  −  d a c i t e ;  a  −  p h e n o c r y s t s ,  b  −  m i c r o l i t e s  a n d  o u t e r  z o n e s  o f
z o n e d  p h e n o c r y s t s ,  I  −  p h e n o c r y s t s  f r o m  b a s a l t i c  a n d e s i t e ,  I I  −  p h e n o c r y s t s  f r o m  a n d e s i t e  a n d
d a c i t e ,   I I I   −   m i c r o l i t e s   f r o m   b a s a l t i c   a n d e s i t e   a n d   a n d e s i t e .  

I ndeed,  a  re la t ionship  be tween  the  An and  FeO contents  in  the
p lagioc lases  f rom the  basa l t ic  andes i t e  and  andes i te  shows tha t  the
sodic  and  ca lc ic  cores  o f  the  p lagioc lase  phenocrys ts  might  on ly
c rys ta l l ize  f rom mel t s  tha t  had  d i f fe rent  ca lc ium and  i ron  conten t s ,
whereas  the i r  marg ins  f rom a  homogeneous  mel t .  The  ingredien t s  of
the  mixed  mel t s  might  be  dac i te  and  basa l t ,  s ince  the  sodic  cores  of
p lagioc lases  f rom the  basa l t ic  andes i t e  and andes i t e  a re  s imi la r  to
p lag ioc lase  f rom dac i t e  and  the  ca lc ic  to  p lagioc lase  f rom basa l t .
Evidence  in  suppor t  o f  th i s  supposi t ion  i s  the  coexis tence  of
magnes ian  o l iv ine  and quar tz  in  the  phenocryst s  f rom the  andesi te ,
and  a l so  the  fac t  tha t  many  o l iv ine  phenocrys t s  a re  sur rounded by
the  c las t s  of  a  ma te r ia l  which  i s  d i f fe rent  in  composi t ion  and  tex ture
f rom the  mesos tas i s  o f  the  host  rocks .  Fur thermore ,  mos t  o f  the
dac i te s  themse lves  conta in  a  minor  admixture  of  basa l t i c  mate r ia l  a s
evidenced  by  the  p resence  of  o l ivine  gra ins  in  them.  Suppor t ive  of
the  mixing mechanism i s  a l so  a  l a rger  Mg content  o f  the  o r thopyro-
xene  mic ro l i te s ,  a s  compared to  the  phenocryst s  in  the  andes i te ,  and
a l so  a  reversed  zoning  tha t  i s  occas iona l ly  obse rved  in  the  p lagioc lase
crys ta l s .  Another  poin t  in  suppor t  i s  a  d i f fe rence  be tween  the  oxygen
fugac i ty  va lues  for  the  magne t i t e - i lmeni te  pa i rs  f rom the  core  and  the
margin  o f  an  or thopyroxene  phenocrys t  in  the  andes i te .  F ina l ly ,  the
leas t  squares  ca lcula t ion  o f  the  rock  compos i t ions  showed  tha t  the
andesi te s  (Table  2 ,  ana lys i s  5 )  might  be  de r ived  f rom a  mixed  mel t
consi s t ing  of  46% dac i te  and  53.8% basa l t  (Table  2 ,  ana lyses  12  and 1 ,
respec t ive ly ) .  

The  a l te rna t ive  hypothes i s  tha t  the  Kiz imen rocks  or ig ina ted  as  a  
re su l t  o f  basa l t ic  magma f rac t iona l  c rys ta l l iza t ion  has  been  te s ted  by  
the  l eas t  squares  method  us ing  the  MIN program and found  to  be  
inval id    by    A.  D.   Babansk iy    f rom   the    Ins t i tu te   of   the   Geology  of   Ore  



 

 

KIZIMEN VOLCANO,   KAMCHATKA 

377

 

Deposi t s ,  Pe t rography ,  Minera logy  and  Geochemis t ry ,  Russ ian  Academy 
of  Sciences .  The  sum of  the  d i f fe rences  squared  in  the  rock- forming  
ox ide  con ten t s  for  the  basa l t -andesi te  and basa l t -dac i t e  pa i r s  was  
l a rge r  than  uni ty  (which  was  impermiss ib le  by  the  ca lcu la t ion  
сondi t ions)  and ,  moreover ,  a l l  ca lcu la t ion  va r iant s  demanded tha t  the  
res idua l  l iqu id  should  have  accumula ted  sp ine l  (Table  7) .  The  
f rac t iona t ion  of  basa l t ic  andes i te  magma might  produce  andes i te  on  
condi t ion  tha t  the  res idual  l iqu id  accumula ted  a  smal l  amount  of  
o l iv ine  (0 .5%)  or  o r thopyroxene  (1 .1%).  I t  was  on ly  for  the  andes i te -  
dac i te  pa i r  tha t  the  f rac t iona t ion  model  y ie lded  sa t i s fac tory  resul t s  
Tab le   7) .  

Tak ing  the  mixed  magma to  cons i s t  o f  a  basa l t  and  a  dac i te  mel t ,  
we  can  a t tempt  to  de termine  some of  the  physicochemica l  parameters  
o f  the  mel t s  p roceed ing  f rom the  assumpt ion  tha t  they  underwent  
some  c rys ta l l iza t ion  be fore  mixing .  Accord ing  to  exper imenta l  da ta  [7] ,  
the  amphibole -pyroxene  andesi t es  o f  the  Klyuchevskoi  vo lcanic  g roup 
in    Kamcha tka    c rys ta l l ize   in   the   p resence   of   5 -6   wt .%  H 2 O,   and   the  

amphibole   andesi tes   a t   6 -7   wt .  %  H 2 O,   which   corresponds  to  P H 2 O = 1 .5  

to  2  kbar  and ≥  2  kbar ,  re spec t ive ly .  Ex tending  these  va lues  to  the
pyroxene-amphibole  dac i te  of  Kiz imen Volcano ,  whose  S iO2  content  of
~64% i s  only  s l igh t ly  l a rge r  than  tha t  of  the  andes i te s ,  we  found the
tempera ture     o f     p lag ioc lase     c rys ta l l i za t ion ,     us ing    the    Kudo-Wei l l  

p lagioc lase  geothermometer  [24] ,  to  be  920°C wi th  P H 2 O  =  2  kbar  and 

960°C  wi th   P H 2 O   =  1 .5   kbar .   These   va lues   a re   c lose   to   the   tempera ture  

F i g u r e  1 0    O x y g e n  f u g a c i t y  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  o f  o r e  m i n e r a l  o x i d e s  i n  K i z i m e n
r o c k s .  1  −  b a s a l t i c  a n d e s i t e ;  2  −  a n d e s i t e ;  3  −  d a c i t e ;  4 ,  5  −  l a v a s  o f  Q u a t e r n a r y  v o l c a n o e s  o f
K a m c h a t k a  a n d  t h e  K u r i l  I s l a n d s :  4  −  t w o − p y r o x e n e  l a v a s ,  5  −  a m p h i b o l e −  a n d  b i o t i t e − c o n t a i n i n g
l a v a s .    В   −   b a s a l t ,     B A   −   b a s a l t i c   a n d e s i t e ,     A   −   a n d e s i t e ,     D   −   d a c i t e .  
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a t  which  amphibole  i s  s t ab le  in  ades i te  (dac i te  ? )  mel t ,  925 ±  25°С  [7 ] .  
In  fac t ,  we  o f ten  found  amphibo le-p lagioc lase  aggrega tes  in  the  dac i te ,  
which  te s t i f i e s  to  the i r  s imul taneous  (or  c lose ly  spaced)  c rys ta l l iza -  
t ion .  The  oxygen  fugac i ty  va lues  ob ta ined  by  the  magnet i te - i lmeni te  
geothermometer  [27]  and  the  bulk  dac i te  composi t ion  [23]  g ive  s imi la r  
re su l t s  (F igure  10)  and  ind ica te  tha t  the  dac i te  mel t s  c rys ta l l ized  a t  
oxygen fugac i t ie s  two order  of  magni tude  la rge r  than  the  NNO buffer .  
I t  i s  more  d i f f icu l t  to  de te rmine  these  pa rameters  fo r  the  basa l t s .  The  
ca lcula t ion  o f  the  Fe  and  Mg par t i t ion  coeff ic ien t  be tween  o l iv ine  and 
a  basa l t  mel t  y ie lded  a  va lue  la rger  than  the  equ i l ib r ium [28] ,  K d  =0.44 .  
However ,  a ssuming  tha t  the  degree  o f  i ron  oxida t ion  was  in i t ia l ly  c lose  
to  the  va lue  universa l ly  accepted  fo r  such  mel t s ,  Fe 2 O 3 /FeO=0.15,  the  
new va lue  of  the  par t i t ion  coef f ic ient  becomes  cons i s ten t  wi th  the  
equi l ib r ium (K d  = 0 .305) ,  and  the  oxygen  fugac i ty  curve  computed  for  
basa l t  approaches  the  NNO buf fe r  (Figure  10) .  Using  th i s  assumpt ion  
and  a  nomogram f rom [28] ,  we  found  the  tempera ture  o f  o l iv ine  
c rys ta l l i za t ion  f rom basa l t  mel t  to  be  1165°C.  A va lue  o f  1146°C,  c lose  
to  th i s  tempera ture ,  was  obta ined us ing  an  o l iv ine-spine l  geothe rmo-  
mete r  [5 ] .  Th is  s t reng thens  the  va l id i ty  o f  our  assumpt ion.  The  
c rys ta l l iza t ion    t empera ture    o f     the    cores     o f    p lagioc lase    phenocryst s ,  

ca lcu la ted    by   the   Kudo-Wei l l   geothe rmometer   [24]   for   modera te   P H 2 O  

values  was  subs tan t ia l ly  la rge r  than  the  o l iv ine  equi l ibr ium tempera-  

tu re :   1292°  С   fo r   P H 2 O  =  0 .5   kbar   and   1257°  С   for   P H 2 O  = 1   kbar .  Th i s  

re su l t  sugges t s  tha t  the  p lagioc lase  c rys ta l l i zed  be fore  the  o l iv ine .
The   a ssumpt ion   tha t   these   minera l s    c rys ta l l i zed    s imul taneous ly    a t   T 

= 1145°   to   1165 °C,   demands  tha t   P H 2 O   in   the   mel t   must   be  as  h igh  as  

2  kbar  and hence  the  H 2 O content  mus t  be  4 .5  wt .% [6] .  Regre t tably ,  
a  th in  sec t ion  s tudy  g ives  no  way  of  fo rming  an  opinion  concerning  
the    r e la t ive    c rys ta l l iza t ion    t ime    of    t hese    minera l s .  

The  oxygen fugac i ty  dur ing  basa l t  magma c rys ta l l i za t ion  was  
evident ly  an  orde r  o f  magni tude  la rger  than  the  NNO buffe r ,  a s  
fo l lows  f rom  the   ca lcula t ion    based    on    the    bu lk    basa l t    composi t ion .  

To  sum up,  in  sp i te  of  our  assumpt ions  we  can  conclude  tha t  the  
l iqu idus  tempera tures  of  the  basa l t  and  the  dac i te  mel t  were  d i f fe ren t  
by  a t  l eas t  200°C,  and  the  oxygen  fugac i t i es  by  an  order  o f  magni -  
tude .  The  r i se  of  a  h igh  tempera ture  basa l t  magma f rom a  deep-sea ted  
source  in to  a  sha l low chamber  conta in ing  low tempera ture  ac id  magma,  
which  had  remained  there  f rom the  prev ious  e rup t ive  phase ,  caused  
i t s  hea t ing  to  the  boi l ing  po in t  and ,  as  a  consequence ,  p rovoked the  
e rup t ion  of  the  two mixed  mel t s  which  reac ted  d i f fe ren t ly  wi th  one  
another .  

Two obse rva t ions  a re  o f  pa r t icu lar  in te res t :  (1)  the  presence  of  
nonequi l ib r ium minera l s  in  a l l  rocks  under  s tudy  (except  fo r  the  
basa l t s  of  the  Tamara  Cone) ,  and  (2 )  a  p rogress ive  increase  in  the  
bas ic i ty    o f    the    e rup ted    produc ts .  
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N o t e .  A n a l y s e s  o f  r o c k s  a r e  g i v e n  i n  T a b l e  2  ( 1  −  b a s a l t ,  3  −  b a s a l t i c  a n d e s i t e ,  5  −
a n d e s i t e ,  1 2  −  d a c i t e ) ,  F o r  c o m p o s i t i o n s  o f  m i n e r a l  p h a s e s  s e e  T a b l e  3  t h r u  6 .  C a l c u l a t i o n
w a s  b a s e d  o n  t h e  c o m p o s i t i o n s  o f  p h e n o c r y s t s .  C o d e :  O l  −  o l i v i n e ,  C p x  −  c l i n o p y r o x e n e ,  O p x  −
o r t h o p y r o x e n e ,  P l 1  −  c a l c i c  p l a g i o c l a s e ,  P l 2  −  s o d i c  p l a g i o c l a s e ,  S p  −  s p i n a l ,  M T c r  −  c h r o m e
m a g n e t i t e ,  M T t i  −  t i t a n o m a g n e t i t e .  T h e  s i g n  m i n u s  d e n o t e s  t h a t  t h i s  m i n e r a l  p h a s e  m u s t  h a v e
a c c u m u l a t e d  i n  t h e  r e s i d u a l  m e l t .  

The  f i r s t  observa t ion  ind ica tes  tha t  the  rocks  under  s tudy  do  not  
represen t  a  "pure  t rend"  bu t  a re  p roduc ts  o f  a  more  o r  l ess  
advanced mix ing  of  magmat ic  mel t s .  So  volcanic  e rupt ions  were  
preceded  by  magma mix ing,  and  the  mix ture  was  homogenized  dur ing  
the  t ime  in te rva l  be tween  the  in t rus ion  of  basa l t  mel t  in to  an  ac id  
magma   chamber    and    the    e rupt ion .  

Tha t   the   volcan ics   g rew  more   bas ic   wi th   t ime  f i t s   the    hypothes i s  
o f   a   progress ive   d i sp lacement  o f   dac i te  magma f rom  a  sha l low chamber  

by  basa l t  mel t  r i s ing  f rom a  deep-sea ted  source  and  the  g rowth of
the  basa l t  magma propor t ion  in  the  mixed  produc t  wi th  t ime.  Whereas
the  ro le  of  basa l t  magma was  evident ly  smal l  in  the  genera t ion  of  the
Old   Kiz imen  rocks   and   can   only   be   conjec tured   f rom  the   f indings   o f  
o l iv ine  phenocrys t s  in  the  dac i t e  and  ac id  andes i te  (a long wi th  quar tz  
and  ac id  p lag ioc lase  phenocryst s ) ,  the  rocks  o f  Young Kiz imen  a re  
obvious  hybr ids  (andes i te s  and  basa l t ic  andes i te s  of  nonequi l ibr ium 
minera l s  compos i t ion) ,  the  genuine  ac id  rocks  wi th  impercept ib le  
indica t ions  of  mix ing  be ing only  recorded in  the  ear ly  s tage  of  i t s  
e rup t ive    h i s to ry .  

I t  i s  impor tan t  to  note  tha t  quar tz -o l iv ine  andes i t e s  and  dac i t ic  
andes i te s ,  s imi lar  to  the  Kiz imen lavas  in  the  above  ment ioned  and  
o the r    fea tures    o f    the i r   minera l   compos i t ion ,   a re   known  in    a    number  

C o m p o n e n t     P a i r s   o f    r o c k s    
 B a s a l t  −

b a s a l t i c
a n d e s i t e

B a s a l t −  
a n d e s i t e  

B a s a l t  −
a n d e s i t e  

    B a s a l t i c    a n d e s i t e   −  
           a n d e s i t e  

    A n d e s i t e  −    d a c i t e  

P e r c e n t a g e  
o f  f r a c -  
t i o n a t e d  
m i n e r a l s ,  
w t .  %  

1 0 . 0  O l  
1 5 . 5  P l  
− 2 . 8  S p  

2 . 7  M T c r  

1 1 . 1  O l  
2 3 . 0  P l  
− 9 . 5  S p  

1 1 . 6  
M T c r  

1 4 . 6  O l
3 4 . 5  P l
− 1 3 . 0  S p  

1 6 . 8  
M T c r  

− 0 . 5  O l  
    5 . 4  C p x  
    2 . 2  P l 1  
    7 . 6  P l 2  

      4 . 5  M T t i  

− 1 . 1  O p x  
  5 . 5  C p x

1 . 9  P l 1  
7 . 3  P l 2  

  4 . 6  M T t i  

 4 . 5  O l  
   3 . 5  C p x  
 1 1 . 8  P l 1  
  6 . 2  P l 2  

   2 . 2  M T t i  

   8 . 6  O p x  
   3 . 3  C p x  
 1 1 . 5  P l 1  
 1 1 . 7  P l 2  
   1 . 7  M T t i  

P e r c e n -  
t a g e  o f  
r e s i d u a l  
m e l t ,  w t .  %  

7 3 . 3  6 2 . 2  4 5 . 5  8 1 . 1  8 2 . 1  7 1 . 0  6 1 . 8  

D e v i a n c e  0 . 5 4  1 . 0 8  1 . 6 0  0 . 0 5  0 . 0 3  0 . 1 3  0 . 2 6  

T a bl e  7    R e s u l t s  o f  b a l a n c e  c a l c u l a t i o n  b a s e d  o n  f r a c t i o n a t i o n  m o d e l .  
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of  o the r  Kamchatkan  vo lcanoes .  They have  been  repor ted  f rom Dik iy
Greben  [13] ,  Aag and  Ar ik  [17] ,  and  a l so  found  by  O.  N.  Volynets  a t
Bolshoi  and Tolmachev Dol  (pe rsonal  communica t ion) .  L ike  the  Kiz imen
rocks ,   these   a re   obvious   p roduc ts   of   magma  mix ing.  

Al though  quar tz -o l iv ine  vo lcanics  a re  compara t ive ly  ra re  rocks ,  
many  in te rmedia te  ca lc -a lka l ic  l avas  of  Kamcha tkan  volcanoes  conta in  
composi t ional ly  cont ras ted  p lag ioc lase  phenocryst s ,  and  the i r  
or thopyroxene  phenocrys t s  a re  more  fe r r ic  than  the  micro l i t e s ,  th i s  
be ing  anothe r  indica t ion  of  mix ing .  This  fac t  and  a  wide  deve lopment  
of  he te ro tax i t ic  lavas  and  pumices  [4]  among Qua te rnary  Kamcha tkan  
vo lcanics  suggest  tha t  magma mixing  i s  one  of  the  impor tan t  p rocesses  
tha t    a re    r esponsib le    fo r    a    d ive rs i ty    of    igneous    rocks .  

SUPPOSITIONAL  FORECAST  OF  THE  TYPE  AND  PARAMETERS  OF 
FUTURE  ERUPTIONS.   HAZARD  ASSESSMENT 

A long- te rm pred ic t ion  of  the  vo lcanic  hazard ,  type ,  and  s ize  of
fu ture  e rupt ions  i s  o f fe red  here  on  the  bas i s  o f  the  pr inc ip les  worked
out  ea r l i e r  [26]  and used  for  th i s  purpose  a t  o ther  vo lcanoes .  The
approach  cons i s t s  e ssent ia l ly  in  recogniz ing  the  vo lcano ' s  pas t
e rup t ive  pa t t e rn  and  pe r iodic i ty ,  e s tabl i sh ing the  s tage  in  which  the
volcano  i s  a t  the  present  t ime,  and  forecas t ing  the  charac te r  and
number  o f  e rup t ions  tha t  a re  l ike ly  to  occur  a t  the  present -day  s tage
of    i t s    ac t iv i ty .  

The  impera t ive  and  pr inc ipa l  condi t ion  i s  a  de ta i l ed ,  comprehensive  
recons t ruc t ion  of  the  e rupt ive  ac t iv i ty  and  the  evolut ion  of  the  
e rup ted  mate r ia l  s ince  the  b i r th  o f  the  vo lcano ,  o r  fo r  a  long  pe r iod  
of  i t s  e rupt ive  h i s tory ,  as  we  have  done  for  Kiz imen  above .  We have  
shown tha t  in  sp i te  of  a  compara t ive ly  recent  b i r th ,  Kiz imen i s  a  
ra the r  ma ture  volcano.  Old  Kiz imen,  which  was  ac t ive  dur ing  th ree  
e rup t ive  cyc les ,  ceased  to  be  ac t ive  about  6000 years  ago,  and  a  new 
volcano ,  Young  Kiz imen  was  born  in  i t s  p lace  a f te r  a  3000-year  
qu iescence .  The  forecas t ing  of  fu ture  e rupt ions  must  therefore  be  
based  on  the  ev idence  ob ta ined  for  Young  Kiz imen:  the  charac te r  and 
f requency  of  i t s  former  e rup t ions  and  the i r  var ia t ions  in  t ime ,  the  
composi t ional  evolut ion  of  the  rocks ,  and  the  product iv i ty  of  the  
vo lcano  dur ing  var ious  t ime  in te rva ls  up  to  the  p resent  t ime.  In  a  
l a rge  measure ,  the  charac te r  and  pa ramete rs  of  e rupt ive  ac t iv i ty  a re  
cont ro l led  by  " in te rna l "  processes  tha t  a re  d i rec t ly  re la ted  to  the  l i fe  
of   the   magma  source   and   the   pecul ia r i t ie s   o f   the   feeding    mechani sm.  

A forecas t  mus t ,  however ,  t ake  in to  account  the  "exte rna l"  fac tors
tha t  may  inf luence  the  p rocess  o f  fu tu re  e rup t ions .  In  our  case  these
are  p r imar i ly  the  morphology  of  the  Kiz imen  s t ruc tu re  and  the
loca t ion  o f  the  volcano on  the  s ide  o f  the  se i smica l ly  ac t ive  Shchapina
graben.  

As  ment ioned  above ,  the  b i r th  of  Young Kiz imen 3000 years  ago 
was  marked by  a  powerful  explos ion  and  an  e jec t ion  of  l a rge- tonnage  
juveni le    pyroc las t ic s    o f    cont ras ted   chemica l   composi t ion ,   which ,   be ing  
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dominated  by  ac id  andes i te ,  conta ined  a  smal l  amount  o f  basa l t i c  
andesi te  mate r ia l .  For  a  long  per iod  of  t ime tha t  fo l lowed (unt i l  ~1100 
years  ago) ,  vo lcanic  ac t iv i ty  consi s ted  in  the  g rowth  of  an  andesi t e  
dome in  the  c ra te r ,  which  was  accompanied  by  some ou tpour ing  of  
andes i te  l ava  and weak or  mi ld  explos ions .  

By  the  c lose  o f  the  penul t imate  mi l l en ium or  a t  the  beginning  of  
the  l as t  thousand-year  per iod ,  a  new explos ion  s ta r ted  a  se r ies  o f  
e rupt ions  of  the  c los ing  phase  of  cyc le  KZ IV.  For  the  f i r s t  t ime in  
the  Kiz imen h i s tory  the  exp los ion  was  no t  fo l lowed  by  an  e jec t ion  of  
a  cons iderab le  quant i ty  of  juveni le  py roc las t ic s .  A smal l  dome grew 
in  the  c ra te r ,  and  mi ld  explos ive  and  e f fus ive  e rupt ions  took  p lace .  
The  mate r ia l  p roduced  was  of  the  h ighest  bas ic i ty  in  the  Kiz imen 
h i s to ry .  Dur ing  the  l as t  centur ies  the  volcano  was  in  the  s ta te  of  
fumarol ic  ac t iv i ty  wi th  scarce  phrea t ic  explos ions  ( the  l a s t  occurred  
in  1928) .  

Dur ing  the  whole  o f  cyc le  KZ IV the  Young Kiz imen ac t iv i ty  was  
charac ter ized   by  low  product iv i ty  and   a   smal l  ra te   o f  d i schage ,  
e spec ia l ly   dur ing   the   c los ing   phase   o f   the   cyc le   ( see   Table   1 ) .  

I t  looks  as  i f  Young Kiz imen  Volcano  repea ted  the  Old  Kiz imen  
h i s to ry  dur ing  cyc le  KZ IV,  which  was  th ree  t imes  as  shor t  and  was  
charac ter ized  by  an  abrupt ly  decreased  product iv i ty ,  a  low ra te  of  
d i schage,  and  a  more  bas ic  compos i t ion  o f  the  e rup ted  juveni le  
ma te r ia l .  Proceeding  f rom these  fac t s  a lone ,  one  may  conclude  tha t  the  
Young    Kiz imen   e rupt ive    ac t iv i ty    has   been   comple ted   (or   i s   nea r ing  
comple t ion) .  

In  tha t  case ,  the  long- te rm forecas t  o f  fu ture  e rupt ions  a t  Young  
Kiz imen would  be  ra the r  s imple :  the  volcanic  ac t iv i ty  in  the  nea r  
decades  or  even cen tur ies  must  be  as  i t  was  in  the  las t  150-200 
years .  The  volcano  must  be  in  the  s t a te  of  a  more  or  le ss  in tensi f ied  
fumarol ic  ac t iv i ty  wi th  in f requent  mi ld  phrea t ic  explos ions  s imi la r  to  
those  of  1928.  Natura l ly  the  vo lcan ic  hazard  mus t  be  smal l  -  wi th in  
the  volcanic  s t ruc ture  and  only  dur ing  explos ions  (F igure  11) .  Coarse  
mater ia l  produced  by  explos ions  wi l l  fa l l  in  the  immedia te  v ic in i ty  of  
the  ven t ,  and  ash  wi l l  be  deposi ted  on  the  cone  and  a t  i t s  foo t .  The  
ash  cover  may  range  wi th in  a  few cent imete rs  near  the  vent  and  
f rac t ions  of  a  mi l l imete r  a t  5 -10  km f rom i t .  The  d i rec t ion  and  length  
o f  the  ash  fa l l  zone  wi l l  be  cont ro l led  by  the  d i rec t ion  and  fo rce  of  
the  wind.  The  to ta l  vo lume  of  the  t ranspor ted  mate r ia l  mus t  not  be  
l a rge r    than    0 .001  km3 .  
However ,  cons ider ing  the  "exte rna l"  fac tors ,  a  long- te rm forecas t  
o f  the  charac te r  o f  fu ture  e rupt ions  and  vo lcanic  haza rd  may  be  
d i f fe rent .   The  dec i s ive   ro le  may  be  p layed   e i ther  by  any  fac tor  
indiv idual   o r   by    a   combina t ion   o f    f ac tors   a long   wi th   e rup t ions  
themselves .  

The  fac t  i s  tha t  the  des t ruc t ion  of  the  la rge  s t eep-s ided  dome in  
the  Kiz imen summi t  c ra te r  may  be  fo l lowed  by  event s  s imi lar  to  the  
event s   tha t   took   p lace   a t   Banda i   Volcano,   Japan ,   in    1888,  or   a t   Mount  
S t .   Helens    in   1980.  
An  explos ion   may   be   caused  by   a   shor t - l ived    (a    few   t ens    o f    years)  
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F i g u r e  1 1  S k e t c h  m a p s  s h o w i n g  t h e  e x t e n t  o f  i n f e r r e d  v o l c a n i c  h a z a r d  f o r  t h e  K i z i n e n  a r e a .
A  −  m i n i m u m  h a z a r d :  1  −  l o c a t i o n  o f  e r u p t i v e  v e n t ;  2  −  a r e a  c o v e r e d  b y  e x p l o s i v e  p r o d u c t s ;  3  −
T a m a r a  c i n d e r  c o n e ;  4  −  V e r k h n e s h c h a p i n a  h o t  s p r i n g s .  T h e  b r o k e n  l i n e  c o n t o u r s  a n  a s h - f a l l  a r e a
w i t h  a  >  0 , 1  m m  t e p h r a  c o v e r .  В  −  m a x i m u m  h a z a r d :  1  −  r o c k s l i d e  a v a l a n c h e  a n d  e x p l o s i o n  c r a t e r ;
2  −  a r e a  c o v e r e d  b y  r o c k s l i d e  d e b r i s  a n d  e x p l o s i o n  p r o d u c t s ;  3  −  l a h a r s ;  4  −  a s h  f a l l  a r e a  w i t h
a    >   1   c m   t e p h r a   c o v e r .  

p lugging  of  fumaro le  channe ls  (e .g . ,  a s  a  re sul t  of  an  ea r thquake) ,
consider ing  a  g rea t  in tensi ty  o f  fumarol ic  ac t iv i ty .  I f  an  explos ion
takes  p lace  f rom benea th  the  dome,  where  the  fumaroles  a re  loca ted ,
and i s  s t rong  enough,  par t  of  the  dome wi l l  co l lapse .  The  dome may
l ikewise  co l l apse  as  a  re su l t  o f  a  c lass  9  or  10  ear thquake  in  the
Shchapino  graben .  

In  any  case ,  whatever  the  cause ,  a  la rge  rocks l ide  ava lanche  may  
provoke  an  e rupt ion  tha t  wi l l  be  many  t imes  as  la rge  as  the  phrea t ic  
explos ion  of  1928.  I t  may  be  as  l a rge  and have  the  same geologica l  
e f fec t  as  the  Banda i  e rup t ion  of  Ju ly  15 ,  1988 ,  whose  rocksl ide  debr i s  
to ta led  15  km 3 ,  and  exp los ive  p roduc ts  0 .011  km 3  [22] .  No juveni le  
ma te r ia l   was   e rupted .  

An  ear thquake- t r iggered  l ands l ide  ava lanche  and  a  la te ra l  b las t  
may  occur  a t  Kiz imen as  a  re sul t  o f  an  in t rus ion  of  v i scous  magma  
under  the  dome,  as  i t  happened  dur ing  the  1980  ca tas t roph ic  e rupt ion  
of  Mount  S t .  Helens  [25] .  Thi s  poss ib i l i ty  i s  no t  un l ike ly ,  because  the  
KZ IV cycle  i s  nea r ing  comple t ion ,  and  a  new,  f i f th  cycle  may  beg in  
wi th  an  in jec t ion  of  the  next  por t ion  of  f resh  magma in  the  Kiz imen 
feeder   sys tem.  
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This  suppos i t ion  i s  rea l i s t i c  because  Kiz imen s tands  on  the  sys tem 
of  fau l t s  tha t  bounds  a  l a rge  vo lcano- tec tonic  depress ion  in  which  the  
Nor thern  group  of  Kamchatkan  vo lcanoes  i s  loca ted  [11] .  These  
vo lcanoes  g rew inc reas ingly  ac t ive  dur ing  the  l a s t  centur ies :  the  
ca tas t rophic  even t s  tha t  occur red  the re  and  a  l a rge  number  of  f lank 
e rup t ions  d ischarged  ~20xl0 9  tons  of  juveni le  ma te r ia l .  Thi s  may  be  
indica t ive  of  a  reg iona l  renewal  of  magmat ic  ac t iv i ty  wi th in  th i s  
s t ruc ture ,    the    Kiz imen   a rea    inc luded .  

Both  of  the  above  vers ions  o f  e rupt ive  ac t iv i ty  wi l l  pose  grea t  
hazards  not  only  near  but  a l so  fa r  f rom the  ven t .  Explos ion and  
rocкs l ide  debr i s  may  cover  an  extensive  a rea  a t  the  nor the rn  foot  o f  
the  volcano as  fa r  a s  the  va l ley  o f  the  Levaya  Shchapina  River ,  and  
lahars  may  f low as  long  as  t ens  o f  k i lometers  ( see  F igure  11) .  The  
most  haza rdous  zone  i s  l ike ly  to  be  an  a rea  be tween  the  Verkhne-  
shchapina  and  the  Nizhneshchapina  hot  spr ings .  Tephra  may  cover  an  
a rea  o f  nx10 4  to  nx10 5  km 2   wi th   a   th ickness  o f  >  1  cm a t  a  d i s tance  
of  10-15  km f rom the  vent .  The  vo lume of  t ranspor ted  mate r ia l  may  
range   be tween  0 .1   and   1   km3 .  

The  present -day  knowledge  of  the  Kiz imen  ac t iv i ty  and  the
Shchapina  graben  se i smic i ty  i s  no t  enough to  dec ide  be tween the  two
vers ions .  A re l i able  forecas t  of  fu tu re  Kiz imen  e rupt ions  requ i res  more
invest iga t ion  to  recognize  the  vo lcano ' s  e rupt ive  pa t te rn  and
per iodic i ty  in  the  la s t  thousand years ,  s tudy  in  more  de ta i l  the
evolut ion  of  the  e rupted  mater ia l ,  and  survey  the  s ta te  of  the
volcano ' s    " roo ts"    by    geophysica l    methods .  

CONCLUSIONS 

1 .  Kiz imen  Volcano  was  born  in  a  zone  of  l a rge-magni tude  normal  
faul t s  o f  the  Shchapina  graben  12  or  11  thousand  years  ago,  when 
h igh- tempera tu re  basa l t  magma was  in jec ted  in to  a  coo l ing  sha l low 
dac i te   magma  chamber   tha t   had   remained  a f te r   the    ea r ly    P le i s tocene  
epi sode  of  vo lcanic  ac t iv i ty  in  the  Tumrok  Range .  This  basa l t  magma
injec t ion ,  synchronous  wi th  the  l a te  Ple i s tocene  f lood  basa l t  volcanism
of  Kamcha tka ,  s t imula ted  a  powerfu l  e rupt ion  of  dac i te  magma which
gave   b i r th   to   a   new  volcano.  

2 .  Some fea tures  of  the  minera l  composi t ion  of  the  Kiz imen e rupt ive
produc ts  (pr imar i ly  the  p resence  o f  the  "prohibi ted"  quar tz -o l iv ine
assoc ia t ion  of  phenocrys t s  in  a l l  rock  types )  p rov ide  evidence  tha t
the  rocks  were  de r ived  f rom a  magma tha t  had  been  produced  by  the
mixing  of  me l t s  cont ras ted  in  the  s i l i ca  con tent .  Judging  f rom the
evolu t ion  of  the  Kiz imen rocks  wi th  t ime,  dac i t ic  magma was  gradual ly
di sp laced  f rom the  chamber  by  basa l t ic  magma,  which  rose  f rom a
deep-sea ted  rese rvo i r ,  and  the  mixed  magma was  growing  progress ive-
ly   more   basa l t ic .  

3 .  Four    cyc les    o f    approximate ly    s imi la r    dura t ion    (2-3 .5   thousand 
years)    have    been    d i s t ingui shed   in    the    e rup t ive    h i s to ry    of    Kiz imen 
Volcano.   The   ea r ly   phases   o f   each  cyc le   were   e rupt ive   per iod    o f    h igh  
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product iv i ty ,  the  c los ing  phases  were  poor ly  p roduc t ive .  This  k ind  of
cyc l ic i ty  i s  be l ieved  to  have  been  caused  pr imar i ly  by  the  in jec t ions
of  new por t ions  o f  basa l t  magma in to  the  feed ing  sys tem of  the
volcano .  The  onse t s  of  cyc les  KZ I ,  KZ I I  and  KZ IV coinc ided  wi th  the
per iods  o f  the  regional  renewals  of  magmat ic  ac t iv i ty .  The  l a s t  cyc le ,
KZ IV (~3000 years) ,  i s  near ing  te rmina t ion ,  and  a  new,  f i f th  cyc le  i s
l ike ly    to    begin    in    the    near    hundreds    o f    yea rs .  

4 .  I f  cyc le  KZ IV las t s  fo r  the  fo r thcoming  tens  o r  hundreds  of
years ,  the  vo lcano  i s  expec ted  to  remain  in  the  p resent -day  s ta te  o f
fumarol ic  ac t iv i ty  wi th  in f requent  phrea t ic  explos ions .  But  i f  an
ea r thquake  causes  a  rocksl ide  ava lanche  o f  the  summi t  dome,  a  la rge
e rupt ion  of  the  Bandai  type  may take  p lace .  A ca tas t rophic  e rupt ion ,
l ike  the  1980  e rup t ion  of  Mount  S t .  Helens ,  i s  l ike ly  to  occur  a t  the
beginn ing  of  the  nex t ,  f i f th  cyc le  o f  the  volcano ' s  ac t iv i ty .  However ,
even  in  tha t  case  the  e rupt ion  of  l a rge  amounts  o f  ac id  juveni le
mate r ia l  i s  un l ike ly  because  dac i t ic  magma tha t  was  s tored  in  the
source   has   been  deple ted .  
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