
U N I T E D  STATES DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 

Pe t ro logy ,  Geochemistry, and Origin 
of t he  Red Xountain Ultramafic Body 

near S e l d o v i a ,  Alaska 

BY 

Margo I. Toth 

Open-File Bepor t  3 1 - 5 i h  
198 1 

This report 
reviewed f o r  
Survey e d i t o  

is preliminary and has aor Seen 
conformity with U.S. Geological 

r i a l  standards and nomenclature. 

Trade names in t h i s  paper are  f o r  descriptive 
purposes only and do not consritute endorsement 

by the U.S. Geological Survey.  



Conren t s  

Page 

Abstract ................................................................ 1 

Acknowledpments ......................................................... 2 

Chapter I . In t roduc t ion  ................................................ 3 

Objec t ives  ........................................................ 3 

Procedure. ........................................................ 3 

Previous work ..................................................... 4 

Geographic s e t t i n g  ................................................ 5 

Chapte r  11 . Regional geologic  s e t t i n g  .................................. 8 

Nature and d i s t r i b u t i o n  of major t e c t o n i c  u n i t s  ................... 8 

Major s t r u c t u r e s  ............................................. . .  13 

........... Chapter 111 . Descr ip t ion  of the  Xed liountain ultramafic body 15 

F i e l d  r e l a t i ons  ............................................... 15 

Form and s t r u c t u r e  ........................................... 1 9  

P e t r o l o w  ................................................... 22  

h n i t e  .................................................... 2 2  

.............................................. Yinera lo  &y 22 

Texture ................................................. 22  

Wehrl i te  ................................................... 25 

X n e r a l o g y  ................................... . . . .  2 7  

Texture ............................................. 27 

Clinopyroxenite ........................................... 32  

Yineralogy ...................................... 32 

Texture ................................................. 3 2  



Page 

Chap te r  111 . D e s c r i p t i o n  of the Red Younta in  ultramafic body.. Continued 

Petrology.. Continued 

Garnet clinopyroxenite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Texture ................................................. 
................................................... mromitite 

H i n e r a l o ~  .............................................. 
................................................. Texture 

D i k e s  ........................................................ 
&emistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

&jor-element chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Xineral  chemistry ............................................ 
Dunite .................................................. 
SJehrlite ................................................ 

. Garnet clinopyroxenite ................................. 
...................................... Trace-element chemistry 

Petrogenesis ...................................................... 
...................... Chapter IV . Kodiak-Kenai-Chugach ultrafmafic belt 

......................................................... Stmcture 

Petrology ......................................................... 
.................. . Chapter V Or ig in  and tectonic history ,.............. 

Origin . . . . . . . . . . . . . . . . . . . * * * * * . * * . . . . * . . . * * * * . . . . . . . . . . . . . * . . . . . . .  

t i t h o l o w  .................................................... 
Olivine chemistry ............................................ 

........................................... Diopside chemistry 

............................................ Cumulate textures 



Page 

Chapter V. Orig in  and tectonic history--Continued 

Deformational  history.......................,............... 50 

Serpentinization........................,.......,,...... 61 

Emplacement .................................................. 53 

References cited................................................... 64 

Appendix........... .............................................. 7 2  

Illustrations 

Plate 1. Geologic map of Red Yountain,........,....................... 

2. Structural map of Red Mountain............................... 

Figure 1. Index map, Kenai Peninsula, A 3 a s k a . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2. Map of the southwestern Kenai Pen insu la . . . . . . . , , . . . . . . . . . . . . .  

3. Geologic map o f  t h e  southwestern Kenai Peninsula showing 

pre-Tertiary tectonic units and major faults (modified 

from Cowan and Boss, 1978). ................................ 
4. Distribution of the Seldovia Bay subduction complex and 

the correlative Uyak-XcHugh and Shumagin-Valdez cerranes 

and complex in southeastern . 4 l a s k a . . . . . . . . . . . . . . . . . . * . , , . . .  

5 .  Red Mountain ultramafic body looking southwest 

toward Shelikof Strait..................................... 

6. Wehrl i te  layer crosscutting chromitite and d u n i t e . . . . . . . . . . . .  

7a. Chromitite l aye r s  w i t h i n  dun it^.....................,,,,..... 

7b.  V c h r l i t e  layers w i t h i n  dunitc...,...........,......,........, 

8. Stereographic  projection of po l e s  to layering within 

t he  Red :4ountain p l u t o q . . . . . . . . . . . . . . . . . .  .................. 

Page 

In pocket 

I n  pocket 

6 

7 

i i i  



Page 

Photomicrograph showing typical bimodal texture of 

the dunite...............,............................. 2 4  

Photomicrograph of dunite showing a typical elongate 

porphyroclast which commonly defines the schistosity.... ... 24 

Photomicrograph of a dunite showing a groundmass with 

a well developed polygonalized matrix, ..................... 26 

Photomicrograph of an olivine p o t p h y r o c l a s t  showing 

kink bands and inrracrystalline recrystallization........ .. 26 

Photomicrograph of wehrlite showing well developed 

microporphyroclastic texture...,..,......................., 28 

Photomicrograph of wehrlite showing strong embayrnent 

of an o l i v i n e  porphyroclast ................................ 28 

Photomicrograph showing relict primary texture of 

wehrlite......................................... 30 

Photomicrograph taken a few millimeters from 

figure LSa showing incipient recrystallization of 

olivine along olivine-diopside grain boundaries......,,.. .. 30 

Photomicrograph taken a few millimeters from figure 15b 

showing further recrysrallizarion of the wehrlite, 

approaching a microporphyroclastic texture.....,......,..., 31 

Photomicrograph of wehrlite showing a strongly 

recrystallized groundmass along with elongation of 

chromite grains (black grains) ............................. 31 

Photomicrograph of clinopyroxenite showing an 

idiomorphic granular t t : < t u r ?  ............................... 33 



Page 

18. Photomicrograph of ga rne t - r i ch  g a r n e t  c l i n o p y r o x e n i t e  

showing s t r o n g  deformat ion  and s h e a r i n g  of t h e  garner. . . . . .  33 

19. Histogram showing YgOMgO+FeO*+MnO i n  d u n i t e  from 

Red Mountain, A l a s k a . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

20. ACF diagram showing t h e  compos i t ion  of t h e  d u n i t e ,  w e h r l i t e ,  

and garnet p y r o x e n i t e  from Red Yountain, A l a s k a . , . . , . . . , , , ,  38 

21.  Histogram of  t h e  d e t e c t a b l e  t r a c e  e lements  i n  d u n i t e ,  

Red Mountain u l t r a m a f i c  body, Alaska . . . . . . . . . . . . . . . , . . . . . . .  4 2  

2 2 .  Histogram of t h e  d e t e c t a b l e  t r a c e  elements i n  w e h r l i t e ,  

Red Mountain u l t r a m a f i c  body, Alaska . . . . . . . . . . . . . . . . . . . . . . .  44 

23. Outcrops of u l t r a m a f i c  and g a b b r o i c  b o d i e s  a l o n g  t h e  

Border  Ranges faul t . . . . . . . . . . . . , . , . , . , , . . , , . , . . . . . . . . . . . .  50 

24 .  Histogram showing range i n  compos i t ion  o f  o l i v i n e s  from 

o p h i o l i t e  metamorphic p e r i d o t i t e s  and olivines from 

Red Mountaia...................................... 57 

T a b l e s  

Page 

Table  I . - -Proper t i e s  of bodies a long  t h e  Rodiak-Kenai-Chugach 

u l t ramaf ic  b e l t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 1  



P e t r o l o g y ,  geochemistry, and o r i g i n  of t h e  Red Mountain 

ultrarnafic body n e a r  S e l d o v i a ,  Alaska 

b Y 

Margo I. Toth 

ABSTRACT 

The Red Mountain u l t r a m a f i c  body c r o p s  o u t  13 km s o u t h e a s t  of S e l d o v i a ,  

on the s o u t h w e s t e r n  Kenai P e n i n s u l a ,  Alaska,  and has been emplaced i n t o  the 

S e l d o v i a  Bay complex, a Late Cre taceous  s u b d u c t i o n  u n i t .  The p l u t o n  was 

d i s c o r d a n t l y  i n t r u d e d  i n  t h e  s o l i d  s t a t e  i n t o  s h e a r e d  and c h a o t i c  sequences  of 

graywacke, s l a t e ,  c h e r t ,  and l i m e s t o n e  metamorphosed t o  t h e  p r e h n i t e -  

p u m p e l l y i t e  facies .  Contacts d i p  s t e e p l y  inward and sheared  s e r p e n t i n i t e  i s  

p r e s e n t  around t h e  e n t i r e  margin. Well-developed, pr imary igneous  l a y e r i n g  

h a s  been fo lded  t o  form a southwest-plunging synform. 

The rocks exposed a t  Red Yountain c o n s i s t  o f  l a y e r e d  d u n i t e ,  w e h r l i t e ,  

and t r a c e  amounts of c l i n o p y r o x e n i t e ,  c h r o m i t i t e ,  s e r p e n t i n i t e ,  and d i k e  rock 

of  varying composi t ion.  Garnet  c l i n o p y r o x e n i t e  o c c u r s  i n  a l i g n e d  strongly 

f o l i a t e d  lens-shaped nasses w i t h  s e r p e n t i n i t e  margins .  R e l i c t  or thocumulus  

t e x t u r e s  i n  t h e  c h r o m i t i t e  and t h e  p resence  of pr imary igneous  l a y e r i n g  

i n d i c a t e s  t h a t  t h e  bu lk  of the rocks  were f o m e d  by cumulus processes. 

Superinposed on t h e  primary t e x t u r e s  are  ae tamorph ic  d e f o r m a t i o n a l  f e a t u r e s ,  

i n c l u d i n g  t h e  development of  k i n k  bands i n  o l i v i n e ,  r e c r y s t a l l i z a t i o n  and 

p o l y g o n a l i z a t i o n  of o l i v i n e  g r a i n s ,  and extreme g r a n u l a t i o n  and c a t a c l a s i s  of 

g a r n e t .  The garnet  c l i n o p y r o x e n i t e s  show the  maximum degree  o f  d e f o r m a t i o n ,  

fo l lowed  by t h e  d u n i t e s  and w e h r l i t e s .  

Hajor-element chemistry of t h e  d u n i t e  and w e h r l i t e  shows a r e s t r i c t e d  

c o m p o s i t i o n a l  range t y p i f i e d  by low Na20+K20 (0.05 p e r c e n t )  and low h1203 

(1 percent). O l i v i n e  i s  unzoned and shows a median compos i t ion  o f  F O * ~  i n  t h e  

1 



d u a i t e  and Fog4 i n  t h e  w e h r l i t e .  I n  t h e  wehrlite, d i o p s i d e  i s  c h a r a c t e r i z e d  

by h i g h  Ca-Ca+Q a t o m i c  r a t i o s  (0.57-0.59) and c o n t a i n s  no h1203. I n  t h e  

g a r n e t  c l i n o p y r o x e n i t e s ,  d i o p s i d e  h a s  Ca-Ca+Mg r a t i o s  of  0.67-0.69 and 

c o n t a i n s  7-8 p e r c e n t  A1203. Garnet  h a s  an  unusual compos i t ion ,  dominated by 

pyrope (33-36 p e r c e n t ) ,  subequal amounts of g r o s s u l a r  and almandine (24-29 

p e r c e n t ) ,  and l e s s e r  amounts of  a n d r a d i t e  (9-12 p e r c e n t ) .  Trace-element 

c h e m i s t r y  shows anomalously h i g h  values of chromium and n i c k e l  i n  t h e  d u n i r e s  

and w e h r l i t e s .  

The Red Nountain p l u t o n  is  h e r e  i n t e r p r e t e d  t o  have formed a t  a n  o c e a n i c  

s p r e a d i n g  c e n t e r  a s  a p a r t  of an o p h i o l i t e  sequence ,  and was emplaced i n  a 

L a t e  Cre taceous  e p i s o d e  of subduction, The Red Mountain ultramafic body 

o r i g i n a t e d  a s  a part o f  t h e  lower  u l t r a m a f i c  cumulate  s e c t i o n  of t h e  

o p h i o l i t e .  The g a r n e t  p y r o x e n i t e  bod ies  most l i k e l y  r e p r e s e n t  i n c l u s i o n s  from 

t h e  upper  mant le .  Temperatures  of de format ion  f o r  t h e  p l u t o n  may have reached 

4 5 0 ' ~  f o r  r e p r e s e n t a t i v e  g e o l o g i c a l  s t r a i n  r a t e s  of  10-14/second, and probab ly  

o c c u r r e d  concomitant  w i t h  s u b d u c t i o n  and emplacement of t h e  body. 
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CHAPTER I 

INTRODUCTION 

O b j e c t i v e s  

The prime o b j e c t i v e  o f  this t h e s i s  i s  t o  d e t e r m i n e  t h e  o r i g i n  of t he  

Red Mountain u l t r a m a f i c  body and t o  f u r t h e r  t h e  s t a t e  of knowledge c o n c e r n i n g  

u l t r a m a f i c  b o d i e s  i n  southern Alaska. A secondary  o b j e c t i v e  i s  t o  compare the  

Red Mountain body t o  o t h e r  chromi te - r i ch  u l t r a m a f i c  b o d i e s  emplaced i n  s i m i l a r  

t e c t o n i c  regimes i n  s o u t h e r n  Alaska. This comparison may f a c i l i t a t e  f u t u r e  

chromi te  e x p l o r a t i o n  programs i n  s o u t h e r n  Alaska.  

i l rocedure  

Fie ldwork was accomplished i n  June  and August of 1977. Topographic maps 

a t  a s c a l e  of 1:63,360 were p h o t o g r a p h i c a l l y  enlarged t o  a s c a l e  of  1:12,000 

f o r  d e t a i l e d  g e o l o g i c  mapping. A e r i a l  pho tographs  were used p r i m a r i l y  f o r  

mapping c o n t a c t  r e l a t i o n s  and i n t e r p r e t i n g  s t r u c t u r a l  f e a t u r e s .  A s  a g e o l o g i c  

map had been p r e v i o u s l y  compiled by Guild ( 1 9 4 2 ) ,  t h e  purpose  of t h e  f i e l d w o r k  

w a s  t o  v e r i f y  h i s  nap, r o  map c r i t i c a l  a r e a s  i n  g r e a t e r  d e t a i l ,  t o  c o l l e c t  

samples ,  and t o  o b t a i n  a d d i t i o n a l  s t r u c t u r a l  d a t a .  

Whole-rock major-oxide wet chemical  a n a l y s e s  were o b t a i n e d  on  many of t h e  

samples .  These analyses by t h e  U.S. G e o l o g i c a l  Survey were done a c c o r d i n g  t o  the 

t e c h n i q u e s  o u t l i n e d  by S h a p i r o  (1967, 1975) .  S tandard  six-step 30-element 

s e m i q u a n t i t a t i v e  e m i s s i o n  s p e c t r o g r a p h i c  analyses were a l s o  o b t a i n e d  from the  

D.S. G e o l o g i c a l  Survey according t o  t h e  method o f  Grimes and Yarranzino (1968) 

as were  a tomic  a b s o r p t i o n  analyses on chromium and n i c k e l  and f i r e  a s s a y  on 

the t r a c e  e lements  p l a t i n u m ,  pa l l ad ium,  rhodium, ruthenium,  and i r i d i u m .  

I n d i v i d u a l  m i n e r a l  s p e c i e s  were c h e m i c a l l y  a n a l y z e d  u s i n g  an A p p l i e d  

Xesearch L a b o r a t o r i e s  s ix -channe l  e l e c t r o n  microprobe,  A l l  analyses vere on 

carbon-coated,  p o l i s h e d  t h i n  s e c t i o n s  and several g r a i n s  of  each m i n e r a l  w e r e  
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ana lyzed .  A combinat ion of the Energy Dispersive System (EDS) and Wavelength 

Dispersive System (WDS) was used ac a n  excitation v o l t a g e  o f  15 kV 

( k i l o v o l t s ) .  Sample c u r r e n t  was 1 5  nanoamps and beam c u r r e n t  was moni tored 

f o r  15 seconds. Elements ana lyzed  with t h e  EDS were 91, Si, Ca, T i ,  Fe, and 

Cr, Elements ana lyzed  with t h e  VDS were Xg and K; Hg was analyzed w i t h  a KAP 

(po tass ium ac id  p h t h a l a r e )  crystal and K was ana lyzed  w i t h  PET 

( p e n t e r y t h r i t o l )  c r y s t a l .  U.S. G e o l o g i c a l  Survey o l i v i n e  and pyroxene group 

s t a n d a r d s  were u t i l i z e d .  

T h i s  project was accomplished in p a r t i a l  f u l f i l l m e n t  of t h e  r e q u i r e m e n t s  

f o r  t h e  m a s t e r ' s  d e g r e e  i n  geology from t h e  U n i v e r s i t y  o f  Colorado, Boulder ,  

under  t h e  d i r e c t i o n  o f  P ro fes so r  James Xunoz. 

F r e v i o u s  Work 

As t h e  u l t r a m a f i c  rocks of Red Xountain  c o n t a i n  possible economic 

chromi te  d e p o s i t s ,  work i n  t h e  p a s t  has focused  on t h e  l o c a t i o n  and n a t u r e  of 

the chromi te  bod ies .  Grant  and Higgins (1910) were t h e  f i r s t  t o  w r i t e  a b o u t  

the d e p o s i t s ,  and t h e i r  work was fo l lowed  5y a thorough s t u d y  of t h e  geo logy  

and chromi te  d e p o s i t s  of t h e  Kenai ? e n i n s u l a  by M a r t i n  and o t h e r s  (1915) .  

M e r t i e  (1919) p u b l i s h e d  f u r t h e r  data on t h e  chromi te  a t  Red Xountain ,  and Gill 

(1922 )  was t h e  f i r s t  t o  p u b l i s h  a map of  Red Hountain  showing t h e  general 

geology and l o c a t i o n  of  t h e  chromite  d e p o s i t s .  Guild (1942) compiled a 

d e t a i l e d  g e o l o g i c  map of  Red Xountain and i n c l u d e d  i n  h i s  report  d e t a i l e d  

rnegascopic d e s c r i p t i o n s  of the u l t r a m a f i c  rocks e n c l o s i n g  t h e  chromi te  o r e .  

Rut ledge  (1946) p u b l i s h e d  work concern ing  t h e  chromi te  d e p o s i t s  a t  Red 

Nountain. Since h i s  r e p o r t ,  no o t h e r  s t u d i e s  were completed on Red Yountain  

i t s e l f  u n t i l  t h e  p e t r o l o g i c  s t u d y  by Forbes  and Swainbank (1974)  on g a r n e t  

p y r o x e n i t e  b o d i e s  found w i t h i n  t he  Red Yountain  d u n i t e .  



On a r e g i o n a l  scale,  several papers  have been p r e s e n t e d  c o n c e r n i n g  the 

t e c t o n i c s  of t h e  Kenai P e n i n s u l a  and s o u t h e r n  Alaska. Forbes and Lanphere 

(1973)  d a t e d  b l u e s c h i s t s  found near S e l d o v i a  and d i s c u s s e d  t h e i r  t e c t o n i c  

s i g n i f i c a n c e .  Cowan and Boss (1978) p r e s e n t e d  work on the t e c t o n i c  framework 

of thesouthwest2rn Kenai P e n i n s u l a ,  and Moore and Connel ly  (1977) s t u d i e d  

the Xesozoic t e c t o n i c s  of  t h e  s o u t h e r n  Alaskan margin. To t h e  sou thwes t  o f  

Red Nounrain, Carden and o t h e r s  (1977) and Connel ly  (1978) s t u d i e d  t h e  

d e p o s i t s  on Kodiak I s l a n d  and c o r r e l a t e d  them t o  t h o s e  found near Red Xountain.  

Geographic S e t t i n g  

The Red Mountain u l t r a m a f i c  body i s  l o c a t e d  approx imate ly  13 km s o u t h e a s t  

of S e l d o v i a  on t h e  s o u t h w e s t e r n  Kenai Peninsula, Alaska (fig. 1). Red 

Mountain s t a n d s  as t h e  h i g h e s t  p o i n t  of the u l t r a m a f i c  body a t  an  e l e v a t i o n  of 

1 ,074 rn; the l o w e s t  p o i n t  i s  i n  t h e  Windy River a t  a n  elevation of 296 m. The 

summit of Red Mountain forms a horseshoe-shaped ridge t h a t  opens toward t h e  

n o r t h  of t h e  Windy River v a l l e y .  The Windy River f l o w s  n o r t h ,  then n o r t h e a s t  

t o  join t h e  Rocky River ,  which f lows  s o u t h  and empt ies  i n t o  Bocky Bay 

(fig. 2 ) .  The u l t r a m a f i c  mass i s  a l s o  d r a ined  by minor t r i b u t a r i e s  of t h e  

Se ldov ia  River which f l o w  nor thwes t  i n t o  Seldovia Bay and by tributaries of 

Barbara Creek which a l s o  f low nor thwes t  and d r a i n  i n t o  Katchemak Bay. 

The Kenai Peninsula was h e a v i l y  g l a c i a t e d  i n  F ' l e i s tocene  and Holocene 

t i m e  and t h e  numerous c i r q u e s ,  tams, mora ines ,  and t h e  c h a r a c t e r i s t i c  

U-shaped v a l l e y  of the  Windy River g i v e  e v i d e n c e  t o  t h i s .  An e x t e n s i v e  i c e  

cap  i s  s t i l l  p r e s e n t  25 !a e a s t  of Red Mountain. Since t h e  retreat of 

glaciers a t  Red Hountain ,  e x t e n s i v e  t a l u s  s l o p e s  have developed a t  t h e  Sase of 

nost of t h e  c l i f f s  leaving  very little o u t c r o p  exposed.  







CHAPTER 11 

REGIONAL GEOLOGIC SETTING 

Nature  and D i s t r i b u t i o n  of Ya jor  T e c t o n i c  U n i t s  

Cowan and Boss (1978)  have d i v i d e d  t h e  s o u t h w e s t e r n  Kenai P e n i n s u l a  i n t o  

f o u r  p r e - T e r t i a r y  t e c t o n i c  u n i t s  ( f i g .  3 ) .  Each u n i t  i s  c h a r a c t e r i z e d  by a 

unique rock  assemblage and style of d e f o r m a t i o n  and can  be c o r r e l a t e d  w i t h  

r o c k s  e l sewhere  i n  s o u t h e r n  Alaska.  According ro  Cowan and Boss (1978) ,  these 

u n i t s  s u g g e s t  t h a t  the t e c t o n i c  h i s t o r y  of s o u t h w e s t e r n  Alaska i s  t y p i f i e d  by 

a l o n g  h i s t o r y  of seaward a c c r e t i o n  by subduc t ion .  These f o u r  u n i t s  a r e  

d i s c u s s e d  below. 

An a n d e s i t i c  vo lcanogen ic  u n i t  10 km wide i s  exposed on t h e  n o r t h w e s t e r n  

margin of t h e  Kenai P e n i n s u l a  ( f i g .  3 ) ,  and c o n s i s t s  of  t u f f a c e o u s  s i l t s t o n e ,  

s a n d s t o n e ,  and v o l c a n i c  agg lomera te  i n t e r b e d d e d  w i t h  b l a c k  s i l t s t o n e .  The 

r o c k s  are l a t e  T r i a s s i c  t o  E a r l y  J u r a s s i c  i n  age and s e d i m e n t o l o g i c a l  e v i d e n c e  

s u g g e s t s  t h a t  t hey  underwent r a p i d  d e p o s i t i o n  from nearby s o u r c e s .  Cowan and 

a o s s  (1978)  c o r r e l a t e d  t h e  s t r a t a  w i t h  o t h e r  vo lcanogen ic  u n i t s  exposed 

th roughout  s o u t h e r n  Alaska, Yoore and Connel ly  (1977 )  i n t e r p r e t e d  t h e  

vo lcanogen ic  rocks as a r c  and forearc  d e p o s i t s  formed i n  o r  near a volcanic 

a r c  a c t i v e  i n  L a t e  T r i a s s i c  and E a r l y  J u r a s s i c  t ime.  

The S e l d o v i a  s c h i s t  t e r r a n e  i s  i n  a narrow,  wedge-shaped bed 2 ka w i d e  

and 16  km long ,  e x t e n d i n g  from S e l d o v i a  P o i n t  t o  t h e  n o r t h e a s t  s h o r e  of P o r t  

Graham where i t  p i n c h e s  o u t  ( f i g .  3 ) .  The u n i t  c o n s i s t s  o f  q u a r t z - s e r i c i t e  

s c h i s t ,  marble, g r e e n s c h i s t ,  and c r o s s i t e - e p i d o t e  b l u e s c h i s t  immersed i n  a  

comple te ly  sheared m a t r i x  of a r g l l l i t e .  Forbes  and Lanphere  (1973)  o b t a i n e d  

K-Ar dates  f o r  t h e  metamorphism o f  190 n.y. ( m i l l i o n  y e a r s )  and t h e  s c h i s t  i s  

c o r r e l a t e d  by Cowan and Boss (1978) w i t h  a  narrow b e l t  o f  metamorphic rocks on  

Kodiak and Afognak I s l a n d s  with metamorphic ages of 190-187 m.g. ( C a r d e n  and 

8 





o t h e r s ,  1977). Cowan and Boss (1978) i n t e r p r e t e d  t h e  s c h i s t  t e r r a n c e  as a 

s u b d u c t i o n  complex c h a t  was emplaced i n  p a r t  d u r i n g  Early J u r a s s i c  t i m e  

s imul taneous  w i t h  b l u e s c h i s t  metamorphism. 

The Seldov ia  Bay complex ( i n f o r m a l  name) forins t h e  c o r e  of the 

s o u t h w e s t e r n  Kenai P e n i n s u l a  (fig. 3) and i s  a  h i g h l y  deformed he te rogeneous  

u n i t  of a r g i l l i t e ,  graywacke,  c h e r t ,  g r e e n s t o n e ,  t u f f ,  and minor u l t r a r n a f i c s ,  

and i n c l u d e s  a 2 - h - w i d e  t e r r a n e  of r a d i o l a r i a n  c h e r t  and p i l l o w  lava t h a t  

e x t e n d s  from Koyukto l ik  Bay t o  H a l i b u t  Cove. Excluding t h e  u l t r a m a f i c  r o c k s ,  

t h e  l i t h o l o g i e s  i n  t h e  S e l d o v i a  Bay complex commonly o c c u r  i n  bedded, s h e a r e d ,  

o r  c h a o t i c  sequences .  The graywacke f r e q u e n t l y  shows a weak bedding-plane 

f o l i a t i o n  and minor g raded  bedding.  The a t t i t u d e  of bo th  t h e  bedding and 

f o l i a t i o n  a r e  c o n s t a n t ,  with the s t r i k e  t o  t h e  n o r t h e a s t  and d i p  t o  t h e  

nor thwes t .  The s t u d i e s  of Cowan and Boss (1978) show widespread metamorphic 

pumpel ly i re  and p r e h n i r e .  

Three  u l t r a m a f i c  b o d i e s  o c c u r  w i t h i n  t h e  S e l d o v i a  Bay complex: a small 

d u n i t e  mass a t  Claim P o i n t ;  t h e  Xed Yountain  u l t r a m a f i c  body; and a r e c e n t l y  

d i s c o v e r e d  small u l t r a m a f i c  body a t  t h e  n o r t h e a s t  end of H a l i b u t  Cove 

c o n s i s t i n g  of  layered gabbro,  pyroxenite, and s e r p e n t i n i t e  ( f i g .  3 ) .  I n  all 

t h r e e  b o d i e s ,  c o n t a c t s  wi th  t h e  s u r r o u n d i n g  country rock are f a u l t e d  and 

h e a v i l y  s e r p e n t i n i z e d .  C o r r e l a t i v e  u l t r a m a f i c  r o c k s ,  g r e e n s t o n e s ,  and gabbros  

a r e  present on Kodiak I s l a n d .  

The Seldovia Bay complex i s  c o r r e l a t e d  by Connel ly  and o t h e r s  (1976) on 

t h e  b a s i s  of s imilar  l i t h o l o g y ,  t e c t o n i c  s t y l e ,  and metamorphism w i t h  t h e  Uyak 

s u b d u c t i o n  complex on the nor thwes t  c o a s t  of Kodiak I s l a n d  and w i t h  the  McHugh 

s u b d u c t i o n  complex exposed i n  t h e  Chugach Yountains  n e a r  .Anchorage (Clark, 

1972a, 1973).  



The Seldovia Bay complex i s  i n t e r p r e t e d  by Cowan and Boss (1978) as a 

T r i a s s i c  t o  pos t -Va lang in ian  s u b d u c t i o n  complex, and t o g e t h e r  w i t h  t h e  Uyak 

and NcHugh Complexes d e f i n e s  a n o r t h e a s t - t r e n d i n g  s u b d u c t i o n  zone e x t e n d i n g  

f o r  a t  l e a s t  500 km in s o u t h w e s t e r n  Alaska ( f i g .  4 ) .  The u l r r a m a f i c  rocks  on 

Rodiak I s l a n d  are i n t e r p r e t e d  as a c c r e t e d  remnants of o c e a n i c  c r u s t  and mant le  

(Conne l ly ,  1978; H i l l  and G i l l ,  1976;  H i l l  and Brannon, 1 9 7 6 ) ,  and I w i l l  

e s t a b l i s h  l a t e r  t h a t  t h e  Red Nountain  u l t r a m a f i c  body i s  a l s o  part of  

dismembered o c e a n i c  crust. Connelly (1978) s t a r e d  tha t  the S e l d o v i a  Bay 

complex was emplaced d u r i n g  L a t e ( ? )  Cre taceous  n o r t h w e s t  u n d e r t h r u s t i n g  

benea th  lower  Mesozoic r o c k s  and dur ing  t h a t  u n d e r t h r u s t i n g  t h e  rocks were 

broken i n t o  varied s i z e s  and suspended i n  a matrix of c h e r t  and a r g i l l i t e  w i t h  

t h e i r  l o n g e s t  d imension a l i n e d  s u b p a r a l l e l  t o  t h e  c a t a c l a s t i c  f o l i a t i o n .  

During u n d e r t h r u s t i n g  t h e  rocks  a l s o  were metamorphosed on the p r e h n i t e -  

p u m p e l l y i r e  f a c i e s .  

Connelly (1978) s u g g e s t e d  t h a t  t h e  Valdez Group exposed t o  t h e  s o u t h e a s t  

of t h e  Se ldov ia  Bay complex (fig. 3 )  may r e p r e s e n t  a  s e p a r a t e  phase  o f  Late 

Cre taceous  a c c r e t i o n  o r  t h a t  i t  nay be a distinct f a c i e s  of the Uyak and 

McHugh Complexes. The Valdez c o n s i s t s  of s l i g h t l y  metamorphosed well-bedded 

t u r b i d i t e  and on ly  l o c a l  melange. The age i s  Late Cre taceous  on the  b a s i s  of 

Maestrict ian  f o s s i l s  (J. Decker, o r a l  commun., 1980). 

Age of emplacement of t h e  s u b d u c t i o n  complex i s  somewhat uncertain. The 

Uyak Complex c o n t a i n s  r a d i o l a r i a  chart ranging from P a l e o z o i c  t o  mid-Early 

Cre taceous  (Valanginian t o  Aptian); the  XcHugh Complex c o n t a i n s  rocks f r ~ m  

l a t e  P a l e o z o i c  t o  L a t e  Jurassic age ;  and some of t he  c h e r t  i n  the S e l d o v i a  3ay 

complex i s  T r i a s s i c  (Cowan and Boss, 1978; Connel ly ,  1978). Enplacement of 

t h e  Se ldov ia  Bay complex can t h u s  be de te rmined  on ly  to  be pos t -Valang in ian ,  

b u t  J. Qecker ( o r a l  commun., 1980) has  d a t e d  t h e  subduct ion of co r r e l a t i ve  





rocks in southeastern Alaska at 100 m.y. by K-Ar dating of metamorphic 

minerals that probably formed at the time of accretion. The distribution of 

the rocks emplaced during this episode a£  subduction is shown in figure 4 .  

Xa jor Structures 

The four tectonic units of the southwestern Kenai Peninsula are separated 

by major faults that are discontinuously present throughout southern Alaska. 

These faults are labeled in figure 3. 

The Seldovia schist rerrane is separated from rhe Upper Triassic and 

Lower Jurassic volcanogenic strata by a northeast-trending high-angle fault, 

herein called the Port Graham fault, which is equivalent to the Shuyak fault 

on Kodiak Island. The combined Port Graham-Shuyak fault may represent the 

trace of the early Mesozoic plate boundary along the margin of southwestern 

Alaska (Connelly, 1978). 

The Seldovia Bay complex is juxtaposed against the volcanogenic sequence 

and the Seldovia schist terrane by the northeast-trending Border Ranges thrust 

fault. This fault is a major tectonic feature in southern Alaska and can be 

traced for more than 1,000 'm arcuately eastward from Kodiak Island to the St. 

Elias Yountains (YacKevett and Plafker, 1 9 7 4 ) .  It narks the southern limit of 

the complex assemblage of Paleozoic and Yesozoic metamorphic rocks and may be 

the trace of the  continental margin at the time of Uyak-McHugh and Shumagin- 

Valdez accretion. 

The major f a u l t  juxtaposing the Seldovia Bay complex against the Valdez 

Group is identified by Cowan and Fioss (1978) as the Chugach Bay fault, and 

they state that it is equivalent r o  the Eagle 2 i v e r  thrust fault near Anchorage 

and the Uganik thrusr on Kodiak Island, The fault typically dips moderately 

to steeply northwestward although the fault shows a variable attitude around 

Seldovia. The rocks generally become much more sheared and disrupted 
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toward the fault. The significance of the fault is unclear due to t h e  

uncertainties i n  the relative ages between rhe Uyak-McHugh and the Valdez 

belt, If the units are coeval as Connelly (1978) suggested, then rhe thrust 

juxtaposes the more d e e p l y  subduered and more highly metamorphosed Uyak-McHugh 

rocks against t h e  Kodiak-Valdez trench deposits. Connelly (1978) nored that 

more highly metamorphosed rocks occur along the arcward side of subduction 

complexes at other convergent margins and that t h i s  type of occurrence may be 

attributed to differential uplift of the subduction complex from continued 

underplating of deep-sea sediments at the foot of the trench inner wall, 

The amount of movement on any one of these faults is unknown but 

cumulative displacement is probably substantial. Structurally, the 

volcanogenic unit is on top, underlain by the Seldovia schist terrane and the 

Seldovia Bay terrane, with the Valdez Group at the base. 



CHAPTER I11 

DESCRIPTION OF THE RED MOUNTAIN ULTRAMAFIC BODY 

F i e l d  R e l a t i o n s  

The Xed Xountain  u l t r a m a f i c  body i s  l o c a t e d  a p p r o x i m a t e l y  13 km s o u t h e a s t  

of S e l d o v i a  on t h e  Kenai P e n i n s u l a ,  Alaska ( f i g .  1 ) .  The body d i s c o r d a n t l y  

i n t r u d e s  c o u n t r y  rock  mapped by Mart in  and o t h e r s  (1915) a s  s l a t e  and 

graywacke w i t h  some c h e r t  and l imes tone .  Cowan and Boss (1978)  d e s c r i b e d  

t h e s e  r o c k s  as commonly bedded, sheared, and forming chao t i c  sequences .  I n  

t h e  v i c i n i t y  of Red Hountain,  t h e  major  rock  t ypes  are a d r a b ,  g reen i sh-gray  

metagraywacke, g e n e r a l l y  w i t h  i n d i s t i n g u i s h a b l e  bedding,  and a w h i t e  t o  dark- 

g r a y ,  well-bedded, s t r o n g l y  deformed c h e r t  u n i t .  The c o n t a c t  of t h e  

ultramafic body r i t h  t h e  c o u n t r y  rock  i s  c l e a r l y  d i s t i n g u i s h a b l e  around che 

e n t i r e  body because  t h e  dunite i s  a r u s t y  c o l o r  and s u p p o r t s  no vegetation, 

whereas t h e  c o u n t r y  rock  s u p p o r t s  a l u x u r i o u s  v e g e t a t i v e  growth (fig. 5) .  The 

c o n t a c t  i s  a fault, and in a few places where i t  i s  a c t u a l l y  o b s e r v a b l e ,  d i p s  

s t e e p l y  inward from 45' t o  v e r t i c a l .  The u n d e f l e c t e d  c o u r s e  of t h e  c o n t a c t  

a c r o s s  t h e  h i l l s  and v a l l e y s  a l so  i n d i c a t e s  t h a t  i t  must be steep ( f i g .  5 ) .  d 

s e r p e n t i n i z e d  zone i s  p r e s e n t  i n  a l l  exposures  of  t h e  c o n t a c t  and ranges  i n  

t h i c k n e s s  from 30-50 m i n  most p l a c e s ,  but i s  n e a r l y  800 m Chick n e a r  t h e  

headwaters  of Barbara  Creek. The s e r p e n t i n i t e  zone i s  be t te r  developed in 

d u n i t e  than  i n  p y r o x e n i t e ,  and shows extreme b r e c c i a t i o n  and s l i c k e n s i d e s .  

No d ikes  o r  apophyses of the u l t r amaf i c  m a t e r i a l  a r e  found i n t r u d i n g  t h e  

country rock, and t h e r e  i s  no ev idence  of any the rmal  qe tamorph isn  of t h e  

c o u n t r y  rock. For  t h e s e  reasons,  t h e  body p r o b a b l y  i n t r u d e d  t h e  c o u n t r y  rock 

i n  t h e  s o l i d  s t a t e .  Gui ld  (1942)  mapped s e v e r a l  small b l o c k s  o f  t h e  c o u n t r y  

rock within t h e  ultrarnafic body n e a r  the n o r t h w e s t e r n  c o n t a c t ,  and these 

b l o c k s  were probably  i n c o r p o r a t e d  by t h e  f a u l t i n g  p r o c e s s e s .  These i n c l u s i o n s  
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are surrounded by talus, so the exact contact relations with the dunite body 

are indeterminable. 

Form and Structure 

The Red Mountain ultramafic body is elliptical in outcrop, 6.5  km long 

and 3.2 km wide. The body shows well-developed, laterally continuous, primary 

igneous layering in the dunite, chromitite, and wehrlite. Dunite layers range 

i n  thickness from a f e w  millimeters to more than 350 a, and are about: 2.3 km 

long; chromitite layers range in thickness from a f e w  millimeters to 5 m, and 

are as nuch as 375 n long; and wehrlite layers range in thicknesses from a f ew  

millimeters to 65 rn and are as much as 1.5 m long. The three layers may be 

much more extensive, but are obscured by the heavy talus and alluvial cover. 

The dunite, chromitite, and wehrlite layers most commonly parallel one 

another, but occasionally all three lithologies crosscut each other 

(fig. 6). Contacts between the differing lirhologies commonly are sharp 

(fig. 7), but the dunire-pyroxenite and dunire-chromitite have gradational 

contacts. Several places within the plueon have been mapped by Guild (1942) 

as undifferentiated pyroxenite and d u n i t e  (pl. 1). In these instances the 

wehrlite and dunire are interlayered on a n  extremely fine scale and commonly 

grade into one another. 

The Red Yountain pluton has been folded into a symmetrical synformal 

structure with the axis plunging toward the southwest (fig. 8 and pl. 2). The 

dip of the igneous layering is steep to vertical near the contact except in 

rhe southwestern part of the body where it is nearly horizontal. Along the 

axis of the synfora, dips are i n t e rmed ia t e  i n  the northern part and shallow to 

near horizontal in the southern part. The strike of the layering parallels 

the contact along three sides of the body with the strike along the southern 

margin being almost random. Small-scale folds are common in relatively thin 







chromitite and wehrlite layers and are present to a minor degree in the garnet 

pyroxenite bodies. All the folds have axes that are nearly parallel to the 

axis of the synfom, treading south-southwest, and they plunge 20'-58' (fig. 8 

and pl. 2 ) .  The regional trend of bedding and metamorphic foliation in the 

surrounding country rocks of the Seldovia Bay terrane is to the northeast. 

Joints are abundant in the body, especially around the central 

amphitheater, and are so well developed t h a t  some faces are exposed for an 

2 area of more than 100 m . The general strike of joints is northwest with a 

dip of 30°-40' to the northeast. Hineralization is rare along the joint faces 

but some minor serpentinization is present. 

Small-scale faults within the Red Xountain pluton are relatively common 

and can be clearly identified only when the chromitite or pyroxenite layers 

have been displaced so little that their original continuity is obvious. 

Guild (1942) has outlined two periods of faulting: (1) Early faulting-- 

associated with the drag of thin chromite bands. %any of these faults are 

healed and they antedate final consolidation. These faults comonly show 

renewed movement, many times in the opposite direction as indicated by 

"reverse drag." (2) Later faulting--no drag is associated with this episode 

of faulting and the faults show no healing, Fault zones often show 

slickensides of serpentine or crushed chroaite. Displacements of 0.5-1 m are 

common, and some are as much as 4-10 m, but no large faults have been found. 

The fault planes generally coincide with the most pronounced joint planes, 

striking north-northwest and dipping to the east at low angles. 

The Xed Yountain pluton is bounded by a major fault. Yovenent along the 

fault has probably been substantial, bur there is no indication as to the 

amount of offset or to the age of movement. The fault most commonly contains 

sheared setpentinire and fragments of brecciated country rock and ultramafic 

rocks from the pluton. 
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Petrology 

The rocks exposed in the Red Nountain ultramafic body consist of 

90 percent dunite and serpentinite, 10 percent wehrlite, and less than 

1 percent garnet clinopyroxenite, clinopyroxenite, chromitite, and minor dike 

rocks. The classification scheme for naming these rocks is that used by the 

IUGS (Streckeisen, 197 3). 

Duni t e 

In hand specimen fresh dunite is pale green, grading from dark green to 

black with increasing degrees of serpenrinization. The samples show varying 

I degrees of scrpeotinizaeion, with serpentine occurring both in veins and as 

pseudomorphic replacements of olivine. With weathering, the dunite develops a 

rusty, terra-cotta rind, which is a result of the oxidation of the iron in 

olivine. 

Disseminated black metallic chromite is an ubiquitous accessory phase in 

1 the dunite, and the grains stand our due to the strong contrast in color and 

because they weather in relief, yielding a corrugate texture. Chromite 

comprises 1-4 percent of the rock and is generally subhedral to euhedral with 

a size range of 1 /4 -1  1/2 mm in diameter. 

Yineralogy: The dunite consists of olivine (Foa6) with ubiquitous 

accessory chromite. Olivine is commonly altered to serpentine and trace 

amounts of magnetite, brucite, talc, and calcite. I identified the serpentine 

tentatively as chrysotile because of its fibrous habit (Heinrich, 1965, 

p. 309-310; Deer and others, 1975, p. 247-2481, but lizardite and (or) 

antigorite may also be present. 

Texture: (1) Primary.--The primary texture in the dunite is typified by 

a directionless fabric of coarse olivine grains 4-5 mm across, which are 

anhedral and show irregular interlocking grain boundaries. Chromite occurs in 



t h r e e  modes: d i s s e m i n a t e d  g r a i n s  i / 4 -132  mm a c r o s s  (compris ing 1-4 p e r c e n t  of 

t h e  rock), i n  mic roscop ic  l a y e r s  s e v e r a l  m i l l i m e t e r s  t h i c k  (10-90 p e r c e n t ) ,  

and as an i n t e r s t i t i a l  phase  ((1 p e r c e n t ) .  

( 2 )  Secondary.--Superimposed on t h e  e a r l i e r  t e x t u r e s  a r e  a  s e r i e s  o f  

d e f o m a t i o n a l  f e a t u r e s  which i n d i c a t e  an e x t r e m e l y  complex deformat iona l  

h i s t o r y .  The rocks  a r e  c h a r a c t e r i z e d  by bimodal g r a i n  sizes, a l t h o u g h  s e r i a t e  

t e x t u r e s  a r e  p r e s e n t .  Large,  ragged p o r p h y r o c l a s t s  of o l i v i n e  2-3 mrn a c r o s s  

are sur rounded ,  embayed, and t r a v e r s e d  by a f i n e - g r a i n e d ,  r e c r y s t a l l i z e d  

mosaic of o l i v i n e  w i t h  average  g r a i n  s i z e s  of 1/10-1/20 mm ( f i g .  9) .  This  

t e x t u r e  h a s  been d e s c r i b e d  i n  o t h e r  d u n i t e s  by Ragan (1963) .  

The o l i v i n e  p o r p h y r o c l a s t s  show severe s t r a i n  d e f i n e d  by d e f o m a t i o n a l  

kink bands (Spry ,  1969; also c a l l e d  banded o l i v i n e  by Ragan, 1963) (figs. 9, 

10, 12) .  A t  least 50 percent  of t h e  o l i v i n e  p o r p h y r o c l a s t s  show k i n k  bands, 

and o t h e r s  a r e  p r o b a b l y  o r i e n t e d  s o  as n o t  t o  show i t .  The k i n k  bands d e v e l o p  

p a r a l l e l  t o  t h e  (100) plane and have been r e p o r t e d  i n  o l i v i n e s  i n  other 

n a t u r a l l y  o c c u r r i n g  r o c k s  (Ragan, 1963) and i n  e x p e r i m e n t a l l y  deformed d u n i t e s  

(Ave'Lallemant and Carter, 1970; Carter and Ave'Lallemant,  1970; Carter, 

1976).  The k i n k  bands i n  t h e  Red Yountain  o l i v i n e  show a l l  s t a g e s  o f  

development f rom i n c i p i e n t l y  t o  sharp ly  d e f i n e d  bands. In  t h e  e a r l y  s t a g e s  of 

de format ion  the o l i v i n e  g r a i n s  display d i f f u s e  s e t s  of  p a r a l l e l  bands o f  

u n d u l a t o r y  e x t i n c t i o n .  With i n c r e a s i n g  deformat ion ,  t h e  bands become s h a r p l y  

d e f i n e d ,  showing d i s t i n c t l y  d i f f e r e n t  e x t i n c t i o n  from t h e  a d j a c e n t  bands. 

I n  a few i n s t a n c e s ,  t h e  d u n i t e  shows wel l -developed s c h i s t o s e  f a b r i c s  as  

d e f i n e d  by a n h e d r a l ,  e l o n g a t e  p o r p h y r o c l a s t s  i n  a n  e q u i g r a n u l a r  groundmass 

(fig. 10) .  This s c h i s t o s e  f a b r i c  i n d i c a t e s  t h a t  r e c r y s t a l l i z a t i o n  p robab iy  

o c c u r r e d  under  a d i r e c t e d  s t r e s s .  m e n  chromi te  layering i s  p r e s e n t ,  the 

s c h i s t o s i t y  i s  p e r p e n d i c u l a r  t o  the  layering. 
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The olivine groundmass surrounding the porphyroclasts consists of a 

mosaic of anhedral, commonly equigranular grains. Straight grain boundaries 

are present, and in many instances meet at angles of 120°, which minimizes the  

interfacial energies (fig. 11). Ragan (1969) has discussed this texture in 

other dunites. In a few instances, the groundmass consists of a fine-grained, 

optically unresolvable mass, commonly cutting across the porphyroclasts. 

Superimposed on these structural fabrics are varying degrees of 

serpentinization, with weakly serpentinized dunite being rare. Serpentine 

occurs in veins and as pseudomorphic replacement of olivine. Serpentine veins 

average 1/10 mm in width and commonly have magnetite cores with associated 

alteration byproducts of brucite, talc, and calcite. The veins often show 

small-scale folding, with amplitudes of 2 mm, and a few of the veins are 

folded with their axes parallel to the foliation. These folded veins are 

commonly cut by a later generation of undeformed serpentine veins. Nany of 

the olivine and chromite grains show offset where they are cut by serpentine 

veins due to the volume expansion associated with serpentinization. In many 

instances, chromite grains are shattered and granulated where they are crossed 

by a serpentine vein. 

Hoderately to heavily serpentinized dunite contains vein serpentine and 

anhedral, strained olivine grains 1/10 m in diameter floating in a matrix of 

serpentine. Original grain boundaries are rarely distinguishable. 

Wehrlit e 

In hand specimen the wehrlite is dark green on fresh surfaces, but it 

commonly weathers to a dark green gray. The rock is crystalline, and a slight 

schisrosity is commonly defined by mineral elongation. Chromite is seldom 

seen. The wehrlites are fairly resistant to serpentinization and weather in 

relief compared to the dunites, 
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~Hinera logy  : The w e h r l i t e  c o n s l s  ts of d i o p s i d e ,  o l i v i n e  (F'og3-~og6) , and 

minor amounts of chromi te .  Diops ide  shows wel l -developed c l e a v a g e  and 

commonly developed p a r t i n g  a l o n g  (100) .  No e x s o l u t i o n  f e a t u r e s  are  p r e s e n t .  

Twins are common and o c c u r  as broad l a m e l l a e .  O p t i c  a n g l e s  of d i o p s i d e  

measured on t h e  u n i v e r s a l  s t a g e  range from 55-56+. Olivine i s  unzoned and 

commonly shows good development of one d i r e c t i o n  o f  c leavage .  A l t e r a t i o n  

p r o d u c t s  i n c l u d e  r a r e  s e r p e n t i n e ,  amphibole ,  and c h l o r i t e .  

Tex ture :  (1 )  Primary.--The primary texture of  the w e h r l i t e  i s  t y p i f i e d  

by i n t e r l o c k i n g  g r a i n s  of o l i v i n e  and d i o p s i d e  with d i a m e t e r s  of 2-4 mm. 

O l i v i n e  is  a n h e d r a l  t o  s u b h e d r a l ,  whereas d i o p s i d e  i s  s u b h e d r a l  t o  e u h e d r a l .  

Chromite (1-2 percent) i s  present  a s  d i s s e m i n a t e d  e u h e d r a l  g r a i n s  1 / 8 - 1 / 4  mm 

a c r o s s ,  The t e x t u r e  i s  hypidiomorphic  g r a n u l a r  and chromi te  commonly shows a n  

i n t e r s t i t i a l  hab i t .  

( 2 )  Secondary.--Superimposed on t h e  primary t e x t u r e s  i s  a sequence of 

d e f o r m a t i o n a l  f e a t u r e s  s i m i l a r  t o  t h o s e  i n  t h e  d u n i t e s .  The most common 

t e x t u r e  i s  ~ i c r o p o r p h y r o c l a s t i c  t o  s e r i a t e  ( f i g .  13) .  Poorphyroclasts of 

s u b h e d r a l  t o  e u h e d r a l  d i o p s i d e  2 mm a c r o s s  and a n h e d r a l ,  ernbayed, and ragged 

o l i v i n e  1 t o  1  1 /2  mm a c r o s s  a re  p r e s e n t  i n  a f i n e - g r a i n e d  m a t r i x  ( f i g .  14) .  

The a v e r a g e  s i z e  of g r a i n s  in t h e  matrix i s  1/10-1/4 ma a c r o s s ,  b u t  t h e  matr ix 

i s  commonly so f i n e  g r a i n e d  a s  t o  be o p t i c a l l y  u n r e s o l v a b l e .  

In a l l  the w e h r l i t e s  s t u d i e d ,  30th t h e  o l i v i n e  and d i o p s i d e  g r a i n s  show 

e v i d e n c e  of s e v e r e  strain, a l t h o u g h  t h e  o l i v i n e  more commonly shows 

d e f o r m a t i o n a l  f e a t u r e s .  O l i v i n e  t y p i c a l l y  developed kink bands s imilar  t o  

t h o s e  observed i n  t h e  d u n i t e ,  and i t  shows extens ive  r e c r y s t a l l i z a t i o n .  

Diops ide  g r a i n s  may be b e n t ,  and commonly show u n d u l a t o r y  e x t i n c t i o n ;  e v i d e n c e  

of r e c r y s t a l l i z a t i o n  w i t h i n  d i o p s i d e  g r a i n s ,  however, i s  rare. For  t h i s  

r e a s o n ,  I assumed t h a t  a l l  t h e  matr ix m a t e r i a l  i s  r e c r y s t a l l i z e d  olivine; the 
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Figure  15 a. --Phocomicrograph j h o w i n p  r e l i c t  2 r i s a r y  
t a x t u r e  o f  uehrlitz. 
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amount of olivine porphyroclasrs and matrix is then the original olivine 

content of the rock, Assuming that this content is a maximum value, the 

maximum olivine content ranges from 42-69 percent. If there is substantial 

diopside in the groundmass, then the rock would be classified as olivine 

clinopyroxenite. The modal campasirion of the rocks probably overlaps the 

wehrlite/olivine clinopyroxenite boundary. 

Several individual thin sections show well-developed transitions from a 

I 

primary, hypidiomorphic granular texture to a microporphyritic t e x t u r e  

(fig. 15A-C). This transition is first indicated by the recrystallization and 

rarer polygonalization of olivine grains, which occurs preferentially along 

the grain boundaries between olivine and diopside. Within a few millimeters 

the recrystallized areas become progressively finer grained until t h e y  

sometimes become optically unresolvable. Several millimeters away, further 

recrystallization produces a microporphyritic texture. 

Recrystallization of olivine in the wehrlite results in a very fine 

grained rock, whereas recrystallization of olivine in the dunites produces a 

much coarser grained rock. This may be a function of the heterogeneous 

mineralogy. In the dunite, nuch of the recrystallization begins w i t h i n  

individual olivine grains, whereas in the wehrlite most of the recrystallization 

is initiated at grain boundaries, which seems to f a c i l i t a t e  f u r t h e r  recrystallization. 

The wehrlite also shows same minor evidence of  cataclasis. In a few of 

the thin sections, sheared chromite grains define a schistosity as do sheared, 

elongate olivine porphyroclasrs (fig. 16). These cataclastic zones are 

generally only a few millimeters wide and of limited occurrence. 

Serpentinization of the wehrlite i s  not common, and is generally 

restricted to veins. Olivine, diopside, and chromite show well-developed 

offset where crossed by a serpentine vein due to the volume expansion 





associated with serpentinization. Magnetite is a commonly associated 

byproduct and occurs in the cores of the serpentine veins. Chlorite and 

amphibole are present in minor amounts as alteration products of diopside. 

Clinopyroxenit e 

The clinopyroxenite is similar in outcrop to the wehrlite, The 

cliaopyroxenites are dark green on fresh surfaces, and are crystalline and 

equigranular. No schistosity is evident .  Alteration to serpentine is rare 

and chromite is not detectable. 

Mineralogy: The clinopyroxenite consists of 90-93 percent diopside, 

7-10 percent  olivine ( F o a 4 ) ,  minor chromite, and trace amounts of chlorite and 

serpentine. Diopside shows well-developed cleavage and parting along (100). 

Optic angles of diopside are 55-57'(+). 

Texture: (1) Primary.--The clinopyroxenites are characterized by 

interlocking grains of diopside and olivine averaging 1 1/2 to 2 mm in 

diameter, but some grains are as much as 3 mm in diameter. Textures a r e  

idiomorphic granular (fig. 17). 

( 2 )  Secondary.--Almost no deformational features are present in t h e  

I clinopyroxenite. Two of the four thin sections studied showed no 

recrystallization or cataclastic features. The other two slides show rare 

development of the deformational textures observed in the wehrlite. The 

clinopyroxenite presumably underwent the same deformational history as the 

dunite and wehrlite and yet shows few of the same deformational features. 

This deformation is most likely a function of the homogeneity of mineralogy 

and the structure of diopside. I have established earlier in this report that 

olivine-diopside grain boundaries are more susceptible to the deformation than 

are homogeneous grain boundarLes. 
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Garnet c l i n o p y r o x e n i t e  

The g a r n e t  c l inopyroxeni te  o c c u r s  i n  six i r r e g u l a r  and lens-shaped masses 

a l o n g  t h e  n o r t h  margin of t h e  Red Hountain p l u t o n .  They range  i n  s i z e  from 

15 t o  90 rn a c r o s s .  The bod ies  are  commonly sur rounded  by d u n i t e  t a l u s  w i t h  a 

narrow s e r p e n t i n i t e  zone between the two, V a r i a t i o n  i n  t h e  modal r a t i o  of 

g a r n e t  t o  d i o p s i d e  d e f i n e s  a c o a r s e  f o l i a t i o n  w i t h i n  the  l e n s e s .  A t  

megoscopic s c a l e ,  l a y e r s  5 cm t o  1 m th i ck  of g a r n e t - r i c h  r o c k s  (65  p e r c e n t  

ga rne t )  a l t e r n a t e  w i t h  garnet-poor  (35 p e r c e n t  g a r n e t )  rocks .  The g a r n e r - r i c h  

rocks a r e  da rk  p i n k ,  and c r y s t a l s  of dark-green d i o p s i d e  5 mm l o n g  a r e  p r e s e n t  

i n  a matrix of n o n v i t r e o u s  g a r n e t .  The garnet-poor  rocks  c o n t a i n  a n h e d r a l  

masses of g a r n e t  5-10 am long i n  a m a t r i x  of coarse -gra ined ,  id iomorph ic  

d i o p s i d e  c r y s t a l s .  On a small s c a l e ,  f o l i a t i o n  is d e f i n e d  by l a y e r s  of 

d i o p s i d e  a few m i l l i m e t e r s  t h i c k  i n  which t h e  d i o p s i d e  shows a s t r o n g  

e l o n g a t i o n .  

Mineralogy:  The mineralogy of the g a r n e t  p y r o x e n i t e  bodies i s  dominated 

by garnet  and d i o p s i d e ,  but i l m e n i t e  i s  an u b i q u i t o u s  accessory mineral. 

Diops ide  g r a i n s  a v e r a g e  1 1 / 2  t o  2 mrn i n  l e n g t h  bu t  commonly a r e  a s  inuch a s  5 

mm long. One d i r e c t i o n  of c l e a v a g e  i s  p r e s e n t  but: t h e  (100) p a r t i n g  was not 

observed  i n  the w e h r l i t e  and c l i n o p y r o x e n i t e .  Amphibole and sphene o c c u r  i n  

1 minor amounts. 
I 
I 

Texture :  The f a b r i c  o f  the garnet pyroxen i t e  is ambiguous and may be 

i n t e r p r e t e d  as e i t h e r  i g n e o u s  o r  metamorphic. I n  the g a r n e t - r i c h  r o c k s ,  

garnet p o i k i l i t i c a l l y  e n c l o s e s  elongate and strongly schistose d i o p s i d e  

grains. I n  t h e  garnet-poor  r o c k s ,  garnet occurs as a xenornorphic i n t e r s t i t i a l  

phase. The garnet p y r o x e n i t e  rocks may have c r y s t a l l i z e d  d i r e c t l y  from a m e l t  

and have since undergone metamorphism. 



The diopside in the rocks shows strong undulatory extinction, right-angle 

bends of cleavage traces and twins, deformation lamellae, and broken 

crystals. Amphibole i s  common, either as  a pseudomorphic replacement of 

diopside, or along diopside-garnet boundaries. No exsolurion features are 

visible, The garnet is extensively sheared and granulated ( f i g .  18) and i s  

cut by a network of alteration veins, composed of amphibole or rarer chlorite. 

Chromitite 

In hand specimen chrornitite is metallic black and contains 10-40 percent 

interstitial olivine, which has weathered to a rusty color. The chromite 

weathers in relief, giving most of the chromitites a corrugated texture .  

Hineralogy: The chromitite consists of chromite and olivine (Fog2) .  

Serpentine is common as an alteration product of olivine. 

Texture: (1) Primary.--The primary texture of the chromitite is typified 

by euhedral grains of chromite 1-2 inm across and interstitial anhedral 

olivine. The tex ture is orthocumulate, and the chrorn i t i t e  is the on ly  rock at 

Red Yountain that give clear evidence of cumulate origin. 

(2) Secondary.--The only deformarional feature observed in the chromitite 

is the recrystallization of olivine into a very f i n e  g r a i n e d  mass, which i s  

sometimes optically unresolvable and similar to the recrystallized olivine in 

the wehrlite. 

Dikes 

Dikes are rare in the area studied. As discussed by Guild (1942), the 

dikes are usually less than 2 cm thick, but in a few places chey are as auch 

as 1 m thick. They generally cut the primary layering. The mineralogy 

includes pure olivine, pyroxene, and hornblende dikes as well as dikes made up 

of mixtures of t h e s e  minerals. At Red Younrain, dikelets containing major 



anorthite with accessory hornblende, olivine, pyroxene, garnet, and spinel are 

prominent because anorthite is the only light-colored silicate found within 

the intrusive. 

Chemistry 

Major-element chemistry 

Major-element chemical analyses were performed by the U.S. Geological 

Survey for the dunite, wehrlite, and garnet clinopyroxenite by the techniques 

discussed by Peck (1964) (Appendix, tables 1, 2, and 3). These analyses were 

normalized to 100 percent after subtracting water in order to compare the 

analyses to those of other ultramafic rocks. Assuming serpentinization is an 

isochemical process except for the addition of water, this recalculation also 

corrects for any serpentinization. Because oxidation of iron is a result of 

serpentinization, the iron is recalculated as FeO (FeO*). Although some Fe203 

may be present in chromite, this recalculation is justified because of the 

minor abundance of chromite (1-4 percent ) .  After completing these 

recalculations, the MgO/?fgO+FeO*+MnO were determined for the dunite 

(fig. 19). The median value is 0.86, with a range of 0.77-0.89. The d u a l t e  

and wehrlite show extreme depletion in the alkali elements, with Na,0+K20 
+ 

consistently less than 0.05 percent of the whole rock. b1203 is also low, 

averaging less than 1-2 percent of t h e  whole  rack. The alkali elements in the 

I 

garnet clinopyroxenite average less than 0.5 percent, but in contrast to the 

dunite and wehrlite, A1203 ranges from 6.62 to 8.29 percent. Si02 is also 

Tow, ranging from 39-41 percent. The composition of the garner 

clinopyroxenite most closely resembles the average mellilire nephelinite of 

Xockhold (1954) and that of a New Zealand olivine nephelinite of Benson 

(1942). Figure 20 shows the extremely restricted compositional range for the 

Red Mountain rocks. 
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Diops ide  g r a i n s  from two d i f f e r e n t  samples  were analyzed.  Sample 3415 i s  

a t y p i c a l  w e h r l i t e  and sample  377 i s  an  almost monomineral l ic  clinopyroxenite 

wi th  a few percent o l iv ine .  Both samples  yielded s i m i l a r  compos i t ions  and 

were un ique  i n  that  no d e t e c t a b l e  A1203 was p r e s e n t  i n  e i t h e r  sample,  S e v e r a l  

d i f f e r e n t  g r a i n s  were probed f o r  A 1 2 0 3  r o  v e r i f y  t h i s  observat ion.  The 

pyroxenes  are  a l s o  marked by a n  unusua l l y  h igh  CaO c o n t e n t ,  w i t h  Ca-Ca+Mg 

a t o m i c  ratios ranging from 0.57 t o  0.59. The pyroxene composirions can  be 

r e p r e s e n t e d  by t h e  th ree  end members, e n s t a t i t e ,  f e r r o s i l i t e ,  and 
I 

I w o l l a s t o n i t e ,  and their compos i t ion  i s  dominan t ly  a mixture of enstatite and 

1 w o l l a s t o n i t e  (Appendix,  table  6).  

Garnet C l i n o p y r o x e n i t e :  Diops ide  g r a i n s  from specimens 031h and 032 were 

ana lyzed  by t h e  microprobe and t h e  data  a r e  presented i n  the  Appendix i n  

table 6 w i t h  wet chemica l  a n a l y s e s  a s  de te rmined  by Forbes  and Swainbank 

(1974) .  The pyroxenes  show a f a i r l y  r e s t r i c t e d  c o m p o s i t i o n a l  range and a re  

marked by a high CaO c o n t e n t  and an u n u s u a l l y  h igh  Cr o c o n t e n t ,  
2 3 

Tschermaks molecule  (CaAlAl2SiO6) ranges f rom 14.5 t o  18 p e r c e n t  i n  t h e  

pyroxenes from t h e  g a r n e r  pyroxenires  i n  contrast to the pyroxenes from r h e  

w e h r l i r e s  and clinopyroxenites which show no Tschermaks molecule (Appendix,  

t a b l e  6 ) .  The pyroxenes from t h e  g a r n e t - b e a r i n g  rocks  a lso show lower  S i O Z  

I 
I and HgO and h i g h e r  t o t a l  FeO* i n  comparison t o  t h e  pyroxenes from t h e  

w e h t l i t e s  and c l i n o p y r o x e n i t e s .  Both pyroxenes a re  unusua l  in t h e i r  l o w  

a l k a l i  c o n t e n t ,  b u t  the pyroxenes from t h e  g a r n e t - b e a r i n g  r o c k s  a re  especially 

u n u s u a l  when compared t o  o t h e r  pyroxenes  from g a r n e t - b e a r i n g  rocks (see Forbes  

and Swainbank, 1974) .  The pyroxenes f r o m  Red M ~ u n t a i n  are not only unusua l  in 

t h e i r  high Tschennaks molecule b u t  t h e y  a r e  a l s o  ex t remely  low i n  j a d e i t e  



Minera l  C'hemFs t r y  

Duni te :  As t h e  dunite i s  dominant ly  monominera l l i c ,  t h e  ZYIgO/MgOi-FeO*+MnO 

should  r e f l e c t  t h e  f o r s t e r i t e  c o n t e n t  of the  o l i v i n e ,  This i m p l i e s  a median 

f o r s t e r i t e  c o n t e n t  of Fog6, which i s  t h e  same as t h a t  de te rmined  by o p t i c a l  

methods. Samples showing low w a t e r  c o n t e n t  ( ( 1  percent)  shou ld  y i e l d  even 

more a c c u r a t e  compos i t ion  d a t a  because  t h e y  have undergone l i t t l e  

a l t e r a t i o n .  These samples range from Fo,, t o  FoS8, w i t h  a median value of 

F087g S e v e r a l  o l i v i n e  g r a i n s  i n  a s i n g l e  d u n i t e  sample were analyzed by t h e  
I 

Appl i ed  FCesearch Labora to ry  (ARL) microprobe f o r  najor e lements  (Appendix, 

t ab l e  4 ) ,  and y i e l d e d  an average f o r s t e r i t e  c o n t e n t  of Fog4, assuming a l l  i r o n  

is  p r e s e n t  a s  ~ e ~ + ,  No c o m p o s i t i o n a l  zon ing  was d e f e c t e d .  O l i v i n e  i n  a 

I sample w i t h  90 p e r c e n t  chromi te  y i e l d e d  a f o r s t e r i t e  c o n t e n t  of FogZ, assuming 

I 2+ a l l  i r o n  i s  p r e s e n t  as Fe . 
I a l s o  probed c h r o m i t e  g r a i n s  i n  b o t h  t h e  d u n i t e  and c h r o m i t i t e  

I (Appendix, t a b l e  5) .  The chromi te  t h a t  o c c u r s  i n  t h e  c h r o m i t i t e  i s  more YgO- 

and Cr20j-rich than  t h a t  i n  the d u n i t e  and i s  c o r r e s p o n d i n g l y  lower  i n  FeO and 

A1203. The o l i v i n e  i n  the c h r o m i t i t e  a l s o  has a h i g h e r  XgO c o n t e n t  than i n  

t h e  d u n i t e .  Wet chemica l  a n a l y s e s  by Gui ld  (1942)  i n d i c a t e d  that  the chrorni te  

i a v e r a g e s  58 percent C r  0 and shows Cr-Fe r a t i o s  of 2.6:1 t o  3 .5 : l .  
2 3 

i W e h r l i t e :  Both o l i v i n e  and d i o p s i d e  were analyzed by t h e  mic roprobe ,  and 

t h e  r e s u l t s  of  t h i s  work and end-member c a l c u l a t i o n s  f o r  t h e  pyroxenes  a r e  

shown i n  the  Appendix i n  t a b l e  6 .  No chromi te  grains were analyzed. Several 

o l i v i n e  g r a i n s  i n  sample 341X were probed,  y i e l d i n g  a f o r s t e r i t e  content  of  

Fog4, assuming all t h e  i r o n  is present as ~e'+. Tnis v a l u e  i s  s l i g h t l y  h i g h e r  

t h a n  t h a t  f o r  t he  o l i v i n e  s t u d i e d  i n  the d u n i t e .  No c o m p o s i t i o n a l  zoning was 

d e t e c t e d .  



Compositional determinations of garnet by the microprobe and from mineral 

separates by Forbes and Swainbank (1974) are given in the Appendix in 

table 7. End-member calculations are also presented based on six oxygens from 

Forbes and Swainbank (1974). End aembers were not determinable for the 

microprobe analyses because ~ e ~ + / ~ e ~ *  are unknown. Forbes and Swainbank 

(1974) plotted the garnet compositions on an end-member diagram with several 

other garnets from ultramafic rocks whose composition is given in the 

literature. They found t h a t  the garnets which are most similar to the Red 

I Nountain garnets are those from kyanite-eclogite fragments associated with 

I 

inclusions from a kimberlite pipe i n  Yakutia. These garnets have a low alkali 

content similar to char of Red ?fountain rocks, averaging less than 0.1 percent  

Na20+K20. Forbes and Swainbank (1974) also pointed out that the composition 

of the Red Xountain garnet samples is an example of solid-solution composition 

in an interval that was formerly believed to be an immiscibility gap in the 

garnet series. 

Trace-element chemistry 

Trace-element chemistry was obtained from the U.S. Geological Survey on 

the dunite and wehrlite by six-step 30-element emission spectrometry (Grimes 

and ?farranzino, 1968) (Appendix, tables 8 and 9), by atomic absorption for 

chromium and nickel (Appendix, table l o ) ,  and by fire assay for platinum, 
I 

palladium, rhodium, ruthenium, and iridium (Appendix, tables 11 and 12). 

Results of this work show that the dunite and wehrlite are characterized by 

few detectable trace elements. Figures 21 and 1 2  show the range in abundances 

of the detectable trace elements and median values for each element. Xost of  

these trace elements show concentrations similar to those given by Wyllie 

(1967) for the "average" ultramafic rock. For the dunites, chromium, nickel, 

and vanadium are substantially higher than rhe average value of Wyllie (19671, 
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with median values of 4,000-5,000 ppm, 1,800-2,000 ppm, and 150 ppm, 

respectively. The wehrlites also show h i g h  chromium, nickel, and vanadium, 

but are also richer in scandium and titanium, with median values of 70 ppm and 

700 ppm, respectively. 

The trace elements i r i d ium,  ruthenium, and rhodium were generally not 

detected in either the dunites or the wehrlites. In the dunite, palladium 

ranged from not detected at 0.002-0*004 ppm to 0.200 ppm, in one sample, 

I palladium was higher in the wehrlite, with values from 0.002 to 0.010 ppm. 
I 
I 

Pla t inum was not detected in half of the dunite samples, but the remaining 

samples showed values of 0.005-0.100 ppm; limits of detection were 0.005 to 

0.010 ppm. Platinum in the wehrlite ranged from 0.010 to 0.100 ppm. 

Petrogenesis 

Relict  primary t ex tures  in the chromitites indicate that the rock formed 

by cumulus processes. The occurrence of segregated chromite layers has in 

itself been taken as evidence t h a t  the rock differentiated by crystal settling 

(Thayer, 1970). Thus, t he  segregated layering of the dunite and wehrlite 

indicates that these rocks also formed by the processes of crystal settling. 

The sequence of layering at Red Yountain is dunite-wehrlite-clinopyroxenite, 

indicating an apparent order of crystallization of olivine and chromite, 

followed by olivine, clinopyroxene, and chromite, followed by clinopyroxene 

alone. These layers commonly form cyclical units; similar sequences are also 

observed in other layered ultramafic and gabbroic bodies (Jackson, 1971). 

Hineral textures from thin-section study indicate that i n  the dunite 

o l i v i n e  formed first followed by chromite. In the wehrlite, olivine and 

diopside show simultaneous crystallization with traces of chromite being the  

l a s t  primary phase t o  form. Textures in the clinopyroxenite suggest a siailar 

crystallization order. 



Chromite is extremely important as a 2etrogenic indicator in that it 

contains five components (FeO, Fe203, Cr203, MgO, A1 0 and is thus nore responsive 
2 3 

to chemical variations occurring within the magma. Chromite generally shows 

well-developed differentiation trends as outlined by Thayer (1970) and Irvine 

( 1 9 6 7 ) ,  and is also physically and chemically more stable than the other 

silicates with which it occurs. 

The liquidus relations in the system Xg0-Si02-Cr203 roughly approximate 

the crystallization of chromite from a basaltic magma at low pressures (Keith, 

1954). This system shows that picrochromite precipitates with either 

forsterite or Kg-pyroxene along cotectic boundaries that are close to the MgO- 

Si02 join. Liquids that precipitate olivine and (or) pyroxene before chromite 

contain only a small proportion of Cr203, approximately 2 percent. T h i s  is 

typical of Red Xountain where dunite is the dominant rock type and chromite is 

an ubiquitous later phase comprising 1-4 percent of the rock. 

The sequence of crystallization at Red Hountain can be modeled by 

fractional crystallization of the appropriate liquid in the system 

Yg2Si~4-C~gSij06"CaA1si208 (Osborn and Tait, 1952). Osborn and Tait (1952) 

suggested t h a t  the crystallization of chromite is terminated because of a 

peritectic relation to clinopyroxene. The termination of chromite 

crystallization and the initiation of diopside crystallization vas noted at 

Duke Island in southeast Alaska, in the lower part of the Muskox intrusion, 

and near Tulameen, British Columbia (Irvine, 1967). In those examples, 

chromite is ubiquitous in the dunite and absent from the olivine 

clinopyroxenite. The Red Mountain rocks also show this trend. Irvine (1967) 

showed that the initiation of d i o p s i d i c  crystallization in mafic silicate 

melts through the chromite to clinopyroxene peritectic relation is determined 

by the amount of CaO in the melt and is independent of Si02.  I have 

previously shown that the Red Mountain diopsides are extremely high in CaO. 
5 7 



The complete  a b s e n c e  of  o r thopyroxene  a t  Red Younta in  and i n  s e v e r a l  

o t h e r  u l t r a m a f i c  b o d i e s  i n  s o u t h e a s t  Alaska and a l o n g  the  Kodiak-Kenai-Chugach 

u l t r a m a f i c  b e l t  may be a f u n c t i o n  of t h e  oxygen f u g a c i t y  ( I rv ine ,  1967).  

Irvine (1967) p r e s e n t e d  a schematic representa t ion  of t h e  activity of 

f e r r o s i l i t e  (fs) i n  orthopyroxene, c l i n o p y r o x e n e ,  and w o l l a s t o n i t e  s o l i d  

s o l u t i o n  c o e x i s t i n g  i n  e q u i l i b r i u m  a t  a spec i f i c  t e m p e r a t u r e  and p r e s s u r e  w i t h  

o l i v i n e  having a f ixed  intermediate Y ~ - F ~ *  r a t i o .  A s  t h e  a c t i v i t y  of  

f e r r o s i l i t e  i s  d i r e c t l y  r e l a t e d  t o  f o  (from t h e  e q u a t i o n  3 fayalite + 1/2 O2 
2 

- magnetite + 3 f e r r o s i l i t e ) ,  t h e  p r e c i p i t a t i o n  of c l i n o p y r o x e n e  o v e r  

orthopyroxene is  f a v o r e d  by a low a fs  (this is, h igh  Ca/Ca+Mg) and low f o  . I 
2 

have a l r e a d y  demons t ra ted  t h a t  t h e  pyroxenes  a t  Red Younta in  are  high-calcium 

pyroxenes .  The lack of primary m a g n e t i t e  i n  any of the  Red Mountain rocks and 

t h e  h i g h  ~ e ~ + / ~ e ~ +  in c h r o m i t e  suggest chat t h e  oxygen f u g a c i t y  w a s  a l s o  

low. These factors may e x p l a i n  why no o r thopyroxene  i s  present  a t  Red 

I Mountain and p o s s i b l y  i n  t h e  o t h e r  u l t ramafic  e x p o s u r e s  a l o n g  t h e  Kodiak- 

Kenai-Chugach b e l t  and i n  s o u t h e a s t e r n  Alaska. 



CHAPTER I V  

KODIAK-KENAI-CHUGACH ULTRAMAFIC BELT 

An a r c u a t e  b e l t  of  g a b b r o i c  and u l t r a m a f i c  bod ies  i s  d e f i n e d  from t h e  

southwesr  exposures on Kodiak Island t o  t h e  e a s t e r n m o s t  e x p o s u r e s  i n  t h e  

Chugach Nountains  ( f i g .  2 3 ) .  Host of t h e s e  b o d i e s  c r o p  o u t  n e a r  t h e  Border  

Ranges t h r u s t  f a u l t  as mapped by MacKevett and P l a f k e r  (1974)  and modi f ied  by 

recent d a t a  by Beikman (1978) .  The p e t r o l o g y ,  s t r u c t u r e ,  and t e c t o n i c  s e t t i n g  

of t h e s e  bodies  a r e  e x t r e m e l y  s i m i l a r  ( t a b l e  I ) ,  and a r e  d i s c u s s e d  below. 

S t r u c t u r e  

A l l  c o n t a c t s  of the u l t r a m a f i c  b o d i e s  w i t h  t h e  s u r r o u n d i n g  c o u n t r y  rock  

are f a u l t s  tha t  d i p  s t e e p l y  inward t o  ve r t i ca l ,  These f a u l t  zones are 

s e r p e n r i n i z e d  and o f t e n  show extreme b r e c c i a r i o n  and s t r o n g  development o f  
I 

s l i c k e n s i d e s .  Yost of t h e  b o d i e s  are e l o n g a t e  o u t c r o p s ,  commonly p a r a l l e l  t o  

t h e  r e g i o n a l  s t r u c t u r a l  t r e n d .  Two of t h e  b o d i e s  a r e  o v e r t u r n e d  and e v i d e n c e  

f o r  i n t e r n a l  f a u l t i n g  and d i s r u p t i o n  i s  abundant .  The bodies on Kodiak 

I s l a n d ,  on the s o u t h w e s t e r n  Renai Peninsula near S e l d o v i a  and near E k l u r n a ,  

i n t r u d e  t h e  Uyak and YcHugh Complexes s o u t h  of t h e  Border Ranges t h r u s t  f a u l t ,  

whereas  the Tonsina  body, the Wolverine Complex (Carden and Decker,  1977), and 

t h e  S p i r i t  Yountain  complex ( i n f o r m a l  name) i n t r u d e  upper  P a l e o z o i c  t o  lower  
I 

Xesozoic metamorphic rocks  n o r t h  of rhe f a u l t  (fig. 23) .  All t h e s e  i n t r u s i v e  

b o d i e s  are close t o  t h e  Border  Ranges f a u l t .  

P e t r o l o g y  

ALL the bodies  show well-developed pr imary igneous  l a y e r i n g .  Cumulus 

t e x t u r e s  are  common, i n d i c a t i n g  f o r m a t i o n  by c r y s t a l  s e t t l i n g  and g r a v i t y  

d i f f e r e n t i a t i o n .  Dunire is the prominent l i t h o l o g y ;  w e h r l i t e  and 

clinopyroxenite are  the second most abundant  rock t y p e s .  There i s  a 

conspicuous  l a c k  of any or thopyroxene-bear ing rocks a t  most of t h e  described 





localities. Chromite is abundant in almost all the terranes, with 

concentrations being nearly ore grade. Dunite is always the host rock for the 

chromite. Nickel is correspondingly high both in stream sediments in basins 

draining the dunite and in the dunite itself. Copper is often found in 

anomalously high amounts i n  the clinopyroxenite. 

Secondary deformational features that commonly obliterate primary 

textures are p r e s e n t  i n  many of the ultramafic bodies. Such deformational 

features include cataclasrfc textures, recrystallization, and the development 

of deformation lamellae and undulatory extinction in olivine and diopside. 

Deformed dunite often shows similar textures with large deformed 

porphyroclasts of olivine surrounded by a fine-grained recrystallized 

groundmass. 

Due to the similarities in structure, tectonic setting, deformational 

history, composition, and petrology, I assume that any proposed origin for the 

Red Hountain ultramafic body must also account for t h e  origin of the other 

ultramafic bodies exposed along the Kodiak-Kenai-Chugach belt. Because o n l y  

limited descriptions are available on the Spirit Mountain body, correlation o f  

it with other ultramafic bodies exposed along the ultramafic belt i s  nor 

certain; its sill-like form and metallic mineralization are atypical of the 

other ultramafics. For these reasons, I exclude the Spirit ?fountain body from 

consideration until further data on the petrology become available. 



CHAPTER V 

O R I G I N  AND TECTONIC HISTORY 

O r i g i n  

T h i s  chapter i s  a d i s c u s s i o n  of t h e  o r i g i n ,  de format ion ,  and p r o b a b l e  

means of emplacement of the Red Mountain u l t r a m a f i c  body. S e v e r a l  c l a s s e s  of 

u l t r a m a f i c  bodies o u t l i n e d  by Wyl l i e  (1967,  1 9 7 0 ) ~  are based on p e t r o l o g i c a l ,  

s t r u c t u r a l ,  and geochemical p r o p e r t i e s ,  as well as  on t h e  t e c t o n i c  regime that 

is  unique t o  t h a t  s p e c i f i c  t y p e  of u l t r a m a f i c  body. Using W y l l i e ' s  

c l a s s i f i c a t i o n ,  Red Mountain and similar u l t r a m a f i c s  exposed a l o n g  the Kodiak- 

Kenai-Chugach b e l t  p robab ly  be long  t o  t h e  o p h i o l i t e  a s s o c i a t i o n ,  dominan t ly  on 

the b a s i s  of t h e i r  t e c t o n i c  environment along a paleo-subduct ion zone and 

t h e i r  unique p e t r o l o g i c a l ,  s t r u c t u r a l ,  and geochemical p r o p e r t i e s .  

I There i s  a g r e a t  d e a l  of c o n t r o v e r s y  o v e r  t h e  e x a c t  n a t u r e  of o p h i o l i t e s  

and t h e i r  i n t e r p r e t a t i o n  as s l i c e s  of o c e a n i c  c r u s t .  I n  1972 t h e  G e o l o g i c a l  

S o c i e t y  of America sponsored  an I n t e r n a t i o n 1  Penrose  Conference on o p h i o l i t e s  

( P e n r o s e  F i e l d  Conference,  1972), and the  d e f i n i t i o n  of o p h i o l i t e  produced by 

that c o n f e r e n c e  shall be used h e r e  a s  a b a s i c  premise of t h e  p r e s e n t  thesis. 

I 
A s  d e f i n e d  (Penrose  F i e l d  Conference,  1972, p .  24-25):  

" O p h i o l i t e  r e f e r s  to a d i s t i n c t i v e  assemblage of m a f i c  r o  
u l t r a m a f i c  rocks. It shou ld  not be used as a rock name o r  as a 
l i t h o l o g i c  u n i t  i n  mapping. I n  a completely developed o p h i o l i t e  
t h e  rock t y p e s  o c c u r  in the f o l l o w i n g  sequence,  s t a r t i n g  from the 
bottom and working up: U l t r a m a f i c  complex, c o n s i s t i n g  of variable 
p r o p o r t i o n s  of h a r z b u r g i t e ,  l h e r z o l i t e ,  and d u n i t e ,  u sua l ly  w i t h  a 
metamorphic t e c t o n i c  f a b r i c  (more o r  l e s s  s e r p e n t i n i z e d ) ;  Gabbroic  
complex, ordinarily with  cumulus t e x t u r e s  commonly c o n t a i n i n g  
p e r i o d o t i t e s  and p y r o x e n i t e s  and u s u a l l y  l e s s  deformed t h a n  t h e  
u l r r a m a f i c  complex; mafic v o l c a n i c  complex, commonly pi l lowed .  
Assorted rock  t y p e s  i n c l u d e :  (1) o v e r l y i n g  sedimentary section 
t y p i c a l l y  i n c l u d i n g  r ibbon  c h e r t s  t h i n  s h a l e  i n t e r b e d s ,  and minor 
l i m e s t o n e ;  ( 2 )  podiform b o d i e s  of chromi te  g e n e r a l l y  a s s o c i a t e d  
w i t h  d u n i t e ,  and ( 3 )  s o d i c  f e l s i c  i n t r u s i v e  and e x t r u s i v e  rocks .  
F a u l t e d  c o n t a c t s  between mappable units are common. Whole s e c t i o n s  
may be  missing. -4n o p h i o l i r e  may be incomple te ,  dismembered, o r  
metamorphosed, i n  which case i t  shou ld  be c a l l e d  a p a r t i a l  



dismembered, o r  metamorphosed o p h i o l i t e .  Although o p h i o l i t e  
g e n e r a l l y  is i n t e r p r e t e d  t o  be oceanic  crust and upper mantle t h e  
use of t h e  t e r n  should be independent in its supposed origin."  

Throughout the  world, o p h i o l i t e s  a r e  t y p i c a l l y  exposed a long  b e l t s  t h a t  

show evidence of s t r o n g  deformation and tectonism. They occur  along major 

s u t u r e s  t h a t  mark t h e  s i t e s  of a n c i e n t  subduct ion zones and are t h e r e f o r e  

associated with convergent p l a t e  boundaries.  Oph io l i t e s  are a l lochthonous  

f e a t u r e s ,  generally having formed a t  oceanic  spreading  ridges, marginal  

b a s i n s ,  o r  r i f t  zones,  and subsequently emplaced a long  c o n t i n e n t a l  margins. 

They u s u a l l y  occur  i n  a sheared and c h a o t i c  assemblage of sedimentary and 

metamorphic rocks t y p i c a l  of a melange. B luesch i s t  be l t s  are a l so  a 

s i g n i f i c a n t  f e a t u r e  i n  t h e s e  s u t u r e  zones. 

Coleman (1977) estimated t h a t  the amount of oceanic c r u s t  incorpora ted  

i n t o  the  orogenic zones of c o n t i n e n t a l  margins i s  0.001 percent of the  t o t a l  

oceanic  c r u s t  formed. The t e c t o n i c  emplacement of o p h i o l i t e s  i s  t h e r e f o r e  

on ly  a minor occurrence and may r e l a t e  t o  a ra re  b u t  major p e r t u r b a t i o n  of 

p l a t e  motions. Oph io l i t e s  range from Paleozoic  through Cenozoic in age. No 

Precambrian o p h i o l i t e s  have been unequivocally descr ibed  al though many of t h e  

Archean greens tone  belts may be  remnants of oceanic c r u s t .  These b e l t s  are  

autochthonous and formed under cond i t i ons  t h a t  were unique Co Archean time. 

Metamorphic p e r i d o t i t e s  form the bulk of o p h i o l i t i c  sequences,  a l though 

they a re  i n t e r p r e t e d  not  t o  have formed consanguineously wi th  the r e s t  of t h e  

o p h i o l i t e  sequence (Coleman, 1977). It was p rev ious ly  suggested by many 

workers that metamorphic p e r i d o t i t e s  r ep re sen ted  contemporaneous r e s i d u a l  

mantle t h a t  remained a f t e r  producing t h e  mafic  magma f o r  the  over ly ing  

cumulate and e x t r u s i v e  rocks, Coleman (1977)  i n t e r p r e t e d  metamorphic 

p e r i d o t i t e s  to r ep re sen t  such o lde r  parts of t h e  mantle t h a t  have moved 

t e c t o n i c a l l y  upward t o  form the  base upon which the  upper section of the  



ophiolite developed. This is supported by extremely low levels of 

incompatible trace elements and high ~ r ~ ~ / ~ r ~ ~  which indicate that the 

metamorphic peridotites may have undergone partial melting at least 1 b.y. 

(billion years) ago. The peridotites are chemically homogeneous, suggesting 

t h a t  they are not of cumulate origin where crystal fractionation is a major 

process. They also exhibit subsolidus recrystallization features that are 

possible only at mantle pressures and temperatures. 

Direct connections between the matamorphic periodotites and overlying 

cumulates such as feeder dikes or transition zones are unknown. 

Uaconformities separate the two rock types. The underlying metamorphic 

peridotites are often intensely deformed and folded, whereas the overlying 

cumulates show no evidence of this deformation (see Jackson and others, 

1975). The age difference between the metamorphic p e r i d o t i t e s  and overlying 

cumulates is also unknown. 

The combination of field and petrologic studies suggest that the Red 

Nountain ultramafic body may be considered ro be a part of a dismembered and 

metamorphosed ophiolite. Although i t s  severe deformational fabric suggests 

that it represents a p a r t  of the metamorphic peridotite section of an 

ophiolire, the following criteria (Coleman, 1977) show instead that the Red 

Mountain ultramafic rocks are a part of the ultramafic cumulate section. 

Lithology 

Of the two rock types in metamorphic peridotites, h a r z b u r g i t e  is more 

abundant than dunite. Clinopyroxene never exceeds 5 percent by volume. A t  

Red Mountain, d u n i e e  is the dominant lithology but wehrlites are common, 

comprising 10 percent of the rock exposure at Red Nountain. This difference 

s t r o n g l y  suggests that the lithologies at Red Xountain have affinities closer 



t o  t h e  u l t r a m a f i c  cumulate s e c t i o n  of an o p h i o l i t e  than  t o  t h e  metamorphic 

p e r i d o t i t e  s ec t ion .  

O l iv ine  chemistry 

MgO/YgO-tFeO*+MnO f o r  o l i v t n e  f r o m  metamorphic p e r i d o t i t e s  i n  o p h i o l i t e s  

range from 0.87 t o  0.945 and have a median va lue  of 0.91; t h e  Red Mountain 

o l i v i n e s  range from 0.77 t o  0.89 wi th  a median value  of 0.86 ( f i g .  2 4 ) .  The 

Red Yountain olivines c l e a r l y  are poorer  i n  MgO than a r e  t h e  metamorphic 

I p e r i d o t i t e s ,  but  t h e  MgO con ten t  i s  c l o s e  t o  t h a t  found i n  u l t r a m a f i c  

cumulates i n  o p h i o l i t i c  rocks. 

Diopside  chemistry 

The diopside t h a t  i s  typically presen t  i n  metamorphic p e r i d o t i t e s  i s  

extremely r i c h  i n  chromium, averaging 0.67 percent  Cr203. I n  c o n t r a s t ,  the  

Cr203 contenr of Red Mountain d iops ides  i s  0-0.2 pe rcen t ,  w i t h  t h e  except ion  

of one sample which c o n t a i n s  0.9 percent  Cr203. The d iops ide  i n  metamorphic 

I p e r i d o t i t e s  a l so  has a f a i r l y  h i g h  A1203 content ranging from l e s s  than 1 

percent  t o  g r e a t e r  than 7 percent  (Coleman, 1977) ,  whereas the  Red Xountain 

d i o p s i d e  has e i t h e r  no d e t e c t a b l e  A 1 2 0 3 ,  o r ,  as i n  t h e  ga rne t  p y r o x e n i t e  

bodies ,  abnormally h i g h  X1203. Ca-Ca+Mg atomic r a t i o s  of d iops ide  i n  t h e  

metamorphic peridotites range from 39 t o  50 percent  (Coleman, 1977);  those a t  

I Red Hountain range from 57 t o  59 percent  i n  t he  w e h r l i t e  bodies  and from 6 7  t o  

69  percent  i n  t he  garnet c l inopyroxeni te  bodies.  The cl inopyroxenes id 

u l t r amaf i c  c u m l a t e s  a re  much more c a l c i c  than  the metamorphic p e r i d o t i t e s .  

Cumulate textures 

Evidence f o r  cumulate textures  in t h e  Xed Younta in  rocks c o n s i s t s  of 

preserved primary cumulate t e x t u r e s  i n  t h e  c h r o m i t i t e  and the presence of  





well - formed,  continuous chromitit?, vehrlire, and dunite layers .  Yetanor?hic 

peridotites show no evidence of any clmulare textures. 

- 1 ,?.e vho ie  rock seochemiatry 3f :he Bsd Xountain r o c k ,  :he : oapos i tLon  

o f  the respect ive  n i n e r a l  ??iases, 2nd c - e  presefice 3 f  ~cumulare cz:<tTJres, 1acL:ata 

 hat t h e  Xed >!ountzin ul~ramaf5c bod:! I s  l o t  a remnant ~f a bassi aetarnor;r'nic 

? e r i t o t i t s  of  an o p h i o l i ~ e .  ? a t h e r ,  it f o r n e d  by sumulus processes  as a 

p o r t i s n  o f  t h e  ultrzmafic cumulats secLisn t h a t  f o r s e d  at an oceanic spreadlr.;: 

- 7  cenrer . - ne st k e r  u1:ramafic 5od ies exposed a i a n g  :he Kodiak-Kznai-O>.ugac5 a r c  

?robah111 7er2 :orned a l o n g  Eke same s p r e a d i n g  c e n r l r .  

The o r i g i n  of t h e  garnet pyroxeniEs Sod ie s  is unce r t a in .  R e  bodles  

c l e a r l y  have ambiguous t e x t u r e s  and a unique chemistry. Sxpe r imen ta l  work by 

Sreen and Xingwood ( 1967 )  has established some liniting prsssures and 

temperatures f o r  the  stability of the d iops ide -ga rne t  n ine ra logy .  

3 - 
Sreen and Xngwood ( 1967 )  made L s o t h e m a l  rttna :ll43r3 ,) on an a l k a l i -  

poor  o l i v i n e  tholeiito 3139s vhich  i3 s i s i l a r  F ?  :onposition t o  :he g a r ~ ~ e t -  

2yroxeni:t bodies a t  ?ed :-!ountaig. 3 e i r  ;lo& demonstrated :.la: ? l a g i a c l a s e  

is n o t  s r a b l e  at 7ressures greatar  than 13 .3  X S ,  v h i c h  3ap  4e a Lower l i r n i z l n 3  

?rsssurs  f ~r t5e xed :!oun:si2 game:  ?yroxeni:zs I 3 u t  3 n l y  a t  3 Earnperatore D ?  

1 , ; G O ~ C ) .  3ecause t h e s e  zsper iments  (Sreen  and Xngwood, 1957 j l i d  70: saow 

I reversals, che phases ;3uId 5e  etas stab is. 

?has@ data  on l i q u i d u s  relations a t  elevated 2ressu res  and teaperac71res  

f a r  rocks similar i n  composition t 2  t \ e  Ted Y o u n t l L l  Sar le t  ?proxeni:zs <?rs 

scarce.  ;ark 3 2  ~arnez-perF?a:  i:es ax! :he s 7 3  CaSi I 3 - Y g S i 3  3-.4i, 3 is 

?resen ted  ' ~ y  3oyd : ;379) ,  Iushir3 and o z h e r s  { 1 3 6 7 ) ,  ozd 3'3ara ; :953) .  

'S"4ara 11363) auggestcd :hat liquids 3 5  th2 coa?osi:ion 3 f  ',ha 3.22 ',!our,:ai? 

g a r l e t  pyroxeni:?~ w a d i  c r ; ~ s c a l l i z e  a: 13 k5  azd 1 ,  35( j3? .  



Exper iments  on l iquidus  and s o l i d u s  r e l a t i o n s  of t h e  g a r n e r - d i o p s t d e  

sys tem i n d i c a t e  t h a t  t h e  mineral assemblage i s  s t a b l e  a t  upper  m a n t l e  

p r e s s u r e s  and t e m p e r a t u r e s .  Using these d a t a ,  two p o s s i b l e  o r i g i n s  are herein 

proposed f o r  the g a r n e t - c l i n o p y r o x e n i t e  b o d i e s  a t  Red Xountain.  

(1) O r i g i n  as x e n o l i t h s :  The g a r n e t  p y r o x e n i t e  b o d i e s  may be x e n o l i t h s  

d e r i v e d  from the  upper  mant le ,  The b o d i e s  could have been i n c o r p o r a t e d  i n t o  

t h e  Red Mountain p l u t o n  e i t h e r  b e f o r e  o r  a f t e r  s o l i d i f i c a t i o n  of t h e  body. 

Yoder (1976) s t a t e d  t h a t  magma g e n e r a t i o n  occurs in broad d e p t h  ranges that 

e x t e n d  from 50 t o  170 km and t h a t  may be as  deep a s  300 km. Because t h e  

g a r n e t  p y r o x e n i t e  bodies  may have o r i g i n a t e d  i n  the 50-70 Ian range ,  t h e y  cou ld  

have been i n c o r p o r a t e d  into the magma. Yoder (1976) s u g g e s t e d  t h a t  garnet  

p y r o x e n i t e  x e n o l i t h s  may r e p r e s e n t  primary m a n t l e ,  cumula tes  f rom l i q u i d s  

produced on p a r t i a l  me l t i ng  of mant le  material, o r  r e s i d u a l  from p a r t i a l  

m e l t i n g ;  however, t h a t  dense  x e n o l i t h s  a s  l a r g e  a s  90 m across could be 

c a r r i e d  upward with the  magma seems unlikely. 

If t h e  b o d i e s  were i n c o r p o r a t e d  a f t e r  s o l i d i f i c a t i o n  of the Xed Yountain  

p l u t o n ,  t h e y  were probab ly  f a u l t e d  i n t o  place d u r i n g  s u b d u c t i o n ,  metamorphism, 

and emplacement o f  the Red Yountain  p l u t o n  i n t o  the Seldov ia  Bay melange. The 

s e r p e n t i n i z e d  margins  of t h e  g a r n e t  pyroxeni te  bod i e s  would ease emplacement. 

( 2 )  O r i g i n  a s  d i k e s :  The second possibility f o r  t h e  arigln i s  t h a t  t h e  

g a r n e t  p y r o x e n i t e  bodies were undersaturated b a s a l t i c  d i k e s  emplaced i n t o  t h e  

u l r r a m a f i c  s e c t i o n  of the Red Xountain  p l u t o n .  Th is  t y p e  o f  dike emplacement 

i s  commonly observed i n  the basal part of many o p h i o l i t e s  and i s  discussed by 

Coleman (1977). The e n t i r e  p l u t o n  would have t o  be subjec ted  t o  the 

temperatures  and p r e s s u r e s  d i s c u s s e d  f o r  t h e  metamorphism of the garner 

pyroxeni te  bod ies .  



The garnet pyroxenite bodies show a much greater degree of mechanical 

deformation than the enclosing pluton. Whereas diopside in the Red Mountain 

wehrlites and clinopyroxenites shows little deformation, diopside in the 

garnet pyroxenite bodies shows bending, strong undulatory extinction, and 

cataclastic textures are common. The garnet is extensively sheared and 

granulated. On this basis, the garnet pyroxenite bodies most likely are 

mantle-derived xenoliths, and it is my opinion that the xenoliths were 

incorporated into the Red Mountain ultramafic after solidification and 

probably associated with the subduction and emplacement of the body. 

Deformational history 

Prior to emplacement into the Seldovia Bay complex, the Zed Mountain 

ultramafic body underwent a complex deformation characterized by the 

development of deformatton lamellae and kink bands in individual olivine 

grains, along with subsolidus recrystallization, polygonalization, and minor 

cataclasis. Experimental studies on the deformational features found within 

the dunite nay help in delimiting the pressures and temperatures of 

deformation. 

Kink bands in olivine result from inhomogeneous translation gliding in 

which the amount of translation in the slip plane varies in the direction of 

slip (Raleigh, 1968). Studies 5y Raleigh (1963, 1965, 1967, 1968), Carter and 

Ave'tallemant (1970), Ave'Lallemant (1975), and Carter (1976) have produced 

data about the dependence of slip mechanisms in olivlne on pressure, 

temperature, and strain rate. Natural environments are dominated by the {loo} 

(001) mechanism, upper-mantle peridotites are dominated by the {Okl} (100) 

mechanism, and the high-temperature system (010) (100) is important f o r  some 

alpine-type peridotites and inclusions in basalts and kimberlites (Xercier and 

Xicholas, 1975). For representative geological strain rates and f o r  the ( 1 0 0 )  



(001) mechanism, the temperature of plastic deformation in o l i v i n e  is 300'~; 

for lower strain rates this temperature will be correspondingly lower, 

Limiting pressures are from 1 bar t o  greater than 6 5  kb. 

Experimental work on recrystallization in olivine has been performed by 

Raleigh and Kirby (19701, Ave'Lallemant and Carter (1970), and Carter and 

Ave'Lallemant (1970). In experimentally deformed dunites, polygonalizarion 

was first observed at 1,000~~ (Carter and Ave'Lallemant, 1970) (for strain 

rate of 1 0 ' ~  seconds). These temperatures decrease 5 0 ' ~  with a ten-fold 

reduction in strain rate, and pressure changes have little effect on the 

temperature. For a representative strain rate of 10-~~/second, temperatures 

of 450'~ are indicated for recrystallization and polygonalization of 

olivine. Recrystallization is the dominant mode of deformation in high- 

temperature experiments, occurring at higher temperatures rhan the development 
I 

of kink bands (Carter and Ave'bllemant, 1970). The Red Hountain dunites, 

t h e r e f o r e ,  probably reached temperatures of 450' for deformation, but this 

value w i l l  be lower with lower strain rates. 

It is experimentally known rhar diopside is structurally more resistant 

than olivine, and it has been suggested that diopside may behave passively in 

I the deformation of olivine-diopside rocks, resulting in the absence of 
I 

preferred orientation. Griggs and others ( 1 9 6 0 ) ,  Raleigh ( 1 9 6 5 ) ,  Raleigh and 

Talbot (1967), and Kirby and Christie (1972) have studied rhe deformation of 

diopside in naturally and experimentally deformed tectonites, but no 

quantitative limits on the temperature, pressure, and strain rate of 

deformation have been established. 

Serpentinization 

The contact of the Red ?fountain Pluton with the enclosing country rock is 

a well-developed sheared serpentinite zone. The dunite, and to a lesser 



extent the wehrlire, show varying degrees of serpentinization. Assuming that 

serpentinizarion involves only olivine and water, t h e  hypothetical reactions 

representing the most probable chemical changes are as follows: 

2 m2Si04 + 3H20 -------; tQ3Si205(OH)4 + 

olivine serpentine brucite (1) 

2 Mg2Si04 c 2H20 N3Si2O5(0H) t NgO (removed) 

olivine serpentine ( 2 )  

3Mg2Si04 + 4H20 + SiOZ -7 Z ~ g ~ S i ~ O ~ ( 0 8 ) ~  

olivine serpentine 
I 

( 3 )  

I 
I If the excess MgO in t h e  serpentinization process is used to form brucite 

I 
I (equation I ) ,  then olivine can be converted to serpentine by t h e  addition of 

water only. Equations (2) and (3) show that olivine cannot be converted to 

serpentine without the addition of S i 0 2  or t h e  subtraction of YgO. If t h e  

serpentinization of dunite i s  accomplished only by the addition of H20, the 

whole-rock YgO-Si02 ratio should remain constant. Values for Red Xountain are 

fairly constant, ranging from 1.13 to 1.23, indicating that the reaction in 

equation (1) was probably the governing reaction. Further evidence of this is 

that brucite is also present in many serpentine veins in the dunite at Red 

I Mountain. Volume expansion associated with serpentinization is also comaon on 
I 
I Xed Xountain as indicated by offset grains cut by serpentine. 

At least two stages of serpentinization may occur in the Red Mountain 

dunite. The first occurred slightly before and during t h e  final emplacement 

of the body as indicated by the brecciated serpeatinized margins and the 

folded serpentine veins. Later serpentinization c u t  across the f o l d e d  

serpentine veins and was responsible for the formation of most of the 

serpentine veins .  Because serpentine cannot exist at temperatures greater 

than 5 0 0 ~ ~  (Barnes sad O ' N e i l ,  19691,  both episodes of serpentinization 



probab ly  occurred dur ing  and a f t e r  che a c t u a l  emplacement of t h e  body i n t o  the  

Seldovia Bay t e r r a n e .  

Emplacement 

A s  d i scussed  by Coleman (1971), s t eady- s t a t e  subduct ion is r equ i r ed  t o  

consume the  l a r g e  amounts of oceanic  crust t h a t  have formed a t  oceanic  

spreading  centers. Only by the  c e s s a t i o n  of s t eady- s t a t e  subduct ion can the 

oceanic  c r u s t  become detached and incorpora ted  i n t o  t h e  c o n t i n e n t a l  margin. 

Coleman (1977) noted that large,  unmetamorphosed o p h i o l i t e  slabs are presen t  

a long  c o n t i n e n t a l  marsins  which have obviously escaped subduction. He 

descr ibed  t h i s  process  a s  obduct ion,  the  o v e r t h r u s t i n g  of oceanic  crust a t  

consumptive plate margins, and he d iscussed  the probable causes f o r  t h i s  seans 

of emplacement. 

Because t h e  rocks a t  Red Nountain show a d i s t i n c t  deformat iona l  f ab r i c ,  

they  were probab ly  not  emplaced by obduction. I n s t e a d ,  the o p h i o l i t e  s l a b  

most Likely underwent subduct ion,  concomitant v i t h  deformacioa, and was 

dismembered and emplaced i n t o  t h e  melange of the Seldovia Bay t e r r ane .  The 

development of s e r p e n t i n i t e  margins and i n t e r n a l  s e r p e n r i n i z a t i o n  c l e a r l y  

eased emplacement due t o  t h e  c o n t r a s t i n g  d e n s i t y  (3.3 f o r  d u n i t e  ve r sus  2 . 5 5  

f o r  s e r p e n t i n i t e )  and t h e  low s t r e n g t h  of sheared s e r ~ e n t i n i t e ,  which has been 

es t imated  a t  1 bar by Cowan and Yansfield (1970). 

The emplacement of t h e  Xed ?fountain pluton i n t o  t he  Seldovia Bay terrane 

occurred e i t h e r  before  o r  concurren t  with the  metamorphism of the  enc los ing  

country rock. This i n t e r p r e t a t i o n  i s  supported by t h e  s i m i l a r  t r ends  of  t h e  

a x i s  of the  Red Xountain synform and the metamorphic f o l i a t i o n  in the  Seldovia 

terrane. Deformational features i n  the d u n i t e  and w e h r l i t e  o f  the  Red 

Mountain pluton a l s o  i n d i c a t e  temperatures  of  metamorphism s imilar  t o  those  of 

the enc lo s ing  Seldovia Bay terrane. 
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Table 3.--;ier chemical analyses of Zarner ?yrox+nires, reca lcu la ted  t o  

1SCI ?ercent .a f te r  the d e l i r i o n  of warsr (analbst,  Y.S.  Skinner) 
San?lrs W10 and M19 from F o r h e s  and 3waigbank (1974) . 
n . d.  =not d e  te mined .  

Sample 36 7 031 031X 032 RMlO 5319 
so. 

41.0 4 2 . 7  4 2 . 7  4 5 . 9  39 .38  41. A 7  Si02 
X12O3 16.9 16.8 16.8 10.6 17.75 17.80 

1 . 7  2.5 2 . 7  3 . 7  3.20 3.19 Fe203 
Ye0 10.3 10.6 10.2 5 .5  11.58 8.79 
XgO 9.70 10.0 9.8 10.6 10.21 11.10 
C a0 16.5 14.5 15.5 22.1  1 5 . 2 3  15.40 
Xa 20 . 12  . 32  .36 .35 .11 . 53  

K20 .oo .06 . 00 .00 . 02  . 02  
H ~ O +  2 . 3  1.5 1.5 1 . 2  1.35 1.34 
H20- . 23  . &O . 3 9  -17 .05 .05 

.49 .61 . 5 6  .99 1.05 .38 Ti02 

.O1 . 0 7  .08 - 0 9  . a2 t r  P205 
41aO .26  .18 .18 .08 .23 .21 

C O z  .05 1.2.  n . d .  - .03 .05 .01 

Total 99.56 100.27 100.52 101.29 100.i8 100. L8 

Si02 
~ 1 2 0 3  
~e 20 3 
FeO 
YqO 
C a0 
?la10 
K2i3 
Ti07 
~ ~ 0 -  
%lo 
c3 2 

5 9. 60. 5 7 .  35.  51. 5'3. game t 
3 8 i 2 5 5 Lj 3 d i o p s i d e  & 1 

0 3 1 - 
0 - 7 1 i i zraphi5ole 



Table 4.--*croprobe anaiyses sf olivine (5p :he author). 
n .d .  = not detected. 

Rock type-------- wehrlite 
Samp la Xo . ------- 34LY 

duni t e  
342 

chromirire 
0 30 

FeO 

Tora l  

Table 5 . - - f i c r o p r o b e  analyses cT chromite (5;~ zhe a u t h r ) ,  

gock type .................... d u n i  t e chromitice 
Sample yo 3425 0 30 

Cr203 

T o t a l  



T a b l e  6.--2Yicroprobe analyses of diopslde (3y t h e  au thor )  v i rh  end member 
calcularions based sa six oxygen$. Samples LYlO and 2m19 a r e  
from mineral separates from Forbes and Swainbank ( 1 9 7 4 ) .  
a . d . =  not  deternined. Enrenstatite, Fs=ferrosilite, Wo..wollasronire, 
CaTs=Tschemks  molscule. 

XOCK type---wehrlite clinopyroxenite -------garner c1iilop:,roxenite------ 
Sample No. -- 3 41;< 3 7 7 03 2 0 3 1-A &W10 &?I1 9 

S i O Z  

U2°3 

Fe203 
F eO 

YgO 

CaO 

Ya,O - 
K20 

T i O ,  - 
crp3 

T o t a l  



:able 7 .  -- :?icrop ro je anal:ises of s a n e t  (Sy the aut f ior ) .  Saml2a  XI!S and - 
3Yio are uer  c:lemical anal:rses "on ~ i a e r a l  je?arares  Srcm r o r j e s  
md Suai33ank ( ! 9 7 i ?  . rneaber c a l c u l a t i a n s  i n d e t z n i n a 5 l s  Isr 
the d c r o p r o b e d  s a q l 2 s  jecause :he ~ e *  !PZ* is unk2om. 
n. d .  = 20' de t s r ~ i n e d .  

YgO 9.1 5 .2  3.4 5 . 4 5  3.09 

C a0 13.2 20.7 22.8 13.11 12.34 

?la, O 3. d n. d a. d .02  .!I4 - 
X 0 n. d n.d n. d .02 .03 

2 
Cr2O3 n. a a. d n. d . go08 ,014 

3yrope 

Grossular 

hlsandlne 

.~naracice 

Saessartiae 







Tab le  10 .--Atomic a b s o q t l o n  analyses of dunits and wehrlites f o r  chromium 
and of dun5cs.s Lor n i c k e l  (analyst Z . C .  Stephensgn) .  
n.d. a nor deterrrriaea. 

Samgle 3uni t es Sample Wehrlites 
gum Cr uvm X i  No. Yo. ?pm Cr 



Tab12 il . --Eieneoctl aoundar,ces Ln szr t s  per ~111ion sf ?Lac Faun :?t ) , 
?alLadiun (?c) ,  rhocium (Ti?), rut:.enLus and iriclum [ L r )  
in che dunirzs i a n a l y s t s  9.2. Car1s.cn and 2 . 7 .  Coolsy )  , 
!!ethod o f  ana1:ises '317 f i r e  assay. 
L = d e r ~ c t z d ,  5 u t  b e l a w  limit of  iet2rr;liiiailon; 
11 = n o t  i&tec:ed a t  LLxL; o f  C e r e r a L ~ a t L s n .  



- * 
Tab12 i2.--r,smenra; abucdances in ? a r t s  ser ? i l l i o n  cf ?latrnum(?t), 

?al ladiun ' 7 6 )  , rhodium (Sh) , ruzhenizn (3~:)) and Lridiarn (Tr! 
in the vehrl i tes {anal:rsts 3.3. Iariaon and 2.:. C ~ o L z t -  i , 
Ilerhod ~f analyses 5 p  fire a s s a y .  
l, = de~?cted, ju: 3 e l o w  l i n i z  a ?  d e t s m i n a ~ i s n ;  
>< = aot Cerect2a at 1 L r n i ~  o f  de~?r~inatian, 


