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ABSTRACT 

Clay minerals are found t o  be a s i gn i f i c an t  component of a l l  the  f a u l t  
zones, young or old, a t  surface  or a t  depth down t o  2 kilometers. These clays 
are  s t a b l e  up t o  200 t o  400 degrees under 1-4 kb of confining pressure. Thus, 
there a re  reasons t o  believe t h a t  i n  t h e  p a r t  of t h e  f a u l t  zone which earthquakes 
are found t o  occur we may encounter clay gouge. 

Mechanically, the clays  are qu i t e  weak compared e i t h e r  t o  rocks or t o  
f r i c t i o n a l  contacts  of rocks. 
o f  montmorillonite, a c o m n  gouge mineral, is 0.25 t o  0.35 kb; its res idua l  
s t r e n g t h  is 10-20% lower. 

The peak s t reng th  under 1-4 kb confining pressure 

INTRODUCTION 

Not being able  t o  observe an ac t ive  f a u l t  at t h e  whole depth range, we 
have t o  use a conbination of methods t o  decipher t h e  possible types of  mater ia ls  
i n  t h e  f a u l t  zones of interest; such  information is necessary f o r  the understanding 
of t he  mechanics of fau l t ing .  
f au l t  zone materials are t h e  same ones used by geologis ts  and geophysicists t o  
learn about t h e  i n t e r i o r  of t h e  earth,  taking i n t o  consideration t ha t  t h e  tempera- 
ture, t h e  amount of f l u i d  c i rcu la t ion ,  t h e  presence of shear stress, t h e  mechanical 
comninution ac t ions ,  etc. are f ac to r s  pecu l ia r  t o  f a u l t  zones. 

Available t o  d i r e c t  observation are outcrops of  f au l t  zones of d i f f e r en t  
ages ( the  time s ince a f a u l t  ceases t o  be ac t i ve ) ,  types, t o t a l  displacement, i n  
d i f f e r en t  country rocks, and i n  d i f f e r en t  stages of denudation. 

The methods a t  our disposal  t o  inves t iga te  t h e  

By surface or 
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surrace nave Deen oota inea  aur ing  a tunnel ing  p ro jec t  tlhompson, l Y 6 6 ) ;  a tunnel 
t h a t  w i l l  cut through the  active Bocono f au l t  i n  Venezuela about 1 km under the 
surface is underway. 
t o  

Surface observat ion and sampling of fault  zones has evident ly  

a f a u l t  regime;-to da te ,  t h e  deepest p a r t  o f  t h e  San Andieas f au l t  we'have 
:n is a l i t t l e  over 1000 f t  (300 m )  and plans a r e  a foo t  t o  reach one ki lometer  
the  near  f u t u r e ;  glimpses o f  San 3acin to  a t  s e v e r a l  hundred meters below t h e  - , . .  . . .  _.  , _. _ -__.  

be i n t e r p r e t e d  with care, a s  weathering processes may a l t e r  the mater ia ls  so 
:h t h a t  they  are no t  r ep resen ta t ive  of t h e  f a u l t  zone. Shallow d r i l l  hole or  
:nch sampling may reach beyond t h e  severely weathered zone but effects of 
x u l a t i n g  ground water s t i l l  has t o  be considered. For both su r face  and d r i l l  
Le (even down t o  a depth of a couple of ki lometers)  one may ask whether such 
; e r i a l s  a r e  products generated a t  depths where earthquakes are taking  place o r  . &I..... I^L_I_-1-.11 - L . 1 7  A. LL 1 -  . . .  I .. . 
.ng rapid  u p l i f t i n  
:t of t h e  zone. E 
, . ^  . 

and erosion 
2ecially i n  
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mat 
art  LIICY IIILrAItaLcdlLy 51tduow aeprn Tauit maceriais. 
goj 
Pa' SI a wide zone such a s  San Andreas i n  central 
Cal i rorn ia ,  we may a l s o  oe see ing  fau l t  zone mater ia ls  of d i f f e r e n t  ages next  t o  
each o the r ;  t h a t  i s  t o  say, some p a r t  of t h e  zone may be products of f a u l t  a c t i v i t y  
a t  depth. As we s h a l l  see later, t h e  f a u l t  zone mater ia ls  a r e  probably weak and 
may flow; they could be squeezed upward i n  t h e  f au l t  zone ( a l s o  see Wallace, 1949). 
It 
sli 
of 
t h r  Ir 
e xi 
r e k d L 3  d vcrv i i r u r e o  zone w i t n  i n a i v i a u a i  r r a c t u r e  manes ana small clav  t i i l e a  

i n  regions mat  are unaer- 
I,  t h e  exposed zone may well r ep resen t  the  deeper 9 

a l s o  be remarked here  t h  
:s can conceivably reveal 
ve t h r u s t  may t e l l  us on. 
. I "  ^ .̂.L, 1.. _ . _  

should 
.p f a u l t  
an a c t i  
! t h r u s t  IJ CUIILIILUUUSI~ cuvcrutg new ground. 
q l e ,  the  San 3acin to  f a u l t ,  the  near  su r face  t rench  ac ross  t h e  ac t ive  t r a c e  

a t  while surface observat ion of active s t r i k e -  
the  nature o f  f au l t  zone, the  surface features 

l y  what i s  going on a t  the  su r face  as t he  l i p  of 
Even along s t r i k e- s l i p  f au l t s ,  f o  

.--,- ~~ - f - ~ , - ~ ,  ~ ~~ ~ . * I ~  .~ I t  . I . .. . .. . -.-- . . ~ - -  - -~~ ~- 
gashes (C la rk -e t  a l . ,  1972), a t  depth i n  t h e  San 3ac ib to  tunnel, the  f a u l t  zone is 
extens ive  enough t o  form water b a r r i e r  and is f i l l e d  with rock fragments, sand and 
clays (Thompson, 1966). 

As we have found out  t h a t  i n  su r face  outcrops and i n  d r i l l  holes  of active 
f a u l t  zones a s i g n i f i c a n t  p a r t  of t h e  i n t r a f a u l t  materials is what is comnonly 
r e fe r red  t o  a s  gouge, a mixture of f i n e  grained sand,  silt and p a r t i c l e s  of sizes 
less t h a n  2 microns, i.e., clays of various kinds.  T h e i r  ubiquitous and sometimes 
very dominant presence i n  outcrops and t h e i r  p a r t i c u l a r  mechanical behavior demand 
t h a t  we know whether t h e y  can e x i s t  a t  g r e a t e r  depth where earthquakes are generated. 
Unfortunately, we cannot f i n d  much c lue  about the  T, P condi t ions  of t h e  mineral 
assemblages d i r e c t l y  a s  these minerals are s t a b l e  within t h e  temperature range of 
25OC t o  maybe 400OC, t h e  range of interest. However, we can f ind  t o  what extent  
these  minerals can e x i s t  a t  t h e  depth of 3-15 ki lometers  given t h e  temperature, 
pressure and t h e  chemical condi t ions .  One can a'lso use the  f a m i l i a r  geophysical 
method o f  conparing the  ve loc i ty  and dens i ty  o f  su r face  o r  d r i l l - h o l e  samples under 
~ P , = . ~ ~ I I F P  w i + h  thrice nhtainerl fhrnllnh c n : e m : ~  -..*.At., -3r..re-n+r ...,e- +he #- . . . I+  

the  mater ia ls  i n  t h e  f a u l t  zone 
near  t h e  sur face .  Recen t ly  acqi 
nwen -3.n-hle n P  -hn...i-- --..I- ". 

ire cons  
r ed  ref ... ̂ 4. .._^ 
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zone (Wang e t  a l . ,  1978); although no t  t e r r i b l y  s p e c i f i c ,  we may es t imate  whether 
a is tent  with t h e  kind of mater ia ls  we f ind  
Ji l e c t i o n  p r o f i l e s  across  San Andreas seem 

-..,,, 

faul t :  
a faul 

= l l v v L ~ ~ y  ~ L V J J  J ~ P U , , ~ U L G  i n s i d e  the  f a u l t  zone (COCORP; Lonq e t  al. ,  
1979) .Ye , 

3 ,  e.g.,  creep,  sudden stress drops,  and the  placement of f au l t  t r a c e  wi th in  
Lt zone, and we have some estimates o f  t h e  order  o f  magnitude of t e c t o n i c  

O f  no less s ign i f i cance  i s  the  f a c t  t h a t  we know certain behaviors-of act i  
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1 3. 
I 

stresses; whatever exists a t  depth,  should a l s o  be ab le  t o  re 
behaviors and should have s t r e n g t h s  t h a t  are cons i s t en t  with 
t e c t o n i c  stresses a v a i l a b l e  t o  generate earthquakes. 

:produce these 
t h e  es t imated  

1 by observing a t  
e -sed t o  be 
.. ......_._I ded so t h a t  they are now 

knowing what might exisi 
ctive f a u l t  zone a r e  i n  t . .  ~ . .  - 

Knowledge o f  active f a u l t  zones can a l s o  be augmentec 
surface, i n  deep tunnels or d r i l l  ho les ,  f a u l t  zones t h a t  ha\  

These f a u l t  zones are e s p e c i a l l y  u s e f u l  i n  
depth a t  which the  shallow mineralogy i n  a 
A d i f f e r e n t  s o r t  of i n t e r p r e t a t i o n  problem is invoivea nere. 
during the  long per iod  of quiescence, the  f au l t  zone is subjec ted  t o  t h e  l i t h o -  
s ta t ic  stress w i t h  l i t t l e  o r  no shear stress; t h u s  the zone i s  under “consol ida t ion“ ,  
t h e  water would have d i f fused  out  from t h e  f a u l t  zone, car ry ing  with i t  some of 
t h e  more  mobile ions ;  it is also poss ib le  t h a t  i f  t h e  gouge was i n  a s a t u r a t e d  
state,  its mobil i ty may result i n  t h e  deple t ion  of gouge with r e spec t  t o  the 
brecc ia .  For 
mylonites t h a t  were generated a t  depth where metamorphism takes  p lace ,  i t  would 
be necessary t o  know what changes t h e  o r i g i n a l  f au l t  rocks had gone through i n  
order  t o  r econs t ruc t  t h e  f a u l t  zone. It is obvious t h e  o l d e r  f au l t  zones can be 
used as analogues t o  t h e  active faul t  zones a f t e r  t h e  extraneous f a c t o r s  are removed. 

active and has s i n c e  been u p l i f t e d  and e r o  exposeo. 
t beyond the  
:quilibrium. 

kor example, 

The pos t  f a u l t i n g  b u r i a l  may a l s o  l ead  t o  prograde metamorphism. 

I n  t h i s  paper,  we s h a l l  first descr ibe  t h e  mineralogy and macroscopic 
appearances of f a u l t  zones of several ages t h a t  we have s t u d i e d  so far, d iscuss  
t h e  s t a b i l i t y  f i e l d  o f  the  various clay minerals de tec ted  i n  t h e  f a u l t  zone, 
r epor t  on t h e  i n i t i a l  r e s u l t s  of t r i a x i a l  mechanical experiments on whole clay 
samples and f i n a l l y  make a conjec ture  on t h e  processes involved i n  f a u l t  zones, 
t h e i r  formation, t h e  subsequent ac t ions  and the  generat ion of earthquakes. 
Obviously, we a r e  only dea l ing  with fault  zones a t  t h e  depth range of 0 t o  about 
12 km, beyond which c a t a c l a s t i c s  may be replaced by mylonites and flow may be the  
dominant mode o f  deformation (e.g., Sibson, 1977). 

FIELD OBSERVATION AND SAWLING OF FAULT ZONES 

probably a c t i v e  dc 
t h e  fracture s y s t r  
Andreas system, wr - , .  I .. 

ny of these  fa1 
r a l  veins.  ( 3  
ige mineralogy I . .  .. 

Faul t  zones i n  t h r e e  areas o f  q u i t e  d i f f e r e n t  ages,  and i n  d i  
t e c t o n i c  s e t t i n g s  are s t u d i e d  w i t h  r e spec t  t o  t h e i r  mineralogical  C O I T + - ~ ~ ~ ~ , ~ -  
mode of deformation. (1) The two normal f a u l t s  i n  southeas tern  Adirondacks were 
probably a c t i v e  i n  la te  Paleozoic (F i she r  e t  a l . ,  1971) with Pre-Cambrian meta- 
morphic rocks, anor thos i t e s  and Paleozoic dolomite i n  t h e  v i c i n i t y .  
i n  these f a u l t  zones a re  i n  t h e  b r i t t l e  range; c a t a c l a s i s  is prominantly seen but  
neomineral izat ion i n  the  f a u l t  zone is an important aspect .  
and s t r i k e - s l i p  f a u l t s  are encountered i n  t h e  s i lve r- lead- z inc  mines 
d’Aleue d i s t r i c t  of northern Idaho (Hobbs e t  al. ,  1965). 

The deformations 

(2) Seve 

These f a u l t :  
i r ing  Cretaceous t o  early Ter t i a ry ;  ma JLTS Torm 
!ms t h a t  con t ro l  t h e  placement of mine 
: have a l ready described t h e  f au l t  gou of  several 

) I n  t h e  San 

su r race  ouccrop tn‘u e t  a l . ,  1975; Wu, 1978), here we a r e  exarmning me f a u l t  
geometry, the  mineralogy of several down-hole samples (down t o  428 meters) i n  Dry 
Valley, Ca l i fo rn ia ,  t h e  mineralogy i n  one outcrop i n  southern Ca l i fo rn ia  t h a t  has 
no t  been described before and some r e f l e c t i o n  da ta  across  San Andreas. 

rai normal 
o f  t he  Coeur 
s were 

. X L .  *-~~. .  
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4. 

I. TWO NORMAL FAULTS I N  SOUTHEASTERN ADIRONDACKS, NY 

Figure 1 shows the  loca t ion  of these f a u l t  zones and the  geology of t h e  
immediate v i c i n i t y .  
known; they are probably i n  the  range of f i v e  hundred meters t o  a few kilometers.  

1 )  
fifteen ki lometers .  
i n  Warrensburg. 
anor thos i te"  and a " g r a n i t i c  charnocki t ic  gneiss" on t he  west and the  east s i d e s  of 
t h e  f a u l t  zone, respect ive ly .  

The t o t a l  displacements along these  faul t s  a r e  no t  well 

The Schroon River faul t .  This f a u l t  has a mapped length  of over 
An e a s i l y  access ib le  and good exposure is seen on highway 9 

The fau l t  zone the re  has a width of about 20 meters with a "meta- 

Within 
; t h e  d e n s i t :  
I- L..._. ~ 

Surfaces and are f i l l e d  w i t h  a f ine-grained greenish gouge. The gouge were e 
dently not  generated i n  the  j o i n t s ,  as t h e  su r faces  a re  still q u i t e  i n t a c t ,  w 
s l i ckens ides  on f r e sh  rock. The presence o f  t h e  s l i cdens ides  i n  t h e  gouge an 

a few tens  o f  meters of the bocndaries of the  f a u l t  zone, it is clear 
y of j o i n t s  is higher than f a r t h e r  o u t ,  and the  o r i e n t a t i o n s  of t he  

Some of the j o i n t s  nea r  t h e  f a u l t  zone have i r r e g u l a r  
that 
joints oemm auite  varied.  

v i  - 
i t h  
d on 

t h e  j o i n t  surfaces i n d i c a t e  tha t  movements along t h e  j o i n t s  have taken place.  

i r e  still q u i t e  angular ,  although they  seem t o  have un 
n d  t r a n s l a t i o n .  
:vident t h a t  t h e  gouge was not  generated by grinding u 

The b recc ia  are surrounded by gouge 

.- *I...- *I.̂  ,-.. L. _^^^ I -  I. -..- I.̂ ^  ̂ ..1..^1.^-1 -== s 

:rgone substant  
Figure 2). It 
these angular  _ _  L L - ^  1 1  - - ~  

Going i n t o  the  f a u l t  zone, we see breccias of various sites; some o f  them 
2 dc ; i a l  r o t a t i o n  
i (I i s  q u i t e  
E 'P b recc ia ,  
I-~LIIGL- WIG aiqusar uL-cctaa way i i a v c  UCGII  p.rucneu UI I 1'row L i i c  n a s i  a i d  mixed i n  
w i t h  gouge. 
r a r e l y  seen. 

The b recc ia  are -minly g n e i s s i c  ones; meta-anorthosite b recc ia  are 

The o r i g i n a l  mineralogy of the  wall rocks and t h e  production of a l t e r a t i o i  
i n  t h e  f a u l t  zone are summarized i n  Table 1. Figure 3a shows an example of un- 
a l t e r e d  gneiss.  Figure 3b shows the r e s u l t  o f  a l t e r a t i o n  of the ferromagnesium 
rnineralc.  +he lnnn n r n i n c  nnrl o h l n r i t e  strenkc cnnm +r\ hn alinnnrl nnvallel t n  the 

n 

hor izon ta l  a x i s  of t h e  p i c t u r e  -- the  c h l o r i t e  seem t o  have healed a sheared rock. 
Figure 3c shows a sanple  o f  what appears i n  hand specimen as dark green "gouge"; 
here c h l o r i t e  dominates and a d e f i n i t e  flow t ex tu re  i s  obvious. 

2) The 1-67 faul t .  
An e x c e l l e n t  outcrop is seen along highway 1-67 i n  southeas tern  

This f a u l t  a l s o  has a mapped length  exceeding 15 
ki lometers .  
Adirondacks (Figure 1 ) .  The width o f  t h e  f a u l t  zone is about 30 meters. Here 
t h e  Ordovician Lit t le F a l l s  dolomite and a Pre-Canbrian metagranite are on t h e  
west and east s i d e  of t h e  f a u l t  zone, respect ive ly .  

(Table 11, and t h e  a l t e r a t i o n  products are e s s e n t i a l l y  the same. The dolomite 
brecc ia  is l i m i t e d  t o  wi th in  a few meters of  the western boundary o f  the  zone. 

The m t a g r a n i t e  is very s i m i l a r  t o  t h e  g r a n i t i c  gneiss  a t  the  last  s i te  

Thn 9 a i r l w  annna1-r A n l n r n i t n  hrannia i c  a A m A A n A  in = C i n a  n-=.inarl rn-triv _ _  e h n w i n n  
. I l I  ,"ALAJ a,y"LuL ""A"IIIA.cI V L I I I A "  A- I . I IV IU"I"  ALII u ,All. ,  y ' u A ' L I "  I I I U I L A n  -- -.'.",,~,'y 

no s ign  of having cndergone c a t a c l a s i s  i n  hand specimen -- t h a t  is composed of 
dolomite, qua r t z  and fe ldspa r  (Figure 4). 

spaces around t h e  q u a r t z  and fe ldspa r  gra ins .  
Dolomite g ra ins  i n  t h e  matrix seem t o  

f i l l  i n  a l l  t h e  : 
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5. 

I n  one p a r t  o f the  f a u l t  zone, angular b recc ia  o f  metagranites  from 
apparently d i f f e r e n t  p o i n t s  of the f a u l t  wall ( d i f f e r e n t  color, g ra in  size 
and t ex tu re )  are next t o  each o t h e r  with a small amount of gouge among them 
t o  f i l l  i n  t h e  space. It appears 
a s  though the  gouge, re la t ive ly  i n c o p e t e n t  had c a r r i e d  them about i n  t h e  f a u l t  
zone f o r  some d i s t ance  without rounding the brecc ia  and much o f  t h e  gouge had 
subsequently been squeezed o u t  o f  t h e  sys tem.  

The b recc ia  have not  been rounded much. 

DISCUSSION 

I n  the  f a u l t  zone a l t e r a t i o n  process  a large amount of c h l o r i t e  is 
produced. 
t o  produce them. 
stress i n  t h e  f a u l t  zone. 
t h e y  could c o n t r o l  t h e  behavior o f  f a u l t i n g  after the  f a u l t  zone is formed. 
Whether c h l o r i t e  was the  mineral i n  t h e  gouge a t  the  time of ac t iv i ty  o r  is it t h e  
result of a l t e r a t i o n  a f t e r  the  f a u l t  had ceased t o  be active cannot be determined. 

This impl ies  t h a t  a good amount of water has t o  be added t o  the  system 
This presence of ample water can conceivably cause law effective 

Since the  c h l o r i t e- r i c h  "gouge" is q u i t e  pervasive,  

11. FAULTS I N  DEEP MINES OF NORTHEW IDAHO 

I Coeur d'Aleue .. ~ . Hobbs e t  a l .  (1965) have mapped i n  some d e t a i l  t h e  faul t s  i r  
d i s t r i c t  of northern Idaho (Figure 5) .  
f a u l t ,  is a r i g h t - l a t e r a l  s t r i k e - s l i p  f a u l t  that t r ends  approximately N 700 W and 
has an es t imated  t o t a l  displacement of 25 ki lometers .  
surface and mine exposure ranges f r o m  about 30 meters t o  270 meters (Hobbs e t  al . ,  
i b i d . ) .  During t h e  Summer o f  1978, we could gain access t o  only 
t inbered  t u n n e l  across  t h e  Osburn f au l t ;  many previously open tu  
f a u l t  have been damaged due t o  squeezing ground. 
across  t h e  Osburn as w e l l  as a nurrber of 5 

meter t o  about 10 meters i n  width. The cl 

observed the  va r i a t ions  i n  the  f a u l t  zone geometry ana we internal  sz ruc tu res .  

The main f a u l t  of t h e  region,  tne usourn 

The width of the  f au l t  i n  

Sanplinq has beclt WL-LLCU UUL 

brecc ia  and the  gouge have been determine1 1 

one c lose ly  
ine l s  across the 

^--_ 1 - 2  ^..* 
jmaller f a u l t s  r ing ing  from less than a 
lay mineral contents  o f  t h e  wall rock, 
j. I n  t h e  s a p l i n g  process, we have alsc . .. . . . .  

A. Fault  zone geometry and i n t e r n a l  structures. 

Exposures o f  a f a u l t  a t  d i f f e r e n t  depths along the  d ip  and sometimes a t  
several po in t s  along t h e  s t r i k e  allow us t o  see t h e  f a u l t  i n  t h r e e  dimensions. It 
is q u i t e  no t i ceab le  t h a t  the f a u l t  su r faces  are seldom f l a t  planes;  t h e  width may 
inc rease  or decrease by a f a c t o r  of 2 over  a d i s t ance  o f  a f e w  f a u l t  widths. A l l  
t h e  f a u l t s  t h a t  we can observe (Table 2)  i n  d e t a i l  are r e l a t i v e l y  small  (1-10 meters) 
and bounded by q u a r t z i t e  or a r g i l l i t e ;  t he  genera l  f ea tu res  are q u i t e  similar; they 
inc lude  (1) sheared zone, (2)  detached blocks,  (3) ti 'ghtly fo lded  a l t e r n a t i n g  
l aye r s  o f  gouge and o f t en  crunbly q u a r t z i t e  or a r g i l l i t e ,  and (4) l a r g e  lens of 
gouge. 
The zones a r e  u sua l l y  q u i t e  wet and the  gouge is s o f t  and e a s i l y  deformed i n  hand. 

Figure 6 shows t h e  P o l a r i s  f a u l t  zone a t  th ree  levels i n  the  Galena Mine. 
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B. Clay  mineralogy o f  the w a l l  rock and f au l t  zone materials .  

Table 2 lists t h e  f a u l t  zone, sample desc r ip t ions  and mineralogy of 

The gouge samples contain c h l o r i t e  and i l l i t e  i n  a l l  cases ;  these are 
ac tua l ly  t h e  dominant minerals o f  t h e  Belt series rocks of t h i s  region,  and 
although t h e  relative amounts of these minerals i n  t h e  Belt series vary con- 
s ide rab ly ,  of ten  t h e  gouge is found t o  be  r e l a t i v e l y  r i c h e r  i n  c h l o r i t e .  O f  
more interest i s  t h e  presence of smectites, t h e  expandable c l ays ,  i n  s e v e r a l  
f a u l t  zones. 

t h e  less than 2 microns f r a c t i o n .  

The w a l l  rocks are completely free of such minerals i n  most cases. 

111. SAN ANDREAS FAULT ZONE 

Detai led maps i n  the San Andreas f a u l t  zone o f t en  reveal t h a t  the  zone is 
var iable  i n  width. 
valley are sometimes p a r a l l e l  b u t  more o f t en  than not  curved or seemingly composed 
o f  segments. 
n u d e r  of branches nearby. But a s  these  a r e  su r face  observat ions,  we are by no 
means c e r t a i n  t h a t  the conf igura t ion  of the  f a u l t  zone a t  depth w i l l  correspond 
t o  t h a t  suggested by the  surface trace. 
curvature of the  bounding f a u l t s  seem t o  be r e l a t e d  t o  topography; i n  t h e  Poin t  
Reyes sec t ion ,  the  d ivergent  f a u l t s  a t  two ends of the  Olema Valley are perhaps 
t h e  cause f o r  the  formation of topography lows there .  
r e f l e c t i o n  p r o f i l e  across  t h e  San Andreas faul t  zone hear  Pa rk f i e ld  i n d i c a t e  t h a t  the  
f a u l t  zone a t  depth i s  about 2 ki lometers  wide coinciding with t h e  width defined 
by t h e  su r face  trace o f  t h e  two f a u l t s .  

As shown i n  Figure 7 ,  t h e  f a u l t s  on the  two s i d e s  of a 

The sec t ion  from Pearblossom t o  San Bernardino, however, shows a 

It is i n t e r e s t i n g  t o  observe however, t he  

Also, a COCORP se ismic  

The gouge i n  t h e  San Andreas f a u l t  zone has been s tud ied  previously (Wu 
e t  al. ,  1975; Wu, 1978). Clay mineral assenblages somewhat d i f f e r e n t  from those 
i n  Idaho have been found i n  t h i s  zone. It is q u i t e  o f t en  thought t h a t  along t h e  
"great  bend" of t h e  San Andreas i n  southern Ca l i fo rn ia ,  t he re  is l i t t l e  clay gouge 
(e.g., Anderson and Osborne, 1978). The lack of extens ive  gouge materials i n  some 
sections may be due t o  the  predominance of t h r u s t  motion the re ;  i t  could easi ly  be  
seen t h a t  a t  t h e  surface outcrop o f  a young t h r u s t ,  t he  f r o n t  is progressively 
advanced; t h e  hanging wall w i l l  break up b u t  no gouge is generated there.  As 
shown i n  a t u n n e l  c ross ing  the  S i e r r a  Madre f a u l t ,  a t h r u s t ,  no r theas t  of Los 
Angeles, t h e  f a u l t  zone broadens a t  depths and s u b s t a n t i a l  amount of i n t r a f a u l t  
mater ia ls ,  no t  unl ike those seen i n  the  deep mines of Idaho, are found (Proctor ,  
1970). West of Lake El izabeth  i n  t h e  west p a r t  o f  t h e  "grea t  bend", a very sub- 
s t a n t i a l  f a u l t  zone is exposed. 
a l t e r e d  i n  most cases,  with gouge i n  fractures and a l s o  a s  q u i t e  massive lens .  
The outcrop is extens ive  enough t o  create a badland topography there.  
is found t o  be composed mainly o f  montmorillonite and some i l l i t e  and c h l o r i t e  
(Table 3). 

It cons i s t s  of severa ly  brecciated g ran i t e ,  

The gouge 
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A recent d r i l l  hole  i n  Dry Valley Just i n s i d e  t h e  San Andre, 
a t  depths down to  280 meters. The s ide- wal l  samples are a l l  clayey 
Their  d e n s i t i e s ,  general  desc r ip t ion  and less than 2 microns composj 
shown i n  Table 4. 
su r face  crops of San Andreas or Hayward f a u l t  (Wu, 1978). 
of montmorillonite w i t h  i nc reas ing  depth is most probat 
s t a b i l i t y  o f  t h i s  mineral,  hc 
next  sec t ion ) .  

I 
I 

The d n e r a l o g y  is not  r a d i c a l l y  d i f f e r e n t  from tLL CIIr 

The apparent  decrease 

, bu t  due t o  t h e  change o f  t 

. _ _ L . _ _ L , _ _  _-_=11. _ _ _ * I . _  

) l y  n o t  r e l a t e d  t o  t h e  
: pH of t h e  s o l u t i o n  (see 

I -L.. . 2 -  .,? LL.L LL ~ The COCORP seismic rcrrccuuii p r o r r i e  m n u o n e a  move ina icazc  znac zne 
f a u l t  zone extends a l l  the  way through Moho, a t  a depth of 25 t o  30 km; w h i l e  t he  
zone above 12 ki lometers  shows chao t i c  reflections, t h e  zone below that level is 
mre se i smica l ly  t ransparent ,  i.e., more homogeneous (Long e t  al . ,  1979). Other 
se ismic  p r o f i l e s  of San Andreas under the  P a c i f i c  no r th  of Point  Arena, Ca l i fo rn ia ,  
a l s o  i n d i c a t e  a width o f  about 2 km to  a depth o f  a t  least 4 km. 

CLAY MINERAL STABILITY AT DEPTHS 

The T ,  P s t a b i l i t y  range for  each important  clay mineral group is discussed 
Primary emphasis is placed on experimental da ta ,  although evidence from below. 

f i e l d  s t u d i e s  is a l s o  incorporated i n t o  the  d iscuss ion  where appropriate .  
a t t e n t i o n  should be c a l l e d  t o  the importance o f  t he  extensiveness of Velde's 
experimental s t u d i e s  and t o  h i s  important review o f  t h e  literature i n  t h i s  f i e l d  
(Vel&, 1977). It should be remarked here t h a t  t h e  s t a b i l i t y  f i e l d  of d i f f e r e n t  
minerals a t  t h e  same temperature and pressure  is con t ro l l ed  by t h e  pH values 
(Roberson and Wu, i n  prepara t ion ,  1979). 

Spec ia l  

Kaol in i te  
1 

Severa l  i n v e s t i g a t o r s  (Perry and Hower, 1970; Muffler ind  White, 1969 ; i 
1 
I 

Dunoyer de Segonzac, 1965) have observed t h e  disappearance o f  Kaol in i te  with depth. 
Upper s t a b i l i t y  tenperatures can vary widely from lOOOC t o  over 2OOOC . 
reasons have been suggested t o  account f o r  the  disappearance of Kao l in i t e  with 

phases t o  form i l l i t e  and c h l o r i t e  (Velde, 1969), or r eac t ion  with qua r t z  t o  produce 
pyrophyl l i te .  

Several  , 
I depth inc luding conbination with Mg (Muffler and White, 19651, r eac t ion  with o the r  

Kaol in i te  has a l s o  been observed as a comnon c o n s t i t u e n t  o f  hydrothermal I 
deposi t s  which have been i n t e r p r e t e d  t o  have formed at depths of several ki lometers  
(Keller, 1963; Keller and Hanson, 1968; Lowell and Gui lber t ,  1970). 

Kaol in i te ,  a common cons t i tuen t  of many s o i l  types, appears t o  be thermally 
s t a b l e  from 25OC, 1 atm, t o  looo t o  250OC (+) a t  1-2 kb. 
pr imar i ly  r e l a t e d  t o  t h e  chemistry of the  hos t  rock and reac t ing  pore so lu t ion .  
Velde (1977) has pointed ou t  t h a t  k a o l i n i t e ,  during epi-metamorphism, is incorporated 
i n t o  other phases due t o  a displacement of the  bulk composition of the  si l icate 
system i n  which it is found, e i t h e r  through an inc rease  i n  t o t a l  R+ ion  content  
due t o  chemical reduction of ferric ion  or bv t h e  increase  i n  a v a i l a b i l i t v  of R+2 

Its upper s t a b i l i t y  is 
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ion t o  the s i l i c a t e  minerals through the  d e s t a b i l i z a t i o n  after dolomite. 
Furthermore,  Velde has s t a t e d  t h a t  the existence o f  k a o l i n i t e  i n  a mineral 
asserblage w i l l  not generally i n d i c a t e  t h e  important f a c t o r s  of s i l ica te  
e q u i l i b r i a ,  t h a t  is, t h e  ultimate s t a b i l i t i e s  of t h e  c l ays  present .  

I l l i t e  

I l l i t e  (defined here in  as a d ioc tahedra l ,  aluminous, clay s i z e  mica) is 
reported t o  be the  most abundant c lay  mineral i n  a rg i l l aceous  sedimentary rocks 
(Grim, 1968). 
Perry and Hower, 1970; Weaver and Beck, 1971) i n d i c a t e  t h a t  i l l i t e  contents  
increase w i t h  i nc reas ing  temperatures and pressures.  
t h e  muscovite-pyrophyllite system by Velde (1969) show t h a t  an i l l i t e - l i k e  phase 
is s t a b l e  t o  temperatures over 4OOOC a t  2 kb pressure.  
Velde (1969), can p e r s i s t  up t o  over  4OOOC a t  2 kb pressure.  

S tudies  o f  deeply buried sediments (Dunozer de Segonzac, 1965; 

Experimental s t u d i e s  of 

Muscovite, according t o  

Chlori te  

Chlor i te  is a c o m n  cons t i tuen t  of a rg i l l aceous  sediments. Chlorite and 
i l l i t e  are dominant c l ays  repor ted  i n  rocks of Paleozoic age. Authigenic c h l o r i t e s  
formed a t  re la t ively low temperatures have been extens ive ly  s tud ied  by Hayes (1970). 
Chlor i tes  a r e  a l s o  found i n  deeply bur ied  sedimentary rocks a s  well as i n  low-grade 
metamorphic rocks. Metamorphic c h l o r i t e s  vary widely i n  conposition. Upper 
s t a b i l i t i e s  w i l l  vary depending on the  composition, among o the r  things.  Generally, 
c h l o r i t e s  w i l l  p e r s i s t  up to  temperatures between 450OC t o  5000. 

Expanding Clay Minerals 

such a s  montmorillonite and vermiculi te ,  as well as p a r t i a l l y  expanding mixed-layer 
c l ays  such as illite/smectites, ch lo r i t e s /ve rmicu l i t e s ,  etc. Expanding clays can 
be highly aluminous i n  conposi t ion (d ioc tahedra l )  or poor i n  aluminum and r i c h  i n  
Mg and/or Fe ( t r i o c t a h e d r a l ) .  I t  i s  iopor t an t  t o  d i s t ingu i sh  between t h e  d ioc ta-  
hedra l  and t r i o c t a h e d r a l  varieties because t h e i r  thermal s t a b i l i t i e s  are q u i t e  
d i f f e r e n t .  

Expanding c lay  minerals ,  a s  discussed he re in  inc lude  f u l l y  expanding c l ays  

Table 5 is a condensed version of a summary prepared by Velde (1977) which 
shows repor ted  thermal s t a b i l i t i e s  of f u l l y  expandable c l ays  and mixed-layer phases. 
It i s  inpor t an t  t o  note t h a t  the  values given i n  Table 6 may be somewhat higher  
than t h e  true thermal s t a b i l i t y  values o f  these  clays. 
because i t  is d i f f i c u l t  t o  e s t a b l i s h  i f  equi l ibr ium has been a t t a i n e d  i n  hydro- 
thermal syn thes i s  s t u d i e s  of systems such as these. 
these systems t h a t  it may be impossible t o  a t ta in  equi l ibr ium over a period of weeks 
o r  months (times used f o r  most of t h e  runs tha t  have been reported) .  F u l l y  expanded 
and mixed-layer d ioc tahedra l  c l ays  are s t a b l e  t o  much higher  temperatures i f  
octahedral  Mg is present  or i f  Na o r  Ca ( r a t h e r  than K )  predominates as t h e  inter- 
layer ca t ion .  

This s i t u a t i o n  arises 

Reaction rates are so slow i n  
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Although it is poss ib le  t h a t  Ca ani 
a much h igher  upper s t a b i l i t y  l i m i t  f o r  dic 
p l aus ib le  t h a t  t h e  run products observed i r  
n o t  at  equil ibr ium. Roberson and Lahann (1 
grea t ly  reduce the  r eac t ion  rate of smectil 

j/or Na i n  t h e  i n t e r l a y e r  w i l l  effect 
x t a h e d r a l  smectites, it is .also 
I hydrothermal syn thes i s  s t u d i e s  were 
1978) have shown t h a t  both Na and Ca 
;e/illite. 

represent ing  upper s t a b i l i t y  limits __, __^.L IL_-  - -> I-*--*. 
The most spec tacu la r ly  high values 

f o r  smectites a r e  those f o r  t h e  t r ioctahedl-dl  ~ I I E C L I  be5 \ I I ~ C I , U I I I L ~  m u  bnocba- 
hedra l  b e i d e l l i t e ) .  
smectites are s t a b l e  up t o  800°C a t  1-2 kb pressure.  
(1978) recent ly  showed that K-saponite is still f u l l y  expanded af ter  heat ing  
between 300°-4850C f o r  34 days a t  2 kb. 
t o  whether equi l ibr ium was obtained i n  these  s t u d i e s ,  it is clear t h a t  t r i o c t a h e d r a l  
smectites can be expected t o  p e r s i s t  to g r e a t  depths. Wilson, e t  a l .  (1968) d 

Iiyama and Roy (1963) r e p o r t  that these t r i o c t a h e d r a l  
Eber l ,  Whitney, and Khouri 

Although there may be sone ques t ion  as 

t h a t  t r i o c t a h e d r a l  smectites have been observed i n  metamorphosed carbonate I 
i n  Scotland. 

1 reportei 
socks 

Studies  of Gulf Coast Te r t i a ry  sediments by Perry and Hower (1970) show 

The percentage o f  smectite i n  these  mixed- 
t h a t  mixed-layer illite/smectite p e r s i s t s  t o  depths o f  over  16,000 f t  and 
temperatures of up t o  nea r ly  200OC. 
l a y e r  c l ays  decreases monotonically with depth. 
l aye r ing  a l s o  changes with depth. 
va rd i t e- l ike  ordered mixed-layer phase a t  about 100°C. 
t h e  muscovite-pyrophyllite system, allow us t o  conpare s t a b i l i t y  ranges o f  mixed- 
layer i l l i te/snectite phases i n  a con t ro l l ed ,  s i n p l i f i e d ,  s y n t h e t i c  system with 
those o f  a comparable n a t u r a l  system. 
i n  the  muscovite-pyrophyllite jo in .  Although the sequence o f  change is very 
s i m i l a r  t o  t h a t  observed i n  the  n a t u r a l  system, t h e  temperatures observed by 
Velde are considerably higher  than temperatures observed i n  the  natural  system. 
For example, t h e  upper s t a b i l i t y  of mixed-layer illite/smectite i n  t h e  Gulf Coast 
is shown t o  be about 200OC, Velde's s t u d i e s  would i n d i c a t e  an upper s t a b i l i t y  of 
about WOOC. The higher  temperatures observed by belde suggest  that  equi l ibr ium 
was not  obtained. Al t e rna t ive ly ,  t he  s i m p l i f i e d  chemical system s tud ied  by Velde 
may be  s u f f i c i e n t l y  d i f f e r e n t  from t h e  natural  system t o  cause major d i f ferences  
i n  thermal s t a b i l i t i e s .  
mineral a s s e h l a g e s  f o r  f u l l y  expanding phases, random and ordered mixed-layer 
phases, and an ordered a l l eva rd i t e- type  phase. The da ta  f o r  Velde's p l o t  were 
obtained by s e v e r a l  d i f f e r e n t  i n v e s t i g a t i o n s  i n  s t u d i e s  of sediments of Te r t i a ry  
age and younger. 

smectite, with an ordered a l l eva rd i t e- type  s t ack ing  (with approximately 30% 
smectite l a y e r s )  can be expected t o  p e r s i s t  to a t  l e a s t  2OOOC. 
t h i s  phase can be expected to occur a t  g r e a t e r  tenpera tures  and pressures  cannot 
be answered a t  t he  present  t ine .  

The character of t h e  d x e d  
Random mixed l aye r ing  g ives  way t o  an a l l e -  

S tudies  by Velde (1969) of 

Figure 22 from Velde (1977) shows the  phases 

Velde (1977) prepared a depth- temperature p l o t  o f  n a t u r a l  

It i s  c l e a r  from the da ta  a v a i l a b l e  t o  d a t e  t h a t  mixed-layer i l l i t e /  

Whether o r  not  
, 

Trioctahedral  smectites andlor  mixed-layer t r i o c t a h e d r a l  s m e c t i t e / c h l o r i t e  
a re  repor ted  i n  rocks t h a t  have undergone heat ing  at  depth. Closer examination of 
f i n e  grained Mg-rich metamorphic rocks may show t h a t  t h i s  occurrence is not  at  a l l  
unique. 
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MCHANICAL PROPERTIES OF CLAYS UNDER HIGH PRESSURES 

Knowing t h a t  gouges have a high proport ion of clays and such clays can 

Although the  behavior of c l ays  under 
e x i s t  a t  depths of up t o  perhaps 12  km, i t  is l o g i c a l  t o  f i n d  out  t h e  p roper t i e s  
of conponent clays under high pressures.  
d i f f e r e n t i a l  stresses are of g r e a t  importance i n  s o i l  mechanics, most of t h e  
tests a r e  performed under a few b a r s  o f  confining pressures  under drained or un- 
drained condit ions.  
(1976) and Shimamoto (1977) with clays sandwiched i n  between surfaces i n  tri- 
axial experiments. They found a d r a s t i c  lowering of f r i c t i o n a l  s t r e n g t h  with 
m n t m r i l l o n i t e  and vermicul i te  gouge i n  p a r t i c u l a r .  I n  Sumners and Byerlee's 
(1976) and Shimamoto's (1977) experiments w i t h  many types of simulated gouge, 
the  s t r e n g t h  was determined by t h e  gouge-rock contact .  For t h e  clay gouge i n  
Summers and Byerlee's experiments,  i t  is poss ib le  t h a t  t h e  clay water is ac tua l ly  
under p a r t i a l l y  drained condi t ion ,  as t h e  water i n  t h e  c lay  can escape i n t o  t h e  
surrounding rock. 

Recently experiments were performed by Summers and Byerlee 

Since gouge is o f t e n  massive enough such that  t h e  p r o p e r t i e s  of  whole cla 

The sanp les  a r e  prepared from clay powder by p lac ing  pouch 

are important i n  determining t h e  behavior of the faul t .  For t h i s  reason we are 
performing experiments on c y l i n d r i c a l  sanples  of c l ays  without  rock plugs under 
undrained condi t ions .  
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clay i s  hard enough t h a t  it can be machined with ease.  S imi la r  t o  experiments i n  
s o i l  mechanics, t h e  c lay  samples so prepared can underqo l a r g e  s t r a i n  b u t  are 

t 
still  able  t o  bear  stres; q u i t e  o f t e n  an experiment i s- terminated  because the  
ava i l ab le  t r a v e l  of t h e  p i s ton  is used up, r a t h e r  than because t h e  sample has 10s 
s t r e n g t h  completely. 
e t  a l .  (1979a, 1979b). 

Details of t h e  experiment are described i n  papers by Wang 

Figure 8 shows three examples o f  stress-strain curves f o r  montmorillonite.  
r ep resen t s  axial s t r a i n  as sensed by f o i l  s t r a i n  gages a t tached 

Notice the  c lose  agreement of t h8se  two values when E. 

I n  the  f igu res ,  E 

t o  the  cy l ind r i ca f  wall of the  sanple ,  E 

gages. 
15 percent;  when 

is t h a t  conputed from external displacement 
is less than about 

exceeds 15 percent ,  t h e  gage may be a f f e c k d  by excessive 
, 

\e f r i c t i o n a l  s t r e n g t h  o f  s l i d i n g  along t h i s  zone. 
, i n  s a t u r a t i o n ,  the b a r r i e r  f o r  gra in  r o t a t i o n  is e s s e n t i a l l y  rei 
lual s t r e n g t h  f o r  t h e  two states are found i n  s o i l  mechanics t o  bi 
\able. Both t h e  r e s i d u a l  or "ultimate" s t r e n g t h  and t he  peak stri 
Ly t o  be of interest i n  t h e  f au l t  zone if t h e  gouge con t ro l s  t h e  

Under normal 

._ ^ I._^ . . - A  ------ ^__..^--I. ._ -&- - I . . : -_  I.-*---b.--.I L +I 

Figures CY snow clear p e a  screngcns ana wicn rurcner scram, r e s i o u a i  
s t r eng th .  
As consolidat ion refers t o  the  decrease of pore f l u i d  under confining pressure the  
mater ia l  is undersaturated or t h a t  t h e  effective stress is higher  than a s a t u r a t e d  
c lay  under t h e  same condit ion.  The explanat ion o f fe red  i n  s o i l  mechanics f o r  such 
phenomenon is t h a t  a f t e r  peak s t r e n g t h  is reached t h e  grains i n  a ce r ta in  region 
gradually r o t a t e  t o  follow t h e  same general  d i r e c t i o n ,  and t h e  r e s i d u a l  s t r e n g t h  
i s  t t  consolidat ion,  
i.e.. moved. The 
resic e i n d i s t i n -  
9' 

a: 

The curves resenble those f o r  overconsolidated clay i n  s o i l  mechanics. 

l j  r y  

S I  

list ength a r e  
.kel f a u l t  behavio 
i thc: guuyt: 1 1 6 5  cuiucryuiir: ~ : X L ~ : I I U V ~ :  ~ L L - U I L I K J  UGI ukc:IL6llu, I I U W C V G K ,  bhe s l i p p i n g  
i r faces  do not have uniform or i en ta t ion .  
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11. 

The montmorillonite r e s u l t s  a re  q u i t e  remarkable i n  t h a t  the  peak 
s t r e n g t h  v a r i e s  only s l i g h t l y  with confining pressure  e s p e c i a l l y  f o r  (I 
as summarized i n  Figure 9. 
pore space,  and t h e  rise i n  pore pressure  o f  t h e  water, the re fo re  the  near  
constancy o f  effective stress. 
only 0.25 t o  0.35 kb and are much smaller than those needed t o  a c t i v a t e  a s t i c k -  
s l i p  wi th  rock-on-rock con tac t  (Byerlee, 1978), or s t i c k - s l i p  experiments w i th  
t h i n  c l ay  gouge l a y e r s  (Summers and Byerlee, 1976). The r e s i d u a l  shea r  s t r e n g t h  
is even smaller. Wang e t  a l .  (1979b) have a l s o  shown that i l l i t e ,  k a o l i n i t e  and 
c h l o r i t e  are somewhat s t ronger ,  o f  the  o r d e r  0.6-0.9 kb. 

z 3 kb 
This  phenomenon may be r e l a t e d  t o  t h e  c losfng  o r  

The maximum shear s t r e n g t h s  i n  t h i s  case  are 

I Fur ther  tests a r e  a n t i c i p a t e d  t o  i n v e s t i g a t e  t' . ^- " 

pressure ,  mineralogy, and temperature. 
I 

I DISCUSSION 

The formation o f  f a u l t  zones could involve s e v e r a l  processes. 
s e c t i o n ,  we s h a l l  provide a conceptual  sequence o f  t h e  even t s  i n  a f a u l t  zone 
based on f i e l d  observat ions,  rock mechanics, and i n t u i t i o n .  Only the  shallow 
p a r t ,  i .e . ,  above 12 t o  15 km, of t h e  zone concerns us here,  assuming t h a t  flow 
rather than  sudden s l i p s  is t ak ing  place below t h e  l e v e l  of 12 t o  15 km (Sibson, 
1977). 

I n  t h i s  

Major f a u l t  zones probably form by jo in ing  lesser weaknesses. As a 
r e s u l t ,  the f a u l t  is l i k e l y  t o  be i r r e g u l a r  i n  shape t o  s t a r t  with. 
i r r e g u l a r i t i e s  or  a s p e r i t i e s  w i l l  be broken o f f  first, as t h e  stress concentrat ion 
there w i l l  be high; t h e  broken rock w i l l  be caught up i n  the  f a u l t  zone, and be  
f u r t h e r  reduced i n  s i z e  as displacement along t h e  f a u l t  continues.  The amount 
of t h e  i n t r a f a u l t  ma te r i a l s  should t h u s  be r e l a t e d  t o  the  volume o f  a s p e r i t i e s  
broken o f f .  
a rea ,  these may have movements on them i n i t i a l l y ,  u n t i l  a dominant fault forms, 
then t he  act ivi t ies on these subs id ia ry  f a u l t s  would decrease. 

The smal l e r  

There may also be  s e v e r a l  p a r a l l e l  or  s u b p a r a l l e l  weaknesses i n  the  

Although the l a r g e r  a s p e r i t i e s  may las t  f o r  a time, repeated loading and 
r a p i d  unloading and t h e  stress concent ra t ions  on them may cause the  formation of 
new j o i n t s .  
t h e  wall t o  go i n t o  the f a u l t  zone. 
f a u l t  and t h e  f a u l t  zone itself would form an e x c e l l e n t  water conduit as well a s  
rese r voi r . 

Jo in ted  blocks near the f a u l t  zone could  e a s i l y  be  "plucked" from 
The jo in ted  rocks i n  the  v i c i n i t y  o f  t he  

The f i n e l y  ground r o b s  have increased  free energy and w i l l  soon be  a b l e  
t o  t ransform t o  new minerals t h a t  are cons i s t en t  wi th  t h e  l o c a l  T, P condi t ions ,  
pH of pore f l u i d  and o v e r a l l  chemistry. 
of various kinds. The l a r g e  blocks caught up i n  the f a u l t  zone may a l s o  be 
a l t e r e d  t o  some ex ten t .  

These are most probably c lay  minerals 

The f a u l t  zone r e s u l t e d  from t h e  processes described above is a complex 
system w i t h  subsidiary f a u l t s  and d e n s e l y  j o i n t e d  rocks nea r ly ,  a heterogeneous 
mixture of f a u l t  zone materials and t h e  zone varies i n  width from place  t o  place.  
Water may move a r o w d  t h e  f a u l t  zone under the  inf luence  of the  s tress- induced 
pressure  g rad ien t s  and continuous r eac t ion  o f  water wi th  t h e  fau l t  breccia w i l l  
f u r t h e r  a l t e r  the mineralogy of the  f a u l t  zone. 
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Based on available t r iaxla l  clay zesc aata a e s c r i o e a  I n  t n i s  r e p o r t ,  
we e x p e c t  t h a t  a f a u l t  zone r i c h  i n  expandable  c l a y s  would have a s h e a r  s t r e n g t h  
of abou t  200 b a r s .  With o t h e r  clays, t h e  s t r e n g t h  w i l l  be i n  t h e  range of 600- 
1000 b a r s .  
i n p o r t a n t  f a c t o r s  i n  t h e  mechanical  p r o p e r t i e s  o f  c l a y s .  If h i g h e r  temperature 
w i l l  weaken t h e  c l a y s  o r  even l e a d  t o  dehydra t ion ,  t h e n  t h e  numbers mentioned w i l l  
be lowered cor responding ly .  
t e n p e r a t u r e  and t h e  r e h y d r a t i o n  of c l a y s .  

We s h o u l d  h a s t e n  t o  add h e r e  t h a t  t e m p e r a t u r e  is one of t h e  most 

The problem t h e n  i n v o l v e s  the mechanisms f o r  r a i s i n g  

Curvature c o u l d  e v i d e n t l y  cause s t r e n g t h  v a r i a t i o n  i n  t h e  f a u l t  zone as . If we have two a s p e r i t i e s  approaching e a c h  o t h e r  ( F i g u r e  l o ) ,  then  t h e  . . -  .. ... . I ~ ~I ~ ~~~~~3 L L ~ . . . ~ ~ L  
well 
f au l t  zone materials or even  t n e  a s p e r i n e s  may nave t o  oe s n e a r e a  zrirougri n e w  
p l a n e s  b e f o r e  t h e  fau l t  can move w i t h  enough d i sp lacement  t o  relieve t h e  accumulated 
s t ra in .  

t 
p o i n t  h a s  t o  y i e l d  b e f o r e  su f f i c i en t  d i sp lacement  can be  ach ieved .  
hand, i f  t h e  motion a t  t h e  weaker p o i n t s  w i l l  cause t h e  s t r o n g e s t  p o i n -  _ _  
a large e a r t h q u a k e  can also result from it. 

It is often wondered whether  t h e  s t r o n g e s t  p o i n t  o r  t h e  weake: 

On 
t h e  s t a r t i n g  p o i n t ,  t h e  hypocen te r ,  o f  a large ear thquake .  Obviously ,  

jt w i l l  be  
t h e  s t r o n g e s '  
t h e  o t h e r  
t t n  v i e l d .  

With t h e  s t r e n g t h  d i f f e r e n c e s  a t  d i f f e r e n t  p o i n t s  i n  t h e  f a u l t  zone, t h e  
s t ra in  f i e l d  w i l l  n o t  be  uniform after a major  d i sp lacement  event. 
un i fo rmi ty  and t h e  t ime-dependent b e h a v i o r  o f  t h e  materials w i l l  t h e n  create 
a f t e r s h o c k s .  

Such non- 

CONCLUSION 

Clay gouge h a s  been found i n  f au l t  zones o f  ve ry  d i f f e r e n t  ages and a t  
d i f f e r e n t  d e p t h s  down t o  a d e p t h  o f  2 km. 
s t u d i e s ,  we can e x p e c t  t h e  gouge c l a y s  t o  be  able t o  e x i s t  up t o  t e n p e r a t u r e s  
around 400OC f o r  several d i o c t a h e d r a l  c l a y s  and t o  800OC f o r  expandable  t r i o c t a -  
h e d r a l  c l a y s :  t h e s e  t e m e r a t u r e s  cor respond  t o  dep ths  t o  15km o r  deeper .  

Based on a v a i l a b l e  clay s t a b i l i t y  

Clays  are q u i t e  weak mechan ica l ly ,  i f  t h e y  do exist extensively i n  mature 
f a u l t  zones, t h e n  we would e x p e c t  low (-  hundreds  of b a r s )  s h e a r  stresses i n  
fau l t ing .  
h i g h e r  temperatures, t h e  s t r e n g t h s  of c l a y s  can be  lowered c o n s i d e r a b l y .  

For  m n t m o r i l l o n i t e ,  t h e  s h e a r  s t r e n g t h  i s  as low as 200 b a r s .  With 
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Table 1. Wall Rock and Fau l t  Zone Mineralogy of Adirondacks Faults 

Schroon River Fau l t  

Meta-anorthosi t e  

plagioclase 

(andesine-bligocl ase) 
p a r t l y  s e r i c i t i z e d  

hornblende 

orthopyroxene [trace) 

apa t i t e  (trace) 

b i o t i t e  

Charnockitic Grani t ic  Gneiss 

quartz 

plagioclase (andesine) 70- 
80% 

microcl ine-perth 

hornblende 

opaques 

apa t i t e  

b i o t i t e  

z i rcon 

c h l o r i t e  

s e r i c i  t e  

c a l c i t e  

garnet 
d 

Wall  Rocks and t h e i r  Mineralogy 

1-87 Faul t  

Dolomi t e  

Metagri 

quartz 

plagioclase (01 igoclase) 

microc l ine 

hornblende 

b i o t i t e  

garnet 

c h l o r i t e  

z i rcon 

apa t i t e  

- 
- 

60- 
7 0% 

Fau l t  Zone 

A l te ra t ion  Mineralogy 

hornblende -+ ch lo r i t e  

b i o t i t e  -+ c h l o r i t e  

garnet -+ ch lo r i t e  

plagioclase -+ s e r i c i t e  

-+ c a l c i t e  + qtz  

+ c h l o r i t e  

- + s t i l  pnomel ene 



I T a b l e  2 

P e r c e n t a g e s  o f  C l a y  M i n e r a l s  i n  Deep M i n e s  I n  I d a h o  

% C h l o r i t e  % I l l i t e  % M o n t m o r i l l o n i t e  

O s b u r n  F a u l t  ( 2 1  S a m p l e s ;  1 3  Gouges  & 8 R o c k s )  

Gouge 

Rock 

Gouge 

Rock 

Gouge 

Rock 

Gouge 

Rock 

1 0 . 4 6  f 1 0 . 8 6  8 4 . 0 8  + 8.17 

6 . 2 5  + 8 . 1 7  93 .75  + 8.17 

- - 
- - 

P o l a r i s  F a u l t  ( 2 3  S a m p l e s ;  

+ 7 . 1 3  

8 .42  + 3 .23  91.57 + 3.23 

- 1 4 . 0  + 7 . 1 3  8 6  - 
- - 

Cate  F a u l t  (15  S a m p l e s ;  1 0  

70.9 + 8 .25  23 .90  + 
1 1 . 6 0  + 5 .03  84.4 + 8 .29  

- - 
- - 

S i l v e r  S y n d i c a t e  F a u l t  (13 

2 0 . 7 1  + 8.14 73.29 + 9.8 

1 5 . 6 7  + 1 0 . 2 5  8 4 . 3 3  +10.25 

- - 
- - 

5 . 4 6  - + 4 .50  

0 

10 Gouges  & 1 3  R o c k s )  

0 

0 

Gouges  & 5 R o c k s )  

4 . 3 0  - -I- 2 . 5 0  

2+0 - 
S a m p l e s ;  7 Gouges  6 6 R o c k s )  

4 . 5  + 4.35 

0 

- 

, M o r n i n g  - I n d e p e n d e n c e  F a u l t  ( 1 6  S a m p l e s ;  1 4  Gouges  & 2 R o c k s )  

1 8 . 7 8  + 1'5 1 - Gouge 32 .07  + 1 9 . 7 0  48 .85  +21 .90  - - 
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Sample 

TP 1 

T p 2  

TP 3 

TP 4 

T p 5  

TP 6 

TP 7 

TP 8 

% Kaolinite 
and/or Chlorite 

22 

0 

0 

19 

22 

0 

0 

0 

% I l l i t e  

0 

0 

0 

0 

22 

0 

0 

0 

% Montmorillonite 
& Mixed Layer 

78 

100 

100 

81 

56 

100 

100 

100 
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12 5 5 4 31 22 38 2.29 

2 75 8 4 39 25 24 2.53 

530 23 

5 75 19 

18 31 28 0 2.38 

21 15 19 26 2.41 

620 20 26 29 23 2 2.46 

650 1 8  30 27 20 5 2.41 

740 1 2  23 15 19 31 2.39 

800 15  31 20 32 2 2.48 

875 19 20 11 2 1  29 2.51 I 905 27 26 18 15 14 2.49 

TABLE 4 

Densi t ies  and c lay  compositions of t h e  less than 2 microns 
f r a c t i o n s  of gouge samples. 
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b Pressure 
emp , O C  

230 

400 

350-450 

300-500 

430 

550 

800 

400 

430 

7 8 0  

800 
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I F i g u r e  Cap1 

I 

F i g u r e  1. F a u l t s  i n  s o u t h e a s t e r n  Adj 

F i g u r e  2.  Breccia s u r r o u n d e d  by gou! 
( f r o m  F a r r a r ,  1 9 7 6 ) .  

F i g u r e  3. a - -  u n f a u l t e d  a n d  u n a l t e i  
( c r o s s e d  n i c o l s ) .  

b -- F e r r o m a g n e s i u m  m i n e r ;  
t o  c h l o r i t e .  C h l o r i l  
t h e  h o r i z o n t a l  a x i s  ( 

d i r e c t i o n  a l s o  i s  t h e  p r e r e r r e a  a i r e c c i o n  O T  cne  
l o n g  axes  o f  minera l  g r a i n s  ( c r o s s e d  n i c o l s ) .  

A p p e a r s  a s  d a r k  g r e e n  f i n e - g r a i n e d  r o c k .  Some q u a r t z  
a n d  p l a g i o c l a s e  a p p e a r  a s  we l l  r o u n d e d  o r  s u b a n g u l a r  
g r a i n s .  

c --  C h l o r i t e  i s  t h e  p r e d o m i n a n t  m i n e r a l  i n  t h i s  " gouge .  I 1  

F i g u r e  4. A n g u l a r  d o l o m i t e  b r e c c i a  ( e d g e  marked  by x 
f i n e  g r a i n e d  m a t r i x  o f  d o l o m i t e ,  q u a r t z  a n  

F i g u r e  5. M a j o r  f a u l t s  i n  t h e  C o e u r  d ' A l e u e  d i s t r i c t  
(Hobbs  e t  a l ,  1 9 6 5 ) .  

F i g u r e  6.  I n t e r n a l  s t ructures  o f  P o l a r i s  f a u l t  a t  t h  
i n  t h e  G a l e n a  m i n e  o f  C o e u r  d ' A l e u e  d i s t r i  

) embedded i n  a 
d p l a g i o c l a s e .  

o f  n o r t h e r n  I d a h o  

pee d e p t h  l e v e l s  
c t  i n  n o r t h e r n  I d a h o .  

F i g u r e  7. Maps o f  d i f f e r e n t  s e c t i o n s  o f  t h e  San  A n d r e a s  f a u l t  z o n e ;  
t h e  l o c a t i o n s  o f  t h e  s e c t i o n s  a r e  shown i n  t h e  i n d e x  map. 
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Galena Mine- Polaris Fault 
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Figure 6 
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