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SUMMARY OF DISCUSSION ON PAPERS CONCERNED WITH 

FAULT GEOMETRY, ESPECIALLY INVOLVING OBSERVATIONS I N  

THE UPPER OR BRITTLE PORTION OF THE CRUST 

By A r t  McCarr 

Generally, papers i n  th i s  conference were presented i n  order of the depth 
a t  which the observations were made w i t h  the  first day being devoted largely 
t o  papers concerned with analyses of f a u l t s  i n  the upper 10 lan, or so. 
first sc i en t i f i c  controversy, probably the resu l t  of resentment associated 
with t h i s  ordering, came t o  a head when some of the Precambrian geologists 
suggested tha t  s u r f i c i a l  evidence of fau l t ing  may have l i t t l e  relevance t o  
what goes on a t  depth, t h e  implication being tha t  deep-seated processes are 
all-important. The people who studied shear zones i n  Precambrian t e r r a in s  
seemed t o  f e e l  t ha t  the  conference should have worked its way from t h e  bottom 
upward. Shear zones i n  the  lower crust ,  it was suggested, are  much simpler 
than the very complex rupture patterns described by Bonilla i n  h i s  
comprehensive survey of observations of h i s to r i c  surface fault ing.  

The 

The Precambrian geologists'  case foundered on both pract ical  and 
s c i e n t i f i c  grounds. 
f a u l t  patterns t o  possible damage t o  engineering s t ructures .  
reinforced during t h e  f i e l d  t r i p  following t h e  conference when we observed 
damage t o  the  foundation of a house due t o  surface cracks associated w i t h  the 
recent earthquake near Landers. 

There was no argunent about the  relevance of surface 
Th i s  point was 

Regarding t h e  s c i e n t i f i c  relevance of surface rupture patterns,  Wallace, 
Bonilla and others argued t h a t  the large sca le  of many of the  complications i n  
f a u l t  geometry was good evidence for t h e i r  downward continuation t o  
substant ia l  depths. Aftershock hypocentral d i s t r ibu t ions ,  presented by Hanks 
and Bonilla, tend to  support t h i s  conclusion. Unfortunately, there is l i t t l e  
d i rec t  evidence about the nature of the continuation of f a u l t s  i n  s u r f i c i a l  
sediments downward in to  harder rock. Bonilla mentioned one such comparison ' 

for  the 1930 North Zu, Japan, earthquake for  which fauting was observed a t  the  
surface and i n  a ra i l road  tunnel a t  a depth of 160 m; the horizontal ccmponent 
of s l i p  i n  t he  tunnel was more than twice tha t  observed a t  the surface. 

Ramsey pointed out some mechanical d i f f i c u l t i e s  associated w i t h  
extrapolating sme of the complex surface patterns of faul t ing,  described by 
Bonilla, t o  depth. From the following discussion and from some of the other 
papers, however, there  seem t o  be several  ways out of the  d i f f i cu l t i e s .  
F i r s t ,  the  time sequence of the  faul t ing is not known. For example, Sibson 
mentioned tha t  one of the scarps observed following the 1970 Cediz, Turkey, 
earthquake may have increased i n  height a f t e r  the main shock and Bonilla 
suggested tha t  the  scarp might have been associated w i t h  a large aftershock 
two hours l a t e r .  
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A second way ou t  of t h e  mechanical d i f f i c u l t i e s  of complex surface 
p a t t e r n s  is connected w i t h  the observat ions presented by Wallace and Morris t o  
t h e  effect t h a t  f a u l t s  show a considerable v a r i a t i o n  i n  o r i e n t a t i o n  wi th  
depth. 
t h e  su r face  cannot be ext rapola ted  w i t h  any c e r t a i n t y  t o  s u b s t a n t i a l  depths. 
Thus, t h e r e  is l i t t l e  poin t  i n  being concerned about mechanical d i f f i c u l t i e s  
a t  depth based only on surface evidence. 

f a u l t i n g  by noting t h a t  f au l t s  are r a r e l y ,  if ever ,  observed t o  occur i n  
conjugate sets. 
Although t h i s  poin t  was accepted by most of t h e  conference p a r t i c i p a n t s ,  t h e r e  
was t h e  feeling t h a t  perhaps t h i s  was not a very profound problem. 
major f a u l t  forms the stress ana lys i s  of Anderson's theory breaks down because 
t h e  stress f i e l d  to  cause f u r t h e r  f a u l t i n g  is no longer homogeneous. Thus, t o  
pursue t h e  geometrical  impl ica t ions  of synchronous conjugate shear  f a i l u r e ,  as 
Ramsey d id ,  seemed l i k e  a p o i n t l e s s  exercise. 

From their  evidence it is clear t h a t  d i p s ,  f o r  example, measured a t  

On a more fundamental level Ramsey a t tacked E. M. Anderson's theory  of 

I n  a given zone f a u l t s  tend t o  be of one sense  only. 

Once a 

En echelon p a t t e r n s  of f a u l t  s t r a n d s  received considerable a t t e n t i o n  
because they are such a comon feature of f a u l t  zones on scales up t o  10 lan, 
o r  so. On a small scale Sharp showed how s t r i k e- s l i p  su r face  crack p a t t e r n s  
s impl i fy  with depth. 
a simpler  throughgoing fau l t .  
r e l a t e d  t o  t h e  fact t h a t  most earthquakes are t h e  r e s u l t  o f  motion on 
pre- exis t ing  f a u l t s  t h a t  serve  t o  channel t h e  shear failure and i n h i b i t  en 
echelon o f f s e t s  and o the r  complexities.  Near t h e  surface, however, t h e  
sediments are mechanically homogeneous e i t h e r  because they were depos i t ied  
since t h e  previous f a u l t i n g  episode o r  because o f  healing due t o  weathering 
processes. The complexity, then, is t h e  r e s u l t  of f r a c t u r e  occurr ing i n  
previously in tac t  material. This s i t u a t i o n  is s u r p r i s i n g l y  s i m i l a r  t o  one 
described by McGarr e t  al. involving shea r  zones induced by mining gold. 
both cases t h e  f r a c t u r e s  break previously i n t a c t  sediment and form highly  
similar p a t t e r n s  of en echelon seeplents. 

En echelon o f f s e t s  a t  the surface  converge downward i n t o  
The mechanism of t h e  downward s impl i f i ca t ion  is 

I n  

The most i n t e r e s t i n g  f e a t u r e  o f  those  small-scale en echelon segplents, 
whether i n  surf ic ia l  sediments o r  i n  t h e  s t r o n g  br i t t le  q u a r t z i t e s  deep i n  t h e  
Witwatersrand gold mines, is t h e i r  consistent sense of o f f s e t .  
terminology, t h e  o f f s e t  is inva r i ab ly  of t h e  opposi te  sense; t h a t  is, for 
r i g h t  lateral motion t h e  f a u l t  s t e p s  t o  t h e  lef t  and vice versa.  

I n  Sharp's 

On large scales, greater than t h e  depth o f  s u r f i c i a l  weathered sediments, 
en echelon o f f s e t s  of both senses occur wi th  apparently equal frequency. 
l i m i t i n g  s i z e  of t h e  o f f s e t  f au l t  strands may be r e l a t e d  to  the thickness of 
the br i t t le  l a y e r  o f  t h e  crust,  a t  least i n  t h e  v i c i n i t y  of the  San Andreas 
f a u l t  according t o  Wallace, who drew a diagram showing the s i z e  d i s t r i b u t i o n  
of f a u l t  s t rands .  

The 

On t h e  general theme of f a u l t  zone complexity, t h e  central Ca l i fo rn ia  
"creeping" s e c t i o n  of t h e  San Andreas presents  a r e l a t i v e l y  simple appearance 
compared t o  the f a u l t  system i n  southern and northern Ca l i fo rn ia  according t o  
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the se i smic i ty  data presented by Hanks. 
is l a r g e l y  c l o s e  t o  well- established f a u l t  planes rather than being very 
r eg iona l ly  d i s t r i b u t e d  as it is t o  the nor th  and south. 
exception of c e n t r a l  Ca l i fo rn ia ,  however, most of t h e  se i smic i ty  evidence 
argues f o r  considerable complexity. I n  p a r t i c u l a r ,  p rec i se  af te rshock 
l o c a t i o n s  gene ra l ly  suggest s t r a i n  release d i s t r i b u t e d  throughout a volume. 
Hanks a l s o  made t h e  unorthodox poin t  t h a t  af tershock d i s t r i b u t i o n s  may gross ly  
overest imate t h e  source dimensions. 

I n  central Ca l i fo rn ia  the se i smic i ty  

With the apparent 

One of t h e  more important t o p i c s  of the conference was f a u l t  zone width 
and its dependence on depth and displacement. 
here appeared t o  favor an inc rease  i n  t h e  width wi th  depth, o r  at  least a 
constant  width. Wallace noted t h a t  i n  central Ca l i fo rn ia  the San Andreas 
f a u l t  zone width ,  as measured a t  the su r face ,  is about 2 !a f o r  a t o t a l  
displacement of 200 km, o r  so. 
are wider and c o n s i s t  of more s t r a n d s  than i n  young sediments. 
da ta  f o r  California reviewed by Hanks is genera l ly  cons i s t en t  with broad f a u l t  
systems at  depth r a t h e r  than narrow planes. McGarr et  al. presented evidence 
suggest ing t h a t  s h e a r  zones increase i n  width with increas ing  confining 
pressure o r ,  equivalent ly ,  depth. One impl ica t ion  of s train sof tening  limits 
leading t o  f lat- topped s t r a i n  p r o f i l e s  across  deep shear zones, discussed by 
Ramsey, is t h a t  these  zones must broaden w i t h  progressive shear  deformation 
i n t o  very wide zones. I n  t h e  Mina region o f  Nevada, and probably throughout 
t h e  Great Basin t h e  b r i t t l e  near- surface f au l t s  ramify downward i n t o  brpader 
shear  zones, according t o  Speed. 
broadening is the d i s t r i b u t i o n  of earthquake f o c i  and t h e  effect is 
p a r t i c u l a r l y  marked i n  t h e  western Mina region where t h e  o r i en ta t ion  of 
west-striking f au l t s  appears t o  be cont ro l led  by a s t rong pre- exist ing 
anisotropy. 
extent  t h a t  it is not poss ib le  f o r  s t r a i n  energy t o  accumulate t o  t h e  extent 
necessary f o r  a large earthquake. 

Most of the evidence presented 

Sharp s a i d  tha t  i n  o ld  t e r r a i n s  f a u l t  zones 
Seismici ty 

-- 

The primary evidence f o r  t h i s  downward 

Here t h e  shear  deformation a t  depth is broadly d i s t r i b u t e d  t o  t h e  

Another i n t e r e s t i n g  aspect  of t h e  western Mina area which came up i n  the 
discussion is the fact t h a t  t h e  T axis o f  the composite f a u l t  plane s o l u t i o n  
does not coincide w i t h  t h e  extension d i r e c t i o n  in fe r red  by Speed from other  
evidence. This  significant lack of ag remen t  presumably resul ts  from t h e  
s t rong  con t ro l  on f a u l t  o r i e n t a t i o n  due t o  the anisotropy generated during a 
p l a t e  c o l l i s i o n  i n  pre-Cretaceous times. 

Fau l t  gouge and o the r  products of shear zones d id  not  receive a l o t  of 

F i r s t ,  shear zones t h a t  form i n  t h e  deep c r u s t  d i f f e r  
d iscuss ion  during the first day but a few of t h e  more i n t e r e s t i n g  po in t s  
should be mentioned. 
chemically from t h e  wall rock. They tend t o  be r e l a t i v e l y  rich i n  H20 and K 
f e ldspa r  according t o  Ramsey. Bridgewater mentioned t h a t  ad jacent  shear  zones 
may show d i f f e r e n t  chemistries and Watterson elaborated on t h i s  by remarking 
t h a t  even small zones not connected t o  t h e  "general plumbing" show such 
d i f ferences .  

On a shallower l e v e l  (depthwise, that  i s )  Wallace and Morris emphasized 
t h e  weakness o f  c l a y  gouges observed i n  mines. 
problem i n  t r y i n g  t o  expla in  mechanisms for f a u l t  zone growth. Morris' 
descr ip t ion  of f a u l t  gouge t h a t  formed at  a depth of 18 lan i n  Utah drew a 
surpr ised  r eac t ion  from t h e  conference pa r t i c ipan t s .  

This  observat ion presents  a 
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Summary of Discussion on Kohlstedt's, Weathers', and Etheridge's hprs 
by David Kohlstedt 

A l l  three papers emphasized the marked correlations between (1) d i f f e ren t i a l  
s t r e s s  and dislocation density and (2) d i f f e ren t i a l  stress and grain s i ze  observed 
i n  laboratory high-temperature, p l a s t i c  deformtion experiments. 
these paleopiezometers t o  a specFfic fault zone t o  estimate the stress leve l  
during p la s t i c  deformatim. 

Each applied 

The discussion emphasized questions related t o  applying these laboratory 
derived relat ions t o  problems involving geologic times (Bridgewater), 
people were concerned about 
t i o n  event o r  of erasure during a late static annealing event. 
raised the point t h a t  water, which is believed t o  weaken many minerals, may change 
the stress - grain s i z e  re la t ion ,  

Several 
problems of overprinting during a secondary deform- 

Also, Etheridge 

The following responses were made: (1) The dis locat ion density and grain s i z e  
i n  stready s t a t e  are established i n  response to forces (stresses), only the  kinet ics  
of reaching steady state should be influenced by going to geologic s t r a i n  ra tes  
and temperatures; i e .  there  should be no problem i n  going f r o m  laboratgry t o  geologic 
times. 
and that  estimated from gra in  s i z e  i n  many ol ivine r i ch  rocks supports t h i s  
argument, 
setting i n  detail  (see the systematic behavior observed i n  the Moine thrus t  zone 
discussed by Kohlstedt). 
k inet ics  of recrystal l iza3ion are much more sluggish that those of dislocation 
motion. In  f a c t ,  two events can often be clear ly  ident i f ied.  This problem of 
unraveling complex deformation events will be eas ie r  t o  approach once systematic 
s t r e s s  change and s t a t i c  anneal experiments a r e  i n  hand. 
water on recrystal l ized grain s i z e  is apparently up f o r  grabs. Etheridege used 
f i e l d  observations to argue that water has a major e f fec t  on the  s t r e s s  - grain 
s i z e  re la t ion.  
the process. If water is t o  affect t h e  steady state grain s i z e ,  it m u s t  have a 
major influence on the grain boundary energy. Again, t h i s  area is r i p e  f o r  the  
experimentalists. 

The good agreement between the s t r e s s  estimated from dislocation density 

(2) To s o r t  out secondary events, it is often useful t o  know the geologic 

Often two sequencial events can be recognized because the  

(3) The ro l e  of 

Kohlstedt suggested that water only influences the  kinet ics  of 

It is important to point out  here that the reported stress - microstructure 
re la t ions are based on very few experiments. 
qui te  Clear and are supported by an extensive materials science l i t e r a t u r e ,  
additional experimental work is essent ia l .  Numerous questions can be raised as 
t o  the  importance of elemental and second phase impurities, par t iculazly  on the 
steady s t a t e  grain s ize ,  and concerning the microstructures developed during 
complex deformation events. 

While the  basic trends seem 

Yet, it is excit ing t o  note that several  f ie ld  geologist expressed in t e re s t  
i n  applying t h i s  new technique t o  evaluate the stress levels  during f au l t i ng  i n  
a var ie ty  of fault zones. 
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Comments on Talks by Watterson, Sibson, and Logan 

by T. Engelder 

The Tuesday afternoon and evening sessions consisted of three oapers 
with different themes: Watterson on depth crustal shear zones; Sibson 
on the similarities and differences between the Outer Hebrides and Alpine 
fault zones; and Logan on experimentally generated shear zones. 

Watterson's main message concerning the deeply eroded terrain of Green- 

These highly deformed shear 
land was that in Precambrian basement the rocks with the simplest struc- 
tures are those that are mst highly deformed. 
zones formed at depths of 20 km or more are not always symmetrical. 
shear zones have sharp boundaries with less deformed rock. 
changes within the shear zones include the re-orientation and flattening 
of structures causing the structures to appear streaked out. 
setting of the Precambrian shear zones in Greenland were compared with 
Asian tectonics of today. 

Some 
Structural 

The tectonic 

Major discussion of Watterson's paper included questions concerning the 
distribution of shear strain profiles across a shear zone where y > 6 is 
difficult to measure. Models for variation in strain rate and stress across 
the shear zone seems open to question. 
anisms of deformation in the shear zones. 

Other questions concerned the mech- 

Sibson's treatment of the Outer Hebrides thrust showed several rock types 
including zones of pseudotachylite, ultracataclasite, phyllonite and mylonite. 
Many of these same lithologies can be found along the Alpine fault in New 
Zealand. 
tachylite pervaded the Alpine fault zone whereas it is restricted to the 
lower part of the Outer Hebrides thrust which may have been dry at the time 
of faulting. 
Alpine fault whereas water played an important role in the formation of the 
mylonites along the Outer Hebrides thrust. 

When contrasting the fault zones Sibson pointed out that pseudo- 

Likewise the mylonites formed under dry conditions along the 

Major discussion centered on the role of thermal shock in forming pseudo- 
tachylites versus shear strain melting. Other questions concerned the signi- 
ficance of the metamorphic zonation next to the Alpine fault and its relation 
to shear strain heating along the fault zone. 

Logan's discussion focused on the frictional data generated in laboratory 

Both monominerals and 
Of the various petrographic studies one 

analogues of fault zones. 
tional properties of gouges with various mineralogies. 
bimineralic gouges have been tested. 
of the most fruitful appears to be calcite gouges deformed in a suite of 
experiments through the brittle-ductile transition for calcite. 
tile field calcite gouges resemblenatural shear zones of the type that Ramsey 
and Watterson describe. 

His lab experiments include studies of the fric- 

In the duc- 

Discussion of Logan's paper focused on the mechanisms for stick-slip slid- 
ing within some shear zones. 
tion of shear strain within the calcite gouge with actual slip measured during 
the experiment. 

Another questionconcerned the possible correla- 
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SUMMARY OF DISCUSSION, PAPERS 20 t o  23 - M. A. ETHERIDGE 

20.) "Chemistry and Mineralogy of deep-seated movement zones (Nagssugtoquidian 
be l t )  i n  Greenland and interpreta t ion of f l u i d  environment." D. BRIDGEWATER. 

This paper described the chemical changes accompanying deformation i n  some 
deep-seated shear zones, and showed how they may be used t o  constrain the physical 
and chemical properties of the  f l u i d  phase introduced during deformation. 
case, the f l u i d  m u s t  have been acidic  and strongly oxidizing, and probably w a s  of 
high sa l in i ty .  The most surprising aspect of the chemical data  w a s  the lack of 
evidence f o r  substant ia l  hydration, and the author speculated t h a t  t he  f l u i d  may 
have been Copr ich ,  and may thus have been largely mantle derived. 
the geochemical evidence, the assembled body of s t ruc tu ra l  geologists and geo- 
physicis ts  maintained a largely respectful  (ignorant?) silence!! However, there 
w a s  some discussion (Lambert, Watterson, Etheridge) on the or igin  of the  f l u i d  
phase, with the poss ib i l i t i e s  of a dehydrating lower crus t ,  and downward c i rcu la t-  
ing f lu ids  being spec i f ica l ly  mentioned. 

In t h i s  

In the  face of 

21.) "Field evidence f o r  f l u i d  flow around f a u l t s  : evidence f o r  dilatency 
pumping." R. H. SIBSON. 

Rick Sibson presented two pieces of evidence i n  favour of "dilatency 
pumpin&" associated with faulliing; 
Wolf f a u l t  following a s ign i f ican t  earthquake, and 2) a var ie ty  of d i la t iona l  
s t ructures  associated with f au l t s  i n  very young sediments i n  S.E. Iran. 
Engelder pointed out t ha t  the  amount of water estimated from the White Wolf outflow 
is only a very small f rac t ion  of the expected porosity i n  a reasonable "dilated" 
volume around the fault, t o  which Rick repl ied t h a t  he would expect tha t  only a 
r e l a t i ve ly  small rock volume around the f a u l t  would contribute t o  the  surface out- 
flow. The Iranian s t ructures  are  very impressive, and no su i tab le  a l te rna t ive  
explanation of t h e i r  origin w a s  produced. 

1) t he  water output i n  s t r e w  around the % i t e  

Terry 

22.)  "Deformation and fusion of two f a u l t  plane rocks i n  re la t ion  t o  t h e i r  depth 
of formation : pseudotachylite of the  S i l v r e t t a  nappe (Alps) and hyalomylonite 
of Langtang (Himalaya) ." L. MASCH. 

The concept of very shallow melting at the  base of huge landslides i s  

I t  t ru ly  represents the  high s t r a in ra t e ,  low P-T end of the f a u l t  
facinating,  and adds a new dimension t o  the  interpreta t ion of deeper level  pseudo- 
tachyl i tes .  
zone regime t h a t  extends t o  t he  highest metamorphic grades. 
discussion, apart  from expressions of amazement, although mention w a s  made of two 
possibly re la ted  occurrences of glassy material ,  1) on the margins of caldera 
collapse s t ructures  (Sibson), and 2) on the margins of breccia pipes (Morris). 
However, it w a s  agreed tha t  s ign i f ican t  non- frictional heat sources could have 
contributed t o  melting i n  both these examples. 

There w a s  very l i t t l e  
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3 . )  "Metamorphism, argon deplention, heat flow and stress on the Alpine f au l t  

This paper pointed out very c lear ly  the thermal implications of high 

(New Zealand)!' C. SCHOLZ, J. BEAVAN and T. HANKS. 

tear s t r e s se s  on major f a u l t  zones. 
rguing t h a t  the metamorphic zonation on the  S.E. s ide  of the  Alpine f a u l t  is a 
ssu l t  of shear heating during Mesozoic movement, and calculating the shear 
tress necessary t o  produce the observed thermal e f fec t s .  
rder of 100 MPa are required. 
he wall rocks resulted from shear heating during the most recent movement 
pisode (5 m.y. t o  present). Rick Sibson cast considerable doubt on 1) the  
eological evidence f o r  two discrete  movement episodes, and therefore f o r  sub- 
tantial Mesozoic movement, as well as 2) the precise  geometric relationship 
etween metamorphic isograds and the f a u l t  plane. 
f the argon diffusion data used t o  model the  most recent movement (Evernden, 
ohlstedt) .  
ecessity f o r  more careful  evaluation of possible thermal e f f ec t s  around other 
arge f a u l t  zones. 

This was achieved i n  a reverse fashion by 

Shear stresses of the  
I t  was a lso  suggested tha t  argon depletion i n  

There was a l so  some discussion 

Despite these objections, there  w a s  general agreement on the  

In addition t o  these formal contributions, John Ramsay showed a series 

There is a very obvious tendency f o r  vein minerals t o  be, 
f spectacular photomicrographs of antitaxial fibrous veins i n  low grade meta- 
orphic rocks. 
rec ip i ta ted  on l i ke  phases i n  the  vein wall, and it w a s  pointed out t ha t  t h i s  
as some poten t ia l  implications f o r  classical pressure solution theory. 
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came w i th  t h i s  b e l i e f  already i n  t 

purposes o f  the conference can on1 

i s  t o  demonstrate t o  others t ha t  i 

f a u l t  zone propert ies has t o  be UI 

here w i l l  se t  the s ta te  o f  knowlec 

guidelines as t o  what must be dont 

being generated on t h i s  problem, : 
a f a i l u re .  This area seems t o  be 

t i o n  program t h a t  i t  i s  embarrass, 

Hopefully, the Proceedings w i l l  si 


