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In t roduc t ion  
While i t  is  genera l ly  agreed t h a t  t h e  s t r e n g t h  of a p l ane t ' s  l i t h o s p h e r e  

i s  con t ro l l ed  by a combination of b r i t t l e  s l i d i n g  and d u c t i l e  flow laws, 
p r e d i c t i n g  the  geometry and i n i t i a l  c h a r a c t e r i s t i c s  of f a u l t s  due t o  f a i l u r e  
from s t r e s s e s  imposed on the  l i t h o s p h e r i c  s t r e n g t h  envelope has not  been 
thoroughly explored. I n  t h i s  a b s t r a c t  we w i l l  use  l i t h o s p h e r i c  s t r e n g t h  
envelopes t o  analyze the  ex t ens iona l  f e a t u r e s  found on Ganymede. This  
a p p l i c a t i o n  provides a q u a n t i t a t i v e  means of e s t ima t ing  e a r l y  thermal p r o f i l e s  
on Ganymede, thereby cons t r a in ing  i ts e a r l y  thermal evolut ion.  

. . .  
Extens iona l  Tectonics  on Ganymede 

Ganymede is  t h e t h i r d  and l a r g e s t  of t h e  four  Gal i lean  s a t e l l i t e s .  
Although i t  is  l a r g e r  than  the  p lane t  Mercury, i ts low dens i ty  i n d i c a t e s  it i s  
roughly one-half s i l i c a t e s  and one-half ,water wi th  a g r a v i t a t i o n a l  
a c c e l e r a t i o n  s i m i l a r  t o  t he  moon. About one-half of i t s  su r f ace  is covered by 
low-albedo heavi ly  c r a t e r e d  t e r r a i n  and t h e  o the r  ha l f  by h igher  albedo, l e s s  
c r a t e r e d  grooved t e r r a i n  (1) .  Grooved t e r r a i n  c o n s i s t s  of numerous p a r a l l e l  
s e t s  of narrow l i n e a r  t o  c u r v i l i n e a r  t roughs or  depressions t h a t  s epa ra t e  
var ious  s i z e d  polygons of c r a t e r e d  t e r r a i n .  ~ o s t -  photogeologic evidence 
sugges ts  t h a t  t h e  grooves formed by some ex tens iona l  t e c t o n i c  and r e su r f ac ing  
process involving shal low f looding of wide grabens with high-albedo water i c e  
and subsequent r e f r a c t u r i n g  of t he  i c e  t o  form grooves (1 ,2 ,3 ,4) .  Given t h a t  
t h e  grooved t e r r a i n  probably formed from ex tens iona l  f a u l t i n g  of one-half of 
t h e  su r f ace ,  grooves m y  be a r e s u l t  of p l ane t a ry  expansion. Attempts t o  
e s t ima te  the  amount of expansion suggest t h a t  a maximum of one percent  is  
needed t o  form a l l  t h e  grooved t e r r a i n  (5 ,6 ,7) .  

The l a r g e s t  remnant of c r a t e red  t e r r a i n  on Ganymede is  Ga l i l eo  Regio, 
upon which a we l l  preserved system of a r c u a t e  troughs c a l l e d  rimmed furrows 
can be found. These furrows which mark the  f i r s t  t e c t o n i c  event preserved on 
Ganymede (wel l  before  t h e  beginning of t h e  formation of grooved t e r r a i n )  have 
been i n t e r p r e t e d  a s  grabens (5,8) ,  perhaps r e s u l t i n g  from a l a r g e  impact (8) .  

A number of a t tempts  have been made t o  e s t ima te  t h e  th ickness  of t h e  
l i t h o s p h e r e  from t h e  width o r  spacing of t hese  ex t ens iona l  t e c t o n i c  
f e a t u r e s .  To f i r s t  o rder ,  two independent l i n e s  of evidence suggest  a t h i n  
l i t hosphe re  e a r l y  i n  Ganymede's h i s t o r y .  The theory of ringed bas in  formation 
(8 )  and t h e  ea r ly  high hea t  flow i n f e r r e d  from c r a t e r  r e l a x a t i o n  s t u d i e s  (9) 
both imply t h i n  l i t hosphe res  ( l e s s  than a few t ens  of km). The s imples t  model 
f o r  determining l i t hosphe re  th ickness  from furrows and grooves sugges ts  t h a t  
both s t r u c t u r e s  a r e  simple grabens with f l a t  f l o o r s  and two exac t ly  equal  
bounding f a u l t s  t h a t  converge downward (5,8).  These simple grabens probably 
form when normal f a u l t s  i n i t i a t e  a t  t he  base of a b r i t t l e  l a y e r  and propagate 
up y i e ld ing  grabens wi th  s i m i l a r  widths,  similar displacements,  and s i m i l a r  
d i s t ances  between members of a s e t .  Assuming the  bounding f a u l t s  have t h e  
most probable 60° d i p s  sugges ts  l i t h o s p h e r i c  th ickness  of about 10 km f o r  t he  
furrows on Gal i leo  Regio (5 ,8)  and about 4 km average f o r  the  grooves. A more 
complicated model f o r  ex t ens iona l  i n s t a b i l t y  of a b r i t t l e  p l a s t i c  surf  ace  
l a y e r  overlying a d u c t i l e  i n t e r i o r  (10) y i e l d s  -10 km b r i t t l e  l aye r  f o r  t h e  
-50 km spaced furrows and -2 km f o r  t he  -8 km (11) spaced grooves. Given t h e  
var ious  u n c e r t a i n t i e s  (and the  narrower furrows on Marius Regio) the b r i t t l e  
l i t h o s p h e r e  th i ckness  was probably 5-10 km a t  t h e  time of furrow formation and 
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2-7 km a t  t h e  time of groove formation. With these  geologic  c o n s t r a i n t s  on 
t h e  th ickness  of t he  b r i t t l e  sur face  l a y e r  i n  mind we now explore  p o s s i b l e  
l i t h o s p h e r i c  s t r e n g t h  envelopes t o  q u a n t i t a t i v e l y  eva lua t e  temperature 
p r o f i l e s  f o r  t hese  t i m e s  of deformation i n  Ganymede's h i s t o r y .  

L i thosphe t i c  S t rength  of Ganymede 
To c a l c u l a t e  t h e  l i t h o s p h e r i c  s t r e n g t h  on Ganymede we use  a combination 

of Byerlee's law and the  d u = t i l e  flow l a w  f o r  i c e  ( s ee  Banerdt and Golombek, 
t h i s  volume, f o r  more thorough d i scuss ion  of . l i t hosphe r i c  s t r e n g t h  
envelopes) .  A t  low pressures  we use the  s l i d i n g  f r i c t i o n  as determined by 
Byerlee,  which has  been found t o  hold  f o r  a wide v a r i e t y  of geologic  
ma te r i a l s .  A t  h igher  confining pressures  we have used the  f r i c t i o n  da t a  f o r  
i c e  (12). A t  h igher  temperatures  deformation i n  t h e  outer  few t ens  of km of 
Ganymede is con t ro l l ed  by creep of i c e  Ih. We have used the  flow l a w  of 
Durham e t  a l .  (13) w i th  modi f ica t ions  (Durham, w r i t  en  communication) f o r  pure 
i c e  ex t r apo la t ed  t o  geologic  s t r a i n  r a t e s  of 10-l'/sec ( J%/m.y. ). Because 
t h e  mantle of Ganymede is  probably a l s o  water-ice,  t h e  l i t hosphe re  has only 
one s t r e n g t h  peak. A su r f ace  temperature of 100% and a thermal g rad ien t  of 
1. S0/km y i e l d  t h e  s t r e n g t h  envelope shown i n  Fig. 1. It has been shown a t  
h igh  temperatures  t h a t  t h e  inc lus ion  of a small amount of s i l i c a t e s  i n t o  t h e  
i c e  w i l l  g r e a t l y  i nc rease  t h e  creep s t r e n g t h  of i c e  Ih (14) .  However, 
q u a n t i t a t i v e l y  determining t h e  amount of hardening f o r  our a p p l i c a t i o n  is not  
poss ib l e  because t h e  creep processes  t h a t  c o n t r o l  t h e  deformation of i c e  a r e  
not  wel l  known f o r  t h e  temperatures and s t r a i n  r a t e s  of i n t e r e s t  on 
Ganymede. For lack of a b e t t e r  c o n s t r a i n t  we w i l l  assume t h a t  t h e  hardening 
r e s u l t i n g  from the  a d d i t i o n  of l e s s  than a few percent  of s i l i c a t e s  i n  
Ganymede's l i t h o s p h e r e  can be bracketed by a n  order  of magnitude inc rease  i n  
creep s t r eng th .  

P r e d i c t i n g  t h e  type of f a i l u r e  from t h e  l i t h o s p h e r i c  s t r e n g t h  envelopes 
is s t ra ight forward .  With increas ing  s t r e s s ,  e l a s t i c  s t r a i n  w i l l  be b u i l t  up 
i n  t h e  e l a s t i c  p a r t  of t h e  l i t hosphe re  u n t i l  i t s  s t r e n g t h  is exceeded (roughly 
t h e  y i e l d  s t r e s s  of t h e  b r i t t l e - d u c t i l e  t r a n s i t i o n ) .  A t  t h a t  time major 
throughgoing f a u l t s  w i l l  i n i t i a t e  near  t h e  depth of t h e  t r a n s i t i o n  between the  
b r i t t l e  and d u c t i l e  deformation regimes ( t h e  b r i t t l e - d u c t i l e  t r a n s i t i o n )  
(e.g., 15). Thus t h e  b r i t t l e  l i t hosphe re  def ined  by t h e  simple graben and 
ex tens iona l  i n s t a b i l i t y  models is dependent on the  depth t o  t he  b r i t t l e -  
d u c t i l e  t r a n s i t i o n .  This  depth is  most dependent on t h e  temperature grad ien t .  
Fig. 2a shows the  r e l a t i o n s h i p  between b r i t t l e - d u c t i l e  t r a n s i t i o n  depth and 
thermal  g rad ien t  f o r  c l e a n  and s imulated d i r t y  i ce .  As a r e s u l t  we can 
q u a n t i t a t i v e l y  determine t h e  thermal g rad ien t  a t  t he  t imes of furrow and 
groove formation on Ganymede. 

It is important t o  no te  t h a t  t he  " b r i t t l e "  l i t hosphe re  defined by the  
s t r e n g t h  envelope is  d e l i n e a t i n g  a reas  of b r i t t l e  versus d u c t i l e  behavior a t  
s t r e s s e s  exceeding t h e  y i e l d  s t rength .  A s  such it is inhe ren t ly  d i f f e r e n t  
from a "thermal" l i t hosphe re  derived from convection models, an  " e l a s t i c "  
l i t h o s p h e r e  derived from dynamic bending o r  membrane stress models, o r  a 
'lseismic" l i t hosphe re  defined from d i s c o n t i n u i t i e s  i n  se i smic  p rope r t i e s .  
Care mst be used i n  s e l e c t i n g  t h e  proper ly  def ined  l i t h o s p h e r e  f o r  
i n t e r p r e t i n g  s p e c i f i c  s t r u c t u r a l  f e a t u r e s  observed on a p lane t ' s  su r f ace .  

The 10 km th i ck  b r i t t l e  l i t hosphe re  on Ga l i l eo  Regio a t  t h e  time of 
furrow formation i n d i c a t e s  a thermal grad ien t  of l.SO/km f o r  c l ean  i c e  and a 
l i t t l e  above 2O/km f o r  d i r t y  ice .  On Marius Regio the  5 km th i ck  b r i t t l e -  
d u c t i l e  t r a n s i t i o n  r equ i r e s  r e spec t ive  thermal g rad ien t s  of 4 and GO/km. An 
average 4 km b r i t t l e  l i t hosphe re  a t  t h e  time of groove formation y i e l d s  
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thermal gradients  of 6,5 and 8,5O/km f o r  c lean and d i r t y  ice .  The given 
va r ia t ions  i n  groove width and spacing (implying b r i t t l e  l i thospheres of 2-7 
km) y i e l d  thermal gradients  of 2,s - 15O/km and 3.5 - 20°/km f o r  c lean and 
d i r t y  ice, respect ively ,  

Variat ions i n  thermal gradfent,  through t h e i r  e f f e c t s  on the  depth t o  the  
b r i t t l e - d u c t i l e  t r a n s i t i o n ,  a l s o  s i g n i f i c a n t l y  a f f e c t  the t o t a l  s t rength  of 
t h e  l i thosphere  (defined a s  the  i n t e g r a l  of t h e  y ie ld  stress versus depth 
curve ( 1 6 1 7 ) )  Figure 2b shows the  re la t ionsh ip  between l i thospher ic  
s t r eng th  and b r i t t l e  l i thosphere  thickness f o r  Ganymede, For example, the 
l i thospher ic  s t rength  under extension f o r  a thickness of l O k m  (corresponding 

rad ien t  of 1.5°/km) applicable t o  Gali leo Regio is  about 0-15 i n  u n i t s  
a % of 10 MPa-m, Marius Regio had lower s t rengths  of 0,05. Lithospheric 

s t r eng ths  f o r  grooves varied loca l ly  from 0,02 t o  0.07 with an average of 
about 0.03, Note t h a t  these s t rength  est imates a r e  insens i t ive  t o  assumptions 
regarding the  d u c t i l e  flow law; they a r e  d e t e d n e d  almost sole ly  from the  
in fe r red  thickness of the  b r i t t l e  l i thosphere.  

B r i t t l e  extensional  t ec ton ic  fea tu res  on Ganymede ind ica te  a s i g n i f i c a n t  
l a t e r a l  v a r i a b i l i t y  i n  thermal gradient and l l thospher ic  s t rength  a t  the t i m e s  
of t h e i r  formation. Gal i leo  Regio's long l i f e  as  a r e l a t i v e l y  undisturbed 
remnant of cra tered  t e r r a i n  i s  l i k e l y  a r e s u l t  of its low temperature gradient  
and thus increased l i thospher ic  s t rength ,  By comparison Marius Regio was 
f rac tured and fragmented t o  i ts current  small s i z e  due t o  i ts  weakness 
( l i thospher ic  s t r eng th  2.5 times lower than f o r  Galileo Regio a t  the  time of 
furrow formation) imposed by its higher thermal gradient .  The thermal 
gradfent  during groove formation could have var ied  from place to  place by a s  
much a s  a f a c t o r  of 6 and was an average 4 times g rea te r  than e a r l i e r  
gradients  during furrow formation, This increase  i n  thermal p r o f i l e  is a t  
l e a s t  p a r t l y  a r e s u l t  of l o c a l  heating due t o  the water i c e  volcanism t h a t  
accompanied groove formation and m y  not ind ica te  a whole-satel l i te  heating 
event, Nevertheless the va r ia t ions  i n  temperature gradient  shown by the  
va r ia t ions  i n  furrow and groove thickness ind ica te  t h a t  the  cooling of 
Ganymede was highly inhomogeneous with s i g n i f i c a n t  l a t e r a l  thermal anomalies. 

Conclusions 
B r i t t l e  l i t h o s p h e r i  c thicknesses estimated from tec tonic  fea tu res  formed 

during the  two pe;iods of extensional  tectonism during Ganymede 's h i s t o r y  
allow the  quan t i t a t ive  determination of thermal gradients  because the  
thickness t o  the b r i t t l e - d u c t i l e  t r a n s i t i o n  is a function of the temperature 
gradient .  Lithospheric thicknesses in£ er red  from for  furrow -spacing, 10 and 5 
km, ind ica te  temperature gradients  of 1.5 - 2O/km and 4-6O/km respect ively .  
An average l i thosphere  thickness f o r  the  grooves of 4 km suggests thermal 
gradients  of 6.5 - 8.5O/km; loca l  v a r i a b i l i t y  i n  the thickness of 2-7 km 
implies wide va r ia t ions  i n  temperature p r o f i l e ,  2,5 - 20°/km. This increase 
i n  thermal gradient  may be a r e s u l t  of l o c a l  heating during water-ice 
volcanism accompanying groove formation and may not ind ica te  whole s a t e l l i t e  
heating.  The s t a b i l i t y  of large  remnants of cra tered  t e r r a i n  (e.g., Gali leo 
Regio) can be understood i n  terms of a lower tempe,rature gradient  which 
resu l t ed  i n  an increased l i thospher ic  s t rength ,  
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F igure  1. L i thosphe r i c  s t r e n g t h  envelope as a p l o t  of y i e l d  s t r e s s  versus 
depth f o r  compression ( t o  the  r i g h t )  and ex tens ion  ( t o  the l e f t ) .  Linear  
p a r t  of curve i s  f o r  b r i t t l e  deformation a t  shallow l eve l s .  Duct i le  flow 
of ice Ih f o r  a thermal gradief  of 1.5O/km and a su r f ace  temperature of 
l O o 0 K  occurs a t  deeper l eve l s .  The upper flow curve is f o r  c l ean  i c e  
deformed a t  10'15/sec. The lower curve is an order  of magnitude s t ronge r  
t o  s imu la t e  s t r e n g t h i n g  due t o  i n c l u s i o n  of s i l i c a t e s .  The i n t e r s e c t i o n  
between the  b r i t t l e  and d u c t i l e  f i e l d s  is the  b r i t t l e - d u c t i l e  t r a n s i t i o n .  

Figure 2. a )  P lo t  of t h e m 1  grad ien t  i n  degrees per  iwn ( su r f ace  temperature  
= 100'~) versus  depth t o  the b r i t t l e - d u c t i l e  t r a n s i t i o n  f o r  c lean  (lower 
curve)  and d i r t y  ice (upper curve). b) P l o t  of l i t h o s p h e r i c  s t r e n g t h  
( i n t e g r a l  of y i e l d  s t r e s s  versus  depth)  i n  u n i t s  of lo6 MPa-m versus 
b r i t t l e  l i t h o s p h e r e  th ickness  under tension.  S t r eng th  under compression 
is roughly 50% g r e a t e r .  




