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EXTENT AND CHARACTER OF EARLY TERTIARY PENETRATIVE DEFORMATION, 
SONORA, NORTHWEST MEXICO; T. H. Anderson, Department of Geology and 
Planetary Science, University of Pittsburgh, Pittsburgh, PA 15260 

Reconnaissance field work has led to the recognition of extensive Early 
Tertiary gneiss and schist which are distinguished by weakly developed to 
highly conspicuous northeast to east-trending stretching lineation commonly 
accompanied by low-dipping foliation. This structural fabric has been 
imposed on Precambrian to Paleogene rocks. Regionally, minimum ages of 
deformation are based upon interpreted U-Pb isotopic ages from suites of 
cogenetic zircon from the Paleogene orthogneiss. Locally, the interpreted 
ages indicate that ductile deformation continued as late as Oligocene 
(Anderson and others, 1980; Silver and Anderson, 1984). The consistency of 
the deformational style is such that, although considerable variation in 
intensity exists, the fabric can be recognized and correlated in rocks away 
from the Paleogene orthogneiss. 

Outcrops of Tertiary gneiss and schist (Tgn-s) generally coincide with 
a north-northwesterly-trending belt, recognized by L.T. Silver (Silver and 
Anderson, 1984), within which the rock and mineral isotopic systems record 
a pronounced mid-Tertiary thermal disturbance. The axis of the belt, which 
broadens northward, extends from Mazatan, east of Hermosillo, toward Nogales 
on the Sonora-Arizona border. Deformed rocks do not crop out continuously 
within this band but occur as domains segmented by sharp or transitional 
boundaries. In northern Sonora extensive outcrops of Tgn-s exist between 
the Mojave-Sonora megashear and a series of straight, northwesterly-trending 
lineaments which are interpreted as normal faults, orthogonal to the 
'stretching dyrection, developed ih brittle sequences. Within this extensive 
area Tgn-s have been formed from supracrustal rocks of Jurassic(?) age 
intruded by the "Laramide" and younger plutons. Outside this region the 
volcanic and volcaniclastic rocks of the Jurassic(?) sequence are 
characterized by tight folds which commonly trend northwesterly to westerly. 
These folds are generally obliterated in areas of intense Tertiary ductile 
deformation. Boundaries parallel to stretching are difficult to 
characterize because they commonly are obscured by superposed normal faults. 
In northwestern Sonora, Tgn-s are not known from the region south of the 
Mojave-Sonora megashear. We conclude that this discontinuity influenced 
the existing distribution of Tertiary ductile deformation. In central 
Sonora, south of the megashear, lineated rocks are not widely distributed 
and are best developed in rocks contiguous to Paleocene plutons. In this 
region boundaries between lineated and unlineated rocks are transitional. 

The heterogeneous crustal sequence of Sonora did not lend itself to the 
development of regional detachments as have been documented in Arizona and 
California. However, ductile normal faults are common and listric normal 
faults as well as detachments between crystalline rocks and structurally 
higher sequences are locally developed. 



RIFTING ON VENUS: IMPLICATIONS FOR LITHOSPHERIC STRUCTURE 
W. B. Banerdt and M. P. Golombek, Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, CA 91109 

Introduction 

Several approaches have been used to estimate the elastic 
lithosphere thickness (L) on Venus. In particular, Solomon and 
Head El3 have used a number of compressional (elastic and 
viscous folding) and tensional (wedge subsidence, imbricate 
normal faulting, and plastic necking) models to predict L based 
on the hypothesis that the linear bands of greater and lesser 
backscatter observed in earth-based radar images of Ishtar Terra 
are of tectonic origin. All of these models predict very thin 
lithospheres, on the order of 0.3 to 8 km. These values are in 
agreement with those obtained from strength calculations based 
on laboratory measurements of crustal rocks (C13; see below) 
which give negligible yield stresses at, shallow depths due to 
the high surface temperature and a probable earth-like thermal 
gradient C2f. 

However, rift-like features which are at least 
superficially similar in size, morphology, and association with 
volcanism and doming to continental rifts on the earth C33 also 
exist on Venus. They typically have widths on the order of 
75-100 km. Estimates of L derived from the widths of these 
features in' Aphrodite Terra and Beta Regio using a 
wedge-subsidence model are on the order of 50-70 km C43, which 
is inconsistent with our knowledge of rock rheology at probable 
Venus temperatures. Plastic necking models also require a 
relatively thick, strong high viscosity zone (about 30 km thick 
C53), again too thick for expected crustal temperatures. 

How can these large rift structures which appear to require 
a thick, strong lithosphere be reconciled with the hot, 
apparently thin lithosphere implied by rock rheology at venusian 
conditions and the spacing of the banded terrain? In this 
abstract we briefly review lithospheric strength envelopes and 
explore their implications for large scqle rifting on Venus. We 
then use these results to constrain possible crustal thicknesses 
and thermal gradients. 

Lithospheric Strensth Envelopes 

The maximum stress levels found in the earth's crust are 
accurately predicted by Byerlee's law C6,77. This relation is 
based on laboratory measurements of the frictional resistance to 
sliding on pre-existing fractures, which occurs at stresses less 
than those required to break intact rock. Byerlee's law is of 
the form ul=pu3+b, where a and o3 are, respectively, the 
maximum and minimum principle Affective stresses (stress minus 
pore pressure), p is the coefficient of friction, and b is a 
constant. Laboratory friction measurements show that p and b 
are virtually independent of stress (except for a slight change 
at 135 Wa), rock type, displacement, surface conditions, and 
temperature. Because the vertical stress is generally quite 
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close to the lithostatic load, this relation predicts a linear 
increase in yield stress with depth. 

With increasing temperature, rock deformation occurs 
predominantly by ductile flow, Flow laws for many rocks and 
minerals have been experimentally-getermined for stresses up to 
1-2 GPa and strain rates down to 10 /sec. These results can be 
extrapolated to geological strain ratesn via creep equations, 
which generally are of the form E=A(u -u exp(-Q/RT), where E 

is the strain rate, R is the gak Zonstant, T is absolute 
temperature, and A, Q (the activation energy), and n are 
experimentally determined constants. As a result, the ductile 
strength is negligible at depths where T is high and increases 
exponentially with decreasing depth. Flow laws are also highly 
dependent on rock composition, with a silicic crust much weaker 
than a mafic mantle. 

The failure criterion for a given depth in the lithosphere 
is determined by the weaker of the frictional or ductile 
strength at that depth (Figure 1). The yield stress increases 
with depth according to Byerlee's law until it intersects the 
crustal flow law. It then decreases exponentially until it 
reaches the moho, where the mantle flow law causes an abrupt 
increase in yield stress followed by another exponential 
decrease. In actuality, semibrittle and low temperature ductile 
processes tend to round off the intersection points between the 
brittle and ductile curves in Figure 1 C83. The lithosphere 
will behave elastically for stresses less than the yield 
stress. 

This type of analysis has been used by many investigators 
to study lithospheric strength on the earth and the terrestrial 
planets (e.9. C9-123). However determining the geometry and 
characteristics of faults at failure for this type of 
lithospheric model has not received much attention. Based on an 
analysis of two phases of extension in the Rio Grande rift, 
Morgan and Golombek El37 suggested that during the early phase a 
shallow brittle-ductile transition along with the absence of a 
zone of upper mantle strength (due to an elevated geotherm) 
allowed a shallow decollement to develop with significant strain 
between the brittle upper crust and the ductilely extending 
material below. Thus, large strains resulted in the strongly 
rotated blocks bounded by numerous listric (curved) or planar 
normal faults which are characteristic of this period (see also 
Smith and Bruhn C103). During the late phase of extension that 
formed the present horst and graben physiography the geotherm 
had cooled enough to allow a significant zone of ductile 
strength in the upper mantle (although most of the strength was 
still in the crust) which prevented large scale intracrustal 
decoupling and steep rotation of upper crustal blocks. 

Lithospheric Strensth on Venus 

Figure 1 illustrates a typical lithospheric strength curve 
for Venus with a crustal thickness (c) of 10 km. For tgese 
calculations we assume a crust91 density (pc) of 2.8 Mg/m , a 
mantle density (pm) of 3.3 Mglm , a surface temperature of 
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7 4 0 ~ ~ .  a thermal gradient of 12O/km C21, and &=10-'~/sec 
(equivalent to about 3% extension per million years). Based on 
surface geochemical measurements which indicate a basaltic 
composition, we use a dry diabase flow law C143 for the crustal 
layer. A dry olivine flow law El53 is assumed for the mantle. 
In this abstract we are interested in horizontal tensional 
stresses, which correspond to the left-hand branch of the curves 
in Figure 1. 

Implications for Rift Width and Crustal Thickness 

One consequence of this model is that the mechanical 
structure of the lithosphere depends strongly on the crustal 
thickness. For crusts thicker than about 30 km, there is no 
appreciable strength in the mantle and the brittle extension of 
the upper crustal layer should be effectively decoupled from the 
mantle. This was the implicit assumption of Solomon and Head 
E l  However if the crust is thin, the dithospheric strength 
will be dominated by the upper mantle, and it is possible that 
this layer will control the style of deformation. In this case 
the effective lithosphere which controls rift width would be 
much thicker than the few km expected from crustal rock 
rheology. Instead, the elastic lithosphere thickness would be 
on the order of 20-30 km, based on an olivine flow law. 

Here we will consider the implications for one theory for 
rift formation, the wedge-subsidence hypothesis of Vening 
Meinesz C16,173. This theory predicts thag the grabe~~~width w 
will be given by w=aa/4, where a=(EL /3gp(l-v 1 )  , E is 
Young's modulus, g is gravitational acceleration, p is the 
difference in density between the layers above and below the 
faulted layer, and v is Poisson's ratio. For rifting of a 
crustal layer, p is just p . However for a layer at depth with 
an effecl$vely fluid layep above itj p=p -p . Assuming 
E=1.25x10 Pa, v=.25, p -p =0.5 Mg/m , and E=26 km gives the 
width for a graben formed ia t6e mantle brittle zone of 98 km, 
in good agreement with observed rift widths on Venus' surface. 

This result requires that the crust be no thinner than %3 
km (in order for there to be a viscous layer over the mantle 
strong zone) and no thicker than %20 km (in order for there to 
be a brittle zone in the mantle). In addition, the thermal 
gradignt could not be significantly greater or less than 
10-15 /km, since L should be %20 km. It should be noted that 
these values depend on flow laws which are somewhat uncertain 
due to their extrapolation from laboratory conditions. 

This model is not inconsistent with the thin lithosphere 
implied by the banded terrain. One might expect smaller scale 
fault blocks whose widths are controlled by the thickness of the 
crustal strong layer to be superimposed upon the rift structure 
(see Figure 2). In Ishtar Terra, where no rifts are observed, 
the bands could have been formed by compressive stresses C1,187, 
or the crust in this region might be thicker than in rifted 
areas C2,183. 
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Fisure 1. Lithospheric strength envelope for Venus. Stress 
d.ifference is the vertical minus the maximum or minimum 
horizontal stress. Thus negative values denote tension and 
positive values correspond to compression. The horizontal 
line at 10 km shows the crust-mantde boundary assumed for 
this case. The flow laws used for the crust and mantle are 
dry diabase C143 and olixine C153, respectively; both 
assgme a strain rate of 10 isec, aosurface temperature of 
730 C, and a thermal gradient of 12 /km. The properties of 
the layers delineated by the tensional envelope are shown 
to the left. The elastic/ductile portion of the mantle 
deforms ductilely when its yield stress is exceeded, but 
behaves elastically at the stress levels required for 
ductile flow in the lower crust. 

Fisure 2. Schematic diagram of a modified Vening Meinesz model 
for rift formation on Venus, with the strong mantle layer 
controlling rift width and the brittle crustal layer 
controlling fault spacing. 
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THERMAL REGIMES PN THE DCTALHMEI\IT FAULT Irl.1VlR01.1ldCI'JT AS L)EUUCED 
FROM F L U I D  II\~CLLJSI:OI\IS; R icha rd  C Beane,  AMAX E x p l o r a t i o n ,  
I n c . ,  Tucson,  A r i z o n a ,  J o e  W i l k i n s ,  J r . ,  S t .  J o e  American, 
Tucson,  A r i z o n a ,  Tom L .  H e i d r i c k ,  Gulf O i l  Corp. ,  d a ~ e r s f i e l d ,  
C a l i f o r n i a  

E x t e n s i o n a l  t e c t o n i s m ,  which domina tes  middle-  and 
l a t e - T e r t i a r y  geology i n  w e s t e r n  Ar izona ,  s o u t h e a s t e r n  
C a l i f o r n i a ,  and s o u t h e r n  i levada,  i s  c h d r a c t e r i z e d  oy normal  
d i s p l a c e m e n t  of Precambr ian  t h r o u g n  T e r t i a r y  r O C K S  a l o n g  
r e g i o n a l l y  e x t e n s i v e ,  low-angle de tachment  f a u l t s .  The 
d e c o l l e m e n t  rnovement of upper  p l a t e  r o c k s  r e l a t i v e  t o  lower  
p l a t e  a s semblages  c r e a t e d  e x t e n s i v e  zones  of d i l a t e n c y ,  
i n c l u d i n g  s y n t h e t i c <  and d n t i t h e t i c  l i s t r i c  normal f a u l t s ,  t e a r  
f a u l t s ,  t e c t o n i c  c r u s n  b r e c c i a s ,  s h d t t e r  U r e c c i a s ,  and gdsri 
v e i n s  i n  l i t h o l o g i c  u n i t s  above and below t n e  de tachment .  Tne 
t e c t o n i c a l l y  enhanced p e r m e a b i l i t y  above and Delow tile 
de tachment  f a u l t  permitted mass m i g r a t i o n  of l a r g e  v o l u ~ n e s  of 
hydro the rma l  s o l u t i o n s  a l o n g  t h e  f a u l t  zone d u r i n g  and 
f o l l ~ w i n g  upper  p l a t e  movement. Major q u d n t i t i e s  of MgO, i aU,  
K L O ,  FeO/Fe20j, SiOL and C O z  were added t o  r o c k s  i r i  

and n e a r  t h e  d e t a c h n ~ e n t  a n d  r e l a t e d  s t r u c t u r e s .  Also  
i n t r o d u c e d  were v a r y i n g  alnounts of t r a c e  e le inents  inc luc i iny  
idn, L U ,  S ,  Mo, Ba, Au, P P ,  Z n ,  U a n d / o r  Ay. O e p o s i t i o n  of 
s u l f i d e / o x i d e  m i n e r a l s  and gangue c o n t a i n i n g  a l l  o r  p a r t  of 
t h i s  e l e m e n t a l  s u i t e  o c c u r r e d  i n  t h e  f o l l o w i n g  l o c i ,  wnich a r e  
keyed1\ t o  F i g u r e  1. , ~ d i n e r a l s  c o n t a i n i n g  f l u i d  i n c l u s i o r i s  were 

Along t h e  de tachment  
f a u l t .  
Rep lac ing  r e a c t i v e  
u n i t s .  
L i s t r i c  f a u l t  
b r e c c i a s .  
Gash v e i n s .  
Fo ld  a x e s .  
C h l o r i t e  b r e c c i a .  
Tea r  f a u l t  zones  
( p a r a l l e l  t o  F i g u r e  1 
s e c t i o n ) .  

F i g u r e  1. S t r u c t u r a l - t e c t o n i c  model 
of m i n e r a l i z a t i o n  l o c i  r e l a t e d  t o  
t h e  de tachment  f a u l t  p z o c e s s  
( a f t e r  WiiKins dnd H e i d r i c ~ s ,  136~). 
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c o l l e c t e d  f r o m  a l l  o f  t h e s e  l o c i  a t  l o c a t i o n s  i n  d e t a c n m e n t  
f a u l t e d  t e r r a n e s  i n  w e s t e r n  A r i z o n a  and  s o u t h e a s t e r n  
C a l i f o r n i a .  

F l u i d  i n c l u s i o n s  a r e  s r r ~ a l l  c a v i t i e s  i n  m i n e r a l s  w h i c h  f o r m  
by e n t r a p m e n t  o f  f l u i d  i n  c r y s t a l  i r r e g u l a r i t i e s  d u r i n g  o r  
a f t e r  f o r m a t i o n .  I n  h y d r o t h e r m a l  s y s t e m s ,  t h e s e  i n c l u s i o n s  
o f t e n  p r o v i d e  a  r e c o r d  o f  t e t n p e r a t u r e s  a n d  s a l i n i t i e s  of  t h e  
a q u e o u s  f l u i d s  f r o m  which  m i n e r a l s  w e r e  p r e c i p i t a t e d .  F l u i d  
i n c l u s i o n s  f rom m i n e r a l s  i n  d e t a c h m e n t  f a u l t  e r i v i r o n m e n t s  a r e  
c o n s i s t e n t l y  f i l l e d  w i t h  a  l i q u i d  a c c o m p a n i e d  b y  a  r e l a t i v e l y  
s m a l l  v a p o r  b u b b l e  ( l e s s  t h a n  30 volume p e r c . e n t ) ,  
o c c a s i o n a l l y  s i n a l l  d a u g h t e r - p r o d u c t  m i n e r a l s  a r e  p r e s e n t .  
F r e e z i n g  t e m p e r a t u r e s  o f  l i q u i d s  y i e l d  e q u i v a l e n t  1 '4di l  

s a l i n i t i e s  o f  t h e  i n c l u d e d  s o l u t i o n s .  T e n p e r d t u r e  o f  
h o r n o g e n i z a t i o n  o f  t h e  l i q u i d  a n d  g a s  p h a s e s  when h e a t e d  t o  a  
s i n g l e  h i g h - d e n s i t y  f l u i d  p h d s e  p r o v i d e  minimum f o r m a t i o n  
t e m p e r a t u r e s .  By a n a l o g y ,  t h e  t e m p e r a t u r e  o f  f o r m a t i o n  o f  
s y n k i n e m a t i c  m i n e r a l i z a t i o n  p r o v i d e s  a  m e a s u r e  o f  t n e  h e a t  
p r e s e n t  d u r i n g  t h e  d e t a c h m e n t  f a u l t  p r o c e s s .  

F l u i d s  f l o w i n g  t h r o u y n  s t r u c t u r e s  t e m p o r a l l y  a n a  s p a t ~ a l l y  
r e l a t e d  t o  d e t a c h m e n t  pnenomona p r e c i p i t a t e d  q u a r t z ,  s p e c c r l a r  
h e m a t i t e ,  c h l o r i t e ,  c a l c i t e ,  and  l e s se r  a m o u n t s  o f  s u l f i d e  
m i n e r a l s .  inclusion f  ~ u i d s  i l l  t n e  t r a n s p a r e n t  ~ h a s e s  f roin tile 
a P o v e  g r o u p  a r e  h y p e r s a l i n e ,  t i a v i n y  s a l i n i t i e s  p r e d o m i n d n t l y  
i n  t h e  r a n g e  1 2  t o  2 U  w e i g h t  p e r c e n t  1 e q u i v a l e n t .  
C o r r e s p o n d i n g  h o m o g e n i z a t i o n  t e m p e r d t u r e s  a r e  I t h e  r a n g e  
20U0 t o  3250C. T h e r e  i s  no  s y s t e m a t i c  r e l a t i o n s h i p  
b e t w e e n  h o m o g e n i z a t i o n  t e m p e r a t u r e  a n d  s a l i n i t y  o f  t n e s e  f ~ u l u  
i n c l u s i o n s .  Younger  a n d / o r  s p a t i a l l y  h i g n e r  f l u i d s ,  w e r e  
l o c a l i z e d  d l o n g  l i s t r i c  o r  t e a r  f a u l t s ,  p r o d u c e d  a  m i n e r a l  
a s s e s m ~ l a g e  c h a r a c t e r i z e d  by Drown h e m a t i t e ,  b a r i t e ,  f l u o r i t e ,  
c h r y s o c o l l a ,  a n d  p r e c i o u s  m e t a l s .  ~ n c i u s i o n s  c o n t a i n i n d  t n e s e  
f l u i d s  n a v e  g e n e r a l l y  l o w e r  h o r n o g e n i z a t i o n  t e m p e r d t u r e s  
(1150 t o  225oC) and  somewhat l o w e r  s a l i n i t i e s  ( 5  t o  2 U  
w e i g h t  p e r c e n t  i.JaC1 e q i l i v a l e n t )  t h a n  t h e  e a r l i e r / h i y h e r  l e v e l  
f l u i d s .  k i o m o y e n i z a t i o n  t e m p e r d t u r e s  o f  b o t h  o f  t n e s e  g r o u p s  
o f  f l u i d  i n c l u s i o n s  mus t  be  c o r r e c t e d  upward a t  a  r a t e  o f  
750 t o  10tJoC pe r  k i l o b a r  o f  p r e s s u r e  o u t a i n i r i y  a t  t h e  time 
of  f l u i d  e n t r a p m e n t  i n  o r d e r  t o  d e f i n e  t h e  a c t u a l  f o r m a t i o n  
t e m p e r a t u r e s  o f  t h e  m i n e r a l s .  The  t e m p e r d t u r e - s a l i n i t y  
r e l a t i o n s h i p  f o r  a l l  f l u i d  i n c l u s i o n  d e t e r m i n a t i o n s  i s  shodri  
01-1 F i y u r e  2 .  
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T n e  p e r s i s t e n t l y  h i g h  s a l i n i t i e s  i t n e  h i y h - s a l i n i t y  
c o r r i d o r  o n  F i g u r e  2 )  o v e r  a  c o n s i d e r a o l e  r d n g e  o f  a p p a r e n t  
f o r m a t i o n  t e m p e r a t u r e s  s u g g e s t s  t h a t  s i g n i f i c a n t  m i x i n g  w i t i i  
m o r e  d i l u t e  f l u i d s  i s  a D s e n t  o v e r  a n  a p p r e c i a o l e  p e r i o d  uf  
t ime a t  o r  n e a r  t n e  d e t a c h m e n t  s u r f a c e .  H o d e v e r ,  r n i x i n y  
t r e n d s  a r e  r e c o g n i z e d  i n  t h e  y e n e r a i l y  l a t e r  d n d / o r  
s t r u c t u r a l l y  h i g h e r - l e v e l  f l u i d s ;  t w o  s u c n  t r e n d s  a r e  shown on 
F i g u r e  2 .  C o n s i s t e n t l y  n i y h  s a l i n i t i e s  o f  f l u i d s  a s s o c i a t a u  
w i t h  d e t a c h ~ n e n t  f a u l t  m i n e r a l i z a t i o n  c o u l d  r e p r e s e n t  
d e r i v a t i o n  f r o m  e i t h e r  1) a n  i g n e o u s  s o u r c e ,  21 o a s i n d l  
b r i n e s ,  o r  3 )  s e m i - p e r m e a b l e  f i l t r a t i o n  o f  o r i g i n a l l y  l e s s  
s a l i n e  f l u i d s .  T h e  p r e s e n c e  o f  p e t r o l e u m  d a u g h t e r - p r o a u c t s  o r  
m e t h a n e  ( C H 4 )  g a s  u n d e r  p r e s s u r e  i n  t h e  ~ i y p e r s d l l n e  a n d / o r  
l o w e r - s a l i n i t y  f l u i d  t y p e s  a t  s e v e r d l  l o c a t i o n s  s u g g e s t s  t h a t  
t h e  s o l u t i o n s  were d e r i v e d  f r o m  T e r t i a r y  o r o g e n i c  b a s i n s .  Tne 
t e m p e r a t u r e s  o o t a i n e d  Dy t h e  s a l i n e  f l u i d s  f l o w i n g  n e a l  t n e  
d e t a c h m e n t  s t r u c t u r e  weLe p r o ~ a ~ l y  d e r i v e d  initially f r o m  d e e p  
& s i n  b u r i a l  i n  a n  e l e v a t e d  g e o t h e r m a l  y r d d i e n t  a n d  were 
a u g m e n t e d  a n d  m a i n t a i n e d  by h e a t  s u p p l i e d  i n  o r  n e a r  t n e  
d e t a c h m e n t  f a u l t .  

( 1 )  W i l k i n s ,  J .  J r . ,  a n d  t i e i d r i c k ,  T. L . ,  1 9 8 2 ,  B a s e  a n d  p r e -  
c i o u s  m e t a l  m i n e r a l i z a t ~ o n  r e l a t e d  t o  l o w - a n g l e  
t e c t o n i c  f e a t u r e s  i n  t h e  W h i p p l e  b l o u n t a i n s ,  
C a l i f o r n i a  a n d  d u c k s k i n  M o u n t a i n s ,  . A r i z o n a ,  i n  
F r o s t ,  E .  t i .  a n d  M a r t i n ,  O. L.,  e d s y  
M e s o z o i c - C e n o z o i c  t e c t o n i c  e v o l u t i o n  o f  t h e  C o l o ~ a d o  
R i v e r  r e g i o n ,  C a l i f o r n i a ,  A r i z o n a ,  a n d  1 4 e v a d a :  S a n  
D i e g o ,  G a l i f . ,  C o r d i l l e r a n  P u b l i s h e r s ,  p .  18L-204 .  



HEAT FLOW AM, CONTINENTAL B-: THE r n ~  OF ELAT UQABA) 
Zvi Ben-Avraham, Dept. of Geophysics & Planetary Sciences, Tel Aviv Univers i ty  
Richard P .  Von Herzen, Dept. of Geology and Geophysics, Woods Hole 
Oceanographic I n s t i t u t i o n ,  Woods Hole, MA 02543 

Heat flow measurements were made i n  t h e  major basins of the  Gulf of 
E l a t  (Aqaba), northern Red Sea. The gulf  is located  a t  the  southern por t ion  
of t h e  Dead Sea r i f t  which is a transform p l a t e  boundary. Gradient measure- 
ments a t  each s i te  were made with a probe which allows mul t ip le  penet ra t ion  
of t h e  bottom during a s i n g l e  deployment of the instrument. Thermal con- 
d u c t i v i t y  w a s  determined by needle probe measurements on sedimentary cores.  

The mean heat  f l u x ,  about 80 mwmW2, is  s i g n i f i c a n t l y  above t h e  con- 
t i n e n t a l  mean, and probably a l s o  a b w e  t h a t  from the adjacent  S i n a i  and 
Arabian cont inenta l  blocks. T h e  heat  f low appears t o  increase  from nor th  t o  
south. Such an increase  may be r e l a t e d  t o  t h e  more advanced r i f t i n g  s t age  
of the  Red Sea immediately t o  the  south, which present ly  includes c rea t ion  
of an oceanic c rus t .  This t rend a l s o  corresponds t o  t h e  general  t rend of 
the deep c r u s t a l  s t r u c t u r e  i n  the  gulf .  Evidence from var ious  geophysical 
f i e l d s  suggest a gradual  thinning of t h e  c r u s t  towards the d i r e c t i o n  of the  
Red Sea where a normal oceanic c r u s t  e x i s t s .  The heat  f low data ,  together 
wi th  other geophysical da ta ,  ind ica te  a propagation of mature r i f t i n g  
a c t i v i t y  from the  Red Sea i n t o  the Gulf of E la t .  This process i s  ac t ing  
sinaultaneously with t h e  transform motion along the  Dead Sea r i f t .  

Figure 1: Geophysical p r o f i l e  along the  a x i s  of the  Gulf of E l a t .  From 
top t o  bottom: hea t  flow, Bouguer g rav i ty  anomaly, f r e e  a i r  
g rav i ty  anomaly, magnetic anomaly, bathymetry and depth  of Moho 
on t h e  western margin. 
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EVOLUTION OF BASIN AND RANGE STRUCTURE I N  THE RUBY MOUNTAINS AND 

V I C I N I T Y ,  NEVADA: D. D. Blackwell ,  N. M. Reese and S. A. Kel ley,  Department 
of  Geological  Sc iences ,  Southern Methodist  Un ive r s i t y ,  Da l l a s ,  TX 75275 

The Ruby Mountains of c e n t r a l  Nevada a r e  one of  t h e  i n f r a s t r u c t u r e  

r eg ions  exposed i n  t h e  Basin and Range Province.  Geologic s t u d i e s  of  t h e  Ruby 

Mountain have been c a r r i e d  o u t  by Snoke and Howard (1984) .  We have used t h e  

r e s u l t 9  from va r ious  age d a t i n g  techniques ,  s e i smic  r e f l e c t i o n  p r o f i l i n g ,  

hydrocarbon matura t ion  s t u d i e s ,  and s t r u c t u r a l  a n a l y s i s  t o  e v a l u a t e  t h e  

Cenozoic deformation i n  t h e  Ruby Mountains and a d j o i n i n g  ranges  (Pinyon Range 

and Cortez Range) i n  Elko and Eureka Counties ,  Nevada. Age d a t i n g  techniques  

used inc lude  potassium-argon ages of  b i o t i  t e s  from g r a n i t e s  publ ished by 
, . 

Kistler e t  a l .  (1981) and f i s s i o n  t r a c k  ages  from a p a t i t e  and z i rcon .  F i s s i o n  

t r a c k  ages from a p a t i t e  r e f l e c t  a c l o s i n g  tempera ture  of  100+20°C, z i r c o n  

f i s s i o n  t r a c k  ages r e f l e c t  a c l o s i n g  temperature  of 175+25OC and potassium- 

argon ages from b r o t i t e  r e f l e c t  a c l o s i n g  temperature  o f  250+30°C. Thus t h e s e  

r e s u l t s  a l l ow  a reasonably  p r e c i s e  t r a c k i n g  o f  t h e  evo lu t ion  of  t h e  ranges  

during t h e  Cenozoic. Seismic r e f l e c t i o n  d a t a  a r e  a v a i l a b l e  from Huntington 

Valley. The n o r t h e a s t e r n  p a r t  of t h e  v a l l e y  is d iscussed  i n  d e t a i l  by Smith 

(1984).  We have ob ta ined  a c c e s s  t o  s e i smic  r e f l e c t i o n  d a t a  d i r e c t l y  t o  t h e  

west of t h e  Harr i son  Pass  p lu ton  i n  t h e  c e n t r a l  Ruby Mountains. I n  a d d i t i o n  

r e s u l t s  a r e  a v a i l a b l e  from s e v e r a l  deep e x p l o r a t i o n  holes  i n  Huntington 

Valley. 

Age d a t i n g  t r a v e r s e s  a c r o s s  t h e  Ruby Mountains a t  t h e  l a t i t u d e  of  t h e  

Harr i son  Pass p lu ton  and t o  t h e  n o r t h  e s t a b l i s h  a p rog re s s ive  younging of ages  

from e a s t  t o  west a c r o s s  t h e  range.  This  t r e n d  is r e f l e c t e d  i n  both t h e  

a p a t i t e ,  z i r c o n ,  and potassium-argon ages.  Potassium-argon ages a long  t h e  

e a s t  f l a n k  o f  t h e  range a r e  about 35 MY. Along t h e  west s i d e  o f  t h e  range t h e  

potassium-argon ages a r e  20 t o  25 MY. Apa t i t e  ages  show a s i m i l a r  t r e n d  of 
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younging from e a s t  t o  west wi th  va lues  o f  20 t o  25 MY on t h e  e a s t  and 10 t o  15 

MY on t h e  west. Assuming t h e  i n d i c a t e d  c l o s i n g  isotherms and a  background 

geothermal g r a d i e n t  30°C/km (about  t h e  p re sen t  Basin and Range va lue ) ,  t h e  

approximate r a t e s  of  u p l i f t  a r e  on t h e  o r d e r  of  0.5 km/MY. 

The younging o f  ages  from e a s t  t o  west a c r o s s  t h e  c e n t r a l  Ruby Mountains 

sugges t s  t h a t  r a t e s  of u p l i f t  a long  t h e  western s i d e  of t h e  range  have been 

f a s t e r  t han  on t h e  e a s t  s i d e  of  t h e  range.  Our i n t e r p r e t a t i o n  o f  t h e  d a t a  is 
. .  

t h a t  t h e  range block has  been r o t a t e d  t o  t h e  e a s t  about 30° with t h e  r o t a t i o n  

beginning approximately 25 MYbp and cont inu ing  u n t i l  a t  l e a s t  15 MYbp. During 

t h i s  per iod  of r o t a t i o n  a  s e t  of e a r l y  west d ipp ing  Basin and Range normal 

f a u l t s  was t runca t ed  and r o t a t e d  from h igh  ang le  t o  low ang le  d ip s .  A s  i n  

many o t h e r  a r e a s  t h e  low a n g l e  f a u l t s  have been mapped a s  t h r u s t  f a u l t s .  

However, t h e  age d a t a  c l e a r l y  document t h e  r o t a t i o n  t h a t  has  tu rned  t h e s e  high 

ang le  f a u l t s  i n t o  low ang le  s t r u c t u r e s .  Account has  been taken  i n  t h e  

i n t e r p r e t a t i o n  of  t h e  e f f e c t  of t h e  emplacement of t h e  Harr i son  Pass  p lu ton  a t  

about 36 MY. The p re sen t  range is blocked o u t  by a subsequent s e t  of h igh  

ang le  f a u l t s  t h a t  is  s t i l l  a c t i v e .  

An i n t e r e s t i n g  r e s u l t  of t h i s  deformation is t h a t  a  Basin and Range geo- 

thermal  system a long  t h e  o r i g i n a l  h igh  a n g l e  f a u l t s  ha s  been t r u n c a t e d  and 

r o t a t e d  up t o  p re sen t  day exposure a long  t h e  wes t -cen t ra l  p a r t  of  t h e  range. 

S i l i c i f i c a t i o n  a s s o c i a t e d  wi th  t h i s  f o s s i l  geothermal system has  been 

encountered i n  an e x p l o r a t i o n  t e s t  i n  t h e  Huntington Val ley a s  wel l  (Snoke, 

persona l  communication, 1 984) , documenting t h e  basinward p o s i t i o n  of t h e  

r o t a t e d  f a u l t .  

I n t e r p r e t a t i o n  o f  se i smic  r e f l e c t i o n  d a t a  ex tending  from t h e  west s i d e  o f  

t h e  Harr i son  Pass p lu ton  f o r  a  d i s t a n c e  of 22.4 km west a c r o s s  Huntington 

Val ley suppor t  t h e  u p l i f t  and s t r u c t u r a l  i n t e r p r e t a t i o n s  from t h e  age d a t i n g  
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evidence.  I n  t h e  s e i smic  r e f l e c t i o n  p r o f i l e  ad j acen t  t o  Harr i son  Pass ,  l a r g e  

s c a l e  f a u l t s  a r e  t h e  dominant s t r u c t u r a l  f e a t u r e .  These f a u l t s  d i p  west i n t o  

t h e  bas in  c u t t i n g  t h e  con tac t  between Pa leozoic  carbonate  and Cenozoic 

c l a s t i c a l  vo l can i c  rocks ,  and t e rmina t ing  i n  subhor i zon ta l  r e f l e c t o r s  a t  

depth.  I n  c o n t r a s t  t h e  c e n t r a l  and e a s t e r n  p a r t s  of  t h e  r e f l e c t i o n  p r o f i l e  

show very l i t t l e  evidence of normal f a u l t i n g .  Where normal f a u l t i n g  is 

recognized it is r e s t r i c t e d  t o  t h e  Cenozoic rocks  f i l l i n g  t h e  bas in .  Eastward 

d ipping  r e f l e c t o r s  i n  Cenozoic s t r a t a  i n  t h e  bas in  i n d i c a t e  t h a t  t i l t i n g  may 

have been accommodated by movement a long  t h e  normal f a u l t s .  Associated wi th  

t h e  t i l t i n g ,  a  s h i f t  i n  sed imenta t ion  from t h e  c e n t e r  of t h e  bas in  eastward 

has  r e s u l t e d  i n  an asymmetric bas in  w i th  a  t h i c k  wedge of  sediment developed 

ad j acen t  t o  t h e  western f r o n t  of t h e  Ruby Mountains. 

A combination o f  t h e  r e l a t i v e l y  p r e c i s e  information on t h e  t iming and 

r a t e  of u p l i f t  i n  t h e  range  a s s o c i a t e d  wi th  t h e  s t r u c t u r a l  in format ion  of  t h e  

bas in ,  a l low an a c c u r a t e  r e c o n s t r u c t i o n  o f  t h e  n a t u r e  o f  Cenozoic deformation 

i n  t h e  Ruby Mountains. Th i s  r e c o n s t r u c t i o n ,  i n  conjunc t ion  with t h e  r e g i o n a l  

s e t t i n g ,  sugges t s  t h a t  t h e  Ruby Mountains a r e  l o c a l l y  unique i n  t h a t  t hey  

r e f l e c t  r a p i d  e ros ion  and u p l i f t  of deep c r u s t a l  l e v e l s  t o  sha l low depths .  

The mechanism r e s p o n s i b l e  f o r  t h i s  behavior is pos tu l a t ed  t o  be l o c a l  d u c t i l e  

and b r i t t l e  deformation of  t h e  c r u s t  i n  response  t o  r a p i d  unloading of a  sma l l  

p o r t i o n  of  t h e  c r u s t  by e r o s i o n  o r  t e c t o n i c  denudation. 

K i s t l e r ,  R.W. ,  Ghent, E.D., and O'Neil, J . R .  1981. Pe t rogenes i s  of ga rne t  two- 
mica g r a n i t e s  i n  t h e  Ruby Mountains, Nevada. J. Geophys. Res., 86, 
~.10591-10606.  

smith; K. A. 1984. Normal f a u l t i n g  i n  an ex t ens iona l  domain: Cons t r a in t s  from 
se i smic  r e f l e c t i o n  i n t e r p r e t a t i o n  and modeling, M.S. Thes i s ,  Un ive r s i t y  
of Utah, 165pp. 

Snoke, A.W., and Howard, K. 1984. Geology of  t h e  Ruby Mountains-East Humboldt 
Range: A C o r d i l l e r a n  metamorphic co re  complex. Geol. Soc. A m e r .  Western 
Geol. Excursions,  - 4 ,  p.260-303. 



LATE CRETACEOUS EXTENSIONAL TECTONICS AND ASSOCIATED 
IGNEOUS ACTIVITY ON THE NORTHERN MARGIN OF THE GUCF OF MEXICO 
BASIN; R. L. Bowen, D. A. Sundeen, Boxes 8152 & 8196, University 
of Southern Mississippi, Dept. of Geology, Hattiesburg, MS, 39406 

Major, dominantly compressional, orogenic episodes (Taconic, 
Acadian, Alleghenian) affected eastern North America during the 
Paleozoic. During the Mesozoic, in contrast, this same region 
was principally affected by epeirogenic and extensional 
tectonism; one episode of comparatively more intense tectonic 
activity involving extensive faulting, uplift, sedimentation, 
intrusion and effusion produced the Newark Series of deposits 
and fault block phenomena. This event, termed the Palisades 
Disturbance, took place during the Late Triassic - Earliest 
Jurassic. In the present study, the authors document a 
comparable, although smaller in area affected, extensional 
tectonic-igneous event occurring during the Late Cretaceous 
(Early Gulfian; Cenomanian-Santonian) along the southern margin 
of the cratonic platform from Arkansas to Georgia (1). 

Following extensive evaporite deposition (Louann Salt), in 
the later Jurassic and Early Cretaceous, petrolif erous sands, 
mudstones and carbonates, with some evaporites, accumulated in 
the northern Gulf of Mexico area. Generally mature 
sedimentologically, these strata mostly thicken, while becoming 
finer grained, from the northern basin border southward towards 
the Gulf. As a package, they contrast markedly with the Late 
Cretaceous (Gulfian) units overlying them. 

From the beginning of Gulfian time (E 98 m.y.; early 
Cenomanian), warping, uplift, and igneous activity on an 
impressive scale affected the southern margin of the cratonic 
platform and the northern margin of the contemporaneous 
depositional basin. Deposits of the basal Upper Cretaceous 
Tuscaloosa Group, unconformably overlying a varied suite of rocks 
from Tennessee to the Carolinas around the southern Appalachians, 
rich in gravels (locally cobbly to bouldery) in the outcrop, 
record a major pulse of uplift of the southern Appalachians; 
some calculations suggest summits may have reached 3-4 km 
elevations at that time. These strata, non-marine and 
approximately 200 m thick in outcrop, thicken to >1 km 
southwesterly from the Appalachians while becoming a mixed 
sequence of continental and marine sands and mudstones. The 
sediments are largely immature and rich in volcaniclastics in 
the Mississippi Embayment region. Moreover, this interval of 
sedimentation coincides in time with the northward extension of 
the Mississippi Embayment into southern Illinois from a Lower 
Cretaceous border in southern Arkansas. This new depositional sag 
was a consequence of mild uplift in the Ouachita-Ozark region to 
the west and in the Appalachian Plateau region to the east. 

Crustal extension, documented by warping and uplift along 
the eastern and western edges of the Mississippi Embayment and 
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the rapidly subsiding Gulf depocenter, also generated (or was 
generated by) fractures down into the mantle through which, 
synchronously, many irruptions rose (2). Kimberlite was injected 
into western Arkansas, while many alkalic dikes (lamprophyres) 
along with several carbonatite and nepheline syenite stocks 
invaded the Arkansas Ouachitas. South and east of these exposed 
hypabyssal rocks, petroleum exploration has disclosed numerous 
occurrences of igneous rocks within the sedimentary rocks of the 
Mississippi Embayment region overlapping parts of Arkansas, 
Louisiana, and Mississippi (3,4,5). Volcanic extrusive, 
hypabyssal, and volcaniclastic sediments occur in most wells 
which penetrate Cretaceous and older strata in this region. 
Twelve K-Ar isotope ages 172 to 91 m.y.) have been determined 
from selected cores and cuttings of igneous rocks from wells 
drilled in five counties in central-western Mississippi 
(4,5,6,7). Volcanic complexes, of at least 25 km diameter, such 
as the Jackson Dome, Sharkey Uplift, Midnight Volcano, and the 
Mohroe Platform, have been defined in the process of oil and gas 
exploration; moreover, large gravity and magnetic anomalies 
suggest that comparable complexes occur beneath northwestern 
Mississippi and southeastern Arkansas in the vicinity of the 
Desha Basin (8). 

The major effects of the extensional and thermal disturbance 
w e  here define are limited to the Lower Upper Cretaceous 
(Cenomanian - Turonian; 97 - 88 m.y.), although volcanism 
persisted at least to the end of the Campanian (73 m.y.) as 
reefoid deposits developed around the Jackson Vol can0 and others 
which rose through the Selma - Austin chalk seas. 
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A REGIONAL 17-18 MA THERMAL EVENT I N  SOUTHWESTERN ARIZONA 
William E. Brooks, U.S. Geological  Survey, Denver, CO 

A r e g i o n a l  thermal  event  i n  southwestern Arizona 17-18 Ma ago i s  
suggested by d iscordances  between f i s s i o n  t r a c k  (FT) and K-Ar d a t e s  i n  
T e r t i a r y  v o l c a n i c  and sedimentary rocks,  by t h e  abundance of primary 
hydrothermal o r t h o c l a s e  i n  quenched vo lcan i c  rocks ,  and by t h e  concen t r a t i on  
of Mn, Ba, Cu, Ag, and Au d e p o s i t s  near  detachment f a u l t s .  A h igh  conodont 
a l t e r a t i o n  index (CAI) of 3  t o  7,  i s  found i n  Pa leozoic  rocks of southwestern 
Arizona ( 1 ) .  The h igh  C A I  may have been caused by t h i s  mid-Tertiary thermal  
event .  

Rese t t i ng  of t empera ture-sens i t ive  FT d a t e s  ( 2 )  t o  17-18 Ma wi th  r e s p e c t  
t o  K-Ar d a t e s  of 24 and 20 Ma has occurred i n  upper p l a t e  vo l can i c  rocks a t  
t h e  Harcuvar and Picacho Peak detachments (3 ) .  Discordances between FT and 
K-Ar d a t e s  a r e  most pronounced a t  detachment f a u l t s .  However, on a  r e g i o n a l  
s c a l e  FT d a t e s  from vo lcan ic  and sedimentary rocks approach 17-18 Ma, even i n  
a r e a s  away from known detachment f a u l t s  ( f i g .  1) .  E f f e c t s  of detachment 
f a u l t i n g  on t h e  K-Ar system sugges t  t h a t  d a t e s  of c o r r e l a t i v e  rocks  w i l l  be 
younger a s  t h e  detachment f a u l t  i s  approached (4). '  

Anomalously high K20 i s  common i n  vo l can i c  and sedimentary rocks  i n  t h e  
southwestern United S t a t e s  ( 5 , 6 ) .  I n  Arizona, anomalously h i g h  K 0  i s  p re sen t  
a t  t h e  Harcuvar Mountains, 12 weight  percent  K20 ( 7 )  and Picacho 6eak 
detachments,  13  weight percent  K20 ( 8 ) ,  and i n  l i s t r i c  f a u l t e d  t e r r a n e  i n  t h e  
Vul ture  Mountains a r e a ,  12 weight  percent  K20 ( 9 ) .  

I n t roduc t ion  of hydrothermal potassium has  r e s u l t e d  i n  anomalous 
o r t h o c l a s e  ( 2  t o  10 microns)  i n  upper p l a t e  vo l can i c  rocks  a t  t h e  Picacho 
Peak, Harcuvar, and Trigo detachments. K-Ar d a t e s  on metasomatized rocks a r e  
suspec t  because t h e  d a t e  becomes a  f u n c t i o n  of potassium a v a i l a b l e  upon 
e r u p t i o n  and potassium in t roduced  during t h e  detachment/metasomatic event  
17-18 Ma. 

M i n e r a l i z a t i o n  and potassium metasomatism caused by hydrothermal f l u i d s  
i s  common nea r  t h e  detachments. Mn and Ba a s  we l l  a s  Ag, Au, Cu, Pb, and Zn 
d e p o s i t s  a r e  l o c a l i z e d  nea r  most detachments (10,11,12,13) .  The presence of 
metasomatized and minera l ized  rock a t  t h e  detachment f a u l t s  i n d i c a t e s  t h a t  t h e  
f a u l t s  were l i k e l y  pathways f o r  t h e  mine ra l i z ing  f l u i d s .  Zirconium, 
considered t o  be an immobile e lement ,  occurs  i n  concen t r a t i ons  a s  g r e a t  a s  350 
ppm a t  t h e  Picacho Peak detachment and dec reases  t o  a  normal concen t r a t i on  of 
about  180 ppm (14,15)  7  km from t h e  s u r f a c e  t r a c e  of t h e  f a u l t .  L i ,  A s ,  Zn, 
Ce, and Cd a r e  a l s o  s p a t i a l l y  d i s t r i b u t e d .  

Pa leozoic  rocks with a  h igh  conodont a l t e r a t i o n  index (CAI of 3 t o  7)  
i n d i c a t e  t h a t  a  minimum reg iona l  temperature  of 2 5 0 ' ~  was reached i n  
southwestern Arizona. C o r r e l a t i v e  rocks i n  n o r t h e a s t e r n  Arizona have a  much 
lower C A I  of 2  o r  l e s s  ( 1 )  where r e g i o n a l  metamorphism should have a f f e c t e d  
t h e  rocks equa l ly .  Also, s e v e r a l  of t h e  h igh  C A I  s i t e s  i n  southwestern 
Arizona a r e  not near  any mapped i n t r u s i o n s .  Therefore ,  a l t e r a t i o n  of t h e  
conodonts by t h e  17-18 Ma thermal  event  seems l i k e l y .  

A r e g i o n a l  thermal  event  i s  p o s t u l a t e d  f o r  southwestern Arizona 17-18 
Ma. The event  caused r e h e a t i n g ,  a s  i n d i c a t e d  by discorddnces between FT and 
K-Ar da t e s ;  potassium metasomatism a s  i n d i c a t e d  by primary hydrothermal 
o r t h o c l a s e  i n  vo l can i c  rocks ;  and concen t r a t i on  of Mn, Ba, and Z r  a s  we l l  a s  
Cu, Ag, and Au a t  detachment f a u l t s  i n  southwestern Arizona. 
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F i g u r e  1.--Discordant FT and K-Ar d a t e s  from s o u t h w e s t e r n  Arizona.  S t i p p l e d  
p a t t e r n  emphasizes  17-18 Ma. Brace i n d i c a t e s  d a t e s  from a  s i n g l e  sample;  
FT, a - a p a t i t e ,  z -z i rcon ,  s-sphene; K-Ar,  b - b i o t i t e ,  p - p l a g i o c l a s e ,  
w-whole rock.  Harcuvar Mountains de tachment ,  v o l c a n i c ,  b-(16),  w-(17); 
McLendon vo lcano ,  v o l c a n i c ,  p-(18). ,  b-(16);  Pedregosa  Mountains ,  
v o l c a n i c ,  b-(16);  P icacho  Peak de tachment ,  v o l c a n i c ,  w-(8); Rincon 
V a l l e y ,  v o l c a n i c ,  - n o  m i n e r a l  o r  s t a n d a r d  d e v i a t i o n  g i v e n ,  ( 1 9 ) ;  S a n t a  
C a t a l i n a  detachment ,  sed imenta ry  ( 2 0 ) ;  T u r t l e b a c k  Mountain,  v o l c a n i c ,  
w-(21); Vaca H i l l s ,  v o l c a n i c ,  ( 2 2 ) ;  a l l  o t h e r  d a t e s  by a u t h o r .  
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GEOMETRIC AND CHRONOLOGIC EVOLUTION OF THE V E R D E  AND PAYSON BASINS 
OF CENTRAL ARIZONA AND POSSIBLE RELATIONSHIPS TO DETACHMENT FAULTING; D .  S. 
Brumbaugh, Dept. of Geology, Box 6030, NAU, F lags ta f f ,  AZ 86011 

The Transit ion Zone of Arizona and the  s t r uc tu r a l  basins there in  have 
been poorly understood fea tu res  from a s t r uc tu r a l  s tandpoint .  T h i s  i s  t r u e  
both of t h e i r  overall  geometry as well a s  t h e i r  formation. Yet these  basins 
have developed within the l a s t  13 mill ion years and t h u s  represent  perhaps 
the most recent  phase of development re la ted  t o  the extensional tec tonics  of 
the Basin and Range province. 

Recent work (Smith, 1984; Vance, 1983) as well a s  some older s tud ies  
(Anderson and Creasy, 1958; Pedersen and Royce, 1970) provide data on the 
geometry of the Verde and Payson basins which can be used t o  constrain some 
hypotheses re la ted  t o  the development of these basins. 

The work of Cloos (1968), Anderson e t .  a l .  (1983), Wernicke and 
Burchfiel (1982) and Davis e t .  a l .  (1980) suggest a spa t i a l  and chronologic 
re la t ion  e x i s t s  between planar high angle normal f a u l t s  and low angle 
detachmeht f a u l t s .  Perhaps one of the c l e a r e s t  examples from the Basin and 
Range area appears t o  be from seismic r e f l e c t i on  prof i 1 es of the Sevier 
Desert, Basin area of Utah (Fig. 1). These p rof i l e s  suggest the existence of 
a detachment surface  which ac t s  as a zone of s t r uc tu r a l  accommodation f o r  
faul t -control led  extensional basin development above i t .  Faults  t h a t  appear 
e i t h e r  l i s t r i c  o r  planar i n t e r s e c t  i t  from above. Note t h a t  the basins a r e  
asymmetric w i t h  the basin deepening i n  the d i rec t ion  of dip of the  detach- 
ment surface. 

0 5 km (approximate) 
1 1 l ' I J  

Figure 1. Seismic 1 i ne across Sevier Desert Basin (Anderson e t .  a l e  
Figure 7 ) .  

The question of i n t e r e s t  then i s  whether o r  not the Verde and Payson 
basins might be re la ted  t o  a detachment f a u l t  a t  depth, This question can 
be discussed by taking the known geometry of the  basins and comparing them 
t o  such a detachment f a u l t  model. 

The Verde Valley is  a s t ruc tu ra l  basin which appears t o  be very s imi la r  
t o  s t r uc tu r e s  produced i n  Cloos ' (1968) c l a s s i c  clay model experiments. One 
s i de  of his basin was dominated by a master normal f a u l t  w i t h  displacement 
on the  other s i de  being accommodated by a number of smaller f au l t s .  The 
Verde Norma1 f a u l t  with over 2,000' of s t r a t i g r aph i c  o f f s e t  dominates the  
west boundary of the Verde Valley. I t  i s  a high angle planar normal f a u l t .  
This i s  suggested by mapdtrace, lack of ro ta t ion  of the  beds, and mining 
information. 
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The Payson basin, a l though l e s s  w e l l  known, appears q u i t e  s i m i l a r  w i t h  
the  west s i d e  o f  t he  bas in  bounded by a l a r g e  f a u l t .  The Payson basinappears 
l ess  mature w i t h  l e s s  o f f s e t  on the  master f a u l t ,  and a t h i n n e r  sequence o f  
bas in  f i l l  than t h e  Verde Val ley.  

Radiometr ic (McKee and Anderson, 1971) and faunal (Nat ions e t .  a l . ,  
1982) data suggest t h a t  bo th  basins began t o  develop a t  about t he  same t ime 
about 13 my ago. Chrono log ica l l y  t h i s  agrees w e l l  w i t h  the  documented age of 
movement on the  Rawhide detachment f a u l t  o f  SW Arizona 16-9 mya (Shackel fo rd ,  
1980). I f  these basins a r e  re1  a ted  t o  movement on t h e  detachment f a u l t  
t he re  must be a s p a t i a l ,  as w e l l  as chrono log ic  r e l a t i o n .  The s p a t i a l  
quest ion may be addressed by us ing  as a s t a r t i n g  p o i n t  the Sevier  Desert 
Basin model, and assuming t h a t  t he  p lanar  h igh  f a u l t s  forming the  Verde and 
Payson basins probably te rminate  aga ins t  a p r o j e c t i o n  o f  the  Rawhide f a u l t  
t o  t he  NE under these basins and f u r t h e r  under the  Colorado Plateau. Th is  
p r o j e c t i o n  o f  the  Rawhide F a u l t  has been suggested (Shackel fo rd ,  1980) and 
would answer quest ions r a i s e d  about t he  con t i nua t i on  o f  t he  Rawhide 
detachment f a u l t .  

The method used t o  analyze the  quest ion o f  poss ib le  s p a t i a l  r e l a t i o n  
between t h e  bas in  and detachment f a u l t s  i s  one o f  p r o j e c t i o n  based on t h e  
Sevier  Deser t  Basin detachment f a u l t .  The p lanar  h igh  angle f a u l t s  o f  t he  
Verde- bas in  a re  p ro jec ted  downward t o  l o c a t e  an i n t e r s e c t  p o i n t  (F ig .  2 ) .  
This  i s  done f o r  a number o f  p r o f i l e s  across t h e  Verde Va l l ey  f rom Smith 
(1984). These i n t e r s e c t  p o i n t s  represent  t he  lowest  poss ib le  p o i n t s  t h a t  
would l i e  along the  p ro jec ted  Rawhide detachment f a u l t  surface based on t h e  
Sevier  Desert Basin model. The Rawhide detachment f a u l t  may be p ro jec ted  
under the  Verde bas in  by t a k i n g  several  reasonable average d ips  from the  
outcrop area and p r o j e c t i n g  t o  the  northwest.  

\ / I I 
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INTERSECT PO K I L O U E T E R S  

Figure  2. Verde Va l l ey  cross s e c t i o n  A-A '  (Smith, 1984, a f t e r  
F igure  5b) 

The r e s u l t s  o f  geometric p r o j e c t i o n  suggest t h a t  the  Rawhide f a u l t  does 
n o t  appear t o  be a s u i t a b l e  candidate f o r  a detachment f a u l t  f o r  t he  Yerde 
and Payson basins based on the  Sevier  Deser t  Basin model. This  r a i s e s  some 
i n t e r e s t i n g  quest ions about t he  fo rmat ion  o f  these basins and detachment 
f a u l t s  i n  general.  Should o the r  detachment f a u l t - b a s i n  models be developed 
which would f i t  the  Verde and Payson basins b e t t e r ?  Do o ther  detachment 
f a u l t s  e x i s t  which have n o t  been adequately recognized which would f i t  the  
s p a t i a l  s i t u a t i o n  b e t t e r ?  O r  perhaps a re  the  Verde and Payson Basins n o t  
r e l a t e d  t o  detachment f a u l t  t ec ton i cs  a t  a l l  i n  t h e i r  development? 
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POTASSIUM METASOMATISM OF VOLCANIC AND SEDIMENTARY ROCKS 
IN RIFT BASINS, CALDERAS, AND DETACHMENT TERRANES. Chapin, C. E . ,  
New Mexico Bureau of Mines and Mineral Resources, Socorro, N M  87801 
and Lindley, J .  I . ,  Department of Geology, University of North 
Carolina, Chapel H i l l ,  NC 27514 

Potassium metasomatism of volcanic and sedimentary rocks i s  
a common type of a l t e r a t i on  in areas  of regional extension. The 
a1 te ra t ion  i s  chemically and mineralogical l y  d i s t i nc t i ve  but i s  
v isual ly  subt le  and e a s i l y  overlooked i n  outcrop and t h i n  section.  
In highly metasomatized volcanic rocks, K20 is  a s  high as  13.5 w t .  
% and Na20, CaO, and MgO are  each commonly l e s s  than 1 w t .  %. 
Metasomatism tends t o  homogenize volcanic rocks of diverse composition 
t o  a mixture of K-feldspar (adu la r ia )  + hematite k quartz k 
i l l  i te-montmoril loni t e ,  yet  rock textures  a re  f a i t h f u l l y  preserved. 
Potassium-bearing phenocrysts, such a s  sanidine and b i o t i t e ,  a r e  
l i t t l e  affected and give the  i l l u s ion  t ha t  the  rocks a r e  f resh.  

In t h i s  paper, we describe the chemical, mineralogical, and 
oxygen-isotopic changes accompanying K-metasomatism and point out 
the s i m i l a r i t i e s  w i t h  diagenetic reactions i n  both deep marine and 
a1 kal ine ,  sal  ine-lake environments. The common occurrence of 
K-metasomatism i n  upper-plate rocks of detac'hment ter ranes  indicates  
t ha t  the  ea r ly  stage of severe regional extension causes crusta l  
downwarping and, i n  a r id  t o  semi-arid regions, development of closed 
hydrographic basins. 

O u r  data come mainly from deta i led s tudies  of K-metasomatism 
i n  the Socorro area of the Rio Grande r i f t ,  especia l ly  s tudies  by 
Lindley (1;  2) and D'Andrea (3 ) .  The Socorro area affords an unusual 
opportunity t o  study K-metasomati sm because f i v e  regional ash-fl ow 
tu f f  sheets extend across the potassium anomaly and well beyond i t .  
Thus, sample t raverses  can be made from fresh rock i n to  progressively 
more a l t e red  rock within the same s t ra t ig raph ic  u n i t .  The interbedding 
of basal t i c  andesite lavas between the  ash-flow sheets allows 
examination of a1 t e ra t ion  e f f ec t s  on both mafic and s i l  i c i c  rocks. 
A1 t e r a t i  on of overlying ea r ly  r i f t  fang1 omerates permits analysi s 
of c l a s t s  of d i f f e r en t  rock types within the same small volume of 
rock. St ra t igraphic  re la t ionships  and corre la t ions  have been 
established during more than 30 t he s i s  and mapping projects  over 
the past  15 years;  the  r e su l t s  a re  summarized i n  Osburn and Chapin 
( 4 ) .  

The most important feature  of the Socorro potassi um anomaly 
i s  i t s  large s ize .  An L-shaped area 40 t o  50 km on a s ide  and a t  
l e a s t  20 km i n  width has been outl ined by analysis  of more than 200 
samples of ash-flow t u f f s .  Unaltered t u f f s  outside the anomaly average 
5.1% K20; the same s t ra t ig raph ic  un i t s  within the anomaly average 
8.0% K20, with K20 ranging a s  high a s  10.4%. The t u f f s  average 500 
m i n  cumulative s t ra t ig raph ic  thickness;  t h e i r  volume within the  
potassium anomaly i s  approximately 900 km3. Limited data indicate  
t ha t  interbedded basa l t i c  andesite lavas a re  much l e s s  affected and 
show an e r r a t i c  d i s t r ibu t ion  of a l t e r a t i on .  Clasts  of both t u f f s  
and mafic lavas i n  e a r l y - r i f t  fanglomerates a r e  highly a l t e red  w i t h  
K20 contents a s  high a s  11.6%. Using only the  volume of a l t e red  
t u f f s  (900 km3) and an average enrichment of 2.9% K20, a minimum 
of 6 . 4 ,  x 1010 tons of potassium ( K )  have been added! The magnitude 
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o f  t h i s  f i g u r e  and t h e  s i z e  o f  t h e  area a f f e c t e d  impose impo r tan t  
c o n s t r a i n t s  on t h e  o r i g i n  o f  t h e  a l t e r a t i o n .  

One arm o f  t h e  L-shaped potass ium anomaly a t  Socorro t r ends  
nor thward a long  t h e  a x i s  o f  t he  e a r l y  r i f t  Popotosa bas in .  Late-  
rift ( < l o  Ma) b l o c k  f a u l t i n g  has exposed p e r v a s i v e l y  metasomatized 
ash- f low t u f f s  o v e r l a i n  by  e a r l y - r i f t  c l  a s t i c  sedimentary rocks  and 
by as much as 300 m o f  f i n e - g r a i n e d  p laya  depos i ts .  C rus ta l  ex tens ion  
a long  t h e  bas in  a x i s  has been es t imated  b y  Chamberl in (5 )  t o  be 200 
+ 50%. The o t h e r  arm o f  t h e  Socorro potassium anomaly extends about 
50 km southwest f rom Socorro across an ove r l app ing  s e r i e s  o f  l a t e  
01 igocene ca lderas  t h a t  were downwarped beneath t he  Popotosa bas in  
as t h e y  underwent ex tens ion  o f  30 t o  200%. K-metasomatism i s  
r e s t r i c t e d  t o  t h e  s t r a t i g r a p h i c  i n t e r v a l  between t h e  f i r s t  ma jo r  
ash- f low sheet ( t h e  32.0 Ma H e l l s  Mesa T u f f )  and an as y e t  undef ined 
l e v e l  w i t h i n  sedimentary depos i t s  o f  t h e  Miocene Popotosa bas in .  
L a t e r a l  boundar ies v a r y  f rom r e l a t i v e l y  sharp (<2 km), c r o s s - c u t t i n g  
bo th  s t r u c t u r a l  g r a i n  and s t r a t i g r a p h i c  boundaries,  t o  r e l a t i v e l y  
d i f f u s e  w i t h  marked s t r a t i g r a p h i c  c o n t r o l  . Permeabi 1 i ty  and 
composi t ion o f  s t r a t i g r a p h i c  u n i t s  were ma jo r  v e r t i c a l  c o n t r o l s  o f  
K-metasomatism; l a t e r a l  c o n t r o l s  were pe rmeab i l i t y ,  s a l i n i t y ,  and 
p o s s i b l y  temperature o f  a1 t e r i  ng f 1 u i  ds . 

Chemical ly,  t h e  a l t e r a t i o n  i s  d i s t i n c t i v e .  As K20 increases,  
Na20 and CaO decrease. To ta l  a l k a l i  con ten t  inc reases  b y  1 t o  2% 
i n  welded t u f f s  and by  as much as 5% i n  m a f i c  l avas  (6 ) .  C l a s t s  
o f  m a f i c  l avas  i n  e a r l y  r i f t  fanglomerates show t h e  most extreme 
metasomati sm, perhaps because o f  t h e i r  r e a c t i v e  composi t ion and 
l o c a t i o n  i n  permeable, s i l i c a - r i c h  bas in  sediments. K20/Na20 r a t i o s  
f o r  u n a l t e r e d  ash- f low t u f f s  o u t s i d e  t h e  anomaly average 1.2; t h e  
same s t r a t i g r a p h i c  u n i t s  w i t h i n  t h e  anomaly have K20/Na20 r a t i o s  
as h i g h  as 42.1. Una l te red  b a s a l t i c  andes i te  l avas  ou t s i de  t h e  anomaly 
have an average K20/Na20 r a t i o  o f  0.7; s i m i l a r  l avas  w i t h i n  t h e  anomaly 
have K20/Na20 r a t i o s  as h i g h  as 35.0. Thus, t he  K20/Na20 r a t i o  
p rov ides  a s e n s i t i v e  i ndex  use fu l  i n  scanning l i s t s  o f  chemical 
analyses f o r  s i gns  o f  K-metasomati sm. 

Other chemical changes accompanying K-metasomatism i n  t h e  Socorro 
area a r e  inc reases  i n  Rb and Ba and decreases i n  Sr,  Mn, and MgO 
(3; 6).  The ~ e + 3 / t o t a l  Fe r a t i o  inc reases  markedly  i n  m a f i c  t o  
i n te rmed ia te  rocks  b u t  remains re1  a t i v e l y  unchanged i n  r h y o l  i t i c  
t u f f s ,  p robab l y  because o f  t he  h i g h e r  i n i t i a l  o x i d a t i o n  s t a t e  o f  
t h e  t u f f s .  Ti02, t o t a l  Fe, Zr,  Y, Th, and U remain unchanged (3; 
6).  Agron and Bento r  (7)  desc r i be  v e r y  s i m i l a r  chemical and 
m i n e r a l o g i c a l  changes i n  K-metasomatized Precambrian r h y o l  i t e s  
bo rde r i ng  t h e  Dead Sea rift. Glazner (8)  r e p o r t s  s i m i l a r  changes 
i n  K-metasomatized v o l c a n i c  and sedimentary rocks  of t h e  Cady 
Mountains, Mojave Deser t ,  C a l i f o r n i a .  Both s t u d i e s  determined t h a t  
r a r e  e a r t h  elements were e s s e n t i a l l y  immobile d u r i n g  metasomatism. 

M ine ra log i ca l  ly ,  K-metasomatism i s  cha rac te r i zed  by  pervas ive  
replacement o f  d i v e r s e  rock  types  by  K- fe ldspar  ( a d u l a r i a )  + hemat i te  
+ qua r t z  + ill i te-montmori l  l o n i  t e  ( 2 ) .  I n  ash- f low t u f f s ,  groundmass 
t r i d y m i  t e  and c r i s t o b a l  i t e  r e c r y s t a l  1 i z e  t o  Pow qua r t z  ( 2 ) .  
Phenocrys t i c  p l a g i o c l a s e  i s  rep laced  by  a f i ne -g ra ined ,  i n t i m a t e  
m i x t u r e  o f  approx imate ly  equal amounts of a d u l a r i a  and qua r t z  (2) .  
Groundmass p l  a g i o c l  ase undergoes pa tchy  rep1 acement by adul  a r i  a. 
Phenocryst i  c qua r t z ,  sanid' ine, and b i o t i t e  t y p i c a l l y  remain una f fec ted .  



POTASSIUM METASOMATISM 
Chapin, C .  E .  and Lindley, J. I .  

W i t h  extreme a l t e r a t i o n ,  groundmass quartz and phenocrystic sodic 
sanidine a r e  a l so  replaced by adular ia  ( 2 ) .  In ba sa l t i c  andesite 
1 avas, groundmass pl agi ocl ase i s rep1 aced by adul a r i a  and both 
phenocrystic and groundmass pyroxene a r e  converted t o  hematite ( 2 ) .  
Groundmass magnetite i s  a l so  hematized. The f i r s t  v i s i b l e  sign of 
a l t e r a t i on  in hand samples of e i t h e r  rock type i s  a chalky appearance 
of plagioclase;  the  f i r s t  sign in th in  section i s  patchy replacement 
of plagiocl ase by adul a r i a .  

The secondary K-feldspar i s  very pure (Or 96 t o  loo) ,  contains 
15.8 t o  16.3 w t .  % K20, i s  monoclinic, and has a s l i g h t l y  ordered 
s t ruc tu ra l  s t a t e  approaching t h a t  of orthoclase (2 ) .  This secondary 
fe ldspar  i s  f i n e  grained (20 microns) and has the rhombohedra1 habi t  
cha r ac t e r i s t i c  of diagenetic/hydrothermal adul a r i a  ( 2 ) .  In a1 tered 
phenocrystic plagioclase,  where adular ia  i s  int imately associated 
with fine-grained quar tz ,  the  two minerals a r e  coprecipi ta ted  i n  
a chaotic manner, beginning along cleavages. T h i s  r e su l t s  i n  creation 
of void spaces which imparts a secondary porosity and decreases rock 
densi ty  (9 ) .  

Isotopical ly ,  8180 increases i n  rhyol i t i c  t u f f s  from values 
of +8 t o  +10 permi 1 ,  typical  of unaltered rock, t o  +I1  t o  +13 permil , 
t y  ica l  of a l t e red  rock ( 2 ) .  Secondary IC-feldspar has a minimum P 6, 80 of t12.7 permil and secondary quartz has an estimated minimum 
6180 of +15.4 permil ( 2 ) .  Phenocrystic quartz and sanidine re ta in  

t h e i r  magmatic values of approximately +8 and +7 permi 1 , respectively.  
In contras t  t o  the rhyo l i t i c  units, ba sa l t i c  andesite lavas become 
i so top ica l ly  1 igh te r  w i t h  metasomatism. Unaltered mafic lavas ,  have 
180 values of approximately +9 permil compared t o  +6 permil i n  a l t e r ed  
lavas ( 2 ) .  The strong tendency of iron oxides t o  concentrate l i g h t  
oxygen (10) and the a l t e r a t i on  of abundant pyroxene t o  hematite i n  
the a1 tered lavas may be responsible. 

Previous in te rpre ta t ions  of K-metasomati sm have been in terms 
of f o s s i l  geothermal systems (11; 6;  7 ;  8 ) .  Chapin and Glazner (12) 
l i s t e d  14 areas  in the southwestern United S t a t e s  where K-metasomatism 
i s  known and pointed out t h a t  i n  a l l  these areas  the upper c ru s t  
has been severely disrupted by regional extension, caldera coll  apse, 
o r  both. The associat ion seems t o  be w i t h  a reas  of high heat flow 
and severely f rac tured c ru s t .  The Biq ' a t  Hayareah area i n  the  
Sinai-Negev Desert,  studied by Agron and Bentor ( 7 ) ,  a l so  displays  
t h i s  associa t ion.  There the volcanic rocks d ip  250 t o  900 and a r e  
s i tua ted  on the margin of the Dead Sea r i f t .  

In a recent  study of discordant K-Ar and f iss ion- t rack ages 
of upper-plate volcanic rocks associated w i t h  the  Harcuvar Mountains 
detachment ter rane in western Arizona, Brooks and Marvin (13) suggest 
t h a t  K-metasomatism occurred a t  temperatures g rea te r  than the --200°C 
annealing temperature of f i s s i on  t racks  i n  zircon.  Kerrich and others  
(14) repor t  t h a t  K-metasomatized upper-plate rocks in the  nearby 
Picacho detachment ter rane a r e  oxidized and 6180 enriched, a s  a r e  
the rocks a t  Socorro, and postula te  t h a t  a l t e r a t i on  occurred during 
expulsion of metamorphic f l u i d s  from the lower p la tes  a t  temperatures 
l e s s  than 3000C. ~ h e a l 8 0  values of K-metasomatized rocks a t  Socorro 
can be in terpre ted a s  indicat ing e i t h e r  equi 1 ibra t ion with waters 
enriched in heavy oxygen (+5 t o  +10 permil) a t  temperatures of 250° 
t o  3500C o r  reaction with meteoric waters a t  temperatures of 30° 
t o  800C ( 2 ) .  An independent measure of paleotemperature i s  needed 
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a t  Socorro. However, geologic  evidence and data from the  l i t e r a t u r e  
on d iagenet ic  reac t i ons  i n  both deep-marine and a1 kal  ine,  sa l  ine-1 ake 
environments s t r o n g l y  f a v o r  a  r e l a t i v e l y  1  ow-temperature regime. 

Diagenet ic  changes i n  sea - f l oo r  sediments and vo lcan ic  rocks 
have been we l l  documented by s tud ies  a r i s i n g  from the  Deep Sea D r i l l i n g  
P ro jec t .  M e l l i s  (15) and Mathews (16; 17) discovered e a r l y  on t h a t  
ca l  c i  c  cores o f  p l  ag ioc l  ase phenocrysts i n  deep-sea basal t s  were 
replaced by water -c lear  K-feldspar s i m i l a r  t o  or thoclase.  Since 
then, numerous s tud ies  o f  sea - f l oo r  diagenesis have documented t h a t  
b a s a l t s  t y p i c a l l y  ga in  K, Rb, Ba, Cs, 6180, and ~ e + 3 / t o t a l  Fe and 
Tose Ca, Mg, Na, S r ,  and Mn t o  the  pore waters (see f o r  example 17; 
18; 19; 20; 21). Most o f  the  ions  removed are  taken up i n  secondary 
minera ls  such as Ca i n  c a l c i t e  and Mg i n  smect i tes. The m o b i l i t y  
o f  some ions  i s  s t r o n g l y  temperature-dependent, bu t  most a l t e r a t i o n  
o f  sea - f l oo r  basa l t s  occurs a t  temperatures l e s s  than lOOoC and the  
r e s u l t s  a re  r a t h e r  uni form over l a r g e  areas o f  the  ocean f l o o r  (20). 
Bloch and B ischo f f  (22) have shown t h a t  when s a l i n e  f l u i d s  r e a c t  
w i t h  b a s a l t i c  rocks a t  low temperatures potassium i s  f i x e d ,  wh i l e  
a t  temperatures above 1500C sodium i s  f i x e d .  Munha' e t  a l .  (23) 
r e p o r t  t h a t  sea- f loor  r h y o l i t e s  show s t rong enrichment i n  potassium, 
development of an adul ar ia-quartz-hemati  t e f  assemblage, dep le t i on  
i n -  Na, Ca, Mg, Mn, and Zn, and enrichment i n  heavy oxygen. These 
changes are  s t r i k i n g l y  s i m i l a r  t o  potassium metasomatism a t  Socorro. 

Even more re levant ,  however, a re  s tud ies  by Hay (24, 25), Sheppard 
and Gude (26; 27; 28; 29) and Surdam and Sheppard (30) which have 
shown t h a t  s i l i c i c  v i t r i c  t u f f s  interbedded i n  sediments o f  a1 ka l ine ,  
s a l i n e  lakes  can be p rog ress i ve l y  a l t e r e d  basinward through a  sequence 
of z e o l i t e s  t o  K-fel dspar. The d iagenet ic  reac t i ons  occur r a p i d l y  
i n a  1  ow- temperature, near-surface envi  ronment . Increased a1 ka l  i n i  t y  
and s a l i n i t y  d r i v e s  the  reac t i ons  toward the  anhydrous phase. An 
a1 ka l  ine,  sa l  i n e  environment a t  Socorro i s  i nd i ca ted  by abundant 
zeol i t e s  ( c l  i n o p t i  l o 1  i t e ,  mordeni t e ,  anal c i t e )  and gypsum i n  the  
p laya depos i ts  o f  the  Popotosa basin, as w e l l  as t races  o f  h a l i t e  
and anomalous 1  i t h i  um content  o f  ash beds (31). Popotosa fang1 omerates 
and sandstones are  redd ish  brown and extremely we l l  indura ted  w i t h i n  
the  potassium anomaly, b u t  are b u f f  co lored and o n l y  moderately 
indura ted  outs ide  the  anomaly. Reddish c o l o r a t i o n  and unusua l ly  
s t rong i n d u r a t i o n  are t y p i c a l  o f  coarse c l a s t i c  rocks i n  o the r  areas 
o f  K-metasomatism, i n c l u d i n g  upper p l a t e s  o f  detachment terranes.  

The o l d e s t  sedimentary depos i ts  o f  t he  Popotosa basin have been 
dated a t  about 26 Ma (32) ;  t he  basin pe rs i s ted  as a  broad (60-km-wide), 
shallow, closed hydrographic e n t i t y  u n t i l  about 7  Ma when Basin and 
Range f a u l t i n g  broke the  basin i n t o  a  se r ies  o f  th ree  narrow basins 
w i t h  i n t e r v e n i n g  ranges. Thus, as much as 19 m.y. was a v a i l a b l e  
f o r  downward p e r c o l a t i o n  of a1 kal  ine ,  s a l i n e  waters i n t o  permeable 
vo lcan ic  and sedimentary u n i t s  beneath the  bas in  f l o o r .  C lose ly  
spaced, domino-style normal f a u l t s  and s t rong r o t a t i o n  o f  beds 
accompanying severe extension o f  t h e  basin f l o o r  may have aided the  
downward m ig ra t i on  o f  s a l i n e  waters. The great  a rea l  ex ten t  o f  t h e  
K-metasomatism (1800 kmz), i t s  sub t l e  nature,  simple minera l  
assemblage, enrichment i n  heavy oxygen, and l o c a t i o n  i n  a  rift bas in  
argue s t r o n g l y  f o r  a  d iagenet ic  r a t h e r  than hydrothermal o r i g i n .  

Increased temperature a1 so d r i v e s  zeol i ti c  reac t ions  towards 
the  anhydrous fe ldspa r  end members (33).  Maximum depth of b u r i a l  
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of K-metasomati zed rocks a t  Socorro was approximately 1.8 km. 
Reasonable temperature est imates a t  t h i s  depth vary from 740C (heat  
flow 80 mw/m2) t o  920C (heat  flow 107 mw/m2) depending on whether 
an intermediate o r  high heat flow i s  assumed (average Basin and Range 
heat flow i s  89 mw/m2). Thus, temperature was probably not the  
dominant f ac to r  causing K-metasomatism a t  Socorro. Elevated 
temperatures may have played a more important ro le  i n  K-metasomatism 
i n  calderas such a s  the  Bachelor Mountain caldera,  San Juan volcanic 
f i e l d ,  Colorado, where Ratte'  and Steven (34) discovered a 10 x 16- 
km potassium anomaly. However, the  adjacent and s l i g h t l y  younger 
Creede caldera (26.5 Ma) hosted an a lka l ine ,  sal ine-lake system i n  
which lacus t r ine  sediments underwent diagenetic reactions t o  c lays ,  
zeol i t e s ,  and moderately abundant K-feldspar (35) without evidence 
of s ign i f ican t  temperature control .  The subt le  nature of 

, .K-metasomatism and lack of co~nspicuously a1 tered zones, such a s  occur 
where convecting geothermal waters a r e  chdnnelized along permeable 
pathways, indicates  t h a t  the thermal gradient during K-metasomatism 
was l e s s  than t h a t  required f o r  hydrothermal convection (36).  

The i n i t i a l  response of continental l i thosphere t o  thinning 
by regional extension i s  downwarping t o  form broad, shallow 
depressions. Isostacy requires t h i  s response and numerous s tudies  
of continental r i f t s  have documented i t  i n  s p i t e  of the widely held 
misconception of e a r ly  doming (37).  The detachment ter ranes  of the  
southwestern United S ta tes  a r e  located i n  an area which has had an 
a r id  t o  semi-arid climate throughout much of Cenozoic time. Subsidence 
i n  such a s e t t i ng  should lead t o  formation of closed hydrographic 
basins and development of a1 kal ine ,  sa l ine  lakes.  The widespread 
occurrence of K-metasomatized volcanic rocks i n  the upper p la tes  
of detachment ter ranes ,  together w i t h  the nearly ubiquitous presence 
of reddish-brown, highly indurated c l a s t i c  sedimentary rocks 
i nterbedded with upper-pl a t e  volcanic un i t s ,  indicates  t h a t  e a r l y  
stages of detachment fau l t ing  produce subsidence. A t  Socorro, the  
subsidence stage las ted f o r  nearly 20 m.y. (26-7 Ma) and was followed 
by u p l i f t  and block fau l t ing  i n  typical  Basin and Range s ty l e .  The 
preservation of upper-plate rocks and detachment surfaces i n  many 
ranges of the Basin and Range province a l so  indicates  t h a t  u p l i f t  
was a la te-s tage event. We suggest t ha t  the term "metamorphic core 
complex", with i t s  implications of domal u p l i f t ,  i s  a misnomer. 
Such complexes a re  merely exposures of planar or  gently curved, 
low-angle detachment surfaces t h a t  spent most of t h e i r  existence 
beneath broad downwarps which, in  a r id  cl imates, contained closed 
hydrographic basins. 
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EXTENSIONAL TECTONICS AND COLLAPSE STRUCTURES I N  THE SUEZ RIFT 
( EGYPT) 
Chenet, P.Y.'; C o l l e t t a ,  8.'; Desforges, G . ~ ;  Ousset, E . ~  and Zaghloul ,  E.A. 

2 

1 - I n s t i t u t  F r a n ~ a i s  du Pe t ro l e ,  BP 311, 92506 Rue i l  Malmaison CEDEX 
2 - To ta l  Proche-Orient,  Gameat Dowal Arabia,  65 Mohandeseen - Ca i ro  

The Suez R i f t  i s  a 300 km l ong  and 50 t o  80 km wide bas in  which c u t s  a 
g r a n i t i c  and metamorphic s h i e l d  o f  Precambrian age, covered by sediments o f  
Paleozoic  t o  Paleogene age. The rift s t r u c t u r e  i s  dominated by t i l t e d  b locks  
bounded by NW-SE normal f a u l t s .  The r e c o n s t r u c t i  on .of the paleostresses i n d i  ca tes  
a N 050 ex tens ion  d u r i n g  t h e  whole stage o f  r i f t i n g .  

R i f t i n g  began 24 My ago w i t h  d i kes  i n t r u s i o n s ;  main f a u l t i n g  and 
subsidence occur red  d u r i n g  E a r l y  Miocene producing a 80 km wide bas in  
(Clysmic G u l f ) .  Dur ing P l iocene  and Quaternary t imes, f a u l t i n g  i s  s t i  11 
a c t i v e  b u t  subsidence i s  r e s t r i c t e d  t o  a narrower area (Present G u l f ) .  

On t h e  Eas te rn  margin o f  t h e  G u l f  two se t s  o f  f a u l t  t r ends  a re  predomi- 
nant  - 1 ) N 140-150 E f a u l t s  p a r a l l e l  t o  t h e  g u l f  t r e n d  w i t h  pure d i p - s l i p  
displacement - 2 )  c ross  f a u l t s ,  o r i e n t e d  NOO' t o  N 30 E t h a t  have a 
s t r i  k c - s l i p  component c o n s i s t e n t  w i t h  t h e  N 050 E d i  s t ens i ve  s t r e s s  regime. 
The mean d i p  o f  c ross  f a u l t  i s  s teeper  (70-80') than  t h e  d i p  o f  t h e  f a u l t s  
p a r a l l e l  t o  t h e  G u l f  (30  t o  70'). These two se t s  o f  f a u l t  d e f i n e  diamond 
shaped t i 1 t e d  b lock .  

The d i f f e r e n c e  o f  mechanical behaviour between t h e  basement rocks  and 
t h e  o v e r l y i n g  sedimentary cover  caused s t r u c t u r a l  disharmony and d i s t i n c t  
f a u l t  geometries. 

I n  t h e  basement f a u l t s  d i s p l a y  a p l ana r  geometry w h i l e  i n  t h e  sedimen- 
t a r y  cover  (Cretaceous t o  Eocene sands, shales and 1 imestones) f a u l t s  are 
spoon shaped. Spoon f a u l t s  a r e  g e n e r a l l y  superimposed over concave wedges of 
t h e  basement b locks  b u t  a r e  decoupled f r om basement f a u l t  se t s  ( F i g .  1 ) .  The 
decoupl i ng i s  accommodated by p l a s t i c  de fo rmat ion  i n  t h e  Cretaceous mar l  s. 
A1 ong major normal f a u l t s ,  g r a v i t y  s l  i d i n g  produced c o l  1 apse s t r u c t u r e s  w i t h  
recumbent f o l d s  and t h r u s t s  (F ig .  2 ) .  Col lapse s t r u c t u r e s  are sealed by 
E a r l y  Miocene marine depos t i s  and occur red  d u r i n g  t h e  f i r s t  stage o f  r i f t i n g .  

Th is  k i n d  o f  c o l l a p s e  s t r u c t u r e s  may be found i n  var ious  p a r t s  o f  t h e  
r i ft. They a re  r e l a t e d  w i t h  normal f a u l t i n g  and should n o t  be i n t e r p r e t e d  as 
t h e  r e s u l t  o f  compressive events  d u r i n g  t h e  r i f t i n g .  
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EXTENSIONAL TECTONICS, SUEZ RIFT 
Chenet, P.Y. e t  a l .  

CRETACEOUS 

BASEMENT 

Fig. 1: Schematic block diagram of the  Wadi Araba area (Western S ina i ) .  

TRANSVERSE FAULT 

Fig. 2 :  Schematic block diagram of the  col lapse  s t ruc tu re  associated 
with major normal f a u l t s  in the  Gebel Ekma (Western S ina i )  



TECTONIC DETERMINATIONS OF LITHOSPHERIC THICKNESSES ON GANYMEDE AND CALLISTO, 
Steven K. Croft ,  Lunar and P l ane t a ry  Laboratory, Universi ty  of  Arizona, Tucson, 
Arizona 85721 

Introduction. Thermal l i t hosphe r i c  thicknesses  provide fundamental 
c o n s t r a i n t s  on p l ane t a ry  thermal  h i s t o r i e s  t h a t  complement t h e  c o n s t r a i n t s  
provided by da teab le  s u r f a c e  deposi ts  of  endogenic o r ig in .  Li thospheric  
c o n s t r a i n t s  a r e  of  p a r t i c u l a r  va lue  on t h e  i c y  s a t e l l i t e s  where o u r  
understanding of  both rheology and s u r f a c e  ages is considerably poorer t han  it 
is f o r  t h e  t e r r e s t r i a l  planets .  Certain ex tens iona l  t ec ton ic  f e a t u r e s  can and 
have been used t o  estimate l i t hosphe r i c  thicknesses  on Ganymede and Ca l l i s t o  
1 . 2 .  These estimates. however, r e f e r  to t h e  depth of t h e  e l a s t i c  l i thosphere  
defined by t h e  zone of  b r i t t l e  f a i l u r e .  The r e l a t i o n  between t h e  e l a s t i c  
l i thosphere  and t h e  thermal  l i thosphere  (genera l ly  defined by t h e  zone of 
conductive hea t  t ranspor t .  3) is n o t  s t ra igh t forward .  because t h e  depth of 
b r i t t l e  f a i l u r e  depends n o t  o n l y  on t h e  thermal  prof i le .  bu t  a l s o  on rheolo4v and 
s t r a i n  r a t e  (or  t h e  cha rac t e r i s t i c  t i m e  over  which s t r e s s e s  bui ld  towards 
fa i lu re ) .  Charac te r i s t ic  t i m e  considerat ions a r e  n o t  t r i v i a l  i n  t h i s  context  
because s t r e s s e s  genera t ing  b r i t t l e  f a i l u r e  on t h e  i cy  s a t e l l i t e s  mav be 
produced bv impacts. with cha rac t e r i s t i c  t i m e s  of  seconds t o  davs. o r  bv 
"Qeoloqic" processes (e.g., convection, d i f f e r en t i a t i on )  with time sca les  of mil l ions 
t o  hundreds of  mil l ions of years.  In  t h i s  abs t rac t .  t h e  concept of t h e  Maxwell 
t i m e .  tm.  of a v i scoe las t ic  mater ia l  (4.5) is used i n  conjunction with ca lcu la ted  
thermal  p r o f i l e s  t o  eva lua t e  t h e  s ign i f icance  of  t ec ton ic  estimates of  
Zithospheric thickness.  

Maxwell Time Profiles. The de f in i t i on  adopted he re  f o r  t h e  Maxwell t i m e  is 
t m  = 2p/E (51, where p is t h e  l oca l  v i scos i ty  and E is Young's modulus. The 
v iscos i ty  is both temperature and depth dependent: 

p = yo exp(A[(Tm -kpgZ)/T-11) 
where yo is t h e  v i scos i ty  a t  t h e  melting temperature, Tm, a t  zero pressure.  A is 
an  empirical cons tan t  r e l a t ed  t o  t h e  ac t i va t ion  ey'ker8y, p is densi ty ,  g is t h e  
l o c a l  g r av i ty ,  Z is depth, k is a cons tan t  set t o  y ie ld  Tm = 252% a t  a p ressure  
of  2.08 kb ( t h e  pressure  a t  melting where ice  I changes t o  ice 1111, and T is t h e  
l oca l  temperature. The temperature dependence of  Young's modulus, a minor 
e f f ec t ,  is a l s o  included: E=144.7-0.177 T kb  (derived from 6) .  The nominal 
temperature p r o f i l e s  used i n  t h i s  ca l cu l a t i on  a r e  shown i n  f i g u r e  1. They a r e  
ca lcu la ted  assuming t h e  mass and dens i ty  of  Ganymede, chondr i t i c  rad ioac t ive  
abundances. whole-planet, heated-from-within convection. and v iscos i ty  parameters 
p o = I ~ "  and A=25. A Maxwell t i m e  is ca lcu la ted  a t  each depth Z us ing  t h e  
appropr ia te  temperature a long  each temperature p ro f i l e .  

The r e s u l t i n g  Maxwell time p r o f i l e s  a r e  shown i n  f i g u r e  2. S t resses  
bu i ld ing  towards f a i l u r e  over  times s h o r t  compared t o  t h e  Maxwell t i m e  cause t h e  
mater ia l  t o  f a i l  i n  a b r i t t l e  manner, while s t r e s se s  bu i ld ing  over  times l o n e  
compared t o  t h e  Maxwell t i m e  cause t h e  mater ia l  t o  deform viscouslv.  Thus. each 
~ r o f  ile divides  t h e  b r i t t l e  f i e l d  above t h e  curve  from t h e  duc t i l e  f i e l d  below t h e  
curve. Followina t h e  thermal  p r o f i l e s  (temperature is bv f a r  t h e  dominant 
variable).  each curve  exh ib i t s  a similar Maxwell t i m e  dependence: l i t t l e  change in  
t h e  depth of  t h e  b r i t t l e  f i e l d  over  a l a r g e  r ange  of  "geologic" cha rac t e r i s t i c  
times q rad in4  i n t o  a s h a r p  increase i n  b r i t t l e  depth a t  time sca les  of  l e s s  t han  
a vear  o r  so. The gene ra l  increase in  t h e  depth of  t h e  b r i t t l e  f i e l d  with aQe 
represen ts  t h e  thickening of  t h e  l i t hosphe re  a s  t h e  rad ioac t ive  hea t  f l ~ ~ x  
declines. These curves  r e s u l t  from a p a r t i c u l a r  thermal  ca lcu la t ion .  Thermal 
models assumin4 d i f f e r e n t  i npu t  parameters w i l l  y ie ld  s l i g h t l y  d i f f e r e n t  Maxwell 
p rof i les .  Choosing a " s t i f f e r "  v i scos i tg  r e l a t i on ,  f o r  instance, fo r ce s  
temperatures a t  depth t o  r i s e  i n  o rde r  to de l iver  t h e  same hea t  f l u x  a t  a given 
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age  ( forc ing  t h e  s teep  por t ion  of t h e  Maxwell p r o f i l e  to  s h o r t e r  times). bu t  
s i m u l t a n e o u s l ~  th ickens  t h e  b r i t t l e  l a y e r  a t  " ~ e o l o g i c "  t i m e  scale.  Thus. t h e  
r e l a t i v e  i n s e n s i t i v i t y  of  t h e  b r i t t l e  depth f o r  geologic  t i m e  s ca l e s  means t h a t  if 
a set of  s t r u c t u r e s  can be establ ished as having  "geologic" 0 r i g i n ~  and an 
approximate age  derived. then  t h e  i n f e r r e d  l i t hosphe r i c  depth cons t r a in s  t h e  
rheoloQy. 

Tectonic Features  on Ganvmede end Callisto. The s t r u c t u r e s  of  i n t e r e s t  on 
Ca l l i s t o  a r e  t h e  graben-l ike depressions forming a concentr ic  network around t h e  
Valhal la  basin,  a l a r g e  impact s t ruc tu re .  The widths and spacing between t h e  
graben where best developed a re ,  respect ively,  15-20 km and about  70 km (1.7). 
The s t r u c t u r e s  on Ganymede a r e  t h e  graben-l ike fu r rows  with raised edges t h a t  
permeate s e v e r a l  of t h e  l a r g e  blocks of da rk  t e r r a i n .  F i r s t  recognized in  
Voyaqer 2 imagery ($1, t h e  fur rows  gene ra l l y  occur i n  enormous sub-para l le l  
systems i n  which fu r row width and spacing a r e  remarkably regular .  The best  
developed fu r row systems a r e  located i n  Gal i leo Regio and neighboring Marius 
Regio. The planform of each system is broadly a rcua te ,  and both a r e  c rude ly  
cons is ten t  with a s i n g l e  concent r ic  p a t t e r n  (9). This, p lu s  some s imi l a r i t i e s  to 
t h e  graben system around Valhal la  have  led  t o  the ,  common suggest ion t h a t  t hey  
a r e  koth p a r t s  of  a s i n g l e  tec ton ic  system, possibly o f  impact o r i g i n  (1.7.8,9). 
However, t h e  width and spacing of  t h e  fu r rows  i n  Gal i leo  Regio a r e  about  1 0  km 
and 50 km. respect ively,  whereas t hey  a r e  o n l y  about  h a l f  t h a t ,  about  6 km and 
22 km (9) respect ively,  i n  Marius Regio. These cha rac t e r i s t i c s  a r e  cons is ten t  
within each Regio, y e t  t h e  regiones a r e  separated by a s t r ip  of grooved t e r r a i n  
o n l y  about  300 km wide. Less w e l l  developed fur row systems a r e  found i n  o the r  
blocks of d a r k  t e r r a i n  on Ganymede, a s  indicated i n  t a b l e  1. each with 
cha rac t e r i s t i c  widths and, .sepgrat ions e i t h e r  rough ly  equal  t o  o r  equal  t o  about  
h a l f  t h e  dimensions of t h e  fur rows  i n  Gal i leo Regio. Main .  t h e  blocks of 
d i f f e r i n g  fur row dimensions a r e  separated by r e l a t i v e l y  narrow strips of b r i 4 h t  
t e r r a i n .  

In te rpre ta t ion .  For t h e  fur row systems on Ganymede, t h e  rheologv is 
presumablv everywhere uniform t o  f i r s t  order .  Also t h e  c r a t e r  counts  on t h e  
dark  t e r r a i n  a r e  s imilar .  p a r t i c u l a r l y  between Gal i leo  and Marius Reqiones. hence 
t h e  furrow systems a l l  d a t e  t o  t h e  same geologic e r a  - a t  most s eve ra l  hundred 
mill ion vea r s  long.  For a given rheology,  t h e  f a c t o r  of  2 in  1i. thosvheric 
thickness  i n f e r r ed  from t h e  va r i a t i ons  i n  fur row widths implies a comparable 
va r i a t i on  i n  hea t  f l ux .  Variat ions by f a c t o r s  of 2 i n  heat  f 3 r . 1 ~  due to p l ane t a rv  
cool ing a r e  d i f f i c u l t  to achieve over  a period a s  s h o r t  a s  s eve ra l  hundred 
mill ion yea r s  f o r  an  object a s  l a r g e  a s  Ganymede. However. va r i a t i ons  of 2 t o  3 
i n  hea t  f l u x  a r e  commonly obtained i n  convective hea t  t r a n s p o r t  caPculat ions 
between a r e a s  over  upwelling warm mater ia l  and a r e a s  over  down f lowing cold 
mater ia l  (70). In a new scenar io  of  d i f f e r e n t i a t i o n  on Ganymede (11). l i g h t  t e r r a i n  
emplacement occurs  i n  reg ions  over  warm r i s i n g  mantle material .  Thus, t h e  
geometric pa t t e rn  o f  l i g h t  and da rk  t e r r a i n ,  which bears  a resemblance to 
theo re t i ca l  geometrical p a t t e r n s  of r i s i n g  and s ink ing  mater ia l  convecting i n  a 
spher ica l  s h e l l  (121, is in te rpre ted  a s  r e f l e c t i n g  a convection pa t t e rn  with t h e  
cool  s i nk ing  plumes under  t h e  l a r g e  regiones: Galileo, Perrine.  and Nicholson (13). 
By inference,  t h e  t heo re t i ca l  thermal  l i t hosphe re  is 2-3 times t h i cke r  within t h e  
l a r g e  regiones t han  elsewhere. a va r i a t i on  cons is ten t  wifh t h e  observed 
va r i a t i ons  i n  e l a s t i c  l i t hosphe r i c  thicknesses  i n f e r r e d  from fur row widths. Thus, 
t h e  o v e r a l l  l i gh t -da rk  geometry, t h e  emplacement mechanism of  b r i g h t  t e r r a in .  and 
t h e  reg iona l  va r i a t i on  i n  fur row dimensions a r e  a l l  cons is ten t  with t h e i r  
i n t e rp re t a t i on  a s  qeologic  elements r e f l e c t i n g  t h e  g loba l  convective hea t  flow 
pa t t e rn  on Ganvmede between 3 and 4 b i l l i o n  vea r s  ago. 
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Even given t h i s  i n t e rp re t a t i on  of  fu r row or ig in ,  it is no t  suggested t h a t  
t h e  fur rows  a r e  t h e  d i r e c t  r e s u l t  o f  convect ive s t ress .  I f  such were t h e  case, 
fu r row systems unassociated with impacts would be found  on Ca l l i s t o  (where 
convective stresses are o n l y  s l i g h t l y  less), bu t  t hey  a r e  not. Thus t h e  fu r rows  
may be due to a s l i g h t  expansion caused by marginal  d i f f e r e n t i a t i o n  (13). This  
i n t e rp re t a t i on  of  t h e  va r i a t i on  of  fur row dimensions does not,  a s  yet,  e l iminate  
a n  impact o r i g i n  f o r  t h e  fur rows  because: 1) t h e  Maxwell p r o f i l e s  r e s u l t i n g  from 
more r e a l i s t i c  thermal  ca l cu l a t i ons  may d r o p  f a r t h e r  i n t o  t h e  s h o r t  impact time 
sca l e s  ( they may a l s o  g o  higher),  and 2) t h e  type  of  impact induced, sub- 
l i t hosphe r i c  r e s t o r a t i v e  f low envisioned by (14) a s  t h e  cause of t h e  Valhal la  
graben system may pe r s i s t  from months to years,  y ie ld ing  shallower b r i t t l e  
l avers .  The s l i g h t l y  t h i cke r  i n f e r r ed  l i t hosphe re  around Valhal la  compared t o  
t h a t  on Ganymede may be due simply t o  a months-years time sca le  r e s t o r a t i v e  
flow around t h e  Valhal la  basin compared to a much longe r  bu i ld ing  endogenic 
stress source  f o r  fur row3 on Ganvmede (see f i g u r e  21, r a t h e r  t han  d i f fe rences  in  
Qlobal  hea t  f l u x  o r  rheology. Since t h e  l oca l  th ickness  of t h e  b r i t t l e  l a v e r  
depends on t h e  l o c a l  hea t  f l ux .  a s i n g l e  impact-induced r e s t o r a t i v e  flow passing 
through a r e a s  of d i f f e r i n g  hea t  f l u x  may produce extensional  s u r f a c e  f e a t u r e s  of 
d i f  f e r i n g  dimensions. Such a flow could have produced t h e  Galileo-Marj u s  svstem: 
asvmme$ries i n  t h e  Valhal la  system (15) may a l s o  be due  t o  l oca l  va r i a t i ons  i n  
hea t  f l ux .  

The cha rac t e r i s t i c s  of  t h e  Maxwell time p ro f i l e s  and t h e i r  s e n s i t i v i t v  t o  
rheoloey  and ca lcu la ted  thermal  profiles implies t h a t  detai led a n a l v s i s  of  fur row 
dimensions ( in  proe;ress) on Ganymede and r i n g  s t r u c t u r e s  on Ca l l i s t o  can provide 
s i g n i f i c a n t  c o n s t r a i n t s  on model thermal  h i s t o r i e s  (in ProRress) and estimates on 
two-dimensional hea t  flow p a t t e r n s  on p l ane t s  o the r  t han  t h e  Earth.  Thev mav 
a l s o  u l t imate ly  provide t h e  decisive c lues  to whether t h e  enigmatic fur row 
svstems on Ganymede a r e  of  impact or endogenic or ig in .  
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F igure  1. Ganymede Ther- 
m a l  P r o f i l e s .  Ages a r e  i n  
b i l l i o n s  of y e a r s  b e f o r e  
t h e  p re sen t ;  e.g., age=O 
is  p re sen t  time. 

E 
a 

Figure  2. M a x w e l l  Time 
P r o f i l e s .  Each p r o f i l e  
corresponds t o  thermal  
p r o f i l e  i n  f i g u r e  1 of 
t h e  same age. 

MAXWELL TIME, years 

Table 1. Furrow Widths and Spacing 

Area Image FDS# Width (km) Spacing (km) Comments 

Ga l i l eo  Regio - 8-10 30-50 Refs. 1 ,7 ,8  

Marius Regio - - 5 -22 ' Ref. 9 

NE P e r r i n e  Regio 16405.46 7-8 -33 Low r e s o l u t i o n  

NGJ P e r r i n e  Regio 16402.02 7-9 -30 Low r e s o l u t i o n  

E Cen t r a l  Barnard Regio 16405.18 5-6 20-25 

Cen t r a l  Nicholson Regio 16405.02 10-13 40-50 Few furrows 



METAMORPHIC CORE COMPLEXES -- EXPRESSION OF CRUSTAL EXTENSION BY 
DUCTILE-BRITTLE SHEARING OF THE GEOLOGIC COLUMN; G.H. Davis, Dept. of Geos., 
University of Arizona, Tucson, Arizona 85721 

Metamorphic core complexes and detachment fault terranes in the American 
Southwest are products of stretching of continental crust in the Tertiary. 
The physical and geometric properties of the structures, fault rocks, and 
contacr relationships that developed as a consequence of the extension are 
especially well displayed in southeastern Arizona. The structures and fault 
rocks, as a system, reflect a ductile-through-brittle continuum of deforma- 
tion, with individual structures and fault rocks showing remarkably coordi- 
nated strain and displacement patterns. Careful mapping and analysis of the 
structural system has led to the realization that strain and displacement 
were partitioned across a host of structures, through a spectrum of scales, 
in rocks of progressively changing rheology. By integrating observations 
made in different parts of the extensional system, especially at different 
inferred depth levels, it has been possible to construct a descriptive/kine- 
matic model of the progressive deformation that achieved continental crustal 
extension in general, and the development of metamorphic core complexes in 
particular . 

The physical and geometric nature of structures, fault rocks, and con- 
tact relationships in metamorphic core complexes of southeastern Arizona can 
be understood in the context of shear-zone deformation. When so viewed, 
metamorphic core complexes emerge as mountain-size geologic exposures of low- 
dipping regional ductile-brittle shear zones. The zones vary in thickness 
from approximately . 3  km to 3 km, and appear to taper upward. Normal-slip 
simple shear within individual shear zones resulted in kilometers of trans- 
lation of hanging-wall crust. The tectonic denudation which accompanied pro- 
gressive simple-shear raised early formed, deep level mylonites through 
higher and higher structural levels. The mylonites thus experienced a pro- 
gressive deformation carried out under conditions of steadily decreasing 
temperature and confining pressure. The record of fault rocks and fabrics 
displays this history strikingly: mylonite gneiss comprising the interior of 
the shear zones is transformed upward into microbrecciated mylonite gneiss, 
which in turn is converted to cataclasite and ultracataclasite derived from 
microbrecciated mylonite gneiss, In outcrop the cataclasites typically form 
a resistant tabular ledge, the upper surface of which is a gently dipping 
detachment fault, or decollement. This surface of profound structural dis- 
continuity sharply separates mylonitic and cataclastic fault rocks below from 
nonmylonitic, noncataclastic hanging-wall rocks. 

When the brittle-ductile shear zones formed initially, as a response to 
continental crustal extension, they probably dipped at angles of 45 degrees 
or more, and not at their presently observed inclinations of 30 degrees or 
less. At the time of formation of the brittle-ductile shear zones, only the 
uppermost brittle surficial expression(s) of the zones would have been 
exposed to view. However, the brittle-ductile shear zones now lie on their 
sides, having been passively rotated to gentle inclinations through crustal 
extension that continued beyond their inception. While actively accommo- 
dating simple-shear deformation and displacement, the shexr zones were geo- 
metrically required to rotate to shallower inclinations as the crust was dis- 
torted into a stretched, thinned counterpart of its original shape and size. 
Following this early-to mid-Tertiary deformation, the rotated shallow-dipping 
brittle-ductile shear aones were cut and differentially displaced along 
younger high-angle normal faults, which are fundamentally responsible faor 
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blocking-out t h e  b a s i n s  and ranges of sou theas t e rn  Arizona today. Because 
of t h e  c~ rnb ina t ion  of t h e s e  s t r u c t u r a l  c i rcumstances,  broad expanses of sub- 
r eg iona l  b r i t t l e - d u c t i l e  shear  zones can be examined i n  s i n g l e  and/or  adja-  
cent  mountain ranges. By t r a v e r s i n g  range  t o  range,  p a r a l l e l  t o  t h e  d i r ec -  
t i o n  of shea r ,  t h e  once-shallow and once-deep p a r t s  of a common shear  zone 
may be  examined r i g h t  a t  t h e  s u r f a c e  of t h e  e a r t h ,  



THER~~AL HISTORY OF A METAMORPHIC CORE COMPLEX. 
Roy # .  Dokka and Michael J. Mahaffie, Department of Geology, 
Louisiana State University, Baton Rouge, LA 70803; Arthur W. 
SnokC, Department of Geology and Geophysics, University of 
Wyoming, Lararnie, WY 82071 

Fission track (FT) thermochronology studies of lower plate 
racks of the Ruby Mountains-East Humbolt Range metamorphic core 
complex provide important constraints on the timing and nature of 
major middle Tertiary extension of northeast Nevada. Rocks 
analyzed include several varieties of mylonitic orthogneiss as 
well as am~hibolitic orthogneisses from the non-mylonitic 
infrastructurdl core. Oligocene-age porphyritic biot'ite 
granadiorite of the Harrison Pass pluton was also studied. The 
minCrals dated ihclude apatite, zircon, and sphene and were 
obtained 45om 3,Jhe same rocks that have been previously studied 
using the Ar- Ar method (1). 

FT ages are concordant and range in age from 26.4 Ma to 23.8 
M a ,  Mith all showing overlap at 1 sigma between 25.4-23.4 Ma 
(Figure 1 ) .  Concordancy of all F T  ages from all structural 
levels indicates that the lower plate cooled rapidly from 
tempera t ures a b 0 v e ~ ~ 2 8 5 ~ ~  t assumed sphene closure temperature ; 
i 2 ) )  to below "150 C (assumed apatite closure temperature; 12)) 
near the beginning of the Miocene. Thisosuggests that the lower 
plate cooled at a rate of at feast "36 g6Ma $!ring this event. 
The general concordance of F T  with Ar- Ar biotite and 
hornblende plateau ages ( 1 1  suggest3 an even more pronounced 
cooling durins this event (above "500 C to below 1 5 0 ~ ~ )  durins 
latest Oligocene-earliest Miocene time. 

Rapid cooling of the region is considered to reflect large- 
scale tectonic denudation (intracrustal thinning), the vertical 
complement to intense crustal extension. Rocks originating in 
the middle crust 110-15 km) were quickly brought near the surface 
along detachment faults (brittle-ductile shear zones) and 
juataposed against brittlely extended rocks deformed under upper 
crustal conditions. FT data firmly establish the upper limit on 
the timing of mylonitization during detachment faulting and also 
coincide with the age of extensive landscape disruption. 

1 .  Snoke, A .  W., Dallmeyer, R. D., and Fullagar, P .  D. (19841 
SupePimposed Tertiary mylonitization o n  a Mesozoic 
metamorphic terrane, Ruby Mountains-East Humbolt Range, 
NCvada, .LsU,- Boc. Bpd Abs. W Proas. U, 662. 

2. ZeiYler, P. K., Johnson, N. M., Naeser, C. W . ,  and 
Tahirkheli, R. A .  K. (1982) Fission-track evidence for 
Quaternary uplift of the Nanga Parbat region, Pakistan, 
Wa.ture., 228, 255-257. 
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EXPLANATION 

Quaternary deposits 

I$ Basaltic anderite and associated sedimentary rockc -- 
Oligocene 

Granitic rocks -- Harrison Pars piuton -- Oligocene 

n Muscovite-biotito granite of Dawley Canyon -- dated 
as Cretaceous 

a Ruby Mountains -- East Humboldf Range -- Wood Hills 
igneour-metamorphic complex (undifferentiatod) 

trend of maior fold 

::..- :.s>z mylonitic zono 

Paleozoic - Triassic sedimentary rocks (undifferentioted) 

F i g u r e  1 .  G e n e r a l i z e d  g e o l o g i c a l  m a p  of the R u b y  M o u n t a i n s - E a s t  
H u m b o l  t R a n g e ,  N e v a d a  ( 3 ) .  T r i a n g l e s  s h o w  l o c a t i o n  of F T  
s a m p l e s ;  a g e  (+error) a n d  m i n e r a l  d a t e d  i S p = s p h e n e ;  
Z r = z i r c o n ;  A p = a p a t i t e )  i s  s h o w n  at e a c h  l o c a l i t y .  



THE--MECHANICAL RESPONSE TO SIMPLE SHEAR EXTENSION; K.P. Furlong, 
Department of Geosciences, Pennsylvania S t a t e  Univers i ty ,  Univers i ty  Park, 
PA 16802 

The mechanism of ex tens ion  i n  t h e  con t inen ta l  c r u s t  is  apparent ly  much 
more complex than  t h a t  a c t i n g  i n  t h e  oceanic l i t hosphe re .  Recently, Wernicke 
(1,2) has  proposed t h a t  a s i g n i f i c a n t  f r a c t i o n  of ex tens ion  i n  t h e  c o n t i n e n t a l  
lithosphere may occur by a  s imple shear  mechanism along d i s c r e t e  f a u l t l s h e a r  
zones which c u t  t h e  c r u s t ,  and perhaps extend i n t o  t h e  uppermost mantle. 
Clear ly  much of t h e  su r face  evidence f o r  ex tens ion  suppor ts  t h i s  concept,  bu t  
t h e  dep-th e x t e n t  of s imple shear  ex tens ion  i n  t h e  con t inen ta l  c r u s t  is  
unclear .  Ln t h i s  s tudy I have determined, using numerical s imula t ions ,  t h e  
thermal and a s soc ia t ed  mechanical behavior of t h e  con t inen ta l  l i t h o s p h e r e  
i n  response t o  l i t h o s p h e r e  ex tens ion  along a low-angle simple shear  zone 
which c u t s  through t h e  l i t h o s p h e r i c  p l a t e  (Figure l ) ,  i n  order  t o  eva lua te  
t h e  reso lv ing  a b i l i t y  of thermal (heat  flow and metamorphic P-T-time pa ths)  
and e l e v a t i o n  observa t ions  i n  cons t r a in ing  t h e  mode of con t inen ta l  extension.  
The genera l  gometry of t h e  r e g i o n ' i s  shown i n  Figure 1 a t  a time a f t e r  
e x t e n f i o e  h a s  ceased (po in t s  x and x '  were i n i t i a l 9 y  ad jacen t ) .  The 
i n i t i a l  c r u s t a l  th ickness  ac ross  t h e  r eg ion  w a s  assumed t o  be cons tant .  The 
su r face  $e&t flow and e l e v a t i o n  response t o  t h i s  ex tens ion  f o r  t h e  reg ion  
beGween A a,nd C is  given i n  Figures 2a and 2b. Extension was assumed t o  
have sccurred  over a  15 Ma period wi th  a  n e t  v e r t i c a l  motion of 20 km. 
D.uring t h e  per iod  of a c t i v e  ex tens ion ,  t h e  hea t  flow response is  dominated 
by fhe  e f f e c t s  of ( v e r t i c a l l y )  advected h e a t  causing a s t rong anomaly i n  
t h e  v i c i n i t y  of t h e  t h i n n e s t  upper p l a t e .  Af ter  t h e  ces sa t ion  of ex tens ion  
(time > 15 Ma) t h e  h e a t  flow anomaly decrease  and t h e  l o c a t i o n  of t h e  
maximum migra tes  t o  t h e  reg ions  of t h i c k e r  upper p l a t e  a s  a  func t ion  of t h e  
conductive time l ag .  I n  t h e  reg ions  of t h i n n e s t  c r u s t ,  t he  h e a t  flow decays 
t o  va lues  below those assumed i n i t i a l l y  as a consequence of removal of 
(assumed) r ad iogen ica l ly  enriched upper and middle c r u s t .  The width of 
t h e  hea t  flow anomaly v a r i e s  i n  t ime, but  f o r  an assumed d ip  f o r  t h e  shear  
zone of 20°, t h e  anomaly is  approximately 75-100 km wide. By 25 M a  
(t ime = 40 Ma) a f t e r  t h e  ces sq t ion  of ex tens ion ,  however, t h e  hea t  flow 
anomaly has decayed t o  a poin t  where i t  is  l i k e l y  t o  be  d i f f i c u l t  t o  reso lve .  
The e l e v a t i o n  response t o  t h i s  ex tens ion  is  dominated by t h e  e f f e c t s  of 
c r u s t a l  th inning  (and hence t h e  s p e c i f i c s  of t h e  geometry of t h e  shear  zone) 
wi th  only a  s m a l l  t r a n s i e n t  e f f e c t  from t h e  thermal per turba t ions .  For 
t h e  r a t e s  of ex tens ion  used he re ,  t h e  maximum average temperature i n c r e a s e  
i n  t h e  l i t h o s p h e r i c  p l a t e  (during extension)  is  <200°C r e s t r i c t i n g  t h e  
e f f e c t s  of t h e m a l l d e n s i t y  e f f e c t s  i n  e l e v a t i o n  t o  <600 meters.  C lea r ly  t h e  
dominant e f f e c t  (approximately 3 km of subsidence) i s  r e l a t e d  t o  c r u s t a l  
th jnping ,  and thus  a l s o  dependent on t h e  i n i t i a l  c r u s t a l  s t r u c t u r e .  

The thermal  and a s soc ia t ed  mechanical (e leva t ion)  response of t h e  
con t inen ta l  l i t h o s p h e r e  t o  simple shear  ex tens ion  i s  g r e a t e s t  during t h e  
pe r io4  of a c t i v e  extension.  The ' r e l a x a t i o n '  of t h e  thermal f i e l d  occurs  
over a  fime s c a l e  of 10 ' s  of m i l l i o n s  of yea r s ,  whi le  t h e . e l e v a t i o n  response 
is  v i r t u a l l y  complete by t h e  end of t h e  extension.  The a b i l i t y  t o  c o n s t r a i n  
t h i s  ex tens ion  mechanism r e q u i r e s  e i t h e r  d e t a i l e d  c o n t r o l  on t h e  subsidence1 
u p l i f t  h i s t o r y  of t h e  reg ion  and some c o n t r o l  over t h e  p a t t e r n s  of t h e  
p e r t u r b a t j o a s  i n  t h e  thermal  f i e l d .  The u t i l i z a t i o n  of metamorphic 
pressure-temperature-time t r a j e c t o r i e s  ( 3 )  may provide a  means t o  c o n s t r a i n  
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t h e  thermal  h i s t o r y  and consequent ly c o n s t r a i n  t h e  ex tens ion  mechanism. 
Without such c o n s t r a i n t s ,  i t  i s  u n l i k e l y  t h a t  p re sen t  day thermal and 
e l e v a t i o n  measurements w i l l  provide adequate  information t o  d i s c e r n  the  
mechanism of ex tens ion  i n  c o n t i n e n t a l  reg ions .  

(1) Wernicke, B . ,  (1981) Low-angle normal f a u l t s  i n  t h e  Basin and Range 
province--Nappe t e c t o n i c s  i n  an  extending orogen. Nature, 291, 
p. 645-648. 

(2) Wernicke, B . ,  (1985) Uniform-sense normal simple shear  of t h e  c o n t i n e n t a l  
l i t hosphe re .  Can. J .  Ear th  S c i . ,  22, p. 108-125. 

(3 )  Spear,  F.S.,  Se lvers tone ,  J . ,  Hickmott, D . ,  Crowley, P. and Hodges, K.V. ,  
(1984) P-T pa ths  from ga rne t  zoning: A new technique f o r  
dec ipher ing  t e c t o n i c  processes  i n  c r y s t a l l i n e  t e r r ances .  Geology, 
12 ,  p. 87-90. - 

asthenosphere 

Figure  1. Schematic of model domain and geometry f o r  simple shear  model. 
Shaded r eg ion  r e p r e s e n t s  c r u s t .  A ,  B ,  and C mark l o c a t i o n s  r e f e r r e d  t o  by 
Wernicke (2)  a s  ex t ens iona l  a l l oc thons  (o r  "core complexes"), l i m i t  of 
s i g n i f i c a n t  upper c r u s t a l  ex tens ion ,  and Moho "hinge" r e spec t ive ly .  
P o s i t i o n s  l abe l ed  x and x '  were ad j acen t  p r i o r  t o  ex tens ion .  For a shear  
zone d ipping  a t  20, t h e  reg ion  between A and C i s  approximately 140 km wide. 
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Figure  2a. P red ic t ed  s u r f a c e  h e a t  flow response dur ing  (0-15 Ma) and a f t e r  
(> 15 Ma) s imple shea r  ex tens ion  along f i n i t e  width shear  zone. Dashed 
l i n e  i s  assumed i n t i a l  h e a t  flow regime. 
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F i g w e  2%. Pretlicted'  e l e v a t i o n  response during and a f t e r  simple shear  
extcmsjom. Dashed 19ne i s  i r n i t i a l  datum su r face .  



LITHOSPHERIC STRENGTH OF GANYMEDE: CLUES TO EARLY THERMAL PROFILES FROM 
EXTENSIONAL TECTONIC FEATURES; M.P. Golombek and W.B. Banerdt, J e t  Propulsion 
Laboratory, Ca l i fo rn i a  I n s t i t u t e  of Technology, Pasadena, CA 91109 

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 .  
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Schaber ( 1 )  has presented a preliminary map of 10 detailing 

surface morphology of an area located between 60°w and 240°w, 
across the 0' meridian, and below 40'~~ covering some 26.5% of 

the globe. Mountainous terrain, represented by separate massifs 

as opposed to continuous chains, occupies some 1.9% of the 
napped area. Massifs may achieve altitudes exceeding 9f lkm above 
their surroundings and it is considered (2,3,4,5) that topography 

of this amplitude must be supported by material of largely 

silicate composition. Mountains are often associated with a unit 
which Schaber (1) terms 'layered plains', which is characterised 

by (an extensive, smooth, flat surface, boundary scarps ranging 

in height from 150 to 1700m, and abundant grabens?. Scarps are 
probably controlled by normal faults (1 ), and extensively- eroded 

in places due to the escape of sub-surface SO2 at free faces (6). 

The role of extensional tectonics in controlling the edges of 

plateaus is well illustrated in the case of the plateau at 48O~, 

320%. This has an almost straight northeast edge, trending NW - 
SE. The southeast projection of this lineament passes through the 

volcanic centre named Aten Patera, and continues along a fissure- 

like feature from which dark material has effused on either side. 

Studies of Earth's mountains benefit from field surveys, 

geophysical investigations, levelling data and data provided by 

engineering projects. Our knowledge of 10's mountains is more 

~udimentary, being based on images of resolution no better than 

O.5km per line pair. Nevertheless, available images indicate that 

these mountains on the Solar System's most active body will 

p~ovide a challenging subject for future work. 

Schaber ( 1  ) speculated that massifs might be volcanic 

constructs or vent deposits fringing giant volcano-tectonic 

depps.ssions, and identified possible volcanic vents on mountain 

flanks. Notwithstanding, the evident role of tectonism in 
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controlling massif morphology may point to an origin by tectonic 

processes. Mountain and plateau uplift on Io mag be polygenetic, 
however, and it is not possible to reject mechanisms for uplift 

which involve injection of large thicknesses of magma into the 

lower part of the crust, as recently discussed for terrestrial 

examples by McKenzie ( 7 ) .  Such processes might accompany crustal 
extension. 

The mountain at 3 5 O ~ ,  335'~ rises as a relatively simple 
plateau from the low relief 'intervent plains'. Many of the 

mountains, however, are modified by extensional features, with 

the implication that extensional processes were involved in 

mountain formation. Several massifs occur on the shoulders of 

graben or graben-like features. Haernus Mons (70°s, 50'~) exhibits 

pervasive lineations of similar trend to those of nearby terrains 

where extension is in evidence. This might imply a tilted 'pack 

of cards1 structure produced by a style of extensional tectonics 

similar to that envisaged for certain terrestrial regions by 

Angelier and Colletta (8). Another possibility is that extension 

in some areas is accommodated by compression in others, with 

lateral movements and local uplift along fault planes. Schaber 

(1 ) noted a possible lateral displacement near loOs, 2 8 0 ~ ~ .  

There is good reason to conclude that mountains on 10, like 

those on Earth, are subject to growth and decay. The decay of 

mountains will be assisted by the ability of SO2 to rot silicate 

rock (J. Guest, personal communication) and explosive escape of 
sub-surface SO2 from 'aquifers' (Haemus Mons is seen to be 

covered by bright material, presumably fallout from a SO2 rich 

plume which had been active on the mountain flanks). On the west 

side of the massif at loOs, 270% a rugged surface consists of 

long ridges running perpendicular to the downslope direction, 

suggesting tectonic denudation with crustal blocks sliding down 

the mountain flank. Tectonic denudation mag be assisted, as in 

the case of the Bearpaw Mountains, Montana (9) by overloading 
mountain flanks with volcanic products. The surfaces of some 

massifs exhibkt a well developed, enigmatic fcorrugated teyrainr, 
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consisting of complex ridge systems. Ridges may bifurcate, 

anastornose to form closed depressions and form concentric loops. 

One possible mechanism for their formation is the deformation of 

a sheet which is detached from and free to glide over underlying 

lavers in response to gravity. Movements down mountain flanks 

will be encouraged if there are layers rich in sulphur, S O p ,  or 

other sulphur compounds, providing suitable surfaces of 

d8collement. 

None of the disrupted surfaces on or around mountains bear 

recognisable impact craters down to the limits of resolution, 

with the implication that these surfaces, like the rest of Iots 

terrain (see ref. 10) are vounger than 1 Myr, and that denudation 

has been rapid. The mountains on 10 are ephemeral. 

If this inference is correct, it follows that the presence 

of mountains on 10 requires that mountain formation, continuous 

or episodic, has been active close to the present day. There is 

morphological evidence for uplift of massifs. For example, lobes 
of material debouch onto the layered plains from the massif at 

4Y0s, 340W (northeast of Creidne patera) in response to tilting. 
Corrugated terrain on mountain flanks appears to be cut or 

controlled by lineaments running into mountains from adjacent 

layered plains. On the massif at loOs, 270'~ the inner edge of a 
peripheral bench of layered plains seems to embay the south side 

of the mountain surface with no evidence of normal, thrust, or 

strike-slip faulting. The outer edge of the bench, however, 

appears to be controlled bv a normal fault. Hence this scarp mag 

represent an increment of uplift common to bench and massif. 

Taken together, observations of morphology, heat flux, 

surfece deposits and stvles of volcanism mag point to the 

existence of lithosphere domains with distinct compositions and 

tectonic regimes. Mountains and layered plains are concentrated 

around %he eastern, southern ~ n d  southwest peripheries of the 

napped area, whilst the central part is free of mountains. Shield 

crater flows occur mainly on the northwest periphery of the area. 

From Earth based IR observations, Johnson et al. (11 ) found that 



10: POUNTAINS AND CRUSTAL EXTENSION.. . 
Heath, tl. J. 

lots heat flux peaked in the vicinity of Loki (within Schaber's 

mapped area, near 315Ow), the main volcanic centre at the time of 

the Voyager encounters, suggesting a deep seated, persistent 
source of volcanism to these workers. McEwen and Soderblom (12) 

distinguished short lived, energetic plumes, depositing dark 

material (~urt, Aten and ~ele) from long lived, less energetic, 

SOp rich plumes, and noted Loki as a hybrid. Aten, Pele and Loki 

lie within the mapped area, and Surt not far beyond it to the 

northwest. Nelson et al. (13) found that SO2 frost was most 
abundant from 7 2 O ~  to 137O~, and least abundant (in the area 

mapped by ~chaber) between 250% to 32345. Images and thermal 

data from the forthcoming Galileo mission should provide a much 
improved global overview of tectonic andvother crustal processes 

on 10, 
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PN VELOCITY BENEATH WESTERN NEW MEXICO AND EASTERN ARIZONA; Lawrence 
ha, U.S. Geo log ica l  Survey and New Mexico I n s t i t u t e  o f  M i n i n g  and 
ogy, Socorro, New Mexico 

C r u s t a l  t h i n n i n g  has u s u a l l y  been assoc ia ted  w i t h  a  wide-spread hea t  

source i n  t h e  upper mantle. The l o w  compressional  wave (Pn) v e l o c i t i e s  

("7.6 km ls )  r epo r ted  beneath extended t e r r a i n s  c o n t r a s t  s t r o n g l y  w i t h  normal 

("8.0 km ls )  Pn v e l o c i t i e s  found beneath cratons. 

The U.S. Geo log ica l  Survey began a  s tudy o f  t h e  a s s o c i a t i o n  between 

t h i n n e d  c r u s t  and l ow  Pn v e l o c i t y  i n  1984. The s tudy area i s  i n  t h e  

t r a n s i t i o n  zone between t h e  Colorado P la teau  and t h e  Bas in  and Range p rov inces  

a n d  1  i e s  a long  t h e  New Mexico-Arizona border  a t  approx imate ly  34.5'~ 1  a t i tude .  

The s tudy  area con ta ins  a  segment o f  t h e  Jemez l ineament  ( I ) ,  an extens ive,  

1  a t e  Cenozoic a1 i gnment o f  b a s a l t i c  vo lcan ism t h a t  extends f r om eas t - cen t ra l  

A r i zona  t o  no r t heas te rn  New Mexico (F igu re  1). 

Our exper iment  i n v o l v e s  observ ing  Pn a r r i v a l s  on an a rea l  a r r a y  of  7 

se i sm ic  s t a t i o n s  l o c a t e d  i n  t h e  t r a n s i t i o n  zone and a long  t h e  Jemez 1  i neament. 

We a re  u s i n g  exp los ions  f r om coa l  and copper mines i n  New Mexico and Ar izona  

as w e l l  as m i l i t a r y  de tona t ions  a t  Wh i te  Sands M i s s i l e  Range, New Mexico, 

Yuma, Ar izona, and t h e  Nevada Test  S i t e  as energy sources. M i n i n g  exp los ions  

a t  Morenci, A r i zona  and Gal lup,  New Mexico w i l l  be used l a t e r  i n  t h e  s tudy t o  

deduce t h e  v e l o c i t y  s t r u c t u r e  o f  t h e  c r u s t  above t h e  Pn r e f r a c t o r .  

Very p r e l i m i n a r y  r e s u l t s  suggest a  Pn v e l o c i t y  o f  7.94 km ls  ( w i t h  a  

f a i r l y  l a r g e  u n c e r t a i n t y )  beneath t h e  s tudy area. The Pn de lay  t imes,  which 

can be conver ted  t o  es t ima tes  o f  c r u s t a l  t h i ckness  g iven  knowledge o f  t h e  

v e l o c i t y  s t r u c t u r e  o f  t h e  c r u s t  i nc rease  bo th  t o  t h e  nort"n and eas t  of 

S p r i n g e r v i l l e ,  Arizona. As a  c o n s t r a i n t  on t h e  v e l o c i t y  o f  Pn we analyzed t h e  

reversed r e f r a c t i o n  l i n e  GNOME-HARDHAT which passes th rough S p r i n g e r v i l l e  

o r i e n t e d  NW-SE. Th i s  a n a l y s i s  r e s u l t e d  i n  a  Pn v e l o c i t y  o f  7.9-8.0 km/s f o r  
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t h e  t r a n s i t i o n  zone. 

These pred i m i  nary r e s u l t s  along w i t h  those reported e a r l i e r  (2,3) suggest 

that a normal Pn veqoci ty  might  p e r s i s t  even though t h e  c r u s t  t h i n s  ( f rom 

n p r t h  ,to south) by 15 km along t h e  l eng th  o f  t h e  Arizona-New Mexico border. 

I f  t h e  upper mant le i s  c u r r e n t l y  ho t  anywhere i n  western New Mexicco o r  eastern 

Arizona then t h e  dimensions o f  t h e  heat source (or  sources) might be smal l  

compared t o  t h e  i n t r a - s t a t i o n  distances o f  t h e  seismic arrays used t o  es t imate  

the v e l o c i t y  o f  Pn. 
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BRITTLE EXTENSION OF THE CONTINENTAL CRUST ALONG A ROOTED SYSTEM OF 

LOW-ANGLE NORMAL FAULTS: COLORADO RIVER EXTENSIONAL CORRIDOR; Barbara E. 
John and Keith A. Howard, U.S. Geological Survey, Menlo Park, California 
94025 

A transect across the 100 km wide Colorado River extensional corridor og 
mid-Tertiary age shows that the upper 10 to 15 km of crystalline crust extend- 
ed along an imbricate system of brittle low-angle normal faults. The faults 
cut gently down section in the NE-direction of tectonic transport from a head- 
wall breakaway in the Old Woman Mountains, California. Successively higher 
allochthons above a basal detachment fault are further displaced from the 
headwall, some as much as tens of kilometers. Vertical excision across the 
faults may be as much as 15 km. The basal fault(s) cut initially to paleo- 
depths of at least 10 to 15 km, the measured paleothickness of an upended 
allochthonous slab of basement rocks above the Chemehuevi-Whipple Mountains 
detachment fault(s). Allochthonous blocks are tilted toward the headwall as 
evidenced by the dip of the capping Tertiary strata and originally horizontal 
Proterozoic diabase sheets. Block tilt and degree of extension increase 
northeastward across much of the corridor. On the down-dip side of the 
corridor in Arizona, the faults root under the unbkoken Hualapai Mountains and 
the Colorado Plateau. Slip on faults at all exposed levels of the crust was 
unidirectional. Brittle thinning above these faults affected the entire upper 
crust, and wholly removed it locally along the central corridor or core 
complex region. Isostatic uplift exposed metamorphic core complexes in the 
domed footwall. These data support a model that the crust in California moved 
out from under Arizona along an asymmetric, rooted normal-slip shear system. 
Ductile deformation must have accompanied mid-Tertiary crustal extension at 
deeper structural levels in Arizona. 



THERMOMECHANICAL MODELIHG OF THE COLORADO PLATEAU-BASIN AND RANGE 
TRANSITION ZONE; Michael  D. Londe, Department o f  Geology and Geophysics,  
U n i v e r s i t y  o f  Wyoming, Laramie, WY 82071 

The Colorado P l a t e a u  (CP) - B a s i n  and Range (B & R) boundary is  marked 
by a  t r a n s i t i o n  zone on t h e  o r d e r  o f  75 t o  150 km i n  width .  A s  one moves 
westward a c r o s s  t h i s  t r a n s i t i o n  from t h e  CP i n t e r i o r  t o  t h e  B & R t h e r e  is  
a  v a r i a t i o n  i n  t h e  s u r f a c e  topography,  s u r f a c e  h e a t  f low,  Bouguer g r a v i t y ,  
s e i s m i c i t y ,  and c r u s t a l  s t r u c t u r e ,  Th i s  t r a n s i t i o n  e x t e n d s  eas tward  i n t o  
t h e  w e s t e r n  CP from t h e  Wasatch-Hurricane f a u l t  l i n e  and i s  l a r g e l y  
c o i n c i d e n t  w i t h  t h e  h i g h  p l a t e a u s  o f  Utah and t h e  Wasatch Mountains. 
F i g u r e  2  shows t h e  v a r i a t i o n  i n  s u r f a c e  h e a t  f low,  topography,  and Bouguer 
g r a v i t y  f o r  t h e  t h r e e  p r o f i l e s  shown i n  F i g u r e  1. It h a s  been sugges ted  
t h a t  t h i s  t r a n s i t i o n  zone marks a  the rmal  and t e c t o n i c  encroachment o f  t h e  
CP by t h e  B & R 11, 3 ,  41. 

A s i m p l e  two d imens iona l  numer ica l  model o f  t h e  the rmal  regime f o r  t h e  
t r a n s i t i o n  zone h a s  been c o n s t r u c t e d  t o  t e s t  t h e  h y p o t h e s i s  t h a t  t h e  
obse rved  g e o p h y s i c a l  s i g n a t u r e s  a c r o s s  t h e  t k a n s i t i o n  a r e  due t o  l a t e r a l  
h e a t  c o n d u c t i o n  from s t e a d y  s t a t e  uniform e x t e n s i o n  w i t h i n  t h e  B & R 
l i t h o s p h e r e .  S u r f a c e  h e a t  f low, u p l i f t  due t o  f l e x u r e  from the rmal  buoyant 
l o a d i n g ,  and r e g i o n a l  Bouguer g r a v i t y  a r e  computed f o r  v a r i o u s  e x t e n s i o n  
r a t e s ,  c r u s t a l  s t r u c t u r e s ,  and compensat ion d e p t h s .  F i g u r e  3 shows t h e  
dimensions  o f  t h e  models t e s t e d  i n  t h i s  s t u d y .  Model compensat ion d e p t h s  
o f  65 and 120 km were chosen t o  cor respond  t o  t h e  d e p t h  o f  t h e  B & R 
l i t h o s p h e r e ,  a s  de te rmined  from s u r f a c e  wave s t u d i e s ,  and t h e  upper l i m i t  
o f  t h i c k n e s s  of  t h e  CP l i t h o s p h e r e .  Two c r u s t a l  s t r u c t u r e s  a r e  used i n  
t h i s  s t u d y  t o  examine t h e  e f f e c t  o f  t h e  c r u s t a l  s t r u c t u r e  on t h e  f l e x u r a l  
u p l i f t  and t h e  Bouguer anomaly. For one c a s e  a  t h i n  c r u s t  is  p r e s e n t  t o  
t h e  mechan ica l  boundary and i n  t h e  second c a s e  a  th ickened  b l o c k  o f  c r u s t  
e x t e n d s  40 km t o  t h e  west  of  t h e  mechan ica l  boundary.  

Lachenbruch and Sass  ( 1978) ( 2 ) ,  have shown t h a t  uni form l i t h o s p h e r i c  
e x t e n s i o n  can  a d e q u a t e l y  e x p l a i n  t h e  s u r f a c e  h e a t  f low i n  t h e  B & R 
i n t e r i o r .  However t h e i r s  i s  a  one d imens iona l  model and canno t  be  used t o  
examine the rmal  and mechanical  e f f e c t s  n e a r  t h e  bouhdary o f  t h e  e x t e n d i n g  
r e g i o n .  The use  o f  two d imens iona l  models a l l o w s  t h e  i n v e s t i g a t i o n  o f  t h e  
e f f e c t s  o f  l a t e r a l  h e a t  conduc t ion  i n t o  a  f i x e d  b lock  ( t h e  CP i n t e r i o r )  
bounding t h e  e x t e n d i n g  r e g i o n ,  Use o f  a  s t a t e  s t a t e  model i s  j u s t i f i e d  by 
t h e  f a c t  t h a t  t h e  the rmal  s t r u c t u r e  of  t h e  l i t h o s p h e r e  shou ld  have reached 
a  dynamic s t e a d y  s t a t e  i f  e x t e n s i o n  h a s  been o c c u r r i n g  f o r  t h e  l a s t  20 t o  
40 my ( 2 ) .  I n  e f f e c t  t h i s  model y i e l d s  a  "snapshot"  of  p r e s e n t  c o n d i t i o n s .  

These models p r e d i c t  h e a t  f l o w  d i f f e r e n c e s  o f  35 t o  45 mw/m2 a c r o s s  
t h e  t r a n s i t i o n  zone.  Th i s  i s  c o n s i s t e n t  wi th  t h e  s t e p  i n  h e a t  f low shown 
i n  F i g u r e  2  a l t h o u g h  t h e  e x a c t  n a t u r e  o f  t h e  s t e p  i s  no t  c l e a r l y  d e f i n e d  
due t o  a  l a c k  o f  d e t a i l e d  o b s e r v a t i o n s ,  

F i g u r e s  4  and 5  show t h e  r e s u l t s  o f  u p l i f t  and r e g i o n a l  Bouguer 
g r a v i t y  c a l c u l a t i o n s  f o r  a  model w i t h  a  compensat ion dep th  o f  120 km, l%/ma 
s t r a i n  r a t e ,  and t h e  two c r u s t a l  s t r u c t u r e s  d i s c u s s e d  e a r l i e r .  I n  F i g u r e  4 
a  t h i n  c r u s t  e x t e n d s  t o  t h e  mechan ica l  boundary.  Th i s  s t r u c t u r e  y i e l d s  
r e l a t i v e  u p l i f t s  ( superposed  on a n  a v e r a g e  u p l i f t  of  1750 m) of  200-400 m ,  
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depending on f l e x u r a l  r i g i d i t y ,  which a r e  c o n f i n e d  t o  t h e  t h i c k  c r u s t  f i x e d  
b l o c k  and a  r e l a t i v e  subs idence  o f  200 t o  300 m w i t h i n  t h e  e x t e n d i n g  
r ~ g i q n .  The Bouguer anomaly, a t  a datum o f  1750 m e l e v a t i o n ,  showg a  s t e p  
g f  approx imate ly  50 t o  60 mgals a c r o s s  t h e  t r a n s i t i o n  zone w i t h  a  s m a l l  
b ~ o a d  low o f  -15 mgal c o r r e s p o n d i n g  t o  t h e  u p l i f t e d  zone.  

In F i g u r e  5  a  th ickened  c r u s t  e x t e n d s  40 km west  o f  t h e  mechan ica l  
boundary. An u p l i f t  o f  400 t o  800 m i s  g e n e r a t e d  l a r g e l y  w i t h i n  t h i s  zone 
of  t h i c k e n e d  c r u s t  w i t h  a  r e l a t i v e  s u b s i d e n c e  of  200 t o  300 m w i t h i n  t h e  
e x t e n d i n g  r e g i o n .  The g r a v i t y  shows a  s t e p  of  50 t o  70 mgals a c r o s s  t h i s  
t h q n g i t i o p  w i t h  a  r e l a t i v e  low o f  -30 mgal c o r r e s p o n d i n g  t o  t h e  zone o f  
u p l i f t *  

The r e s u l t s  o f  t h i s  s imple  modeling demons t ra te  e x c e l l e n t  a g r e e  w i t h  
tho ~ P s e r v e d  s i g n a t u r e s  shown i n  F i g u r e  2. Th i s  s u g g e s t s  t h a t  a  model o f  
uqifofm l i t h o s p h e r i c  e x t e n s i o n  w i t h i n  t h e  B & R w i t h  l a t e r a l  h e a t  
cqnduc t ion  i n t o  t h e  Colorado P l a t e a u  c a n  e x p l a i n  t h e  observed g e o p h y s i c a l  
s i g n q c p r e s  o f  t h e  t r a n s i t i o n  zone. Th i s  work s u g g e s t s  t h a t  t h e  u p l i f t  and 
g r i u i t Y  acFosg t h e  t r a n s i t i o n  zone c a n  b e  e x p l a i p e d  by a  s imple  model o f  
e l q s t i c  p l a t e  f l e x u r e .  The r e s u l t s  o f  t h e  f l e x u r a l  model s u g g e s t s  t h a t  t h e  
c r u s t a l  t h i c k n e s s  w i t h i n  t h e  t r a n s i t i o n  zone must b e  a t  l e a s t  i n t e r m e d i a t e  
i n  ~ h i c k n e s s  between t h e  observed CP and B & R t h i c k n e s s e s ,  30-45 km. 

Th i s  model i s  b e i n g  f u r t h e r  r e f i n e d  by c a l c u l a t i o n  o f  t h e  t r a n s f e r  
f u n c t i o n  o f  t h e  topography and Bouguer g r a v i t y  t o  f u r t h e r  c o n s t r a i n  t h e  
compensat ion mechanism and m a t e r i a l  p r o p e r t i e s .  

Refe rences  

( 1 )  K e l l e r ,  G.R., L.W. B r a i l l e ,  and P. Morgan, 1979,  C r u s t a l  S t r u c t u r e ,  
Geophysical  Models, and Contemporary Tectonism o f  t h e  Colorado 
P l a t e a u ,  Tec tonophys ics ,  61,  131-147. 

( 2 )  Lachenbruch,  A.H., and J.H. S a s s ,  1978, Models o f  a n  Extending 
L i t h o s p h e r e  and Heat Flow i n  t h e  Bas in  and Range Provence,  i n  Cenozoi l  
T e c t o n i c s  and Regional  Geophysics of  t h e  Western C o r d i l l e r a ,  G.S.A. 
Memoir 152,  e d i t e d  by R.B. Smith and G.P. Eaton.  

( 3 )  Thompson, G.A., and M.L. Zoback, 1979,  Regional  Geophysics o f  t h e  
Colorado P l a t e a u ,  Tec tonophys ics ,  61, 149-181. 

( 4 )  Smith ,  R.B., 1978, S e i s m i c i t y ,  C r u s t a l  S t r u c t u r e ,  and I n t r a p l a t e  
T e c t o n i c s  o f  t h e  I n t e r i o r  o f  t h e  Western C o r d i l l e r a ,  i n  Cenozoic 
T e c t o n i c s  and Regional  Geophysics o f  t h e  Western C o r d i l l e r a ,  G.S.A. 
Memoir 152,  e d i t e d  by R.B. Smith and G.P. Eaton.  

F igure  Cap t ions  

F igure  1: Base map showing l o c a t i o n  o f  p r o f i l e s  1, 2 ,  and 3  a c r o s s  t h e  CP 
- B & R Boundary. Heavy dashed l i n e  shows l o c a t i o n  of  s e i s m i c  r e f r a c t i o n  
l i n e s .  L i g h t  dashed l i n e  shows t h e  approximate  boundary o f  t h e  t r a n s i t i o n  
zone - c e n t r a l  Utah. 

F i g u r e  2: V a r i a t i o n  s u r f a c e  h e a t  f low,  Bouguer anomaly, and e l e v a t i o n  
a c r o s s  t h e  t r a n s i t i o n  zone.  A l l  p r o f i l e s  normal ized s o  t h a t  t h e  Wasatch 
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f a u l t  l i n e  i s  a t  200 km. 

F i g u r e  3: Dimensions,  c r u s t a l  s t r u c t u r e s ,  and r e f e r e n c e  d e n s i t y  columns 
used i n  t h e  t h e r m a l  and mechan ica l  models.  

F i g u r e  4: R e l a t i v e  u p l i f t  and Bouguer g r a v i t y  anomaly (1750 m datum) f o r  
model w i t h  a compensat ion d e p t h  of  1120 km, and a t h i n  c r u s t  t o  t h e  
mechan ica l  boundary. l%/ma s t r a i n  r a t e .  

F i g u r e  5: Same a s  F i g u r e  4 e x c e p t  how a t h i c k e n e d  b l o c k  o f  c r u s t  e x t e n d s  
40 km west  of t h e  mechan ica l  boundary.  

Figure I 
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HEAT AND DETACHMENT I N  CORE-COMPLEX EXTENSION; Ivo Lucch i t t a ,  U. S. 
~ e o i o g i c a l  Survey, 2255 N. Gemini Drive, F l a g s t a f f ,  Arizona 86001 

The Basin and Range ex tens iona l  province of western North America i s  
cha rac t e r i zed  by normal f a u l t i n g  ranging i n  age from Miocene t o  Holocene. Two 
phases a r e  gene ra l ly  present .  The e a r l i e r  Phase I i s  cha rac t e r i zed  by c l o s e l y  
spaced f a u i t s  t h a t  have s t r o n g l y  r o t a t e d  in t e rven ing  blocks through e i t h e r  
cu rva tu re  of t he  f a u l t  plane ( l i s t r i c  f a u l t s )  o r  progress ive  t i l t i n g  of both 
f a u l t s  2nd blocks l i k e  a row of dominos. Nearly ho r i zon ta l  f a u l t s  a r e  a 
common fea tu re .  Together,  t hese  c h a r a c t e r i s t i c s  d e f i n e  t h e  "thin-skin" 
t e c t o n i c  s t y l e  of Anderson (1971). The l a t e r  Phase I1 i s  cha rac t e r i zed  
in s t ead  by high-angle normal f a u l t s  t h a t  t y p i c a l l y  have d i f f e r e n t  t r ends  and 
wider spacing than  those  of Phase I. Rota t ion  of i n t e rven ing  blocks i s  modest 
t o  absent.  These a r e  t he  f a u l t s  t h a t  have produced t h e  basins  and ranges 
v i s i b l e  today. S imi la r  f a u l t s ,  e n t i r e l y  devoid of r o t a t i o n ,  extend onto t h e  
u p l i f t e d  but li ttle-deformed Colorado P la t eau  ad joining the  ex t ens iona l  
province. I n  t h e  no r the rn  Basin and Range Province, f a u l t i n g  of Phase 11 i s  
s t i l l  going on today. In  t h e  Sonoran and Mojave d e s e r t  regions of Arizona and 
sou theas t e tn  C a l i f o r n i a ,  by c o n t r a s t ,  f a u l t i n g  has  'ceased e n t i r e l y  (Phase 
111). 'Bimodal volcanism, most abundant during Phase I and l e a s t  abundant 
during Phase 111, i s  t h e  ubiqui tous  accompaniment t o  t h e  extension.  Each 
t e c t o n i c  phase i s  accompanied and cha rac t e r i zed  by a d i s t i n c t i v e  sequence of 
co-eval d e p o s i t s  ( r e s p e c t i v e l y ,  Sequence I ,  11, and 111). The contemporaneity 
and coupling of volcanism and tectonism sugges t  a g e n e t i c  l i n k  between t h e  
two; a s i m i l a r  argument can be advanced f o r  t h e  c l o s e  success ion  and p a r t i a l  
contemporaneity of t h e  t h r e e  t e c t o n i c  phases. In  t h i s  paper I p re sen t  t h e  
view t h a t  t h e  volcanism and t h e  t h r e e  t e c t o n i c  phases a r e  t h e  r e s u l t  of a 
s i n g l e  process  ac t ing  and evolving through time. 

Metamorphic core  complexes a r e  c u r r e n t l y  one of t h e  most h o t l y  debated 
f e a t u r e s  of t h e  Basin and Range Province, where they a r e  exposed i n  a b e l t  
p a r a l l e l  t o  and somewhat west of t h e  western margin of t h e  c ra ton .  Many c o r e  
cotnplexes have t h r e e  chief  components: 1. a n  upper p l a t e  composed of unmeta- 
morphosed t o  weakly metainorphosed rocks t h a t  have f a i l e d  i n  b r i t t l e  fash ion  
and Phase I s t y l e .  2. a lower p l a t e  composed t y p i c a l l y  of p e n e t r a t i v e l y  
l i n e a t e d  c a t a c l a s t i c  grieiss t h a t  has  y ie lded  i n  d u c t i l e  f a sh ion  and i s  cu t  by 
no Phase I f a u l t s  and only a few Phase 11 f a u l t s .  L inea t ion  becomes weaker 
upward, and c h l o r i t e  microbreccia  and a s i l i c i f i e d  zone appear a s  one 
approaches 3.  t h e  basa l  detachment f a u l t ,  a gent ly  undulat ing and nea r ly  
ho r i zon ta l  f e a t u r e  t h a t  s e p a r a t e s  t h e  lower and upper p l a t e s  and marks a sha rp  
d i s c o n t i n u i t y  i n  t h e  s t y l e  of deformation. The f a u l t  a l s o  marks a sharp  and 
major break i n  metamorphic grade,  except f o r  those  complexes whose lower p l a t e  
exposes sedimentary rocks r a t h e r  than  inyloni t ic  gneiss .  C h a r a c t e r i s t i c  of 
many core  complexes a r e  small  t o  l a r g e  gravi ty-g l ide  s h e e t s  embedded i n  
sedimentary and volcanic  rocks of t h e  upper p l a t e .  

Cdrrent knowledge of core  complexes l eads  t o  c o n f l i c t i n g  i n t e r p r e t d t i o n s ,  
t i ie crux of which has t o  do wi th  age of my lon i t i za t ion ,  and t h e  r e l a t i o n  
between mylon i t i za t ion ,  detachment f a u l t i n g ,  and b r i t t l e  ex tens ion  of t h e  
upper p l a t e .  One school  holds t h a t  a l l  t h e s e  phenomena a r e  contemporaneous, 
anil. t y p i c a l l y  of mid-Tertiary age. According t o  some, t h e  detachment marks 
t h e  t r a n s i t i o n  from d u c t i l e  t o  b r i t t l e  behavior ,  t h e  former occuring va r ious ly  
a t  middle- o r  upper-crustal  l eve l s .  Others f e e l  i n s t e a d  t h a t  t h e  detachment 
has  a g e n t l e  but cons tan t  d ip ,  and now juxtaposes rocks o r i g i n a l l y  formed a t  
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d i f f e r e n t  c r u s t a l  l eve l s .  The second main school  ho lds  ins tead  t h a t  t h e  
mylonites and t h e  detachment with a s soc i a t ed  ex tens ion  a r e  e n t i r e l y  d i f f e r e n t  
i n  age ( l a t e s t  Cretaceous t o  e a r l y  T e r t i a r y  ve r sus  Miocene), and thus  not  
r e l a t e d  gene t i ca l ly .  

I propose t h a t  t h e  volcanism, t h e  t h r e e  t e c t o n i c  phases,  and a t  l e a s t  
pa r t  of t h e  lower-plate my lon i t i za t ion  a r e  t h e  r e s u l t  of a s i n g l e  mid-Tertiary 
thermot e c t o n i c  process  a c t i n g  and evolving through time. I f u r t h e r  propose 
t h a t  t hese  phenomena may be superposed on e a r l i e r  (Cretaceous)  thermotectonic  
f e a t u r e s ,  and l o c a l i z e d  by r e s i d u a l  h e a t  from t h e  e a r l i e r  event.  These 
sugges t ions  a r e  based on d e t a i l e d  f i e l d  work i n  west-central  Arizona, where 
exposures a r e  good, a l l  t h r e e  t e c t o n i c  phases a r e  wel l-represented,  and a l l  
t h r e e  elements of core  complexes well-displayed. This  a r e a  f u r t h e r  b e n e f i t s  
from the  c l o s e  proximity of t h e  c r a t o n  (Colorado P la t eau )  t o  a  co re  complex, a  
boundary cond i t i on  t h a t  he lps  r e f i n e  and r e s t r i c t  poss ib le  i n t e r p r e t a t i o n s .  

A few years  ago, i t  was widely he ld  t h a t  t h e  upper p l a t e  cons is ted  of a  
s o r t  of l a r g e  gravi ty-g l ide  shee t  ( f o r  example, Shackelford,  1976). I n  t h e  
B i l l  W i l l i a m s  a r e a  of west-central  Arizona, however, i t  i s  poss ib l e  t o  s t a r t  
i n  t h e  upper p l a t e  d i r e c t l y  above t h e  detachment f a u l t ,  and t r a v e l  
northeastward toward t h e  Colorado P la t eau  on e s s e n t i a l l y  cont inuous bedrock 
exposure. This  l e d  Neil  Suneson and me t o  conclude t h a t  t h e  upper p l a t e  i s  
cont inuous wi th  basement rocks of the  Colorado P la t eau ,  and thus  cannot be a  
grav i ty-g l ide  shee t  (Lucchi t ta  and Suneson, 1981a; Lucchi t ta  and Suneson, 
1981b). Pene t r a t ive  l i n e a t i o n  i n  t h e  lower p l a t e  i n d i c a t e s  movement e i t h e r  
t o  the  no r theas t  o r  t h e  southwest. The argument g iven  above sugges ts  t h a t  t h e  
lower p l a t e ,  a  r e l a t i v e l y  small  t e c t o n i c  element,  has moved r e l a t i v e l y  
southwestward from under t h e  c r a ton ,  and i s  t h e  a c t i v e  element. B r i t t l e  
deformation of t h e  upper p l a t e  i s  a  pass ive  response t o  lower-plate movement, 
a s  probably i s  t h e  case  with thin-skin t e c t o n i c s  i n  general .  These concepts  
have been echoed by Wernicke and incorpora ted  i n  h i s  well-known hypothesis  ,*. 

t' 

(Wernicke, 1981). 

Movement along t h e  detachment f a u l t  occur red throughout depos i t  i on  of t he  
Miocene syn tec ton ic  sedimentary and volcanic  Sequence I ,  a s  shown by d i p s  
w i t h i n  t h e  sequence t h a t  change g radua l ly  from nea r ly  v e r t i c a l  i n  t h e  lower 
beds t o  gen t ly  t i l t e d  i n  t h e  upper ones. These d i p s  were produced by r o t a t i o n  
of blocks along f a u l t s  t h a t  merge wi th  o r  a r e  t runca ted  by t h e  detachment, but  
do not cont inue  beneath it. The sequence of K / A r  rad iometr ic  d a t e s  he lps  t o  
document t h e  h i s t o r y  of t h e  detachment (Suneson and Lucch i t t a ,  1979; Suneson 
and Lucch i t t a ,  1983). Basa l t  near  t h e  base of t h e  sequence and 17-18 m.y. o ld  
d i p s  s t e e p l y ,  and thus  preda tes  most of t h e  movement. Conglomerate i n t e r -  
bedded wi th  12-14 m y .  r h y o l i t e s  d ips  only gen t ly ,  and thus  post-dates most 
f a u l t i n g .  This  conglomerate neve r the l e s s  i s  c u t  by the  detachment and l i s t r i c  
f a u l t s ,  i n d i c a t i n g  t h a t  t h e  l a t e  movements of Phase I were s t i l l  going on. 
Concurrent ly wi th  the  f a u l t i n g ,  t h e  c e n t r a l  a r e a  of t h e  co re  complex was domed 
up, a s  i nd ica t ed  by ponding, r e v e r s a l  of drainage,  and t h e  emplacement wi th in  
t h e  Sequence I package of b recc i a s  and gravi ty-g l ide  shee t s  der ived from t h e  
u p l i f t e d  a rea .  C h a r a c t e r i s t i c  of t h i s  phase a r e  mineral ized ve ins  emplaced 
along t h e  l i s t r i c  f a u l t s ,  and d e p o s i t s  of carbonate ,  hemati te ,  and copper 
s u l f a t e s ,  l o c a l l y  with r e spec t ab le  s i l v e r  and gold concent ra t  i ons ,  a long the  
detachment f a u l t .  These f e a t u r e s  suggest  hydrothermal a c t i v i t y  , which a l s o  
would exp la in  the  b recc i a s  (hydro f rac tu r ing )  and gravi ty-g l ide  s h e e t s  (pore 
overpressure) .  
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Phase I g radua l ly  gave way t o  t h e  c l a s s i c  basin-range f a u l t i n g  of Phase 
11, which was accompanied' by minor t i l t i n g  and emplacement of b a s a l t s  
t y p i c a l l y  9 t o  12 m.y. old.  Rhyol i tes  a r e  absent.  Both t h e  f a u l t s  and t h e  
b a s a l t s  occur  over much wider a r e a s  t han  t h e  corresponding f e a t u r e s  of Phase 
I. Phase 11 graded i n t o  t h e  t e c t o n i c  quiescence of Phase 111, whose e a r l y  
pa r t  W$S marked by t h e  emplacement of small  volunes of b a s a l t s  5.5-8.5 m.y. 
o l d ,  whereas no volcanic  a c t i v i t y  occurred l a t e r  on. 

The b a s a l t s  and r h y o l i t e  of Phase I a r e  t h e  volcanic  rocks most 
s i g n i f i c a n t  vo lume t r i ca l ly ,  even though they a r e  r e s t r i c t e d  t o  a  r e l a t i v e l y  
small  a rea .  This i s  e s p e c i a l l y  t r u e  of t h e  r h y o l i t e s  which, however, were 
emplaced i n  small  cen ters .  Basa l t s  of Phase I1 a r e  widely d i s t r i b u t e d ,  bu t  
much smal le r  i n  volume than  e a r l i e r  vo lcanic  rocks. Basa l t s  of Phase 111 a r e  
n e g l i g i b l e  volumetr ica l ly .  

The p i c t u r e  t h a t  emerges i s  t h i s :  ( 1 )  i n t e n s e  tectonism, doming, and 
volcanic  a c t i v i t y  i n  a  r e l a t i v e l y  r e s t r i c t e d  a r e a  beginning about 17 meye ago, 
and peaking 12-14 m.y. ago, w i th  emplacement of much r h y o l i t e  and accompanied 
by hydrothermal a c t i v i t y .  ( 2 )  c e s s a t i o n  of rhyol ' i te a c t i v i t y ,  decrease i n  
volcanism and change i n  t e c t o n i c  s t y l e ,  bu t  involvement of a  much l a r g e r  a r e a  
between about 12 and 9 m.y. ago. F i n a l l y ,  ( 3 )  r a p i d  decrease of volcanism and 
tectonism 8.5-5.1 m.y. ago, and complete quiescence a f t e r  t ha t .  

The coexis tence  of tectonism and volcanism, and t h e i r  sys temat ic  change 
wi th  time, suggest  t h a t  bo th  a r e  t h e  r e s u l t  of thermotectonic  processes  whose 
evolu t ion  produced t h e  va r ious  volcanic  and t e c t o n i c  s t y l e s  t h a t  one sees .  
This  idea  i s  f u r t h e r  re inforced  by t h e  probable hydrothermal a c t i v i t y ,  and 
e s p e c i a l l y  by t h e  f a c t  t h a t  t h e  var ious  r h y o l i t e  masses, which a r e  small  
i n d i v i d u a l l y  and of lower-crust d e r i v a t i o n  (Suneson and Lucchi t  t a ,  1983), 
could not reach t h e  s u r f a c e  without congeal ing un le s s  t h e  e n t i r e  c r u s t  was 
hot .  These and o t h e r  observa t ions  a r e  woven i n t o  t h e  following model, which 
i s  der ived from west-central  Arizona but probably can be appl ied  t o  o the r  
a r e a s  of core-complex o r  th in-sk in  t e c t o n i c s  a s  well .  

I n  mid-Miocene time, probably s t a r t i n g  about 17 m.y. ago, p a r t s  of 
wes t - cen t r a l  Arizona were a f f e c t e d  by a  thermal pu l se  assoc ia ted  w i t h  
northeast-southwest extension.  The pulse ,  which presumably r e f l e c t s  i n j e c t i o n  
of b a s a l t s  and perhaps of p lu ton ic  masses i n  t h e  lower and middle c r u s t  a s  
w e l l ,  r e s u l t e d  i n  a  s t e e p  thermal f r o n t  migra t ing  upward. Heating was no t  
uniform, so t h a t  t h e  su r f ace  defined by any isotherm w i t h i n  t h e  f r o n t  was 
mildly i r r e g u l a r  and showed b l i s t e r - l i k e  domes o r  we l t s  i n  t h e  h o t t e r  spo t s .  
Within the  f r d n t  was a  c r i t i c a l  su r f ace  marking t h e  t r a n s i t i o n  from d u c t i l e  
behavior below t o  b r i t t l e  behavior above. This  s u r f a c e  was defined pr imar i ly  
by temperature,  but  a l s o  by f a c t o r s  such a s  p re s su re  and t h e  presence of 
water. The su r f ace  coincided wi th  t h e  detachment f a u l t ,  given t h e  p reva i l i ng  
ex tens iona l  regime. When t h e  r h y o l i t e s  were emplaced 12-14 m.y, ago, a t  t h e  
he ight  of hea t ing ,  t h e  c r i t i c a l  s u r f a c e  w a s  a t  most a  few km beneath t h e  
topographic su r f ace  i n  t h e  h o t t e s t  a r e a s ,  which were marked by i n t e n s e  
deformation along c l o s e l y  spaced Phase I l i s t r i c  f a u l t s  t h a t  had a small  
r a d i u s  of cu rva tu re  and merged w i t h  t h e  detachment. The p o s i t i o n  of t h e  
thermal f r o n t  a t  t h i s  time may wel l  have been c o n t r o l l e d  and s t a b i l i z e d  by 
i n t e r a c t i o n  w i t h  groundwater producing a  convect ive hydrothermal system 
car ry ing  hea t  t o  t h e  topographic s u r f a c e  a s  f a s t  a s  i t  was suppl ied  from 
below, i n  t h e  manner of Yellowstone. This  mechanism permits  e leva ted  
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temperatures  and very s t e e p  thermal g r a d i e n t s  t o  e x i s t  i n  a cons tan t  p o s i t i o n  
a t  very sha l low depths beneath t h e  sur face .  The detachment f a u l t ,  co inc iden t  
w i th  the  c r i t i c a l  su r f ace ,  was t h e  base of t h e  zone of c i r c u l a t i o n  because 
d u c t i l e  flow sea led  t h e  rocks beneath it. Consequently, m a t e r i a l s  such a s  
s i l i c a  and c a l c i t e  p r e c i p i t a t e d  above o r  a t  t h e  detachment, bu t  a t  no 
s i g n i f i c a n t  depth beneath it. 

With waning of t h e  thermal pulse ,  r h y o l i t e  e f f u s i o n  was shut  o f f ,  t h e  
isotherms sank,  and t h e  con f igu ra t ion  of t h e  c r i t i c a l  su r f ace  became smoother 
through e q u i l i b r a t i o n  be tween a r e a s  prev ious ly  r e l a t i v e l y  hot and those  
r e l a t i v e l y  cold. Even though t h e  c r i t i c a l  s u r f a c e  was now deeper than  i t  had 
been previous ly  i n  t h e  hot  s p o t s ,  i t  was s t i l l  shal low enough t o  be "seen" by 
f a u l t s  a t  t h e  topographic s u r f a c e ,  and t h i s  over a wide a rea .  The r e s u l t  was 
t h e  widely d i s t r i b u t e d ,  widely spaced basin-range f a u l t s ,  w i th  l a r g e  r ad ius  of 
cu rva tu re  (Phase 11).  I n  i t s  descent ,  t h e  c r i t i c a l  s u r f a c e  would have 
generated and l e f t  behind many planes of detachment, none, however, a s  
prominent a s  t he  upper one owing t o  much s h o r t e r  res idence  times. This  i s  
what one sees  i n  t he  f i e l d  and i n  se i smic  p r o f i l e s .  

F i n a l l y ,  f u r t h e r  cool ing  caused t h e  c r i t i c a l  s u r f a c e  t o  s i n k  t o  a l e v e l  
unreachable by f a u l t s  a t  t h e  topographic su r f ace ,  so t h a t  tectonism ceased and 
volcanism shu t  off  a s  wel l .  This i s  t h e  quiescence of Phase 111. 

The model a s  presented accounts  q u i t e  we l l  f o r  many of t he  s t r u c t u r a l  and 
volcanic  f e a t u r e s  of wes t -cent ra l  Arizona as they  changed through time. It 
does not account d i r e c t l y  f o r  two th ings :  ( 1 )  t h e  Cretaceous d a t e s  t h a t  have 
been obta ined  i n  p l aces ,  and t h e  r e l a t i v e l y  high-pressure phases t h a t  have 
been observed l o c a l l y  i n  rocks of t h e  lower p l a t e ;  and (2 )  t h e  presence i n  
o ther  co re  complexes of major detachments a t  s t r a t i g r a p h i c  breaks wi th in  
sedimentary sequence r a t h e r  t han  a t  t h e  i n t e r f a c e  be tween me tam0 rph ic  and 
sedimentary rocks. I propose t h a t  t h e s e  ques t ions  can be reso lved  i n  pa r t  by 
t h e  c h a r a c t e r i s t i c s  of t h e  K / A r  c lock,  i n  pa r t  by r e a c t i v a t i o n  of o l d e r  
s t r u c t u r a l  and t e c t o n i c  f ea tu re s .  

Severa l  independent c r i t e r i a  suggest  t h a t  t h e  temperature i n  lower-plate 
rocks,  below but near  t h e  detachment f a u l t  was i n  t h e  range of 320-360' C. 
According t o  E.H. McKee (pe r sona l  communication, 1983),  t h i s  i s  t h e  tempera- 
t u r e  a t  which t h e  K / A r  c lock  begins t o  be r e s e t  a t  geo log ica l ly  s i g n i f i c a n t  
r a t e s  through argon loss .  One would t h e r e f o r e  expect t h a t  varying amounts of 
"old" argon would be preserved,  depending on t h e  T e r t i a r y  thermal h i s  t o ry  of 
t h e  p a r t i c u l a r  rocks sampled. Considering t h a t  Precambrian igneous and 
metamorphic rocks probably were t h e  p r o t o l i t h  f o r  much of t h e  lower-plate  
myloni te  gne i s s ,  one would expect a wide range of K / A r  da t e s ,  a s  a r e s u l t  of 
contamination by "old" argon. According t o  t h i s  argument, only t h e  youngest 
K / A r  ages would be s i g n i f i c a n t  w i th  regard t o  t h e  mylon i t i za t ion  event.  

Mixing of o l d e r  ( l a t e  Cretaceous-early T e r t i a r y )  and mid-Tertiary ages 
can  a l s o  r e s u l t  from mid-Tertiary r e so f t en ing  of a r e a s  previously a f f e c t e d  by 
l a t e  Cretaceous-early T e r t i a r y  thermal so£ t en ing  and deformat ion. Residual  
h e a t  from t h e  e a r l y  event would cause such a r e a s  t o  f a i l  p r e f e r e n t i a l l y  during 
t h e  Miocene thermal even t ,  r e s u l t i n g  i n  widespread jux tapos i t i on  of o l d e r  and 
younger ages and deformation f ea tu re s .  
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F i n a l l y ,  g iven  s t rong  ex tens ion ,  mechanical inhomogeneities such a s  o ld  
near-horizontal  f a u l t s  and con tac t s  between rocks of widely d i f f e r e n t  
s t r e n g t h s  a r e  l i k e l y  t o  produce detachment and d i s c o n t i n u i t i e s  i n  s t r u c t u r a l  
s t y l e  above o r  even f a r  away from a c r i t i c a l  s u r f  ace of t h e  kind discussed 
above. Even i n  t h i s  case ,  however, a detachment r e l a t e d  t o  t h e  c r i t i c a l  
su r f ace  should be present  a t  some depth. In  f a c t ,  t h e  l o g i c  of t h e  c r i t i c a l  
sur f  ace  d i c t a t e s  t h a t  such a detachment should be present  everywhere, t h e  only 
v a r i a b l e  being depth and thus  t h e  kind and amount of e f f e c t s  v i s i b l e  a t  t h e  
topographic sur face .  The u l t ima te  and perhaps outrageous consequence is  t h a t  
such a detachment should be present  beneath a n  e n t i r e  ex tens iona l  t e r r a n e  l i k e  
t h e  Basin and Range Province. 

I n  summary, i t  is  proposed he re  t h a t  t h e  Miocene t o  Recent s t r u c t u r a l  and 
volcanic  f e a t u r e s  of t h e  Basin and Range Province can be explained by a s i n g l e  
thennotec tonic  process  a c t i n g  through time. This  process  c o n s i s t s  of a 
thermal pulse  r e s u l t i n g  i n  a high-temperature regime t h a t  i nc ludes  a s t e e p  
thensa l  f r o n t  moving f i r s t  up toward t h e  topographic surf  ace ,  t hen  down owing 
t o  cool ing induced by a combination of convect ion and conduction. Within t h e  
f r o n t  is  a PT cond i t i on  de f in ing  a c r i t i c a l  s u r f a c e  t h a t  s epa ra t e s  b r i t t l e  
from ' duc t i l e  behavior ,  and i s  marked by a nea r ly  h o r i z o n t a l  detachment 
f a u l t  . The most prominent and s t r u c t u r a l l y  h ighes t  p o s i t i o n  of t h e  detachment 
r e s u l t s  from i n t e r a c t i o n  between t h e  c r i t i c a l  s u r f a c e  and a hydrothermal 
system near  t h e  topographic surface.  These va r ious  f e a t u r e s  can  be superposed 
on o lde r  ones through thermal remobi l iza t ion  o r  s t r u c t u r a l  r e a c t i v a t i o n .  
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HEAT FLOW INCREASE FOLLOWING THE RISE OF W T L E  ISOTHERMS AND 
CRUSTAL THINNING; Jean-Claude Mareschal and George Bergantz, School of 
Geophysical Sciences, Georgia Institute of Technology, Atlanta, Georgia 30332 

Heat flow measurements in the western United States define a zone of high 
heat flow which coincides with the Basin and Range Province where extension 
has taken place recently. In this region, the average reduced heat flow is 
~ 3 0  mw/m2 higher than in stable continental provinces; locally (e .g., Battle 
Mountain High), the heat flow anomaly can be more than 100 mw/m2 above average 
[I]. Estimates of the amount of extension range between 30% and 100% for the 
past 30 Ma [2]. In the Colorado Plateau, which has been uplifted without 
major tectonic deformation, the heat flow is only slightly above average [3]. 

Several hypotheses have been proposed that would account for the anoma- 
lous thermal flux and relate it to the mechanism of extension. Essentially, 
the models fall into three categories: thinning of the lithosphere by various 
processes [e.g., 4, 51, distributed injection of basic magmas [6], and 
increase in heat flow and/or temperature at the lithosphere-asthenosphere 
boundary. 

One of the simplest models accounting for the higher heat flow requires a 
stepwise increase in heat flux or temperature at the base of a thermal boun- 
dary layer. Analytical calculations show that an abrupt change in heat flow 
at the base of the lithosphere 30 Ma ago would not affect the surface signifi- 
cantly. Uplift would proceed at a slow rate [e.g., 71. A thermal perturba- 
tion at the base of a 40 km thick crust, however, would reach the surface 
faster and, after 30 Ma, the increase in surface heat flow would be about 75% 
of the amplitude of the heat flow anomaly. The calculations show that a 500°C 
increase in temperature at -30 Ma could account for at most 15 mw/m2 increase 
in surface heat flow. 

The amount of volcanic rocks in the Basin and Range suggests that magma 
intrusions may provide an effective heat transfer mechanism [6]. It can be 
shown [8] that if the source of the intrusions is at the base of the litho- 
sphere, the response time will be much longer than 30 Ma, and most of the heat 
transferred from the asthenosphere will be absorbed in the lithosphere. Also, 
the amount of magma required to increase in steady state the heat flow by 30 
mw/m2 is equivalent to 100% of the volume of the lithosphere in 30 Ma; an 
extension of 100% is required to accommodate such an intrusion rate. Local 
increases in heat flow of the order of 100 mw/m2 could never be accounted for 
by such models. 

Crustal thinning could also increase the surface heat flow by steepening 
the geothermal gradient. The calculations show that, for long wavelength 
perturbations, the fractional increase in heat flow is equal to the ratio of 
crustal thickness after to thickness before thinning. If the mantle component 
of the heat flow was 30 mw/m2 at -30 Ma, the crustal thickness must have been 
reduced to half its original value, i.e., the original crustal thickness would 
have been 60 km and the average elevation required by isostatic consideration 
would have been 3 to 4 km above the present. Geological data seem to rule out, 
such an initial state for the western United States. 
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In view of these results, it seems that no mechanism is totally adequate 
to explain the increased surface heat flow and that a combination of effects 
is needed. The suggested evolution is the following: 

The rapid rise of isotherms in the lithospheric mantle with an increase 
in temperature of the order of 500°C at the base of the cruste The only 
mechanistn for a rapid increase is the mechanical replacement of the lower 
litbosghere by hotter asthenosphere. This could be the result of diapZric 
uprise or delamination. Numerical models llnvestigated show that the replace- 
ment could occur in a short time (1 to 10 Ma) provided that the effective 
viscosity of the lithospheric mantle is low enough ( 1 0 ~ ~ - 1 0 ~ ~  Pas). The 
numerical models also show that the rising diapirs spread out at the base of 
the crust and that the temperature could rise more or less uniformly by 500°C 
in a short time. Isostatic uplift and lithospheric extension will follow. As 
the Bower crust is heated from below, it becomes more ductile and crustal 
extension proceeds by flow in the lower crust and fracturing of the upper 
brittle part of the crust. 

The combined effect of the increased temperature at the base of the crust 
and crystal thinning by extension account for the average increased heat flow. 
The local high anomalies are not accounted for; they are probably transient 
effects that follow the intrusion of very large volumes of magma near the 
surf ace. 

References 

[l] Sass, J. H., Lachenbruch, A. H., Munroe, R. J., Greene, G. W., and Moses, 
T. H., Jr. (1971) Heat flow in the western United States. - J. Geophys. 
Res., 76, p. 6376-6413. - -  

[2] Stewart, J. H. (1978) Basin and Range structure in western North 
America: A review. GSA Memoir 152, p. 1-31. - - 

[3] Bodell, J. M., and Chapman, D. S. (1982) Heat flow in the north-central 
Colorado Plateau. - J. Geophys. Res., 87, p. 2869-2884. - -  

[4] Bird, P. (1979) Continental delamination and the Colorado Plateau. - J. 
Geophys. Res., 84, p. 7561-7571. - -  

[5] Morgan, P. (1983) Constraints on rift thermal processes from heat flow 
and uplift, Tectonophys., - 94, p. 277-298. 

[6] Lachanbruch, A. H., and Sass, J. H. (1978) Models of an extending litho- 
sphere and heat flow in the Basin and Range Province. - GSA Memoir - 152, p. 
209-250. 

[7] Mareschal, J. C. (1981) Uplift by thermal expansion of the lithosphere. 
Geophys. J. Roy. Astr. Soc., g, p. 535-552. 

[8] Mareschal, J. C. (1983) Uplift and heat flow following the injection of , 
magmas into the lithosphere. Geophys. J. Roy. Astr. Soc;, 73, p. 109- - --- - 
127. 



RELATIONS BETWEEN EXTENSIONAL TECTONICS AND MAGMATISM WITHIN 
THE SOUTHERN OKLAHOMA AULACOGEN 
D.A. McConnell, Center for Tectonophysics and Department of Geology, and 
M.C. Gilbert, Department of Geology, Texas A&M University, College Station, 
Texas 77843. 

Variations in the geometry, distribution and thickness of Cambrian 
igneous and sedimentary units within southwest Oklahoma are related to 
a late Proterozoic - early Paleozoic rifting event which formed the Southern 
Oklahoma aulacogen. These rock units are exposed in the Wichita Mountains, 
southwest Oklahoma, located on 'the northern margin of a Proterozoic basin, 
identified in the subsurface by COCORP reflection data [I]. Overprinting 
of the Cambrian extensional event by Pennsylvanian tectonism obscured 
the influence of pre-existing basement structures and contrasting basement 
lithologies upon the initial development of the aulacogen. 

Gilbert [2] identified the beginning of the rifting stage as the 
rise of a basaltic liquid which formed the intrusive Glen Mountain layered 
complex (GMLC), with an extrusive equivalent, the Navajoe Mountain 
basalt-spilite group (NMBS) (~ig. lb). This was probably accompanied 
by brittle faulting which accomodated extension in the upper crust (not 
shown in Fig. 1). The greater than 4 km thick GMLC [3] was intruded at 
shallow depths and must have resulted in extensive updoming of the overlying 
basement rocks of the Proterozoic basin margin. Thermal expansion must 
have added to the doming component, perhaps exposing the gabbros to erosion. 
The GMLC consists dominantly of heteradcumulate/adcumulate anorthositic 
layers. Abundant strongly laminated plagioclase layers indicate a high 
degree of compaction which may reflect seismicity (faulting) contemporaneous 
with consolidation. The associated NMBS formed uniformly thick (300 m) 
flows across the area [4]. 

Faulting of the area (now in the general vicinity of the Pennsylva- 
nian Frontal Fault zone) on arcuate, concave-upward, normal faults, resulted 
in rotation of the gabbro layering to a north dip as rifting initiated 
within the aulacogen (Fig. lc). Dips estimated from mineralogical layering 
within compositional zones in the GMLC, and from the attitude of the zones 
themselves, are presently about 10 degrees to the north. Cambrian tilting 
would have been at higher angles but would have been rotated back during 
Pennsylvanian compression. Igneous activity was confined to the aulacogen 
and resulted in a relatively higher heat flow than on the surrounding 
craton. This suggests that extension occurred along low-angle normal 
faults analogous to those described for Cenozoic crustal thinning in the 
Basin and Range province [5]. Post-extensional isostatic re-equilibration 
resulted in further erosion of the gabbro body and overlying country rock 
(~ig. Id). The latter may have provided the source for the Meers 
metaquartzite which was then deposited locally in fault block sub-basins. 

A layering discordance is observed between the GMLC and later Roosevelt 
gabbros [2] which show a less well defined mineralogic layering, also 
dipping to the northeast. Therefore, block faulting must have rotated 
the host GMLC before intrusion of the Roosevelt Gabbros. A Cambrian age 
is inferred for faulting which truncated the Proterozoic basin layering 
to the south [I]. In addition, faulting is also documented to have taken ' 
place along strike, to the southeast, at this time [4]. Faulting continued 
during the unroofing erosional event of the two gabbro units because both 
show layering discordance with overlying granitelrhyolite. 
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Rhyolite was extruded onto the eroded gabbro unconformity during 
middle Cam5rian. At the southeast end of the aulacogen the rhyolite is 
1500 m thick to the northeast and absent to the southwest, indicating 
that it was laid down in a half graben [4]. North of the Wichita Mountains 
the Earlton rhyolite is known to be more than 1300 m thick, ranging up 
to 4000 m in places, but it is unknown to the south of the area. 
Consequently, a similar half graben structure is postulated for the 
Wichitas, rather than a later tilting and erosional event such as that 
suggested earlier [4]. 

Eruption of the rhyolite may also have been strongly fault controlled. 
Mapping of ash-flow eruptions elsewhere has shown them to be circular 
caldera structures overlying pendant-shaped silicic plutons. No caldera 
structures have been identified in the exposed Wichita Mountains. The 
lack of distinct gravity lows in the otherwise prominent positive Bouguer 
gravity confirm that subcaldera structures are missing. Therefore, the 
rhyolites must have been erupted along linear fissures, perhaps the normal 
faults themselves. 

Within the Wichita Mountains, rhyolite is present overlying GMLC 
but it has not been shown to be as thick as to the northeast. This may 
be a consequence of erosion associated with Pennsylvanian uplift, however, 
the conglomerates derived solely from this erosion have a granitic source 
E63. Alternatively, the intrusion of the Roosevelt gabbros may have 
stabilized the central Wichita 'block' sufficiently to lessen its subsequent 
rotation and subsidence. The largest volume of rhyolites was, therefore, 
laid down in rapidly subsiding fault basins north of the central block 
(~ig. le). COCORP evidence suggests that the rhyolites spread beyond 
the bounding faults of the aulacogen onto the cratonic platform [I, p. 
$111. In the Arbuckle Mountains, to the southeast, no major basic 
intrusives are observed and the rhyolites are contained within the 
boundaries of the faulted region. 

The rhyolite-gabbro contact on the stable central block was favored 
for the intrusion of the Wichita Granite Group as relatively thin (500 
m), but laterally extensive, sills. The granites crystallized from a 
dry, high temperature (900°-10000~+) magma which rose near its liquidus. 
Bulk compositions plot on or near the 4 kb dry boundary curve in the system 
Qtz-Ab-Or suggesting derivation from a source about 10-15 km deep. This 
implies rather large mafic plutons at intermediate depths in the crustal 
column as well as feldspathic-rich "continental" layers available for 
partial melting. The thermal pulse related to the granitelrhyolite 
formation would have been strong enough to have potentially generated 
geothermal gradients of 60-80°c/km within the aulacogen proper. The Meers 
metaquartzite shows variable metamorphism from low-grade involving 
chloritelgreen-white micas through rare andalusite-bearing rocks to 
prevalent sillimanite-cordieritespinel grade. These had previously been 
thought due to contact metamorphism but may additionally reflect a more 
regional event of the higher postulated heat flows. 

Because the granite/rhyolite source is thought to have been at about 
10-15 km, and because the rhyolites may have erupted from the faults, 
it is possible that the listric basal zone for the extensional faults 
was the zone of partial melting itself. This zone would have directly 
overlain the gabbroic mass responsible for the melting and which later 
acted{ as a source for diabase dikes. 

The last igneous activity was a set of late diabase dikes which show 
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trace element patterns of two interrelated types: 1) a monotonic pattern 
characteristic of primary continental tholeiites and 2) a modified monotonic 
pattern with small positive Eu anomalies. The latter set must have tapped 
crystallizing basaltic magma chambers in the crust. Presumably these 
are the ones providing the heat necessary to produce the silicic melts 
at 10-15 km depths. 

Igneous activity ceased before the onset of deposition in the late 
Cambrian, as diabase dikes do not cut the Reagan sandstone at the base 
of the sedimentary section. This is consistent with a high level crustal 
heating which could then decay relatively rapidly. Normal gradients must 
have been obtained, and thus relative cooling, so that basin subsidence 
could begin. 

The aulacogen trend influenced deposition in southern Oklahoma and 
northern Texas during the lower Paleozoic as the isopach map of the Arbuckle 
group (upper Cambrian-Lower Ordovician) shows thinning from the aulacogen, 
to the southwest (Denison, 1984, personal communication). This thinning 
can not be explained by erosion along Pennsylvanian structures aligned 
east-west  atad ad or Arch, Red River Arch). It,is suggested that the thinning 
occurs across a peripheral bulge which formed a positive feature adjacent 
to the aulacogen during the Lower Paleozoic. This is consistent with 
thermal models of basin evolution [7]. Within southern Oklahoma the axis 
of maximum deposition migrated northward, parallel to the aulacogen trend, 
during the Paleozoic [8, 91. 

Pennsylvanian tectonism uplifted the igneous rocks to the surface 
along 30-40 degree reverse faults [I]. Prior to uplift these rocks would 
have been in the brittle field of deformation. As these rock types would 
have high ultimate strengths in compression it is suggested that they 
failed preferentially along suitably oriented pre-existing lines of 
weakness. Consequently, the faults delineated by COCORP [I] may represent 
reactivated Cambrian normal faults. Rotation along these faults would 
have been in the opposite sense during the Pennsylvanian, than in the 
Cambrian, causing shallowing of the original dips and rotating the granite 
sill until it dipped gently to the southwest in some places. 
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FIGURE CAPTION 

Figure 1. Development of the Southern Oklahoma aulacogen. 

a. Postulated pre-aulacogen basement configuration; 

b. initial extension accompanying intrusion of GMLC and extrusion 
of NMBS is masked by physical and thermal doming; 

c. continued extension results in faulting and rotation of 
igneous units; 

d. isostatic re-equilibration, intrusion and rotation of 
Roosevelt gabbros; 

e. continued extension results in extrusive rhyolites 
accumulation northeast of central, stabilized Wichita block; 
granite sill intrudes along rhyolitelgabbro contact. 
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HOT-SPOT TECTONICS ON 10. Alfred S. McEwen, Department of 
Geology, Arizona State TJniversity, Tempe AZ 85287 ; U. S. Geological Survey, 
Flagstaff AZ 86001. 

Introduction. The thesis of this paper is that extensional tectonics 
P 

and low-angle detachment faults probably occur on 10 in association wdth 
the hot spots. These processes may occur on a much shorter timescale on 
10 than on Earth, so that 10 could be a natural laboratory for the study 
of thqrmotectonics. Furthermore, studies of heat and detachment in 
crustal extension on Earth and the other terrestrial planets (especially 
Venus and Mars) may provide analogs to processes on 10. 

The geology of 10 is dominated by volcanism and hot spots, most 
likely the result of tidal heating [1,2]. Hot, spots cover 1-2% of 10's 
surface, radiating at temperatures typically from 200 to 400 K, and 
accasionally up to 700 K [3-71.  Heat loss from the largest hot spots on 
50, such as Loki Patera [ 6 ] ,  is about 300 times greater than the heat loss 
from the Hawaiian Swell [8] and 2000 times the heat loss from Yellowstone 
[9], so a tremendous quantity of energy is available for volcanic and 
tectonic work. 

Active volcanism on 10 results in a resurfacing rate as high as 10 cm 
per year [lo], yet many structural features are apparent on the surface. 
Therefore, the tectonics must be highly active. Structural features on 10 
include calderas over 100 km wide and up to 2 lun deep, grabens and scarps 
hundreds of kilometers long and up to 2 km high, and tectonically 
disrupted mountains up to 10 km high [ll]. All of these structures appear 
to be local rather than global features, although tidal stresses may 
influence lineament directions [Ill. Many of the structures may be 
related to broad isostatic uplift and rifting over thermal anomalies, due 
primarily to density changes in the lithosphere, as modeled by [12]. 

The surface of 10 is covered by SO2 and other sulfur-rich materials 
121, but the tectonic features and topographic relief indicate that the 
lithosphere of 10, on the scale of kilometers, consists of some material 
with considerable strength, such as silicates [13]. Also, the hulk 
denqity of 10 (3.55 g cm-3) is consistent with a dominantly silicate 
composition. However, sulfur and SO2 may be significant volatiles within 
the crust, and may influence fault movements, Sulfur and SO2 should be 
liquids within the shallow subsurface (within a few kilometers depth, 
rhepgnding on the local thermal gradient). Several lines of evidence 
sgggest that liquid sulfur is present at the surface or in the shallow 
sybaurface near the hot spots [14]. Although SO2 will vaporize near the 
hot spots, it may be present as a liquid in the shallow subsurface at some 
distance from the thermal anomalies, and many bright white, high 
VV-reflectivity deposits (conststent with SO2 frost) are present along 
faylts and lineaaents on 10, so subsurface SO2 may be common [15]. Liquid 
sulfur or SO2 may provide high pore pressures to facilitate low-angle 
fault movements as does water on Earth [16]. 
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The total heat loss from 10 is 6-10 x 1013 W [7,14], about twice that 
of Earth (4.2 x 1013 W [17]). However, 10 is much smaller than Earth, so 
the mean global heat flow is 1.8 + 0.5 W m-2 on 10 compared to 0.08 W m-2 
on Earth. If all of 10's heat flow was uniformly conducted to the 
surface, then the solid silicate lithosphere would be only about 5 km 
thick, overlying a molten interior [1,18]. However, most of the heat loss 
occurs through the hot spots 141, and the presence of mountains 5-10 km 
high suggests that the crust is (locally) at least 30 km thick [18,19]. 
These mountains, as well as -90% of the hot-spot heat flow [14], and all 
of the very large volcanic plumes [20] are concentrated in one region of 
10 centered on 30' S, 310' W, covering about half of the surface; the 
opposite region of 10 may have a much thinner crust [21]. 

Hot-Spot Tectonics. A number of thermotectonic models have been -- --- 
proposed to explain the late Cenozoic crustal extension of the Basin and 
Range [e.g. 22-26]. These models have a number of common elements, 
including high heat flow, associated magmatism,f topographic uplift, and 
thin-skinned tectonics involving listric normal faults and low-angle 
detachment faults. The driving mechanisms are thermal, so similar 
tectonic styles might be found in association with the hot spots on 10. 

According to the thermotectonic model of Lucchitta and Suneson [26], 
a detachment fault forms along a critical isotherm marking the 
brittlelductile transition in hot spots with steep thermal gradients. 
This is an attractive model for 10 because of the predominance of the hot 
spots and because the low equilibrium surface temperature of 10 (-100 K) 
will contribute to steep thermal gradients. For movement to occur along a 
surface, the shear stress, T, divided by the normal stress, a, must exceed 
the internal friction of the material [27]. The ratio ~ / a  along a surface 
(from xl to x2) is given by: 

where 01 is the maximum principal stress, a3 is the minimum principal 
stress, and a is the slope of the fault. If a heat source at depth is 
modeled as a point and the surface is considered planar or parabolic, then 
the isotherms due to conduction will be parabolas (or paraboloids in 
3-dimensions) [28]. Thus, if detachment occurs along a parabolic isotherm, 
sina and cosa are: 

sina = 2x/a (1+4~2/a2)-1/2 

cosa = (1+4~2/a2)-1/2 

where a/4 is the distance from the isotherm to the heat source (Figure 1). 
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A first-order model for the principal stresses considers the force of 
gtavity: 

ul=pgd 

where p = derisity, g = acceleration of gravity, d = depth to the isotherm, 
and U = topographic relief over the thermal anomaly. For reasonable 
values of internal friction for most silicate rocks (-0.5) and assuming a 
shai10~ depth to the heat source (a few kilometers), movement due to 
gravity mby occur for a topographic relief greater than -1 km (on both 
~arth and Io), provided that cohesive strength is dvercome. Movement may 
occur from mtich smaller stresses ff enhanced pore pressures are present. 
The ffrst fpacture in the upper plate will most likely occur over the apex 
af the parabola, due to the tensile stress created by the shearing 
stresses along the isotherm on each side of the apex (Figure 1). This may 
codtribute to the occurance of rifting at the apex of domal uplifts. 

T$dtmotectonic features on 10. The surface expression of hot-spot --- - - 
tectonfcs expected on 10, in the absence of significant erosion, includes 
elevated topography, normal faults, rotated blocks, detachment faults, and 
either aa elevated heat flow or evidence for a formerly elevated heat flow 
(e.g. volcanic vents). Several features on 10 show some or all of these 
characteristics. The best elrample is a rifted plateau just south of the 
vent to Pele (18' S, 256' W, where a plume eruption was active during the 
Voyager 1 encounter). The plateau is broken into four main segments which 
agipareiitly have rotated and slid radially outwards. These segments fit 
togetHer id a jigsaw-puzzle fashion, but have separated by -30 kni. The 
piafris Surrounding the plateau appear to be intact, suggesting that the 
segnients moved along low-angle detachment faults. The vent region of Pele 
was detected as a hot spot by the Voyager 1 infrared spectrometer [6]. 
There are Several other examples on 10 of uplift and normal faulting 
asSaciated with hot spot9 or volcanic vents (e.g. IJlgen Patera, 38' S, 
288' W; Aten Patera, 48' S, 31 1' W; and a feature at 50' S, 35' W) . 

1 i1 Topographic 
Surf ace 

-- X 

Critical 
dx I I Isotherm 

Heat 
Source 

Figure 1. Stresses along a parabolic isotherm - 
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THE HEART MOUNTAIN FAULT: IMPLICATIONS FOR THE DYNAMICS OF 
DECOLLEMENT; 11.3. Melosh, Lunar and P l a n e t a r y  Laboratory,  U n i v e r s i t y  of 
Arizona, Tucson, AZ 85721. 

The Hear t  Mountain deco l lement  i n  Northwestern  Wyoming, U.S.A. 
o r i g ina l l y  comprised a  p l a t e  of rock up t o  750m thick and 1300km2 i n  area. 
This p l a t e  moved rapidly  down a  slope no s teeper  than 2O during Early Eocene 
time, transporting some blocks a t  l e a s t  50km from t h e i r  o r i g ina l  positions. 
S l i d i n g  occur red  j u s t  be fo re  a  v o l c a n i c  e r r u p t i o n  and was probably 
accompanied by s e i s m i c  events .  The i n i t i a l  movement was a long  a  bedding 
p lane  f a u l t  i n  t h e  Bighorn Dolomite,  2  t o  3  me te r s  above i t s  c o n t a c t  w i t h  
t h e  Grove Creek member of t h e  Snowy Range fo rma t ion  ( s e e  Fig.  1 f o r  a  
s t ra t ig raph ic  section). The major pecular i ty  of t h i s  f a u l t  i s  t h a t  i t  l i e s  
i n  t h e  s t r o n g ,  c l i f f  - forming Bighorn Dolomite,  r a t h e r  t h a n  i n  t h e  weaker 
underlying shales (Pierce, 1973). 

Wapiti 
Formation 

Cliffs 

Madison 
limestone 

Jefferson 
Formation 

Bighorn 
Dolomite 

Snowy Range 
Formation 

Pilgrim 
limestone 

Gros Ventre 
Formation 

Bighorn 
Dolomite 

Basal Bed 
of Bighorn 
Grove Creek 
Member 

Figu re  1. S i m p l i f i e d  s t r a t i g r a p h i c  s e c t i o n  showing t h e  f o r m a t i o n s ,  
ass0ciat;;d with the  Heart Mountain fau l t .  I n se t  shows a deta i led section 
near the  plane of t he  bedding faul t .  After Pierce  (1973). 



DYNAMICS O F  DECOLLEITENTS 
82 

The H e a r t  Mounta in  f a u l t  s h a r e s  t h i s  p e c u l a r i t y  w i t h  o t h e r ,  d e e p e r  
s e a t e d ,  d e c o l l e m e n t  s u c h  a s  t h e  Keystone  and Mormon Mountain s y s t e m s  i n  
Sou the rn  Nevada, U.S.A. ( B u r c h f i e l  - e t  2) a1 19821, I n  t h e s e  l a t t e r  deco l -  
lements t h e  detachment horizon l ies i n  s t rong  pla t formal  dolostones sever& 
hundred meters  above a  contac t  w i t h  weak underlying shales ,  s i l t s t o n e s  and 
limestones. A l l  of these  decollements developed a t  shallow c r u s t a l  l e v e l s  
( l e s s  t h a n  5km depth) .  None of  them show any e v i d e n c e  of h a v i n g  been 
lubr i ca ted  by high pressure pore f l u i d s  (Guth e t  a l a s  1982). -- 

The paradoxical  l o c a l i z a t i o n  of f a u l t i n g  i n  t h e  s t rong geologic u n i t s  
i n  t h e  H e a r t  Mountain and t h e  o t h e r  d e c o l l e m e n t s  p r o v i d e s  a  s t r o n g  con- 
s t r a i n t  on t h e  dynamics of the  process t h a t  produces detachment. I t i s  a l s o  
c l e a r  t h a t  t h i s  p r o c e s s  l u b r i c a t e s  t h e  f a u l t  p l a n e  t o  a n  e x t r a o r d i n a r y  
degree -- t h e  Heart Mountain decollement s l i d  f r e e l y  down a s lope  of l e s s  
than ZO, and the  c l a s s i c  d iscuss ions  of the  mechanics of over thrus t  f a u l t i n g  
(Smoluchowski, 1909; Hubber t  and Rubey, 1959) imply  a  s i m i l a r  d e g r e e  o f  
l u b r i c a t i o n  f o r  the  Keystone and Mormon Mountain sys tems.  Al though many 
mechanisms have been suggested t o  account f o r  t h i s  reduction of f r i c t i o n ,  
none so  f a r  expla ins  t h e  o f f s e t  of t h e  f a u l t  plane i n t o  the  s t ronges t  of the 
adjacent  rock units .  

Ip previous work (Melosh, 1979; 1983) 1 a t t r i b u t e d  t h e  f l u i d i z a t i o n  of 
rock debr is  i n  impact c r a t e r  col lapse  and l a r g e  ca tas t roph ic  l ands l ides  t o  
t h e  p r e s e n c e  of  a  s t r o n g  random a c o u s t i c  f i e l d .  A s m a l l  f r a c t i o n  o f  t h e  
a v a i l a b l e  p o t e n t i a l  ene rgy  i s  c o n v e r t e d  i n t o  sound waves t h a t  a r e  
s u f f i c i e n t l y  s t rong t o  b r i e f l y  r e l i e v e  t h e  overburden pressure  i n  a  por t ion  
of the  rock m a s s ,  t h e r e  al lowing s l i d i n g  t o  occur under low n e t  d i f f e r e n t i a l  
s t r e s s  and, inc iden ta l ly ,  a l s o  regenera t ing  the  sound energy. 

A v e r s i o n  of t h i s  t h e o r y  a l s o  a p p l i e s  t o  t h e  H e a r t  Mountain f a u l t  
(Melosh, 1985). The s t r u c t u r e  o f  a  h igh-sound-veloci ty  l a y e r  (e.g,, dolo-  
m i t e )  l y i n g  n e x t  t o  a  l o w - v e l o c i t y  l a y e r  (e.g., s h a l e ) ,  F i g u r e  2 ,  approxi-  
ma tes  a n  a c o u s t i c  r e s o n a t o r ,  c a p a b l e  of  p a r t i a l l y  t r a p p i n g  sound waves. 
Although f u l l y  trapped (S  toneley) waves cannot form under p laus ib le  condi- 
t ions  i n  sedimentary rock sequences, leaky wave modes a r e  possible. Figure 
3  shows one such mode and i n d i c a t e s  t h a t  t h e  maximum wave amplitudes occur 
i n  t h e  high-velocity u n i t  (e.g., t he  dolomite), almost  exact ly  one-quarter 
wavelength above t h e  l i t h o l o g i c  boundary. 

F i g u r e  2. I d e a l i z e d  mathema- 
t i c a l  m s e l  of t h e  r o c k  u n i t s  
n e a r  t h e  bedding f a u l t  shown 
i n  F i g u r e  I. The mechan ica l  
p roper t i e s  used t o  compute t h e  
s t r e s s e s  shown i n  Figure 3  a r e  
shown here .  The Grove Creek 
member o f  t h e  Snowy Range 
F o r m a t t o n  i s  m e c h a n i c a l l y  
g r o u p e d  w i t h  t h e  B i g h o r n  
Dolomite i n  t h i s  model. 

---------- I - - - _  - - ---I - - - -- SHALE - - - - 
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Figure 3. The r e l a t i v e  magnitudes of t h r e e  s t r e s s  components a r e  shown here 
a s  a  funct ion  of d i s t ance  away from t h e  l i t h o l o g i c  contac t  a t  one i n s t a n t  of 
t ime.  Note t h a t  t h e  maxima of b o t h  t h e  v e r t i c a l  stress s,, and t h e  s h e a r  
s t r e s s  S o c c u r  a b o u t  1 / 4  wave leng th  above t h e  c o n t a c t .  T h i s  i s  t h e  
horizon w x r e  f a u l t i n g  i s  expected t o  occur. 

The above a n a l y s i s  focusses a t t e n t i o n  on t h e  p a r t i a l l y  trapped wave i n  
the  g lobal  sense, spanning many f a i l u r e  events. An equivalent ,  failure-by- 
f a i l u r e ,  desc r ip t ion  can a l s o  be given from the  viewpoint of renormalizat ion 
t h e o r y  ( A l l e g r e  -- e t  a l . ,  1982; S m a l l e y  -- e t  a l . ,  1985) i n  which t h e  e l a s t i c  
energy r a d i a t e d  f rom t h e  f a i l u r e  o f  one e l e m e n t  of  t h e  rock  mass g r e a t l y  
enhances  t h e  p r o b a b i l i t y  of subsequen t  f a i l u r e  a t  a  h o r i z o n  one-quar te r  
wavelength above t h e  l i t h o l o g i c  contac t  of the  s t rong and weak units .  The 
r e s u l t  i s  the  same: s l i d i n g  can t ake  place under extremely s m a l l  average 
s t r e s s e s  and i s  loca l i zed  i n  the  h ighes t  sound-velocity u n i t  near  a  l i t h o l o -  
g i c  contac t  wi th  a low sound-velocity unit.  

The major d i f f e rence  between l ands l ides  o r  rapid  decollement such a s  
Heart Mountain and deeper-seated decollement such a s  the  Keystone o r  Mormon 
Mountain systems i s  t h e  source of t h e  dr iv ing energy. I n  the  f i r s t  case  i t  
i s  g r a v i t a t i o n a l  p o t e n t i a l  energy, i n  the  l a t t e r  i t  is t e c t o n i c a l l y  renewed 
e l a s t i c  energy. The l u b r i c a t i o n  mechanism may b e  t h e  same i n  b o t h  c a s e s ,  
one t h a t  dynamically r e l i e v e s  the  overburden s t r e s s e s  by shor t -wave leng th  
e l a s t i c  waves radia ted  during s l i d i n g  o r  episodic  earthquakes on t h e  f a u l t  
plane. 

T h i s  mechanism e x p l a i n s  why mot ion  (whether compressional o r  exten- 
s iona l )  occurs p r e f e r e n t i a l l y  along sub-horizontal f a u l t  planes t h a t  follow 
l i t h o l o g i c  c o n t a c t s  r a t h e r  t h a n  t h e  steeply-dipping planes of t h e  c l a s s i c  
Anderson f a u l t  model. It a l s o  expla ins  the  otherwise emigmatic o f f s e t  og 
t h e  f a u l t  p l a n e  i n t o  t h e  s t r o n g e r  (more e x a c t l y ,  h i g h e r  v e l o c i t y )  o f  two 
adjacent  geologic units.  



DYNAMICS OF DECOLLENENTS 

Melosh, H.J. 

h r t h e r  e l a b o ~ a t i o n  o f  t h i s  model  should  proceed both t h e o r e t i c a l l y ,  
k&kf@g i n t o  account as & a h  r s t a i i s t i c  d e r a i l  as poss ib le  f o r  well-studied 
&c&ll.enh&ht ~ y s t e m s ,  and observat ional ly ,  Using ei th 'er  n a t u r a l  o r  a r t f P i c i a 1  
khgh-hequehcy sound sources t o  i n v e s t i g a t e  t h e  acoustic t rapping proper t ies  
09 ha ru ra l  rork  systems. 
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OCEANIC STRUCTUHES OP PI323 EABTH dl;I?D TED3 NOBTE 
DEPRESSION OF @!.&IS: 8, CObEARISON 03' THE PORIU.- 

TION XnCUTISMS. 
33 ,E .Nilaovshy and A,M,Nikish&n; Geologic& Faculty, 
Moscow State TJniversity,II9899 91~10sc~wsUSSRB 

The system of contemporary oceavls of the Z z t h  and the 
North he2ression of the fiiaxs are q u a s i - s m e t r i c j l  i n  reference 
t o  the canter of one of the hemisphere ( f ig .b) ,  Both systems 
had been formed over the common megacycle 09 evolution of pla- 
r e t s  and the i r  origin i s  l ike ly  t o  have similar fea-tures, 

The fornation of the ~ a r t h ' s  ocaanic system within the 
South Hemispliere seems t o  liave proceeded i n  tksree s-tages: I) 
the forna-tion 02 a network of passive r i f t s  a t  the canter of 
the Gondwma ( f ige2a) ;  2) the formation of the systzm of act i -  
ve rifts a t  tke zones of forthcoming s reading (fig.2b); 3) the 
spreading of the oceanic crust ( f ig . I a  f' . The fi5.3 displays a 
hypothetic interpretat ion of the stagps. The first stage is  a 
JVitim-up of isoaetr ic  axea a t  the center of the Gondwana Hemisp- 
:lere,followed by an areal  tension and passiva r i f t i n g  wbich 
are caused by decrsase of the upper mantle devsity owing t o  the 
plfxi~ging down of the phase boundaries i n  the peridotite. During 
the second stage a redistribution of the heat f l o w  within the 
upper mantle of the South Hemisphere a d  i ts  focusing along li- 
mar zones, simmetrical t o  the center of the hemisphere ,took 
place; an active r i f t i n g  took place within the be l t s  over -the 
mantle zones of increased heat flow, A t  the th i rd  stage a con- 
vection i n  the zones of increased t v m - u p  of  the upper u ta t le  
reached a steady s t a t e  ,the movement of  plates and the spreading 
o f  magmatic crust had begun, 

The fomation of the N a p  " s  Horth Depression seeas t o  have 
proceeded i n  tvio stages; I) a fomation of a dense network of 
grabens and f a u l t s  a t  the center of the North Henisphere over 
the upper nantle zone characterized by an anonalous ??arm-up spd 
a density decrease; 2) a collapse of -the ancient crust and it 's 
overflowing b bas9lts. The first stage of the ocean formation 
a t  the Earth T fig.2a) and the i4ms i s  sirnilax, But there seen 
t o  have been a thinner lithosphere a t  the Kas =d asthenosphe- 
r e  had been characterised by l e s s  densityotherefore the dense 
areal  r i f t i n g  was imnediately followed by a t o t a l  collapse. A t  
the ~mtb,vihen the Gond~ana had started bre&ing,the mantle 
heat f l o s ~  seem t o  have baen areal  f i r s t  a d  then it concentra- 
ted along the l inear warmzd-up zones* The zones had caused an 
originat ion of asthanospheric diapirs and an active r i f t i n g  
first and then initia'ced a steady-state convection under the 
zones of the lithospheric tension and the spreading of the li- 
thospheric plates. It was tha t  process of the heat f l o w  concen- 
t r a t ion  i n  the mantle which the Mars lacked, 

The Tharsis nplmd on the l~.!ars,as well as the :Jorth Depre- 
ssion,occupies the most part of one of the hemisghere a d  had 
been developing d u i n g  the common megacycle of  th? planetary 
evolution a f te r  the epoch of the Nor-th Depression fomation 
(4) .  The period of the formation of rift  and graben be l t s  w i t -  



I 
33g.l. A - -the system of t h e  contemporary oceanic s t r u c t u r e s  
of the Bartii; B - Rorth  Be ression of filars f o r  the time of it's \ 

f omation (adapted from (4 ?! ) , 



Fig.2, Gondwranaland f o r  the Karoo time (A) $ 
Contrn-enhl! r ~ f b  a d  j u s t  before the s p l i t t i n g  and the beginug P 

C c n t ~ n e n t a e  rift zones evotving LD the of sea-f loo r  spreading (B) , Paleogeographieal b 
DCeaflrC n ) t  zones ( t h e  width not ls  t o  srak'e) re~0n~tY'Uct ion  f o r  VA" according t o  $onenshine E 

and Gorodnitsky (2)  The paleo eografihical re- f 
M~crooceantc basin construction may be " ra ther  d i f .  erent. Rift pat- 

H y pothetrcae ri f C. zones In Che more 
t e rn  according t o  the da ta  of (I  3 ) .  

9 

ancteh) oceanlc depresston 

Karoo - t y p e  sedr menta ry  bas~ns  



I-eglons of Che hlgh heaL /tows m the 
upper manCte oceqn~c crust I 

khe mmarn upper rnanlle~d~rect~ons I 
I I 

Fig.3. Idealized model of  the ocean formation stages since 
the Late Paleozoic i n  the South hemisphere of the aarth. 

hin the Tharrsis u p l a d  is  similar t o  the stage ir2t8 of the Gond- 
w&a break ( f ig .  2b) . IIowever the be l t s  of lithospheric sp l i t t ing  
ax& the zonss of spreading of the magnatic crust had not been 
f opned,becouse the ??iar's lithosphere a t  the time of the fomnati- 
cm of the Tharsis upland mf&t have been thicker, then that  of 
%he Gondwana,and the coTec t io~  uMer the Tharsis - weaker. The 
steq6y liz"Eesra.l f l m o  wihazin the upper mantle ayld Che plate tec- 
tonkcs. m e  chazacterf s t l o  fe&ures of the Xarth,which are not 
oljserved a t  any other planets,where the "hot spotsn tectonics 
sem, pxevail . 

Refexences: ( I )  Bate K. (1978) ,In: Tectonics azld geophy- 
,340s 022 cojntinental rifts.i)ordrecht: D,Riedel 2ubL.Co, , p  .1-9. 
( 2% Geophysics of oceans .V .2.Geod namics (ed. by Yorokhtin O .G. ) 7 (1479) .Moscow:Xauka. ( 3 )  I . l i l w s x g  ~ . ~ . ( 1 9 8 3 )  .Riftogenesis i n  
the ~ e ' s  history .loscow:~$.d3:.~, (4) Dlilanovsky Y .E. ,Bikishin 
8.~1. (1982) .Yestnik MOU,ner.geol. ,N5,p.I4-26 ( i n  ~ u s c i a n )  . 



Tl3CTONIC HISTORX OB fGHB E U T H ,  
E,G .Milaslovekg and A,f?l.Miki , Geologfcd RxmJ..ty,~osco~ 
State WiversPty,II9899 ,Mosc6~sl9USSR~ 

The cdnt inentd r i f t i n g  is  the response of the lithosphere 
t o  the oriented tension ( I  ,4) . The distr ibution of viscosity i n  
the lithosphere plays an essent$al role during all stages of 
the r i f t ing .  The viscosity is  a P a c t i o n  of the temperature ,the 
l i t hos ta t i c  presswe,the rock compositfom,the deforma-Lion ra te  
a d  other factors;the temperature being the most inportant one, 
The ver t ica l  section of continental lithosphere of the rift zo- 
ne may be devided into  the f ollowilig layers: the upper crust ,  i n  
which b r i t t l e  deformation prevai1s;the medial crust , in  which 
the role of p las t ic  deformation increases;the lower crust , in  
which plas t ic  deformation prevails ; and the uppermost plas t ic  
p a r t  of the mantle overlapping asthenosphere, The depth of the 
boundaries i n  the crust layers are mainly controlled by the 
temperature . 

Since the Emly Archem t o  present days an average thick- 
ness of the  continental lithosphere had increased from about 
50 &,to  approximately I50 lan,aad the temperature a t  the medial 
level  06 the crust and i n  the asthenosphere had decreased by 
200-400 C (2,5).  Consequently,the younger the B a t h  had been, 
it 's lithosphere w a s  thinner,the thickness of the b r i t t l e  crust 
reduced,the heat flow and the temperature of the asthenosphere 
were higher. A t h in  heated continental lithosphere overlapping 
a gently sloping surface of the astlienosphere is  able t o  susta- 
i n  considerable plas t ic  tension without i t s  disruption ( e  .go, 
contemporary Basins and Bidges province). On the contrary ,a 
thick lithosphere , w i t h  asthenospheric diapir wedged-in, is capa- 
ble of quick sp l i t t i ng  under horisont al tension, since the s t ress  
focusses within a narrow heated zone of relatfvely low viscosi- 
t y  (e.g. ,the Red Sea rift) .  The figure I displ$.ys models of the 
r i f t i n g  a t  the different stages of  the Earth s development, 
which i l l u s t r a t e s  the evolution of t h i s  process through the ge- 
ological history. The sp l i t t i ng  of the continental lithosphere 
and a notable spreading of the new build oceanic crust may oc- 
cur under the t w o  conditions only: the lithosphere subjected t o  
tension and t o  wedging-in of the asthenospheric diapir should 
be thick; steady f lows  should exist  i n  the upper mantle under 
rifts with the sp l i t t ed  crust,  

A l l  conteinporary mid-oceanic rifts are linked into a glo- 
b a l  systeln of be l t s  with ascending mantle f lows ,  There was no 
such global be l t s  3,5-I, 5 b .yeago. The 41obal systems of large 
mobile be l t s  appered first i n  the Earth s history i n  the Late 
Precambrian ( the  Urals-Mongolian belt  ,the Borth-Atlantic be l t ,  
e ts . ) .  Only at  tha t  period the lithosphere aquired the f r a g i l i -  
t y  similar t o  that  of the present lithosphere. The continental 
r i f t i n g  i s  l ikely  t o  have transformed in to  oceanic type r i f t i n g  
first at the end of the Frecmbrian and the magmatic oceanic 
crust had formed then f o r  the first time, 



B,$g.I. The model of the r i f t i q g  evolution during the ~ast1.i'~ 
history. I - oceaaogenesis, I1 - c0ntinent;a.X r i f t ing ,  1x1 - 
gewr+Lized section of the ~ont inea- td  lithosphere, N - the 
q ~ d e l  09 the r i f t i n g  pattexn. The vqlues of tQe hoxizovrtal 
cxust tension are'believed t o  be nearly equal and l e s s  those 
fqx the model of the Late Archem Hgreena-tohe'~asins, Bor the 
Sar ly  Arcliean the contemporary granulite (highly metamorphic) 
qnd the gxeenstone bel ts  aze'sho~m; f o r  the Late Archevl 0 the 
zqq$ s of bgntiguous greenst one beIt s of the Eastern-Goldf i e l d  
type; f o r  the Cenozoic - the structure of the Xed Sea type. 
A cover i s  shown for the Archean "greenstoxxe" basins ordy. The 
mqdqls are based 0n the data of (2,3,4,5). 
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EXTENSIONAL TSiiCTONICS OF TiHE S24-M SZftZWTES: Jeffrey Pi, Moore, 
Department of* Geology, Arizona State University, Arizona, 85287 

The satdan satellites were imaged by the Voyager spacecraft at 
sufficient resolutions to reveal landforms that indieate histories of 
extensional tectonics for several sf these Mies. The relationships among 
landforms on various satellites imply that extensional tectonism is a 
consequence of several different energy sources. Case histories of several 
satellites will $e discussed to illustrate the interackion of various 
phenomena associated with extensional tectonism. 

Mimas 
mng, linear, sub-parallel troughs on Plljmas (sate1lite diameter 390 km) 

are interpreted to be graben formed by global-scale fracturing induced by 
the impact that formed the 130 km diameter crater Herschel(1). This 
suggestion is similar to one proposed for the formation of troughs or 
grooves on the martian satellite Phobos by its crater Stickney(2). It 
should be noted, hawever, that the troughs on lUmas do not obviously radiate 
frm Herschel the way grooves do on Phobos from Stickney. 

Tethys 
A sawwhat more complex relationship between impact and extension can be 

observed on Tethys (1060 )on giaaeter) . Ithaca. Chasm, an enonrous trough 
system extending at least 270 around Tethys, is narrowly confined to a zone 
which lies roughly along a great circle that is concentric to the 
400-km-diameter Cdysseus impact basin ( 3,4 ) . It was originally suggested 
that if Tethys was once a sphere of liqu with a thin solid 
crust, freezing the interior would have ion of the surface 
cmprable to the area of the cham( 3 ) . esls failed to explain 
why the chasm occurs only within a narrow on of the 
satellite's interior should have mused fracturi the entire 
surface in order to effectively relieve s in a rigid crust ( 4 1. The 
Odysseus impact may have caused Tethys to rily oblate if the 
satellite was composed of a brittle she plastic interior. 
Forcing Tethys into an oblate spheroid could have induced near-surface 
tensional fractures along the intersection of the satellitess surface with a 
plane that is normal to a planetary radius frm the center of impact(4). 
Alternatively, it has been recently proposed the grabens ccanposing the 
Ithaca Chasm were formed some t h  after the ct in response to stresses 
induced by viscous flaw associated with the restoration of Odysseus' floor 
to match Tethys ' geoid ( 1 ) . 
Dione and Rhea 

Linear trouqhs and coalescinq-pit chains observed on Dione (1120 km 
diameter) and %& (1530 km di-<ei) have been interpreted as evidence for 
episodes of extensional tectonics in these satellites "st ( 3,5,6,7,8 ) , The 
globally widespread distribution of these features rimplies that they were 
formed by surface-layer tensional stresses created by the volumetric 
expansion of the satellitesVnteriors, Theoretical models suggest an early' 
but relatively long-lived period of increasing volume resulting from thermal 
expansion and/or phase-density changes of H20 (and hydrates) driven by the 
rise and fall of output frm radionuclide energy sources (9,lO). 
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Lithospheric and Crus ta l  Thinning; Morett i ,  I. - I n s t i t u t  F r a n ~ a i s  
du P6 t ro le ,  B.P. 311, 92506 RUEIL MALMAISON CEDEX, France 

I n  rift  zones, both the  c r u s t  and the  l i thosphere  g e t  th inner .  The 
amplitude and the  mechanism of these  two th inning a r e  d i f f e r e n t .  The 
l i t h o s p h e r i c  th inning is a thermal phenomenon produced by an asthenospherical  
upr is ing  under the  rift zone. I n  some regions i ts  amplitude can exceed 
200 %. This is observed under the  Baikal rift where the  c r u s t  is d i r e c t l y  
underlain by the  l ist  mante l l ic  asthenosphere (Zorin and Osokina, 1984). The 
presence of hot mater ia l  under r i f t  zones induces a l a rge  negative g rav i ty  
anomaly (Ramberg and Morgan, 1984). A low seismic ve loc i ty  zone l inked t o  
t h i s  thermal anomaly is a l s o  observed (Puzyrev e t  a l . ,  1978). During the  
r i f t i n g ,  t h e  magmatic chambers g e t  progressively c lose r  from the  ground 
surface (Wendland and Morgan, 1982). Simultaneously, the  Moho r e f l e c t o r  is 
found a t  shallow depth under r i f t  zones. This c r u s t a l  th inning does not  
exceed 50 % (30 % i n  Suez, Makris e t  a l . ,  1985; 25 % i n  East  African R i f t ,  
Long, 1976; 30 % i n  Baikal r i f t ,  Puzyrev e t  a l . ,  1978). Tectonic s t r e s s e s  
and v e r t i c a l  movements r e s u l t  from the  two competing e f f e c t s  of the  
l i t h o s p h e r i c  and c r u s t a l  thinning.  On t h e  one hand, the  deep thermal anomaly 
induces a l a rge  doming and is associa ted  with extensive dev ia to r i c  s t r e s s e s .  
On the  o the r  hand, t h e  c r u s t a l  th inning involves the  formation of a c e n t r a l  
va l l ey .  This subsidence is increased by the  sediment loading. The purpose 
of the  paper is t o  quantify these  two phenomena i n  order  t o  explain the  
various morphologycal and thermal evolut ion of r i f t  zones. 

Geological records ind ica te  t h a t  the  r i f t i n g  process can be f a i r l y  
r ap id ,  say 10 Ma. The time-scale has ru led  out  simple conductive mechanism 
based upon the  e f f e c t  of an asthenospheric thermal anomaly t o  expla in  the  
l i t h o s p h e r i c  thinning.  Nevertheless, t h e  propagation of a thermal perturba- 
t i o n  across  the  whole l i thosphere  r equ i res  a t  l e a s t  50 Ma. Two mechanisms 
a r e  thus  pos tu la ted  t o  r e spec t  the  observed time sca le :  the  f i r s t  one 
considers  a poss ib le  upward advection of hot mater ia l  (Neugebauer, 1982; 
Turcotte  and Emerman, 1983),  the  second one ( F l e i t o u t  and Yuen, 1984) r e s u l t s  
from the  a b i l i t y  of t h e  thermal l i t h o s p h e r i c  s t r u c t u r e  t o  be des tab i l i zed  on 
a s h o r t  time s c a l e  by secondary convection. The model is based on a 
temperature- and pressure- dependent rheology; t h i s  y ie lds  a v i s c o s i t y  
minimum a t  the  base of the  l i thosphere  and the re fo re  favours a rapid  
convective thinning.  The present  paper adopts a s i m i l a r  approach; f i g u r e  1 
depic ts  t h e  general  physical  aspects  of our model. The numerical code used 
t o  solve t h e  thermo-mechanical equations (Anderson and B r i d e l l ,  1980) and the  
v i s c o s i t y  law a r e  the  same a s  those used by F l e i t o u t  e t  a l .  (1984). An 
i n i t i a l  thermal per turbat ion  induces a convective flow; the  r e s u l t i n g  mass 
displacements and s t r e s s e s  a f f e c t  the  l i thosphere  and the  g rav i ty  f i e l d .  The 
s t r e s s e s  a t  the  bottom of the  c r u s t  a r e  then used t o  quantify the  v e r t i c a l  
movements and the  infered  extens iv  t e c t o n i c  s t y l e .  

The c r u s t a l  behaviour i n  these  extensional  s t r e s s - f i e l d  is very 
problematical.  Seismic data  point  ou t  a noconservat2on of the  c r u s t a l  mass 
during r i f t i n g  (Chgnet e t  a l . ,  1982).  The main phenomenon f o r  c r u s t a l  
th inning may be d i f f e r e n t  from the  c l a s s i c a l  p l a s t i c  flow commended by Mc. 
Kenzie (1978).  Mantel l ic  dykes in t rus ions  can a l s o  be envisaged a t  t h e  base 
of the  c r u s t .  These in t rus ions  inc reases  the  mean dens i ty  of t h e  lower c r u s t  
and changes t h i s  seismic ve loc i ty .  We have t e s t e d  these  two extreme 
hypothesis.  
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F i g .  1 : G e n e r a l  h y p o t h e s i s  
T e m p e r a t u r e  b o u d a r y  c o n d i t i o n s  a r e  c o n s t a n t  v a l u e s  a t  t h e  s u r f a c e  a n d  a t  t h e  b o t t o m  o f  
a n d  l a t e r a l  f l o w  ( ( 9 )  n u 1  a t  t h e  t w o  s i d e .  u i s  t h e  h o r i z o n t a l  v e l o c i t y  and  v  t h e  

2 v e l o c i t y .  The v i s c o s i t y  i s  g i v e d  b y  q ( T . 2 )  = A e x p  (Q/RT - Q / R T ~ )  e x p  ( z / B  - Z / c )  

t h e  b o x  
v e r t i c a l  

w h e r e  z -  i s  t h e  d e p t h ,  Q  t h e  a c t i v a t i o n  e n e r g y ,  R  t h e  gas  c o n s t a n t  and  T r  i s  a  r e f e r e n c e  
t e m p e r a t u r e ,  A,  6, C, a r e  c o e f f i c e n t s  ( F l e i t o u t  and  Yuen, 1984). 
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VERTICAL MOVEMENTS 

As an example the figure 2 
shows the topographic evolution 
for a crustal thinning of about 
I km/y with a velocity of the 
sedimentary loading of 0,125 mm/y 
in the 50 km.wide central valley 
without regional extension. 
Three crustal responses are as- 
sumed: a local and two regional 
distinct compensations (elastic 
behaviour with 40 and 90 km as 
flexural parameter). The possi- 
bility of a regional extensive 
stress is also envisaged. This 
induces an acceleration of both 
crustal and lithospheric thin- 
ning~. The displacement at the 
bottom of the crust and the heat 
flow variations at the surface 
are plotted on fig. 3; the 
horizontal velocity is constant 
( 3  mm/y), the mass preservation 
is respected due to a mantle 
uprising. 

F i g .  2: v e r t i c a l  movements i n  m e t e r s  f u n c t i o n  o f  
t h e  t i m e .  See o t h e r  h y p o t h e s i s  i n  t e x t .  i s  t h e  
f l e x u r a l  p a r a m e t e r .  
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VARIATION OF HEAT FLOW 

CRUSTAL THINNING 

v = 3 m m / y  
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F i g .  3 : Heat  f l o w  v a r i a t i o n s  and c r u s t a l  t h i n n i n g  f u n c t i o n  o f  t i m e .  The h o r i z o n t a b f i x e d  v e l o -  

c i t y  i s  3 mmJy. The man t l e  u p r i s i n g  i n d u c e  a  i n i t i a l  t h e r m a l  anomaly o f  abou t  5 % i n  t h e  cen- 
t r a l  p a r t .  

In conclusion we show that many rift features and evolution patterns 
are best explained by these two scale processes. The mantle uprising first 
causes regional uplift. Too small crustal thinnings induce thermal doming 
whereas larger ones induce subsidence of the rift valley and uplift only on 
rift shoulders. When the crustal thinning stops, later, the whole region 
becomes uplifted; the potential subsidence of the already formed grabens in 
then only due to sediments loading. 
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Crus ta l  extension i s  accommodated by a wide range of  s t r u c t u r a l  s t y l e s  
ranging from high-angle normal f a u l t s  t o  low-angle detachments. I n  some a reas  
d i f f e r e n t  s t r u c t u r a l  s t y l e s  a r e  superposed by mul t ip le  extension events,  and 
i n  o t h e r  a r e a s  d i f f e r e n t  s t r u c t u r a l  s t y l e s  are juxtaposed along s t r i k e  i n  t h e  
same extension event.  A s  shown below with examples from t h e  Rio Grande rift 
and t h e  Red Sea-Gulf of Aden rift system, high s t r a i n s  and low-angle f a u l t i n g  
a r e  commonly s p a t i a l l y  and temporally associa ted  with hot  and probably t h i n  
l i thosphere  a s  ind ica ted  by major coeval magmatic a c t i v i t y .  Theore t ica l  
s t u d i e s  o f  s t r e n g t h  p r o f i l e s  i n  t h e  l i thosphere  suggest t h a t  t h e r e  may 
e f f e c t i v e l y  be a c r i t i c a l  range f o r  t h e  geotherm above which low-angle 
f a u l t i n g  and c r u s t a l  decollement may be favored over high-angle f a u l t i n g .  

A t  least two phases o f  Cenozoic extension have been i d e n t i f i e d  i n  t h e  Rio 
Grande rift ( 1 ) .  Early phase extension began i n  mid-Oligocene (about 30 Ma) 
and may have continued t o  t h e  Ear ly  Miocene (about  18 Ma). This phase of 
extension is charac ter ized  by l o c a l  high-strain extension events  ( l o c a l l y  50- 
loo%, reg iona l ly  30-50$), low-angle f a u l t i n g  and t h e  development o f  broad, 
r e l a t i v e l y  shallow basins. Extension events  were not synchronous during e a r l y  
phase extens ion and were o f t e n  temporally and s p a t i a l l y  associa ted  with major 
magmatism. Late phase extension occurred pr imar i ly  i n  t h e  Late Miocene (10 t o  
5 Ma) wi th  minor extension continuing t o  t h e  present.  It is character ized  by 
apparently synchronous, high-angle f a u l t i n g  g iv ing l a r g e  v e r t i c a l  s t r a i n s  with 
r e l a t i v e l y  minor l a t e r a l  s t r a i n  (5-202) which produced t h e  modern Rio Grande 
rift morphology. Late phase graben o r  ha l f -  graben bas ins  cut ,  and o f t en  
obscure e a r l y  phase broad basins. A s i m i l a r  two-phase extension h i s t o r y  has 
been repor ted  f o r  o the r  a r e a s  of t h e  Basin and Range province (2) .  

Evidence has r ecen t ly  been presented f o r  t h e  Red Sea-Gulf of Aden rift 
system t o  suggest  t h a t  r o t a t i o n  of  t h e  Arabian peninsula away from north-east 
Africa has been accommodated synchronously by mechanisms ranging from 
sea-floor spreading i n  t h e  c e n t r a l  por t ion  o f  t h e  Red Sea t o  d i f f u s e  extens ion 
i n  t h e  Afar t r i a n g l e  ( 3 ) ,  C o u r t i l l o t  ( 3 )  has described t h i s  mechanism a s  the  
propagation of  two rifts from the  t h e  Red Sea and t h e  Gulf of Aden i n t o  t h e  
Afar region, t h e  eventual  in terconnect ion  o f  which w i l l  effect the  complete 
separa t ion  of southern Arabia from t h e  African continent .  O f  i n t e r e s t  t o  t h e  
present  s tudy is t h e  change i n  extens ional  s t y l e  along s t r i k e  i n  the  Red Sea- 
Gulf of Aden rift system from cont inenta l  sepa ra t ion  t o  d i f f u s e  extension f o r  
the  same t o t a l  extensional  s t r a i n .  The d i f f u s e  extension is s p a t i a l l y  
associa ted  with extens ive  volcanism (4). 

Experimental rock mechanics d a t a  can be used t o  es t imate  l i t h o s p h e r i c  
s t r eng th  p r o f i l e s  f o r  l i thosphere  of d i f f e r e n t  compositional and thermal 
s t r u c t u r e s  (5 ) ,  These p r o f i l e s  show an approximately l i n e a r  inc rease  i n  
b r i t t l e  s t r e n g t h  wi th  depth i n  t h e  l i thosphere  which is truncated by an 
approximately exponential  decrease i n  d u c t i l e  s t r eng th  a t  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 .  The depth of this t r a n s i t i o n  depends pr imar i ly  upon composition, 
temperature and s t r a i n  r a t e ,  and compositional l aye r ing  can r e s u l t  i n  "layersw 
of s t r e n g t h  wi th in  t h e  l i thosphere ,  t h e  most prevalent  of  which a r e  a l a y e r  of 
upper c r u s t a l  s t r eng th  and a l a y e r  o f  uppermost mantle s t rength .  The most 
fundamental r e s u l t  of  s t u d i e s  of  l i t h o s p h e r i c  s t r e n g t h  p r o f i l e s  is t h a t  t h e  
l i thosphere  is s i g n i f i c a n t l y  weaker i n  regions  where t h e  geotherm is elevated,.  
r e s u l t i n g  i n  shallow b r i t t l e - d u c t i l e  t r a n s i t i o n ( s ) ,  and t o  a l e s s e r  extent  
where t h e  c r u s t  is th ick ,  r e s u l t i n g  i n  t h e  replacement of  d u c t i l e l y  s t rong  
mantle l a y e r s  w i t h  r e l a t i v e l y  d u c t i l e l y  weak c r u s t a l  l a y e r s  a t  equivalent  
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depths and temperatures. This  r e s u l t s  suggests  t h a t  t h e  geotherm and/or 
c r u s t a l  th ickness  may be important f a c t o r s  i n  t h e  l o c a l i z a t i o n  of  extens ional  
s t r a i n .  The second important r e s u l t  o f  these  s t u d i e s  is t h e  p red ic t ion  t h a t  
t h e  r e l a t i v e  importance of  t h e  c r u s t a l  and mantle s t r e n g t h  l a y e r s  may change 
as t h e  geotherm changes: f o r  low heat  flow ( s t a b l e  a reas )  most o f  t h e  s t r eng th  
i n  the  l i thosphere  is i n  t h e  uppermost mantle; a t  intermediate heat  flow 
values t h e  uppermost mantle and c r u s t a l  s t r e n g t h s  become s i m i l a r ;  f o r  high 
heat  flow, neg l ig ib le  mantle s t r e n g t h  is predicted,  wi th  a l l  t h e  s t r eng th  
res id ing  i n  t h e  uppermost c rus t .  

Uncer ta in t ies  i n  t h e  ex t rapo la t ion  of l abora to ry  rock mechanics d a t a  t o  
l i t h o s p h e r i c  condit ions l i m i t  t h e  q u a n t i t a t i v e  use  o f  the  l i t h o s p h e r i c  
s t r eng th  p r o f i l e s  ca lcula ted  from these  data.  However, q u a l i t a t i v e  mechanisms 
can be proposed which a r e  cons i s t en t  wi th  the  ca lcu la ted  s t r eng th  p r o f i l e s  and 
t h e  t e c t o n i c  observations i n  t h e  Rio Grande rift and Red Sea-Gulf of  Aden rift 
system. Major magmatic a c t i v i t y  leading up t o  e a r l y  phase extension i n  the  
Rio Grande rift i n d i c a t e s  very high hea t  flow from which a s t r eng th  p r o f i l e  
with only s t r e n g t h  i n  the  uppermost c r u s t  is predic ted ,  During t h i s  extension 
event t h e  l i thosphere  was dominated by its d u c t i l e  p roper t i e s  with shallow 
decollement a t  a shallow br i t t l e -duc  t i l e  t r a n s i t  i o n  r e s u l t i n g  i n  low-angle 
faultiulg i n  a t h i n  upper c r u s t a l  b r i t t l e  layer .  A reduction i n  magmatism 
p r i o r  t o  l a t e  phase extension suggests  lower heat  flow, f r o m  which a s t r e n g t h  
p r o f i l e  with some uppermost mantle s t r eng th  is predicted. Increased 
l i t h o s p h e r i c  s t r e n g t h  may be one f a c t o r  i n  producing smaller  l a t e r a l  s t r a i n  
during t h i s  event, but i t  is a l s o  poss ib le  t h a t  t h e  l a y e r  of mantle s t r eng th  
prevented shallow c r u s t a l  decollement r e s u l t i n g  i n  high-angle planar o r  l a r g e  
radius  l i s t r i c  normal f a u l t s  ( 1 ) .  

For t h e  Red Sea-Gulf of Aden system v a r i a t i o n  i n  t h e  volumes of  volcanics  
along t h e  s t r i k e  of t h e  rift system suggest v a r i a t i o n s  i n  heat  flow and the  
geotherm along s t r i k e .  Abundant volcanics  cons i s t en t  with high heat  flow i n  
t h e  Afar region suggests  mechanical condi t ions  s i m i l a r  t o  e a r l y  phase 
extension i n  the  Rio Grande rift, with a r e l a t i v e l y  d u c t i l e  l i thosphere  
r e s u l t i n g  i n  d i f f u s e  extension. Dis t r ibuted  d ike  i n t r u s i o n  has made an 
important cont r ibut ion  t o  t h i s  d i f f u s e  extension (9) .  I n  t h e  c e n t r a l  por t ion  
of t h e  Red Sea and t h e  Gulf o f  Aden smaller volumes of  volcanics cons i s t en t  
with lower heat  flow suggest  mechanical condi t ions  s i m i l a r  t o  l a t e  phase Rio 
Grande rift extension, favoring high-angle f au l t ing .  A s  v e r t i c a l  s t r a i n  is 
constrained by buoyancy considerat ions,  however, continued extension on high- 
angle f a u l t s  is l imi ted ,  and can only be accommodated by d ike  in t rus ion ,  
probably i n i t i a l l y  loca l i zed  by t h e  high-angle f a u l t s .  To accommodate a high 
t o t a l  s t r a i n  i n  t h e  lower heat  flow a r e a s  an e a r l y  t r a n s i t i o n  from c r u s t a l  
extension t o  organized sea-floor spreading is predicted.  

References: (1 )  Morgan, P. and Golombek, M. (1984) Factors  con t ro l l ing  
the  phases and s t y l e s  of extension i n  t h e  northern Rio Grande rift. Field 
Conf. Guidebook, &. H. GeoL. m., s, p. 13-20. (2)  Eaton, G. P. (1982) The 
Basin and Range province: Origin and t e c t o n i c  s igni f icance .  h. &Yo Earth 
Planet .  a., JQ, p. 409-440. (3)  C o u r t i l l o t ,  V. E. ( 1980) Opening of t h e  
Gulf of Aden by progressive tear ing .  Phvs. Earth P_lanet. U., a, P. 343- 
350. (4)  Barberi,  F., Santacroce, R. and Varet, J. (1982) Chemical a spec t s  of 
rift magmatism. Continentaa Oceanic Rifts, Geodvnamics m. 8, Am. 
Geopys. Un., p. 223-258. (5) Lynch, H. D. ( 1983) Numerical models of the  
formation o f  cont inenta l  rifts by processes o f  l i t h o s p h e r i c  necking. .Ph.D. 
d i s s e r t a t i o n ,  &. J$. S t a t e  U., Las Cruces, NM, 290 pp. 
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Intracontinental zones of extensional tectonic s ty le  are commonly of 
f i n i t e  width and length. Associated sedimentary troughs are  fault-controlled. 
The evol ution of those structures i s  accompanied by vol cani c ac t i  v i  ty of 
variable intensity.  The character is t ic  surface structures are usually under- 
layn by a lower crust  of the t ransi t ional  type while deeper subcrustal areas 
show delayed travel times of seismic waves especially a t  young tectonic pro- 
v i  nces . 

A correspondence between deep seated processes and zones of continental 
extension appears obvious, a genetic sequential order of mechanisms and the i r  
importance i s  discussed in the l igh t  of both modern data compilations as 
we1 1 as quantitative kinematic and dynamic approaches. For th i s  purpose we 

refere t o  the Cenozoic extensional tectonics related with the Rhine River. 

Kinematic modelling of f a u l t  controlled extensional troughs of sedimen- 

tation predicts crustal  stretching of 10% associated with a rather deep 
crustal detachment level a t  20 km depth. Those surface structures obviously 
find mirror image l ike  correspondence in the lower crust  beneath the detach- 
ment level as demonstrated by ~ucca ' .  Thereafter the broad and gentle domal 
upwell i ng of the 1 ower crustal boundary which has approximately ten times 
the width of the surface tectonic structures i s  not neccessarily the conse- 
quence of mechanical stretching. I t  i s  more 1 i kely of an interlayered mafic 
and ul tramafic 1 i thology in accord with similar exposed structures and w i t h  

t ransi t ional  seismic veloci t ies ,  Dei chmann & ~ n s o r ~ e ' .  

The small amount of crustal  stretching on one side and the oversized 
lower crustal  t ransi t ion i n  addition with a period of 100 ma of volcanic 
ac t iv i ty  indicate a rather puzzling s i tuat ion.  Geobarometric evidence, age 
and spat ia l  dis t r ibut ion of volcanic rock samples reveal magmatic ac t iv i ty  
w i t h  lower lithosphere origin during a time span of 50 ma before the onset 
of fault-controlled sedimentation a t  the surface. Major volumes of magma, ' 

however, were extruded 30-40 ma a f t e r  the extensional surface event. 
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An a c c r e t i o n  of u l t r a m a f i c  mantle m a t e r i a l  i n  lower c r u s t a l  p o s i t i o n  as w e l l  

as the  evidence o f  magmatic a c t i v i t y  by vo lcan ic  e r rup t i ons  over such a  long 

pe r iod  support  the  view o f  a  c o n t r o l l i n g  mechanism o f  c r u s t a l  extension i n -  

v o l v i n g  bo th  the t r a n s p o r t  o f  mat te r  and heat. Numerical models on the  u p r i s e  

of smal l  volumes o f  m a t e r i a l  w i t h i n  a  the rma l l y  s e l f - c o n s i s t e n t  enviroment 

and the  c o n t r o l  o f  v a r i a b l e  rheology o f f e r a  s u i t a b l e  concept f o r  the  under- 

s tanding o f  (1)  moderate t o  low heat ing  o f  t he  lower c rus t ,  (2) t he  acc re t i on  

of lense-shaped ma te r ia l ,  (3)  t he  u p r i s e  o f  c r u s t a l  detachment l e v e l  w i t h  

t ime, ( 4 )  a  slow upwel l ing  o f  upper mantle isotherms above the  magma source 

and thus (6)  the  p repa ra t i on  o f  a  thermal channel f o r  l a t e  voluminous v o l -  

canic  events and f i n a l l y ,  (7 )  t he  gent le ,  cont inous c r u s t a l  extension. 
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ON T J B  BIPPEilENCES IW CO%TImNTffi RIPTIBIG 
ALL' THE EARTH, S &D VENUS. 

A,G~I.Nikishin and E .E.Nila.aovsky; Geological BacuLty, 
Moscow State University,II9899 ,USSR* 

During the process of continental. mfX%iw a t  the Earth the 
lower ductile crust stretches forming a neck,while the upper 
b r i t t l e  crust i s  broken i n  blocks by faults,and the blocks sink 
down the thinned lower crust (1~2) ; if the stretching continued, 
the neck nay break ayld a newly originated oceanic crust is f o r -  
med at t h i s  place, The f f p e  displays some types of  r i f t ing .  
The r ift  system s t ruc twe depends on the depth of  the boundmy 
sinface between the b r i t t l e  crust and the ductile crust, the 1i- 
tospheric thickness a d  a fo rm of  asthenospheric diapir, the ten- 
sion value, e t  s.. 

The depth of the boundary susface between the b r i t t l e  crust 
and the ductile crust is  determined by PT-conditions,the s t ress  
value,the roclr comp~si t ion~ets , .  It ranges from 5 t o  I5 Inn f o r  
the ~ a r t h ' s  r if t  zoneso A t  the M ~ S '  Valles blarineris rift sys- 
tem the depth of the boundary surface between the b r i t t l e  a d  
the ductile crust during r i f t i n g  was sftuated 2-4 times deeper 
then a t  the Emth (4)  ,since the lithosphere was thicker and the 
heat f low was lower i n  comparison t o  tha t  a t  the X a r t h  (4,5) , 
and since the l i t hos ta t i c  adverse pressure gradient was smaller 
owing t o  smaller gravitation. Theref ore ,when a belt-like area of 
the Valles 16axineris rift system had expanded by several per- 
cents,only the deepest layers of the lithosphere experienced 
the plas t ic  stretching. The thick b r i t t l e  p a r t  of  the lithosphe- 
re  over the zones of ~ l a s t i c  stretching of the lower part of 

zks s ah  down 

A t  tlie Vems the r f f t - l ike  structures are discovered i n  
Aphrodite Terra,Beta Hegio and i n  otner axeas (3). They aze w i -  
der and shallower than the B B a r t h ' s  continengal rifts. The tem- 
perature a t  the Venus" surface i s  about 475 C. A t  the 3arth 
such temperature exis ts  near the boundmy surface between the 
b r i t t l e  crust md the ductile crust ,  Therefore the Venus" l i t h -  
osphere i s  considerably more plas t ic  than that of the Earth. 
Hence,the ductile type of r i f t i n g  must be characteristic of the 
Venus, With the plas t ic  Venus" type of s i f t i n g  the tension does 
not cause the braaking of i t s  lithosphere,in consequence of 
th is , the  structures l ike  the Barth8s contemporary oceans are 
not characterist ic  of the Venus. 

Theref ore, the r ig id  b r i t t l e  r i f t i n g  when narrow ttnecksn i n  
the lower crust fomn,is characterist ic  of the contempormy 
Earth; a t  the f4ars thc b r i t t l e  r i f t i n g  with l a g e  subsidence 
was characterist ic  of the Tharsis upland formation epoch; the 
ductile r i f t i n g  is  typical  of the Venus, The difference of the , 
rheologic fsatnres of the lithospheres of different planets ca- 
uses the variation i n  types of r i f t i n g ,  
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HEAT AND EXTENSION AT MID- AND LOWER CRUSTAL LEVELS OF THE RIO 
GRANDE RIFT; Kenneth H e  Olsen and W. Scot t  Baldridge, Los Alamos National 
Laboratory; Jonathan F. Cal lender,  New Mexico Museum of Natural History. 

The process by which large amounts (50-200 percent) of crus ta l  exten- 
sion are  produced was concisely described by W. Hamilton (1,2) i n  1982 and 
1983. More recently,  England ( 3 ) ,  Sawyer (4) ,  P. Morgan and coworkers 
(5,6), and others  have moved toward quantifying models of 1 i thospheric 
thinning by incorporating laboratory and theoret ical  data on rock rheology 
as a function of composition, temperature, and s t r a i n  r a t e .  Hamilton's 
description i den t i f i e s  three main crusta l  layers,  each with a d i s t i nc t i ve  
mechanical behavior: b r i t t l e  f ractur ing and rota t ion i n  the  upper c rus t ,  
discontinuous duc t i l e  flow i n  the  middle c ru s t  and laminar duc t i l e  flow i n  
t he  lower c ru s t .  The temperature and composition dependent br i t t le-duct i  l e  
t rans i t ion  e s sen t i a l l y  defines the  di f fuse  "boundary" between upper and , 

middle c rus t .  

Perhaps t he  most d i s t i nc t i ve  fea ture  of t h i s  extensional model i s  the  
l en t icu la r ,  transposed nature of the middle crust-wi t h  lenses of more 
competent rocks ("megaboudi ns") interspersed w i t h  l e ss  competent material 
along duc t i l e  shear zones. These are  c losely  akin to  the metamorphic core 
complexes exposed by erosion in western North America. We have recent ly  
reviewed geophysical and petrologic data (7 ,8)  on the Rio Grande r i f t  and 
have attempted to  formulate a broad interdi  s c i  pl inary "pic ture"  of t he  
nature of the c rus t ,  tec tonic  development, and volcanism in the r i f t .  One 
of our principal conclusions i s  t ha t ,  within t he  r i f t ,  t he  s t ruc tu r e  of t h e  
middle c rus t  i s  very probably lensoidal and hor izontal ly  s t r a t i f i e d  and the  
contact between the  middle and upper c ru s t  i s  probably characterized by a 
low-angle detachment surface-all i n  accordance with Hamil ton ' s  generalized 
model. This type of crus ta l  environment would very l i ke ly  yie ld  magma 
"pillows" and s t ra t i fo rm,  s i l l - l i k e  intrusions i n  the middle c rus t ,  such as 
t h e  Socorro magma body. 

Perhaps somewhat surpr is ingly ,  our analysis  a lso  leads us to  conclude 
t ha t  the  heat responsible f o r  the  highly duc t i l e  nature of the  lower c ru s t  
and t he  lensoidal and magma body s t ruc tures  a t  mid-crustal depths in the  
r i f t  was infused in to  the c rus t  by r e l a t i ve ly  modest (< 10 percent by mass) 
magmatic upwell i ng (feeder dikes?) from Moho levels .  Seismic velocity- 
versus-depth data,  supported by gravity modeling and the f a c t  t h a t  volumes 
of r i f t  r e la ted  volcanics are  r e l a t i v e l y  modest (< 6000 km3) fo r  t he  
Rio Grande system, a l l  imply ve loc i t i es  and dens i t i es  too small t o  be 
consis tent  with a massive, composite, mafic intrusion i n  the lower c rus t .  

(1) Hamilton, W. (1982) Structural  evolution of t h e  Big Maria Mountains, 
northeastern California.  In E. G. Frost and D. L.  Martin (eds.1 

( 2 )  Hamil ton, W. (1983) Mode of extension of continental c rus t .  -- New Mex. 
Geol. Soc. Guidebook, 34, p. 9. -- - 
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LOW-ANGLE NORMAL FAULTING AND ISOSTATIC RESPONSE IN THE GULF OF 
SUEZ: EVIDENCE FROM SEISMIC INTERPRETATION AND GEOMETRIC RECONSTRUCTION: 
S. K. Perry and S. Schamel, Earth Sciences and Resources Institute, Univer- 
sity of South Carolina, Columbia, SC 29208 

Tectonic extension within continental crust creates a variety of major 
features best classed as extensional orogens. These features have come un- 
der increasing attention in recent years, with the welding of field obser- 
vation and theoretical concepts providing new insights. Most recent ad- 
vances have come from the Basin and Range Province of the southwestern 
United States and from the North Sea (1, 2). Application of these geometric 
and isostatic concepts, in combination with seismic interpretation, to the 
southern Gulf of Suez, an active extensional orogen, allows generation of 
detailed structural maps and geometrically balanced sections which suggest a 
regional structural model. This paper concentrates on geometric models 
which should prove to be a valuable adjunct to numerical and thermal models 
for the rifting process. 

Regional Geology 
The Gulf of Suez, Red Sea and Gulf of Aqaba rifts form the northernmost 

extensions of the East African rift system (Fig. 1). The African and Ara- 
bian plates are moving apart, creating new oceanic crust in the southern Red 
Sea and the Gulf of Aden. The Suez rift is separated from the Red Sea by 
the Gulf of Aqaba transtensional system. The Suez rift itself lies between 
the African continent and the Sinai Peninsula. Elevated and eroded rift 
shoulders form extensive crystalline basement outcrops and bound a deep 
trough floored by a complex tilt-block mosaic and filled with synrift sedi- 
ments. Total estimates of extension usually range around 25% (3). 

Figure 1: Regional geography of NE Africa and the southern Gulf of Suez. 
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Three rock groups are present: (1) an extremely complex Precambrian 
basement terrane; (2) widespread, relatively continuous prerift, Cambrian- 
Eocene platform sedimentary rocks; and (3) widely varying synrift fill of 
predominantly Neogene age. The basement and overlying platform succession 
were broken into numerous rift-parallel tilted fault blocks beginning in the 
Oligocene. Erosion stripped the top of the highest blocks and the rift 
shoulders, shedding clastics around the tilt block perimeters. Flooding of 
the rift in the early Miocene led to mixed carbonate and clastic deposition. 
During the middle Miocene, restricted conditions led to a build up of thick 
cyclic evaporites. Terrestrial and shallow marine depositional environments 
still dominate the gulf. Structural movements have continued through the 
present, with fresh fault scarps clearly visible and occasional earthquakes 
occurring. 

Structural Geometries and Timing 
Cross-strike variations in structural geometries and fault timing di- 

vide the southern Gulf of Suez into two major structural domains. The west- 
ern portion of the rift preserves an early tilt-block mosaic, while the 
eastern half of the rift shows the superimposed development of a axial 
system of grabens probably bordered by relatively young steep faults. 

Western rift. The western portion of the southern Gulf of Suez con- 
tains three discrete structural domains, each comprising a broad SW-dipping 
half-graben sub-basin floored by smaller tilt blocks having similar orien- 
tations (Fig. 1). The westernmost half-graben lies between the western 
border fault of the rift and the major bordering fault defining the eastern 
edge of the Esh el Mellaha tilt block. The other two half-grabens are along 
strike from one another immediately to the east and are delineated by the 
Esh el Mellaha border fault and the Gebel el Zeit-Shadwan Island structural 
high. These are the Gemsa Plain half-graben in the northwest and the 
southwestern Gulf of Suez immediately to the southeast. The two regions are 
separated by a zone of anomalous structures around Ras el Bahar. 

Both the Gemsa Plain and southwestern Gulf of Suez half-grabens were 
analyzed in detail. Surface studies in the Gebel el Zeit and Esh el Mellaha 
ranges in combination with interpretation of seismic reflection data and 
well logs provided constraints for the construction of serialized, geometri- 
cally restorable cross sections. Subsurface information for the structural- 
ly simple Esh el Mellaha domain is not available. These sections, in combi- 
nation with seismic structure maps, allowed construction of internally con- 
sistent, geometrically constrained structural maps. This has not previously 
been feasible in the Gulf of Suez because of ambiguities inherent in the 
seismic reflection data. 

Differences in structural style and extensional quantity show that ex- 
tension within the the rift is partitioned into discrete units on several 
scales. On the largest scale, the major structural domains are bounded by 
master listric faults and exhibit roughly uniform internal extension. In 
contrast, the amount of internal extension may differ substantially between 
these domains. It can be assumed that the total extension across the rift 
is equal, or decreasing gradually to the north. Similarly, the large tilt 
domains may be broken into suites of en echelon bloeks 'along both listric 
and planar faults, themselves representing smaller scale partitioning of the 
extension within the domain. 
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Within this context, the southwestern Gulf of Suez half graben forms a 
discrete structural domain with roughly 15% internal extension. This is 
partitioned into numerous smaller, fault-bounded structural highs that rise 
and fall along strike, always maintaining approximately the same extension 
across the domain. In contrast, the Gemsa Plain was initially narrower 
than the southwestern Gulf and appears to represent roughly 50% extension. 
In this case, the domain is dominated by a single major tilt block, the 
Zeit block (Fig. 1). The western edge of this block lies deeply buried 
under the Gemsa Plain, abutting the Esh el Mellaha's eastern border fault, 
and the eastern, or leading, edge forms the complexly deformed Gebel el Zeit 
ranges. Between the two domains lies a transitional region of confused 
geology and limited data. Geometrically balanced sections show that both 
half grabens result from movement over an initially east-dipping and now 
subhorizontal detachment lying at roughly 30,000 feet. Furthermore, both 
domains are bordered on the east by through-going high-angle faults which 
break the original detachment. Some other portions of the region are also 
broken by these faults. These faults clearly post-date major tilt-block 
movement over the detachment. 

The sedimentary fill of the sub-basins within the two half grabens 
shows the structural timing within the western gulf. Initial movements on 
the primary listric border faults of the half grabens occurred prior to the 
deposition of basal redbeds during the uppermost Oligocene. Very gentle 
tilting continued through the deposition Of marine clastics, carbonates and 
evaporites of the Nukhul Formation which is probably of Aquitanian age. 
Rapid environmental differentiation and strongly tilted strata show that the 
half grabens developed rapidly during the early Burdigalian, with the 
southwestern Gulf half graben fragmenting into a suite of smaller tilt 
blocks. Erosion cut into the tilt-block crests and both capping and fring- 
ing reefs formed. These are preserved in situ along the Esh el Mellaha -- 
range and show no structural tilting, indicating that the Esh el Mellaha 
half graben stopped developing during the Burdigalian, when a major pause in 
structural activity is reported. The remainder of the western rift con- 
tinued to develop rapidly with block tilts increasing steadily. Major tilt- 
ing in the southwestern Gulf slowly decreased during deposition of middle 
and upper Miocene evaporites, with uniform gradual subsidence continuing. 
The Gemsa Plain sub-basin shows greater subsidence and tilting with less 
environmental differentiation. A major angular unconformity and both Plio- 
cene and Pleistocene raised and tilted carbonates and beach terraces show 
continuing block tilting, while relatively thick Plio-Pleistocene 
clastics conformably overlie Miocene evaporites in the deeper portions of 
the sub-basin. Through-going faults greatly deform the Miocene section 
along the eastern margins of both half grabens indicating predominantly 
Pliocene and later movements. 

Eastern Rift. Published descriptions and new studies of oil fields and 
surface outcrops in the eastern rift show that it differs from the western 
rift in both structural style and timing, with much more pronounced late 
development. During the Aquitanian and lower Burdigalian the eastern rift 
shows a structural development similar to that in the west, but with less 
well-defined half grabens, less throw on faults and thinner synrift deposits 
than in the west. During the upper Burdigalian and continuing into the 
middle Miocene the Sinai rift shoulder became eleveated, a broad tilt-block 
bench remained near sea level around Gebel Araba, and an en echelon series 
of grabens broke the region between the Sinai rift shoulder and the Gebel el 
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Zeit-Shadwan Island high, forming an axial-graben system. This movement 
waned during the upper Miocene, as do most structural movements in the Gulf, 
but accelerated rapidly during the Plio-Pleistocene. Subsidence in the 
axial-graben system during this time allowed local deposition of greater 
thicknesses of elastics and carbonates in the last 5 my than had been 
deposited in the Miocene. The formation of the axial-graben system also 
marks a great change in structural style, with subsidence between relatively 
steeply dipping and oppositely facing normal faults substituting for earlier 
rapid tilting. 

Tectonic Model for the Southern Suez Rift 
The three aspects of the Suez rift described above bear directly on its 

structural evolution: (1) the early Miocene development of a tilt-block 
mosaic forming and array of broad half grabens and focused in the west; 
(2) eastward propogation of deformation to the eastern rift during the early 
Miocene; and (3) the predominantly middle Miocene-through-Recent formation 
and growth of a depressed 
axial-graben system bbrdered SOUTHWEST NORTHEAST 

block movement over a low- 1 I 

by ;elativel$ high-angle A o, ESH EL MELLAHA SINAI 

angle detachment whose sub- ao,ooo. 1 MOHO 
80.000' 

sequent isostatic upwarping OLIGOCENE 

faults. 
We suggest that this 4 

pattern is a result of tilt- 4o.ooo.- 

localized deep-seated defor- 
mation and forming the axial- 
graben system (4). Initial B ,. 
NNE-SSW extension during the 

0' 

Oligocene and earliest Miocene 
was accompanied by minor 40.0@@' 40,000' 

rotation on wide listric tilt WITH CONTINU 
DEFORMATION 

blocks over a regional east- 80,00,. 
80.000' 

dipping low-angle detachment EARLY MIOCENE 

which formed half-graben 
sub-basins filled with thin 

-40.000' 

redbed and Nukhul Formation c ,. ESH EL MELLAHA SINAI 0' 

sediments (Fig. 2-A). With 
increasing extension during 
the Burdigalian tilt-block 40.000' 40.000' 

rotation continued, extension- 
ally thinning the upper crust 

EARLY-MIDDLE MIOCENE DEEP-SEATED EXTENSION 80'0w' over a passive lower crust. 
In response, isostatic uplift 
of the passive lower crust 
warped the detachment and D ,. ESH EL MELLAHA SINAI 

overlying terrane into a broad 
arch, limiting gravity-driven 
tilt-block movement in the 40.000'- 

west (5) and creating a - 
rift-parallel high in the 80,,o. 

Moho. This uplift stalled PLIOCENE-RECENT 
movement on the Esh el Mellaha Figure 2: Evolutionary model. 
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tilt block by decreasing the dip of the detachment but allowed extension to 
concentrate within the southwestern Gulf by increasing detachment dip (Fig. 
2-B). Deposition of the thick lower Miocene shales and marls resulted. 
With further extension during the upper Burdigalian, continuing isostatic 
uplift progressively uplifted and flattened the detachment beneath the 
southwestern Gulf and shifted the axis of the isostatic arch to the eastern 
rift (Fig. 2-C). At this point the majority of tectonic development in the 
west was complete. In conjunction with the uplift of the Sinai rift shoul- 
der, probably a thermal response, a new set of relatively high-angle normal 
faults cut through the old detachment forming the axial-graben system. This 
faulting was greatly reactivated during the Plio-Pleistocene, a time of 
increased spreading in the Red Sea (6). These younger faults may root into 
a deeper detachment within more thermally mature crust, may merge directly 
into a zone of ductile flow under the rift, or may splay up from a zone of 
active intrusion within the lower crust. We favor this last possibility , 

since mantle-derived oceanic crust must eventually form with continuing 
extension, as is shown in the southern Red Sea. This model is consistent 
with the observed early breakup of the rift into a series of broad half 
grabens and explains the eastward shift of deformation through time, the 
early cessation of rapid tilt-block movement in the west, and the late 
formation of a a depressed axial-graben system in the east. 

This research suggests that early movement over low-angle detachments 
plays an important role in localizing deformation within rifts, and is un- 
doubtedly a critical element in the formation of passive margins. 
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THE RELATIONSHIP OF EXTENSIONAL AND COMPRESSIONAL TECTONICS 
TO A PRECAMBRIAN FRACTURE SYSTEM I N  THE EASTERN OVERTHRUST 
BELT, USA 

Howard A. Pohn, United S t a t e s  Geological  Survey, Reston, Va. 

The c e n t r a l  and southern  Appalachians have a long h i s t o r y  of 

i n t e r r e l a t e d  ex tens iona l  and compressional t e c t o n i c s .  It is  proposed 

t h a t  each episode was c o n t r o l l e d  by a r e a c t i v a t i o n  of a f r a c t u r e  system 

i n  t h e  Precambrian basement. 

P r o p r i e t a r y  seismic-ref l e c t  i on  p r o f i l e s  show a sys  tem of down-to- 

the-eas t  Precambrian ex tens iona l  f a u l t s .  When under renewed extens ion ,  

t hese  f a u l t s  produce f e a t u r e s  such as t h e  wes tern  border  f a u l t s  of 

Mesozoic bas ins ,  and when under compression prdbably produce t e c t o n i c  

ramps i n  t h e  overlying sedimentary cover  rocks a s  w e l l  a s  t h e  s p a t i a l l y  

and g e n e t i c a l l y  r e l a t e d  Alleghenian fo lds .  

Th i s  system, which p a r a l l e l s  t h e  t h e  Appalachian t r end ,  i s  c u t  by a 

system of c r o s s - s t r i k e  h inge  o r  s c i s s o r s  f a u l t s  t h a t  have probable 

s t r i k e - s l i p  movements. Reac t iva t ion  of t h i s  c ros s - s t r i ke  system appears  

t o  have produced l a t e r a l  ramps t h a t  connect  decollements a t  d i f f e r e n t  

s t r a t i g r a p h i c  l e v e l s  and caused abrupt  changes i n  f o l d  wavelength along 

s t r i k e .  

Continued r e a c t i v a t i o n  of t h i s  c r o s s - s t r i k e  system i s  suggested by 

east-west border  f a u l t s  and Precambrian h ighs  between Mesozoic basins .  

The present  a c t i v i t y  of t h i s  system i s  suggested by t h e  f a c t  t h a t  more 

than  35% of r ecen t  ear thquakes a r e  co inc iden t  wi th  c ros s - s t r i ke  f a u l t s  

and l a t e r a l  ramps. 
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Many l a t e r a l  ramps can  be ex t r apo la t ed  seaward and a r e  e x a c t l y  

co inc iden t  i n  s t r i k e  and a r e  n e a r l y  co inc iden t  i n  spac ing  wi th  t ransform 

f a u l t s  of fshore .  It i s  hypothesized t h a t  t h e  c r o s s - s t r i k e  f a u l t s  ac t ed  

as zones of l e a s t  r e s i s t a n c e  a long  which modern t ransform f a u l t s  

developed dur ing  pe r iods  of sea-f loor  spreading.  



LOW-ANGLE NORMAL FAULTS - LOW DIFFERENTIAL STRESS AT 
MID CRUSTAL LEVELS? W.L. Power, Department of Geological Sciences, Brown University, 
Providence, Rhode Island 029 12. 

A simple model for frictional slip on pre-existing faults that considers the local stress state 
near the fault and the effect of non-hydrostatic fluid pressures predicts that low-angle normal 
faulting is restricted to areas of the crust characterized by low differential stress and nearly 
lithostatic fluid pressures. In part following (I), the model considers frictional slip on a 
cohesionless low-angle normal fault governed by the failure criterion 7 =pp:- -p hug Pf) where r 
and u n  are the shear and normal stresses across the fault plane, pf is the static coe icient of - 
friction, and Pf is the pore fluid pressure (Fig. 1). As a first approximation, the model considers a 
vertical greatest principal compressive stress, a I. It is apparent that if slip on low-angle normal 
faults is governed by the above frictional failure criterion, slip on the low-angle normal fault occurs 
only if the least effective principal stress, u%=u -Pp is tensile, whenever tan-'kf) > d, where d 
is the dip of the fault (Fig. 1). If detachment fau 9 ting occurs at any significant depth in the crust, 
Pf > u is required. In light of this conclusion I allow Pf to vary as necessary to allow slip on the B low-ang e normal fault. 

An additional criterion for long term viability of the low-angle fault surface as  a significant 
tectonic feature is that no failure occur in the wall rock. Following (2), the failure criterion for the 
intact wall rock can be approximated by the parabolic Griffith criterion in the tensile field 
(T = the tensile strength of the rock), and as a linear Coulomb envelope in the compressive field 
(C = 2T = the cohesive strength and p -  is the coefficient of internal friction). The failure envelope 
for the intact rock limits the level of differential stress expected near active low-angle normal 
faults (Fig. 2). Most notably, low-angle normal faults which dip < 15' and have frictional sliding 
coefficients > 0.4, will only be viable tectonic elements in extending lithosphere if total different91 
stress near the faults is less than about four times the tensile strength of the rock.""* s 

The model has potentially important and interesting implications. Areas of the crust with 
active low-angle normal faults should have strengths comparable to the tensile strengths of the 
rocks involved. Active low-angle normal faults should be characterized by smaller earthquakes 
than any "Andersonian" fault a t  comparable depths, because the elastic strain energy of distortion 
stored in the wall rock of a fault is proportional to the square of the differential stress. Although 
evidence for seismic faulting on low-angle normal faults is rare (3,4), Jackson (4) has observed 
long period seismic signals radiated from nearly flat surfaces immediately following major 
earthquakes on nearby steep normal faults. Perhaps these long period signals are related to 
movement of fluids in sub-horizontal fault zones. 

Because the model predicts that mid-crustal low-angle normal fault zones will have low 
strengths and low levels of seismicity, I suggest that the transition to macroscopic ductility in 
regions with active low-angle normal faults is controlled at least in part by fluid pressure 
enhanced cataclastic flow and fluid assisted stress corrosion cracking, rather than solely by 
thermally activated diffusion and dislocation creep. Interestingly, a recent description of chloritic 
breccia zones along low-angle fault surfaces in the Basin and Range province (5) preferred to 
describe the zones as  "fluidized media" rather than as fault breccias. 

Although the model assumes a pre-existing low-angle faun surface, and cannot explain the 
initiation of such surfaces, I speculate that many of the conditions which cause the initiation of 
low-angle normal fault surfaces are the same as  the conditions needed to ensure their survival. I 
suggest a number of features that have been observed along low-angle faults in the southern 
Basin and Range province are consistent with the high fluid pressures and low differential stress 
levels predicted by the model; these include a) the common association of mineralization and 
low-angle faulting (6), b) the development of extensive cataclastic zones alsng low-angle fault 
surfaces, and c) the development of primary wavelike undulations of the fault surfaces (7). 

\ 

REFERENCES - (1) Sibson, R.H. (1985) A note on fault reactivation. in press, Jour. 
Struct. Geol. (2) Brace, W.F. (1960) An extension of the Griffith theory of fracture to rocks. Jour. 
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B.E. (1984) Primary corrugations in Tertiary low-angle normal faults, SE California; porpoising 
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Figure 1. a) Angular relationships between o low-angle normal fault, and steep normal fault in 
the two-dimensional model, b) Mohr circle condition for slip on low-angle normal fault, in part 
after Sibson (1985). State of stress at fault surface represented by circle with center oc. 
Low-angle fault surface represented by point F. 
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Figure 2. Normalized differential stresses for simultaneous failure of intact wall rock and slip on 
low-angle normal fault, as a function of bf. In the region below the curves slip on the low-angle 
normal fault alone is possible, while above the curves failure of the wall rock in either tension or 
shear occurs. Dashed lines represent condition for simultaneous shear failure and slip on the 
low-angle surface; solid lines the condition for simultaneous tension failure and slip on the 
low-angle surface. 



LATE PRECAlNBRIAN AULACOGENS OF THE NORTH C H I N A  CRATON. 
Qian,  Xiangl in ,Geology Department , P e ~ i n g  U n i v e r s i t y  , B e i  j i n g ,  t h e  

P e o p l e ' s  Repub l i c  o f  China,  

According t o  t e c t o n i c  s t y l e s  t h e  Precambrian  e v o l u t i o n  h i s -  
t o r y  o f  t h e  Nor th  China c ra ton .  may h e  s u b d i v i d e d  i n t o  f o u r  s t a g e s :  
( 1 )  Archean c o n s o l i d a t i o n  i n  3.5-2.5 G a ,  ( 2 )  E a r l y  P r o t e r o z o i c  
r i f t i n g  i n  2.5-1.8 G a ,  ( 3 )  L a t e  Precambrian  aulacogen i n  1 .a-0.8 
G a  and ( 4 )  P l a t f o r m  regime a f t e r  0.8 G a .  

In. t h e  L a t e  Precambrian au lacogen  s t a g e  o f  t h e  R o r t h  China  
c r a t o a  t h e r e  were two main a u l a c o g e n s , P a n l i a o  and Zhongt iao  ( Y 
and Z ) , deve loped  i n  Widdle P r o t e r o z o i c  t i m e  wi th  an age  1.8-1.0 
G a .  T h e i r  NE t r e n d  made themse lves  t o  meet t o g e t h e r  i n  t h e  c e n t r a l  
p a r t  o f  t h e  c r a t o n  and b u i l d  up one g r e a t  Y-Z au lacogen  through-  
o u t  t h e  c r a t o n .  

The Y a n l i a o  au lacogen  which l i e s  t o  t h e  e a s t  of  ~ e i j i n g  i s  
f i l l e d  up w i t h  10 km t h i c k  s h a l l o w  w a t e r  s a n d s t o n e , s h a l e  and c a r -  
b o n a t e  sed imenta ry  s e q u e n c e , w i t h  a few t h i n  l a y e r s  o f  a n d e s i t e  i n  
a l k a l i n e  compos i t ion  i n  i t s  low p a r t  and w i t h  t h i c k  r e d  conglo-  
mera te  at i t s  hottom. The synsed imenta ry  a c t i v e  t e c t o n i c  regime 
o f  t h e  f a u l t e d  b o u n d a r i e s  o f  t h e  au lacogen  i s  i n d i c a t e d  by t h e  
ahoundant  b r e c c i a  o f  t h e  p h y s i c a l  w e a t h e r i n g  p r o d u c t s  w i t h  convin-  
c i n g  paleogeomorphologica l  e l ements  a t  t h e  bottom o f  each t r a n s -  
g r e s s i v e  sequence .  The s u b s i d e n c e  o f  t h e  Y - 8  au lacogen  was para -  
l l e l  t o  t h e  c ~ ~ r ~ p e n s a t i o n  o f  t h e  ~ e a i ~ l i e n t a t i o n  t h e r e  ( Q i a n , l g b O ) .  
The Zholagtiao a u l a c o g e n  which l i e s  i n  t h e  s o u t n  o f  t n e  c r a t o n  i s  
f i l l e d  up w i t h  10 km t h i c k  volcano-sedimentary  fo rmat ion  i n  whicn 
t h e  low p a r t  i n  5 km t h i c k  compr i ses  mos t ly  a n d e s i t e - r n y o l i t e  
a l k a l i n e  v o l c a n i c  rocKs w i t h  a few t h i n  l a y e r s  o f  basalt and t h e  
upper  p a r t  c o n s i s t s  o f  s a n d s t o n e - s h a l e  and c a r b o n a t e  sed imenta ry  
r o c k s .  T h i s  v o l c a n i c  assemblage  l i m i t e d  by hE  t r e n d i n g  s h a r p l y  
f a u l t e d  b o u n d a r i e s  l i n k s  t h e  c o e v a l  metamorphosed v o l c a n i c  s e -  
quence i n  t r e n d i n g  G i n l i n g  b e l t  t o  t h e  s o u t h  o f  t h e  c r a t o n  t o  
form t o g e t h e r  a t r i a n g u l a r  o u t l i n e  i n  i t s  t h i c k n e s s  i s o p a c h  map. 
The geochemis t ry  o f  t h e  v o l c a n i c  r o c k s  i n  t h e  Zhongt iao  ad lacogen  
shows t h a t  t h e y  a r e  s h o s h o n i t e  s e r i e s  o r  a l k a l i n e  s e r i e s  o f  Coombs 
t r e n d  and a t r a d d l e  t r e n d  w i t h  Kennedy t r e n d  d e f i n e d  by iJ l iyashiro.  
The i n c r e a s i n g  o f  K becomes much f a s t  t h a n  t h e  - - i n c r e a s i n g  -, o f  .&a 

bb i n  t h e  c a s e  o f  S i 0 2  h i g h e r  t h a n  66 76,ana t h e  t17~r/  S r  i n i t i a l  

r a t i o  i s  h igh  enough i n  0.7125 o r  more i n  t n e  b 0 t t 0 1 n  o f  t h i s  vo l -  
c a n i c  r o c k  s e r i e s .  S o , t h e s e  v o l c a n i c  rocKs n o t  seem t o  be  t h e  
p r o d u c t s  o f  d i f f e r e n t i a t i o n  w i t h  p a r t i a l  m e l t i n g  of  t h e  p r e e x i s t -  
i n g  c o n t i n e n t a l  c r u s t , a n d  on t h e  c o n t r a r y  t h e  a c i a  a f f i n i t y  o f  
t h i s  s e r i e s  might b e  d i r e c t l y  produced by t h e  a n a t e x i s  o f  t i l e  
c o n t i n e n t a l  c r u s t  i n  t h e  e a r l y  e v o l u t i o n  o f  t h e  au lacogen  s t a g e .  
I n  d e a l i n g  w i t h  t h e  ~netalnorphosea v o l c a n i c  s e q u e n c e , t n e  c o e v a l  i n  
t h e  Q i n l i n g  b e l t  , i t  compr i ses  bimodel non-wlkal ic  b a s a l t  o r  t n o l e -  
i i t i c  b a s a l t  and and c a l c - a l k a l i c  r h y o l i t e  rocKs,which show t h a t  
i n  e a r l y  t ime  o f  .!Addle P r o t e r o z o e  t h e  G i n l i n g  r r l u ~ i l e  b e l t  w i t n  
t h e  Zhongt iao  au lacogen  began t o  r i f t i n g  a n a  j o i n e d  t o g e t h e r  t o  
form a t r i p p l e  j u n c t i o n .  I t  might  be asKea how was t h e  L a t e  Pre-  ' 
cambrian  n i s t o r y  o f  t h e  s o u t h e r n  boundary o f  t n e  c r a t o n .  I n  f a c t  



rr .p .'I ' * , .  ? , 2 ;  f5. : .; b 

116 LATE P<ECA~BRIAN A U L A C O G ~ S  OF THE NORTH C H I ~ A  CRATON 
Q i a n  , X i a n g l i a .  

it was a new b i r t h  boundary i n  E a r l y  P r o t e r o z o i c , b e c a u s e  t h e  Qin- 
l i n g  mobi le  b e l t  immedia te ly  c u t  t h e  E a r l y  P r o t e r o z o i c  t e c t o n i c  
t r e n d  and s t r u c t u r a l  e l ements  o f  t h e  c r a t o n  which r e s e a s o n a b l y  
extended far  t o  t h e  s o u t h  of  t h e  p r e s e n t  Nor th  China c r a t o n  i n  
E a r l y  P r o t e r o z o e  ( Q i a n ,  1982; Sun e t  a l ,  1960 ;Tec ton ic  map, 1963).  

The Guyuan b u r i e d  au lacogen  i s  t h e  o t h e r  NE t r e n d i n g  one 
de te rmined  by g e o p h y s i c a l  e x p l o r a t i o n  and d r i l l i n g  i n  an o i l  f i e l d  
i n  t h e  sou thwes t  o f  t h e  c r a t o n .  The n o r t h  Anhui au lacogen  e x t e n d s  
i n  WNW d i r e c t i o n  i n  t h e  s o u t h  o f  t h e  c r a t o n  i n  t h e  age  o f  1.0-0.6 
G a  and i s  unconformably o v e r l a i n  hy Cambrian. I t  i s  f i l l e d  up w i t h  
abou t  5 km t h i c k  s h a l l o w  w a t e r  s a n d s t o n e , s h a l e  and c a r b o n a t e  s e d i -  
mentary sequence  w i t h  a t h i n  l a y e r  o f  a n d e s i t e  i n  a l i m i t e d  a r e a .  

I n  t h e  n o r t h e r n  hemisphere  o r  L a u r a s i a , t h e  L a t e  Precambrian  
a u l a c o g e n s  i n  compara t ive  t e c t o n i c s  have many s i r f l i l a r i t i e s  i n  
t h e i r  e v o l u t i o n  h i s t o r y .  The Russ ian  p l a t f o r m  shows t h a t  t h e r e  
a r e  t h e  L a t e  Precambrian  Hiphean a u l a c o g e n s  ( 1.6-1.0 G a )  i n  
r e g u l a r  N 5  and KIN t r e n d i n g  th roughou t  t h e  p l a t f o r m , e v e n  t n e  form 
o r  o u t l i n e  o f  t h e  p la t fo r in  i s  o f  f o l l o w i n g  t h e s e  t r e n d s  ( A ~ s e n o v  
e t  a 1 , 1 9 7 8 ) .  The Archean S u p e r i o r  p r o v i n c e  i n  t h e  Canadian s h i e l d  
a l s o  h a s  r e c t a n g u l a r  f o r m , l i m i t e d  hy t h e  IiE and. IklN l i n e a l n e n t s  
border-ing on t h e  P r o t e r o z o i c  C h u r c h i l l  p r o v i n c e  and t h e  G r e n v i l l e ,  
p e r h a p s  t h e  S o u t h e r n  p r o v i n c e  as w e l l  ( B u r ~ e , l 9 6 0 ) .  I n  a d d i t i o n ,  
t h e  L a t e  P recambr ian  A r a v a l l i  au lacogen  o f  Gondwana i n  I n a i a  a l s o  
e x t e n d s  i n  t h e  NE d i r e c t i o n . ( F i g )  

D i s c u s s i o n e  Consequently,some q u e n t i o n s  can  b e  asked  from 
t h e  cornparison o f  t h e  e v o l u t i o n  o f  t h e  c o e v a l  L a t e  Precambrian  
auiacd~en~: 
1 ) &!hat i s  t h e  i m p l i c a t i o n  does  t h e  r e g u l a r i t y  o f  t n e  t e c t o n i c  

t r e n d i n g  o f  t h e  L a t e  Precambrian  au lacogens .  Are t h e y  L a t e  
Precambrian  t e c t o n i c  t r e n d s .  I f  s o ,  f o r  what r e a s o n  t h e  u n i f y i n g  
t e c t o n i c  t r e n d s  a r e  m a i n t a i n e d  s o  f a r .  Do t h e y  a p p e a r  occa-  
s i o n a l l y  o r  i n  r e g u l a r i t y .  

2) Did t h e  l i t h o s p h e r e  on t h e  e a r t h  be undergone a worldwiae ex- 
pans ion  i n  L a t e  Precambrian  i a  t h e  p r o c e s s  o f  c r a t o n i t i z a t i o n .  
Is i t  a background o f  t h e  t e c t o n i c  o r i g i n  c a u s i n g  t h e  L a t e  
Precainbrian s t a g e  o f  aulacogen.  

R e f e r e n c e s  
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RADIAL RIFT AND BLOCK TECTONICS AROUND THE THARSIS 
BULGE: INTRODUCTIONAL POSTULATION. J .  R a i t a l a ,  JPL, CALTECH, 
Pasadena ,  CA 9 1 1 0 9  (on  l e a v e  from Department o f  Astronomy, 
U n i v e r s i t y  o f  Oulu, Oulu,  F i n l a n d ) .  

The c r e s t  o f  t h e  T h a r s i s  b u l g e  d i s p l a y s  t e n s i o n a l  t e c t o n i c s  
e s p e c i a l l y  w i t h i n  t h e  N o c t i s  Labyr in thus  a r e a  (I). Other  ad- 
j o i n i n g  t e n s i o n a l  t e c t o n i c  s t r u c t u r e s  a s s o c i a t e d  w i t h  t h e  b u l g e  
a r e  t h e  numerous r a d i a l  f o s s a e  g r a b e n s ,  V a l l i s  M a r i n e r i s  v a l l e y  
and o t h e r  v a l l e y s  and s u r f a c e  d i s c o n t i n u i t i e s .  These s t r u c t u r e s  
a r e  much more complex t h a n  t h e  b u l g e  c r e s t  a l t h o u g h  coup led  
t o g e t h e r .  

The o r i g i n  o f  t h e  r a d i a l  s t r u c t u r e  sys tem can e v i d e n t l y  b e  
t r a c e d  back t o  t h e  T h a r s i s  b u l g e  u p l i f t .  The c l a s s i c a l  concep t  
o f  t r i p l e  j u n c t i o n s  c o u l d  be  i n v o l v e d  a l t h o u g h  t h e  r a d i a l  p a t t e r n  
c o n s i s t s  r a t h e r  o f  s e v e r a l  m u l t i p l e  j u n c t i o n s ,  The V a l l i s  
M a r i n e r i s  canyon c o u l d  e a s i l y  be  i n t e r p r e t e d  a s  r e s e m b l i n g  a  
r i f t  which forms a n  a u l a c o g e n .  O t h e r  f o s s a e  graben zones c l e a r l y  
r esemble  l i n e a r  r i f t  zones e x t e n d i n g  outwards  from t h e  T h a r s i s  
b u l g e .  

Although t h e  V a l l i s  M a r i n e r i s  canyon and r a d i a l  f o s s a e  
g r a b e n s  have  been e x t e n s i v e l y  s t u d i e d ,  t h e i r  o r i g i n  and forma- 
t i o n  mechanism i s  s t i l l  t h e  s u b j e c t  o f  numerous q u e s t i o n s .  
P o s s i b l e  r i f t  f o r m a t i o n  i s  o n l y  one p o i n t  o f  view and does  n o t  
e x p l a i n  t h e  r i f t i n g  mechanism and t h e  r a d i a l  p a t t e r n  o f  t h e s e  
s t r u c t u r e s  around t h e  T h a r s i s  b u l g e .  Both a c t i v e  and p a s s i v e  
r i f t i n g  must be  t a k e n  i n t o  accoun t  ( 2 ) .  An a c t i v e  mechanism can 
b e  e a s i l y  a c c e p t e d  i n  t h e  c a s e  o f  t h e  T h a r s i s  bu lge  i t s e l f ,  
where doming i s  a s s o c i a t e d  w i t h  t h e  m a n t l e  plume impinging on 
t h e  l i t h o s p h e r e  and c a u s i n g  u p l i f t  and v o l c a n i c  e x t r u s i o n s .  The 
a c t i v e  v o l c a n i c  doming and v o l c a n i c  complex b u i l d i n g  i s  coup led  
w i t h  t h e  m a n t l e  and lower  l i t h o s p h e r e  s w e l l i n g ,  which i n  t h e  
c a s e  o f  t h e  T h a r s i s  b u l g e  was r e g i o n a l  a round t h e  deep s o u r c e  
of magma g e n e r a t i o n .  

The model o f  a c t i v e  doming and vo lcano  c o n s t r u c t i n g  i m p l i e s  
a  man t le  plume impinging on t h e  b a s e  o f  t h e  l i t h o s p h e r e ,  l i t h o -  
s p h e r e  t h i n n i n g ,  t h e  u p l i f t  o f  l i t h o s p h e r e  and c r u s t  ( 3 )  and 
opening o f  t h e  e x t r u s i o n  plumbing c h a n n e l s .  Very l a r g e  volumes 
o f  h o t  m a n t l e  m a t e r i a l  a r e  r e q u i r e d  t o  t h i n  t h e  l i t h o s p h e r e  by 
h e a t  t r a n s f e r ,  magma m i g r a t i o n  and p r e s s u r e  r e l e a s e  m e l t i n g  ( 3 ) .  
According t o  t h e  a c t i v e  mechanism t h e  b u i l d i n g  of a  v o l c a n i c  
complex l i k e  t h e  T h a r s i s  b u l g e  i s  caused  by t h e  r i s i n g  huge 
m a n t l e  plume and a d j o i n i n g  e x t r u s i o n s  which t a p  t h e  g e n e r a t e d  
magma. 

The s u r r o u n d i n g  f o s s a e  and v a l l e y  s t r u c t u r e s  a r e  caused  
by more p a s s i v e  c r u s t a l  r i f t i n g  due t o  t e n s i o n a l  f a i l u r e  o f  t h e  
s u r f a c e  l a y e r s .  The main r i s i n g  m a n t l e  plume a c t i v a t e d  and r e -  
g e n e r a t e d  a  f a i l u r e  p a t t e r n s  r a d i a l  t o  t h e  c e n t r e  of a c t i v i t y  
( 4 ) .  These r a d i a l  zones o f  weaknes a r e  t h e n  most e a s i l y  u t i l i z e d  
by t h e  r i s i n g  mant le  plume. Deep zones o f  weakness r e g u l a t e  t h e  , 
p e n e t r a t i o n  and d i s t r i b u t i o n  o f  h o t  m a n t l e  r o c k  i n t o  upper  l e v e l s  
w h i l e ,  c o n t r a r i l y ,  t h e  e f f e c t i v e  impingement o f  t h e  h o t  m a n t l e  
plume i n t o  t h e  l i t h o s p h e r e  opens up new weakness zones .  T e n s i o n a l  
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stresses from below the lithosphere make it fail. If the mantle 
uplift and doming is strong enough to break the lithosphere and 
crust but does not raise volcanic extrusions some kind of rift 
tectonics is acquired. 

The branches of the main Tharsis mantle plume spread radial- 
ly aroud the central volcanic area causing I) radial fault open- 
ing, 2 )  adjoining minor doming and rifting along these fault 
zones and 3 )  minor block movements or stress transmissions 
through the blocks. The lithosphere is cold and dense in respect ' 

to the hot mantle rocks of the asthenosphere below and the de- 
creased volcanic activity at the plume branches may instead occur 
in the form of intrusions than extrusions. The heated and in- 
truded lithosphere is then slightly uplifted and domed which 
causes tensional opening of the initial crustal failure zone. 

There are several main fossae/valley graben zones through 
the Tharsis bulge area. The SW-NE fossae graben zone evidently 
controlled the location of the major plumbing system and the 
formation of major Tharsis volcanoes: Arsia, Pavonis and Ascraeus 
Mons. There are also some smaller volcanoes at the northeastern 
Tharsis slope of this zone. Sirenum and '~emnonia Fossae penetrate 
far-into the terra highland southwest of the Tharsis bulge while 
the Tempe and Mariotis Fossae and Kasei Vallis valley system cut 
large terra highland islands which are surrounded by lava-flooded 
plains. 

The large terra highland block southeast of the Tharsis 
bulge is bounded by Claritas/Thaumasia Fossae, Noctis Labyrinthus 
and Valles Farineris. Noctis Labyrinthus is situated at the 
highest crest of the Tharsis main bulge, the Syria Planum Swell, 
where the pattern of tensional fractures were created due to the 
major updoming ( 1 ) .  The Claritas and Thaumasia Fossae are 
associated with crustal doming as are also the extensional 
structures of Valles Marineris. The deep excavation of Valles 
Marinenis is not caused solely by the doming although the erosion 
has evidently been strengthened by block margin tectonics. 

There are several Thaumasia Fossae grabens which tend to cut 
the Solis-Sinai block concentrically to the Tharsis bulge. They 
do not extend as far as the Vallis Marineris border, however, 
but an interesting structural phenomenon is the abrupt steep 

2., 
fault-like extension of this zone nortward from the Vallis 
Marineris and perpendicular to it. Several major floods seem to 
have their origin within the intersection area of this north- 
south fault concentric to the Tharsis area north of Valles 
Marineris. 

At the another northwestern side of the Tharsis bulge there 
is the Olympus Mons volcano and its large lava-plain aureole 
and adjoining grabens. The Olympus Mons area is beside the 
Tharsis bulge and can be considered to form a volcanic dome of 
its own, the Olympus Swell. This swell area has extruded a con- 
siderable amount of volcanic material and been active over a long 
period of time. It is possible to propose that the Syria Planum 
Swell, Pavonis Mons and Olympus Swell form a NW-SE structural \ 

zone which is perpendicular to the NE-SW zone of the main Tharsis 
volcanoes and adjoining NE-SW fossae grabens. This NW-SE zone is, 
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however,  n o t  s o  un i fo rm and c l e a r  and t h e  a c t i v e  c r u s t a l  f a u l t -  
i n g  a s s o c i a t e d  w i t h  it b r a n c h e s  i n t o  two f o s s a e  and v a l l e y  zones 
c u t t i n g  a  s o u t h e a s t w a r d  s t r e t c h i n g  c r u s t a l  b l o c k .  The plumbing 
sys tem,  and o f  c o u r s e  t h e  m a n t l e  plume connec ted  w i t h  t h e  Thars is  
b u l g e  h a s  been e f f e c t i v e  and un i fo rm l e a v i n g  t h e  Olympus Swel l  
t o  be  o f  minor impor tance .  

The Alba  p a t e r a  a r e a  h a s  a l s o  s l i g h t l y  domed and f a u l t e d ,  
a s  have  t h e  Sirenum/Memnonia and C l a r i t a s / T h a u m a s i a  Fossae .  
Alba and Olympus S w e l l s  have  been " a c t i v e "  i n  a  s i m i l a r  manner 
t o  t h e  main T h a r s i s  b u l g e  i t s e l f .  The Alba Swel l  was a s s o c i a t e d  
w i t h  o l d  c r u s t a l  doming and major  v o l c a n i c  e x t r u s i o n s .  The 
f o s s a e  g raben  zones r a d i a l  t o  t h e  T h a r s i s  b u l g e  were r e l a t i v e l y  
p a s s i v e  i n  r i f t i n g .  There  i s  no w e l l  d e f i n e d  r e l a t i o n s h i p  w i t h  
major  T h a r s i s - l i k e  v o l c a n o - b u i l d i n g  a l t h o u g h  t h e  Alba P a e e r a  
a r e a  h a s  a s l i g h t l y  e l e v a t e d  topography .  A s t r o n g  c a s e  can  b e  
made f o r  c l a i m i n g  t h a t  t h e  Alba P a t e r a  f o s s a e  can  be  s e e n  t o  
have  been caused  by a  b ranch  plume a s s o c i a t e d  w i t h  t h e  e a r l y  
s t a g e  o f  t h e  major  T h a r s i s  plume development .  

The Sirenum and Memnonia f o s s a e  a r e  n e l a t i v e l y  p a s s i v e  r i f t  
b r a n c h e s .  T h e i r  r i f t i n g  and f a u l t i n g  can  be  c o n s i d e r e d  t o  have  
been caused  by t h e  T h a r s i s  plume e x t e n s i o n  a l o n g  a  major  p re -  
v i o u s  f a u l t  zone d i r e c t i o n  a l s o  below t h e  nea rby  h i g h l a n d  a r e a s .  
The h o r i z o n t a l  e x t e n s i o n  was r e l a t i v e l y  s m a l l .  There  was no 
i m p o r t a n t  v o l c a n i c  a c t i v i t y  a l o n g  t h i s  s o u t h w e s t e r n  b ranch  o f  
t h e  T h a r s i s  plume e x c e p t  w i t h i n  t h e  T h a r s i s  a r e a  i t s e l f  n e a r  
t h e  A r s i a  Mons vo lcano  ( 5 ) .  The s o u t h w e s t e r n  p a r t  o f  t h e  T h a r s i s  
a r e a  seems t o  have  been e x c e p t i o n a l l y  a c t i v e  and t h e  A r s i a  Mons 
i s  c o n s i d e r e d  t o  be  t h e  Mars' most r emarkab le  vo lcano .  T h i s  
enormous a c t i v i t y  may b e  p a r t l y  e x p l a i n e d  by t h e  e x i s t e n c e  o f  
t h e  proposed t h i c k  h i g h l a n d  l i t h o s p h e r e  which dammed o f f  t h e  
main impinging plume t o  w i t h i n  n e a r  t h e  c e n t r e  o f  t h e  T h a r s i s  
a r e a .  

The l o c a t i o n  and o r i e n t a t i o n  (NE-SW d i r e c t i o n )  o f  Sirenum 
and Memnonia f o s s a e  i n d i c a t e  t h a t  t h e y  a r e  c l o s e l y  a s s o c i a t e d  
w i t h  T h a r s i s  development .  I t  seems l i k e l y  t h a t  t h e  f o s s a e  
graben f o r m a t i o n  was t h e  r e s u l t  o f  s t r e s s e s  developed d u r i n g  
t h e  impinging o f  t h e  plume i n t o  t h e  l i t h o s p h e r e .  T e c t o n i c s  o f  
t h e s e  f o s s a e  a r e  r e l a t e d  t o  t h e  c r u s t a l  b l o c k  f o r m a t i o n  a s  a 
consequence o f  t h e  c o n v e c t i n g  Mar t i an  m a n t l e .  

The Kase i  Val l is '  e r o s i o n a l  c h a n n e l  j u s t  n o r t h  o f  Lunae 
Planum i s  an  example o f  a  v a l l e y  sys tem r a d i a l  t o  t h e  T h a r s i s  
b u l g e .  I t  h a s  been plowed open and wide by s u r f a c e  f l o w s ,  which 
have  d e s t r o y e d  most o f  t h e  o r i g i n a l  r a d i a l  s t r u c t u r e s .  There  
a r e  o n l y  some f r a g m e n t a l  g raben  b r a n c h e s  and p a t t e r n s  t o  be s e e n  
w i t h i n  t h e  a d j o i n i n g  i s l a n d s  and h i g h l a n d s .  Kase i  Vall is  l i e s  
a l o n g  t h e  n o r t h e r n  boundary o f  t h e  Lunae Planum b l o c k  forming 
a  b road  zone between it and t h e  Tempe T e r r a .  The Kase i  Vallis 
f o s s a e  h a s  no such  we l l -deve loped  g raben  p a t t e r n  a s  o t h e r  f o s s a e  
e i t h e r  because  t h e  s u r f a c e  f low e r o s i o n  d e s t r o y e d  o l d  g rabens  
o r  t h e  c r u s t a l  doming was n o t  s o  e f f e c t i v e  h e r e  and t h i s  t e c t o n k  , 
zone h a s  such  a  prominent  appearance  mainly  due t o  t h e  e r o s i o n  
which e f f e c t i v e l y  opened t h e  i n i t i a l l y  s l i g h t  s u r f a c e  f a u l t s .  
The e a r l i e s t  d e f o r m a t i o n  i n  t h e  v a l l e y  d a t e s ,  however,  from t h e  
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t e c t o n i c  p re - f low e r a  and e s p e c i a l l y  t h e  n o r t h e r n  v a l l e y  
boundary i s  n o t  shaped o n l y  by f low.  The s o u t h e r n  boundary was 
o b v i o u s l y  a  l i n e a r  zone o f  weakness.  There  i s  a  c o n t r o v e r s y  as 
t o  w e t h e r  t h e  Kase i  V a l l i s  w a s  t e c t o n i c a l l y  a c t i v e  o r  p a s s i v e .  
Some p r e s e n t  t e c t o n i c  s t r u c t u r e s  c o u l d  pe rhaps  b e  expa ined  as 
h a v i n g  been caused  by mass remova l s ,  b u t  t h i s  was s u r e l y  a n  
e f f e c t  o f  minor impor tance  and p o s s i b l y  o n l y  r e - a c t i v a t e d  
a l r e a d y  e x i s t i n g  f a u l f  s t r u c t u r e s ,  t h u s  g i v i n g  r a i s e  t o  some 
wel l -deve loped  g r a b e n  p a t t e r n s  b e s i d e  some most prominent  
e r o s i o n a l  c h a n n e l s .  The l o c a t i o n  o f  Kase i  V a l l i s  i n  t h e  r a d i a l  
p e r i p h e r a l  zone o f  t h e  T h a r s i s  a r e a  s u g g e s t s  q u i t e  a p a s s i v e  
r e s p o n s e  o f  l i t h o s p h e r e  movements and s u r f a c e  d e f o r m a t i o n  t o  

, t h e  impinging m a n t l e  plume i s  p o s s i b l e .  The Kase i  V a l l i s  i s ,  
' however,  a  w e l l - d e f i n e d  c r u s t a l  s u t u r e  between t h e  Lunae Planum 

r i d g e d  t e r r a  and Tempe T e r r a  f o s s a e  g raben  h i g h l a n d  and c o u l d  
be  r e g a r d e d  a s  a  boundary between t h e s e  h i g h l a n d  b l o c k s .  

The Tempe T e r r a  i s  c u t  by two s e t s  o f  f o s s a e :  Tempe Fossae  
which form a  n o r t h e a s t e r n  e x t e n s i o n  o f  t h e  Sirenum Fossae  - 
t h e  main T h a r s i s  v o l c a n i c  zone ,  and Mafieotis Fossae ,  which forms 
p a ~ t  o f  t h e  n o r t h w e s t e r n  boundary o f  t h e  Tempe T e r r a  a r e a .  Tempe 
Fossae e x t e n d s  i n t o  t h e  c r a t e r e d  p l a i n s  o f  V a s t i t a s  B o r e a l i s .  
The main doming and r i f t i n g  o f  t h e  n o r t h e a s t e r n  p e r i p h e r e a l  
T h a r s i s  plume seems t o  have  o c c u r r e d  w i t h i n  Tempe T e r r a  where 
l i t h o s p h e r i c  t h i n n i n g  may be  r e g a r d e d  a s  a  c a u s e  o f  h o r i z o n t a l  
t e n s i o n a l  s t r e s s e s  and g raben  f o r m a t i o n .  Tempe T e r r a  f o s s a e  
can  b e  c h a r a c t e r i z e d  by Tempe Swel l  f o r m a t i o n  due t o  t h e  m a n t l e  
plume p e n e t r a t i o n  i n t o  t h e  l i t h o s p h e r e .  

The prominent  o c c u r r e n c e  o f  a NE-SW zone may, o f  c o u r s e ,  
depend on a  p r e - e x i s t i n g  zone o f  weakness ( 6 1 ,  b u t  a rift may 
be a l s o  s e l f - p r o p a g a t i n g ,  which i s  caused  by t e n s i o n a l  f o r c e s  
w i t h i n  a  r i f t ,  e x t e n d i n g  t h e  r ift  and c a u s i n g  i t s  p r o p a g a t i o n  
outwards  a t  b o t h  ends  ( 3 ) .  T h i s  p r o p a g a t i o n  i s  f u r t h e r  f o r c e d  
by t h e  s w e l l s  caused  by t h e  m a n t l e  plume which i s  gu ided  by t h e  
major  zones  o f  l i t h o s p h e r e  weakness.  
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l-lost heat-f low data in rifts are uncertain largely because of hydrologic 
disturbances in regions of extensive fracturing. Estimates of heat flow in 
deep petroleum tests within a large basin of the Rio Grande rift, which has 
suffered little syn-rift fracturing, may begin to provide clearer insight into 
the relationships between high heat flow and crustal thinning processes. The 
Jornada del Lluerto is a large basin located in the Rio Grande rift of south- 
central New Ilexico. The region of interest within the Jornada del P4uerto is 
centered about 30 km east of the town of Truth or Consequences, and is approx- 
imately 60 km north-south by 30 km east-west (Figures la, lb). High heat 
flows are estimated for the region (1; Figure lb). Values increase from about 
90 m ~ m - ~  in the northern part of the study area to about 125 m ~ m - ~  in the 
southern part. These high heat flows are rather enigmatic because in the 
immediate vicinities of the sites there is little evidence of Cenozoic volcan- 
ism or syn-rift extensional tectonics. 

Young basaltic volcanics (-2-3 Pla; 2) are present at distances of 10-20 
km east of the high-flow sites. Even though geothermal anomalies are quite 
unlikely to be caused by magma conduits at sudh'distances, it is possible that 
information obtained from the volcanics can be related to the heat-flow data. 
Although most of the basalts along the Rio Grande rift appear to have risen 
quickly through the crust (3), some of the basalts at the western edge of the 
Jornada del Muerto show a modest amount of differentiation (4). This is 
consistent with, but not definitive of, lower crustal holding chambers. The 
geochemical data from the basalts implies a moho depth of about 31 km, a 
geothermal gradient of about 31°c/km, and a temperature of -900°C at 30 km 
(4). From these data one may estimate a steady-state heat flow of -96 m ~ m - ~  
(4; 5). This estimate assumes a crustal radiogenic layer having an exponen- 
tially decreasing radiogenic concentration with depth. The value of 96 m ~ m - ~  
is in close agreement with the average heat flow at the four northern sites in 
the study area and with the average heat flow estimated over much of the 
southern Rio Grande rift in New Flexico (-95 m ~ m - ~ ;  1; 5). Moho depths of -31 
km for the area (as estimated from the geochemical data) are in good agreement 
with estimates based upon seismic data (27-33 km; 6; 7 ;  8). 

Figure 2 presents a geologic cross section through the Jornada del lluerto 
and adjoining areas. The location of the profile is shown by AA' in Figure 
lb. The upper crustal section across the Jornada del Muerto is depicted as a 
synclinal structure, a remanent of pre-rif t (probably Laramide) compression 
throughout the region (9). As such, there is little evidence of extensional 
tectonics which might be expected in a Cenozoic rift having a thin crust as 
discussed in the above paragraph. Consequently, the probable crustal thinning 
in the region is suggested to occur in the lower (non-elastic) crust. 

Lachenbrudh and Sass (10) examine in detail possible heat-flow increases 
resulting from the steady-state stretching, underplating, and intrusion of the 
lithosphere. Cook and co-workers (6) suggest several massive intrusions of 
the lower crust during rifting in the southern Rio Grande rift to explain the 
"regional" heat flow of -95 m ~ m - ~ .  A somewhat different model relating %o the 
high heat flow across the Jornada del Iluerto will be discussed here. One may 
approximate the change in surface heat flow due to crustal thinning as, 

ACIs = AQm I (I), 
where AQs is the dange in surface heat flow and AQ, is the change in mantle 
heat flow. Although a specific mechanism for crustal thinning is not pro- 
posed, the fact that the radiogenic crustal layer is not included in equation 
(1) implies that crustal thinning is occurring only in the lower crust (below 
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the radiogenic layer). This is consistent with the suggestion that crustal 
thinning has likely occurred below the elastic layer as concluded above from 
geologic data. If moho temperatures remain constant during crustal thinning 
then it follows that, 

A Q~ = AQm = C(zi-ZP)/zpI x Qmi I (21, 
where Zi is the initial crustal thickness, Zp is the present crustal thick- 
ness, and Qmi is the mantle heat flow before crustal thinning. 

From equation (2) it may be noticed that estimates of crustal thicknesses 
both before crustal thinning, and at present, are required to calculate the 
resulting heat-flow increase. A pre-rift crustal thickness of 40-50 km may be 
a reasonable estimate based upon crustal thicknesses in nearby, less geologi- 
cally disturbed areas; e.g. -40 km in the Colorado Plateau and -50 km in the 
Great Plains (11; 12). Present estimates of crustal thickness in the southern 
Rio Grande rift and in the Jornada del lluerto vary between 33 and 27 km, with 
the likelihood of a decrease in the depth of the moho going southward (6; 7; 
8; 13). Therefore, one may estimate the regional crustal thinning across the 
Jornada del Piuerto as -33% ((45-30) km/45 km); although considerable uncer- 
tainty is present in this estimate. 

Figure 3 shows the increase in heat flow with' percent crustal thinning 
for the above model (using equation 2); 33% crustal thinning across the region 
would increase the heat flow -24 rn~m-~. If a pre-rift heat flow of 67 m ~ m - ~  
is hypothesized then crustal thinning of -36% would generate the mean heat 
flow for the 4 northern sites in the Jornada del Muerto (95 mwm-2, Figure lb). 
(Note that 67 rn~m'~ is the approximate mean heat flow in the Colorado Plateau 
of New E~Iexico, a value that could be obtained by the thinning of a lithosphere 
initially similar to that in the Great Plains; 14; 15). The heat-flow anomaly 
resulting from a temperature increase maintained oved time at 30 km is 84% 
realized after -7 my. Therefore, if rifting started 32-27 Ela (16) one may 
anticipate that the heat-f low anomaly has been appreciably realized (even 
though the rifting is probably episodic). Recent volcanism in the western 
part of the Jornada del Iluerto, at -10-20 km distance from the heat-flow 
sites, is consistent with maintaining elevated mantle temperatures as required 
by the above model. 

Consider now the pattern of heat flow in the Jornada del Pluerto (Figure 
lb). It would appear that in general the heat flow increases from north to 
south. This first order pattern is consistent with the suggestion that the 
moho becomes shallower going southward along the Rio Grande rift (13). The 
observed increase in heat flow could be generated by increased crustal thin- 
ning and/or by different levels of magma intrusion into the lower crust. We 
may separate the heat-flow data into 3 regions with values of -90 m\~m-~ in the 
north, 98 mwmm2 in the central area, and 125 m~m-l in the south of the Jornada 
del Iluerto (Figure lb). The crustal thinning required to generate the respec- 
tive non-radiogenic anomalies would be 32%, 39%, and -55% (Figure 3). This 
would require present day crustal thickness of -31, 28, and 20 km if the pre- 
rift crustal thickness was -45 km. Values for crustal thicknesses of 33-27 km 
would be consistent with seismic interpretations as discussed above; however, 
a crustal thickness of 20 km is beyond present expectations. As such, the 
crustal thinning model as presented is consistent with heat-flow data in the 
northern and central regions of the Jornada del Iluerto, but does not fully 
explain the values of -125 m ~ m - ~  in the southern region. 

Lclorgan and co-workers (17) present a very interesting model in which 
southward ground-water flow along the Rio Grande rift is constrained between 
various basins to move upward, thereby elevating geothermal gradients. This 
model is likely to explain high heat flows at many areas along the Rio Grande 
rift; but in the southern part of the Jornada del I'luerto it is suspected that 
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non-hydrologic phenomena are causing the elevated heat flows. Firstly, the 
deepest BHT data at the southernmost site is at great depth (3,556 m; 1) and 
is near or within Precambrian rocks; therefore, very little temperature effect 
from upward ground-water movement might be expected. Secondly, the elevation 
of the Precambrian surface deepens N to S along the Jornada del Pluerto, and 
further deepens south of the heat-f low sites (18; 19). Therefore, boundaries 
in the southern part of the study area which could cause deep ground-water 
flow to be directed toward the surface, and thereby elevate near surface heat 
flows, are unexpected. 

As mentioned above, models of regional crustal thinning and/or massive 
lower crustal intrusions generate thermal anomalies that could cause a "re- 
gional" heat flow of -95 m~m'~ for the area; however, on must look further to 
attempt to understand the heat-f low values of -125 mwm-. Consider the proj- 
ection of the heat-flow estimates in the Jornada del E.luerto on a N-S profile 
along 107O W long (Figures lb, 4). The interpretation of the heat-flow change 
from -90 to -124 m~m'~ indicates a half width of -6 km (determined from the 
1/4 and 3/4 amplitude points of the anomaly). Alternative interpretations of 
the heat-flow increase (Figures lb, 4) yield half widths of -6 to -11 km (al- 
though the distance between the sites having 98 ,and 127 m ~ m - ~  implies a half 
width of < -5-6 km; Figure lb). If one assumes (only as an approximation) 
that 'a simple steady-state temperature step causes the increase in heat flow 
within the southern part of the study area, then a first-order estimate to the 
depth of the temperature step would be -5-11 km. Temperature gradients at the 
heat-flow sites with higher values are -40°c/km (1). These gradients are 
likely to become somewhat greater in the Precambrian upper crustal rocks 
because the high thermal conductivity of the largely limestone-dolomite sedi- 
mentary section would tend to create a lower gradient for a given heat flow. 
'The mean gradient in the upper 10 km may be closer to -45Oc/km (this estimate 
considers the decrease in crustal radiogenic concentration with depth). Con- 
sequently, temperatures of -245O~ to -515% may be expected at depths of 5-11 
km (including 20% surface temperature). These temperatures are reasonable in 
terms of steady-state conduction or steady-state extensional models (e.g. 10; 
although the present estimates are slightly less, in part because of the upper 
-3 km of high thermal conductivity material). The importance of the tempera- 
ture estimates at 5-11 km is that they exceed, or are in the range of, temper- 
atures suggested to demarcate elastic behavior in crustal rocks (i.e. beyond 
250~~-450°C crustal materials no longer behave elastically; 20). It is there- 
fore suggested that the geothermal anomaly in the southern Jornada del tluerto 
(-125--95 mwme2) results from some type of mass movement-heat transfer mechan- 
ism operating in the crust just below the elastic layer. This conclusion is 
consistent with the geologic and geophysical data which describe a thin crust, 
apparently devoid of features indicative of extensional-tectonics in the upper 
part of the elastic crust. 

(1) Reiter, PI., Eggleston, R. E., Broadwell, 3. R., and rlinier, J. (in 
prep.), Estimates of terrestrial heat flow from deep petroleum -.tests 
along the Rio Grande rift in central and southern New Ilexico. 

(2) Callender, J. F., Seager, W. R., and Swanberg, C. A. (1983) Late Tertiary 
and Quaternary tectonics and volcanism. Geothermal Resources of New' 
tlexico: Scientific !lap Series, New llexico State University Energy 
Institute, Las Cruces. 

(3) Renault, J. (1978) Overview of Rio Grande basalts with special 'reference 
to Ti02 variation, in Guidebook to Rio Grande rift in New I.lexico and 



m A T  FLOW - JORNADA DEL MUERTO 
Reiter, M. 

Colorado, New flexico Bur. of Mines and Mineral Res. Cir. 163, p. 230- 
233. 

(4) Warren, R G. (1978) Characterization of the lower crust-upper mantle of 
the Engle Basin, Rio Grande rift, from a petrochemical and field 
geologic study of basalts and their inclusions. M.S. thesis, Univ. of 
New P4exic0, 156 pp. 

(5) Decker, E. R., and Smithson, S. B. (1975) Heat flow and gravity inter- 
pretations across the Rio Grande rift in southern New Ilexico and west 
Texas. J. Geophys. Res., 80, p. 2542-2552. 

(6) Cook, F. A., I.IcCullar, D. B., Decker, E. R.1 and Smithson, S. B. (1979) 
Crustal structure and evolution of the southern Rio Grande rift, in 
Rio Grande rift: Tectonics and &lagmatism, Am. Geophys. Union, p. 195- 
208. 

(7) Keller, G. Re, Braile, L. W e ,  and Schlue, J. W. (1979) Regional crustal 
structure of the Rio Grande rift from surface wave dispersion measure- 
ments, in Rio Grande rift: Tectonics and Magmatism, Am. Geophys. 
Union, p. 115-126. 

, ( 8) Jaksha, L. H. (1982) Reconnaissance seismic refract ion-ref lect ion surveys 
in southwestern Hew Ltlexico. Geol. Soc. Am. f!3ull., 93, p. 1030-1037. 

(9) Kelley, V. C. (1955) Regional tectonics of south-central New Ilexico, in 
South-central New Ilexico, New Mexico Geol. Soc., Socorro, p. 96-104. 

(10) Lachenbruch, A. H., and Sass, J. H. (1978) Models of an extending litho- 
sphere and heat flow in the Basin and Range Province, in Cenozoic 
Tectonics and Regional Geophysics of the western Cordillera. Geol. 
Soc. Am. ilemoir 152, p. 209-250. 

(11) Stewart, S. W., and Pakiser, L. C. (1962) Crustal structure in eastern 
New Blexico interpreted from the GNOME explosion. Bull. Seis. Soc. 
Am., 52, p. 1017-1030. 

(12) Warren, D. 11. (1969) A seismic refraction survey of crustal structure in 
central Arizona. Geol. Soc. Am. Bull., 8.0, p. 257-282. 

(13) Toppozada, T. R., and Sanford, A. R. (1976) Crustal structure in central 
New TIexico interpreted from the Gas buggy explosion. Bull. Seis. Soc. 
Am., 66, p. 877-886. 

(14) Reiter, M., filansure, A. J., and Shearer, C. (1979) Geothermal character- 
istics of the Colorado Plateau. Tectonophysics, 61, p. 183-195. 

(15) Bodell, J. [I., and Chapman, D. S. (1982) Heat flow in the north-central 
Colorado Plateau, J. Geophys. Res., 87, p. 2869-2884. 

(16) Chapin, C. E. (1979) Evolution of the Rio Grande rift-A summary, in Rio 
Grande rift: Tectonics and Elagmatism, Am. Geophys. Union, p. 1-5. 

(17) !4organ, P., Harder, V., Swanberg, C. A., and Daggett, P. H. (1982) A 
ground water convection model for Rio Grande rift geothermal re- 
sources. Geothermal Res. Council Trans., 5, p. 193-196. 

(18) Foster, R. W. (1978) Selected data for deep drill holes along the Rio 
Grande rift in New l\.lexico, in Guidebook to Rio Grande rift in New 
tlexico and Colorado, New 1,lexico Bur. of Mines and Mineral Res. Cir. 
163, p. 236-237. 

(19) Seager, W. R. (pers. comm.). 
(20) Chen, W. P., Molnar, P. (1983) Focal depths of intracontinental and 

intraplate earthquakes and their implications for the thermal and 
mechanical properties of the lithosphere. J. Geophys. Res., 88, p. 
4183-4214. 

(21) New Zlexico Highway Geologic Plap (1982) New llexico Geological Society in 
cooperation with New Mexico Bur. of Mines and Mineral Res., Socorro. 



a %*: ; y 3 3  4,. - \ :*>. .&AT FLOW - JORNADA DEL MUERTO oR,GINa ?AGE:-= I .@ i. 

R e i t e r ,  M. OF POOR QUAL!B;Y 

Figure la. Location map, S-Socorro, TC- 
Truth or Consequences, LC-Las CrUceS. 

Flgurv lb (right.). Study area, m;ip 
after (2). Heat-flow estimates and 
measurements (large and small tri- 
anqles respectively) in m ~ m - 2  ( 1 ) .  

Figure 2 (left). Geologic cross 
section through the Jornada del 
Mtlerto, after (21). 

Figure 3. Heat-flow increase with % 
crustal thinning. QRi is radioqenic. 

Figure 4. N-S heat-flow profile across 
area, x indicates data, solid line is 
interpretation. 



CENOZOIC EXTENSION AND MAGMATISM IN ARIZONA; S. J. Reynolds and 
J. E. Spencer, Arizona Bureau of Geology and Mineral Technology, 845 N. Park, 
Tucson, AZ 85719 

The Basin and Range Province of Arizona was the site of two episodes of 
Cenozoic extension that can be distinguished on the basis of timing, 
direction and style of extension, and associated magmatism (1,2). The first 
episode of extension occurred during Oligocene to mid-Miocene time and 
resulted in the formation of low-angle detachment faults, ductile shear zones 
(metamorphic core complexes), and regional domains of tilted fault blocks. 
Evidence for extreme middle Tertiary crustal extension in a NE-SW to ENE-WSW 
direction has been recognized in various parts of the Basin and Range of 
Arizona, especially in the Lake Mead area (3) and along the belt of metamor- 
phic core complexes that crosses southern Arizona from Parker to Tucson (4). 
New geologic mapping and scrutiny of published geologic maps indicates that 
significant middle Tertiary extension is more widely distributed than 
previously thought. The state can be subdivided into regional tilt-block 
domains in which middle Tertiary rocks dip consistently in one direction 
(Fig. 1). The dip direction in any tilt-block domain is generally toward the 
breakaway of a low-angle detachment fault thatfunderlies the tilt-block 
domain; we interpret this as indicating that normal faults in the upper plate 
of a detachment fault are generally synthetic, rather than antithetic, with 
respect to the detachment fault. 

Detachment faults are subregional fault zones that originally formed 
with a low dip and that have accommodated normal slip of several kilometers 
to tens of kilometers (5,6). Large amounts of normal slip on some detachment 
faults have exhumed metamorphic core complexes that contain gently dipping 
mylonitic fabrics whose overall sense of shear is parallel to and in the same 
sense as transport on the associated detachment fault (7,8). These core- 
complex mylonites were formed by noncoaxial laminar flow along deeper 
segments of the detachment zone that were below the ductile-brittle 
transition. The principle causes of uplift and arching of the detachment 
zone are considered to be the following: 1) laterally variable isostatic 
uplift due to differential denudation; and 2) reverse drag above structurally 
deeper, listric normal faults (9) (Fig. 2). The relative importance of these 
two processes is generally unknown, and is probably quite variable between 
different detachment zones. 

Middle Tertiary extension has exposed different levels of the pre-middle 
Tertiary crust. Rocks that were at mid-crustal levels prior to faulting are 
exposed in core complexes that contain thick (>lkm) zones of penetrative 
mylonitic fabric, whereas shallower crustal levels are represented by thin 
(<loom) zones of less penetrative mylonitic fabrics that are confined to 
middle Tertiary plutons and their wall rocks. In these latter areas, the 
emplacement of synkinematic middle Tertiary plutons has caused local raising 
of geotherms and has permitted mylonitization to occur at levels that might 
otherwise have been above the brittle-ductile transition. Various levels of 
middle Tertiary crust are also exposed by wholesale rotation and subsequent 
erosion of large fault blocks. Some tilted fault blocks expose middle 
Tertiary plutons and dike swarms that represent the subsurface magma chambers 
and pathways, respectively, of middle Tertiary volcanics. 

The main pulse of middle Tertiary felsic to mafic magmatism is time \ 

transgressive from east to west (lo), but existing data are not sufficient to 
clearly demonstrate a state-wide, time-transgressive character for either the 
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initiation or termination of detachment faulting. Extension and detachment 
faulting began in some areas before significant magmat ism, which suggests 
that magmatism and the associated elevation of geotherms are not necessary 
preconditions for the initiation of detachment faults. Numerical modeling 
requires that some of the proposed increases in geothermal gradients in 
middle Tertiary time are a consequence, not a cause, of detachment faulting. 

Magnitudes of middle Tertiary extension of 50 to 100 percent are indi- 
cated by cross-sectional reconstruct ions of distended terrains and by evi- 
dence for total tectonic denudation of mid-crustal, core-complex tectonites 
during detachment faulting. This estimate is supported by comparisons of 
present crustal thickness (25km) of the Basin and Range Province with those 
that must have existed prior to extension in order to account for early 
Tertiary drainages that flowed onto the Colorado Plateau (present crustal 
thickness 40 km) from the presently topographically lower Basin and Range 
Province (1 1,12) (Fig. 3). 

The middle Tertiary episode of extension and magmatism ended approxi- 
mately 15 m.y. ago in all of Arizona except the Lake Mead area. It was 
replaced by the Basin and Range disturbance, which occurred in late Miocene 
and younger time and was characterized by dominantly basaltic volcanism and 
high-angle normal faulting that formed locally deep grabens filled with 
clastic sediments and nonmarine evaporites. The amount of extension during 
this event was relatively small (<15 percent) and occurred in an 
approximately east-west direction. The change to dominantly basaltic 
volcanism can be attributed to the initiation of through-going, high-angle 
faults that penetrated the cooling continental crust and permitted the easy 
ascent of mantle-derived magmas. 
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\( APPROXIMATE STRIKE AND DIP OF T ILTED BREAKAWAY FAULT. . 
MID-TERTIARY SEDIMENTARY AND VOLCANIC ROCKS. 

Figure 1. Map of tilt-block domains in the Basin and Range Province of 
Arizona and adjacent areas. 
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Figure 2. Schematic cross sections showing the evolution of detachment 
zones; (a) initiation of movement on the deLachment zone; (b) isostatic 
uplift and arching due to variable amounts of upper-plate distension; and (c) 
one-sided denudation of original detachment zone, and arching caused by 
reverse drag above structurally deeper, listric normal faults. 
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Figure 3. Map of Arizona depicting crustal thicknesses and the location of 
metamorphic core complexes and early to middle Tertiary Rim gravels. The Rim 
gravels are located along the topographically high margin of the Colorado 
Plateau and were deposited by northeast-flowing drainages that drained the 
presently topographically lower Transition Zone and Basin and Range Provinces. 
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Lineated mylonitic rocks in metamorphic core complexes 

Rim gravels (early to middle Tertiary ) Figure 3 



A NUMERICAL STUDY OF FORCED LITHOSPHERIC THINNING; G. Schubert, UCLA, 
C. A. Anderson, Los Alamos National Laboratory, and E. Fishbein, UCLA. 

Subsol idus 1  i thospheric th inn ing  by mantle plumes may be invo l  ved i n  the 
c rea t ion  o f  swells, hotspots, and r i f t s .  Among the major questions concern- 
i n g  t h i s  process are the timescale on which i t  occurs and the s t ruc tu re  o f  
the plumes. The l i thosphere i s  known t o  have been subs tan t ia l l y  thinned i n  
10 Ma o r  less1 32. 

Previous studies(3-6) o f  the time requ i red t o  t h i n  the l i thosphere by 
subsol idus convect'o are no t  i n  accord about the timescale o f  the process. 
Spohn and SchubertS9[ concluded t h a t  s u f f i c i e n t l y  vigorous plumes coul d  
t h i n  the 1  i thosphere i n  10 Ma, b u t  the model only simulates the dynamics o f  
the p l  ume-1 i thosphere i n t e r a c t i o n  i n  a  way t h a t  does n o t  speci f i c a l  l y  i n -  
corporate the mater ia l  rheol ogy o r  flow pat tern.  Emerman and ~ u r c o t t e 4  
found t h a t  the l i thosphere cannot be thinned i n  10 Ma, bu t  t h e i r  stagnation 
p o i n t  so lu t ion  can o t  be matc ed t o  an external  plume and boundary layer .  9 !I Studies by Roberts and 01 son ind ica te  t h a t  w i t h i n  the corner region, 
a t  1  east  f o r  i sovi scous vigorous convection, hor izonta l  temperature va r ia -  
t i o n s  are important. For f l u i d s  w i t h  s t rong ly  temperature dependent viscos- 
i ty ,  the over l y ing  r i g i d  l i d  should enhance these e f f e c t s  t h a t  are no t  con- 
ta ined i n  the stagnation p o i n t  solut ions. We have sought t o  c l a r i f y  t h i s  
disagreement through a numerical f i n i t e  element ana lys is  o f  the subsol idus 
th inn ing  mechanism. 

Subsolidus l i t hosphe r i c  th inn ing  i s  a  process i n  which hot  plume mater ia l  
warms the base o f  the l i thosphere,  ent ra ins  the heated l i t hosphe r i c  mater ia l  
i n  i t s  flow, and ca r r i es  the mater ia l  away from the region of thinning. The 
phenomenon i s  bas i ca l l y  one o f  forced convective heat t r ans fe r  i n  a  f l u i d  
w i t h  s t rong ly  temperature (and s t ress)  dependent v iscos i ty .  Accordingly, we 
model the process as shown i n  Fig. 1. The parameters o f  the model are: T  = 
temperature, u  = hor izonta l  ve loc i t y ,  w = v e r t i c a l  ve loc i ty ,  T = shear stress, 
ox = normal stress,  t = time, T  = surface temperature, T  = plume tempera- 
ture,  wp = plume ve loc i t y ,  q  = beat f l ux ,  and qc = conduceive heat f l ux .  A t  
t ime t = 0 we place ho t  plume mater ia l  w i t h  temperature Tp a t  the base of a  
constant thickness 1  i thospheric slab. The i n i t i a l  temperature i n  the 1  i t h o -  
sphere increases 1  i nea r l y  w i t h  depth. Plume mater ia l  i s  forced t o  enter  the 
base o f  the computational box w i t h  condi t ions w , Tp. The MANTLE f i n i t e  
element code9 i s  used t o  in tegra te  the i n i t i a l  goundary value problem 
(heat, momentum, and con t i nu i t y  equations) w i t h  respect t o  time (and space) 
and t o  fo l low the th inn ing  o f  the l i thosphere (Fig. l b ) .  Plume p lus  l i t h o -  
spheric mater ia l  i s  forced t o  leave the computational box along the r i g h t  
boundary as shown i n  Fig. l b .  The v i scos i t y  of the incompressible medium i s  
taken t o  be proport ional  t o  the exponential o f  i t s  inverse absolute tempera- 
t u r e  and t o  depend on the s t ress by a  power law r e l a t i o n  (some ca lcu la t ions 
were ca r r i ed  ou t  w i t h  v i scos i t y  independent o f  s t ress) .  A1 1  other thermal, 
mechanical, and rheological  proper t ies  are assumed t o  be constant. L i tho-  
spheric th inn ing  times w i l l  be reported as funct ions o f  rheological  param- 
eters,  wp, and Tp. 

Morr is  and canr igh t lo  have argued t h a t  i n  steady o r  quasi-steady con- 
vect ion o f  a  s t rong ly  temperature dependent v i scos i t y  f l u i d  the temperature 
d i f ference across the plume i s  roughly a  few times the temperature d i f ference 
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needed t o  decrease the v i scos i t y  by a fac tor  o f  e (provided the r i g i d  l i d  
remains i n t a c t  1. This provides an important cons t ra in t  on subsol i dus t h i n -  
n ing  ra tes by convective plumes. Current studies are  focused on the l i t h o -  
spheric th inn ing  by time-dependent plumes hypothesized by Morr is t o  have 
1 arge temperature d i f ferences across them. 
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Upper '1:it.hosphc:ric: struc:ture o f  t h e  Cordi.'Lleran Hasin- Range iH-.R) is 
charaoter js t :d  by an E-W synunetry of v e l o c i t y  l aye r ing .  The c r u s t  i s  25 lim 
th-ic:k on . i t s  e a s t e r n  a c t i v e  margin,  t h i cken ing  t o  30 km w i t h i n  t h o  c e n t r a l  
p o r t  ion and t h i n n i n g  t o  -25 km on t h e  west. Pn v e l o c i t i e s  of  7.8-7'9 km/s 
char.ac.teri zt? t.ht? uppc:r. mant. i e while an  unusual upper- mant. le low..-ve:loc:i t,y 
cushion ,  7.4 km/s--7.5 km/s, occurs  a t  a depth  of -,25 km i n  t h c  e a s t e r n  B-R 
arlcl unclerl i es t.hct area o:f' :-tc:l.ive r!xtension. A n  upper--crust.a.l low-  vr?loci t y  
zone in  t h e  e a s t e r n  0--R shows a marked P-wave v e l o c i t y  i nve r s ion  of 7% at  
cic!pt.hs o-1' 7--1.0 km a l s o  i n  thrt area of g r e a t e s t  ex tens ion .  The seismic 
v e l o c i t y  1nodt3ls f o r  t h i s  r-egion o f  i n t r a p l a t e  ex t ens ion  sugges t s  major 
cl'l -t'f'ta~~~anc.:n~; FI-on1 t.11at. ( I  i' c r n  , t.her1na.i l y undeformecI c:ont.inen 1-21 
1 i t  hospt1er.e. 

Tnt r:r'pr.c:t.at .ions c)f sei  sm:i.c: refSect , ion clat.a, demonstrate  t h e  presence  
o f  ex t ens ive  low-ang1.t. r e f l e c t i o n s  i n  t h e  upper--crust of t h e  e a s t e r n  0-R at 
dc:.) t.hs Y r t m  ile>jr- . su r f ace  t o  7-- 10 kn~. ( 1 These ref I c-,c.t.ions have been 
intc+rpreteci t o  r-c?prcsent low-angle normal fau l t .  detachments o r  r e a c t i v a t e d  
t.ht.ust.s, S c  i s111i.c pro-f'i Ses a c r o s s  steep1.y-.cliypi?~$f norrnaI f'aul t.s i n  
unt:onsolidatcd s e d i n ~ e n t s  show r e f l e c t i o n s  from both  p l a n a r  t o  tlownward 
f'1at.ening ( i t i  fault:; that .  i n  most cases do not  pene t ra t ' e  t h e  l o w -  
a n g l e  tletachnieni;~. 'l'hese f a u l t s  are i n t e r p r e t e d  as l a t e  Cenozoic and 
cai.ric.:l aat:i c---nr:yl on i t,:i c zonc:s of s h e a r  d-i sp.1 acement.. Areas o:f extremc 
c:r.ust;~ 1 e s t r t i s  ion ! ui-, t o  100% o r  more) i n  t h e  Sev ie r  Desert a r e  under la in  
I):;: p(.trvnsivc vrtl-1, low--angle fau:lLs t h a t  apparent, ly acco~nmodated mc~st. of t.ht? 
ex t ens  iotl . 

Most. o-f' t.hr: i t o  of 1:hc: 0--H h a s  evidence o f  :late?--Cenozoic 
f a u l t i n g ,  bu t  c u r r e n t  s e i s m i c i t y  occ:urs a t  o r  nea r  its boundar ies .  Major 
sc:ir.,mi c i t y  i w i  t.h ~nagni tudes  of' 7+) i n  c e n t r a l  Nevada is a s s o c i a t e d  w:i t h  
no r~ea l  f aui  Ls and components o f  s t r i k e - s  l i p .  Whereas p r i m a r i l y  dip-sl. i p  
r:ar!.hquakes oc:c:ur a long  t h e  Int.ermount,ain seismic b o l t  that.  marks t.hu 
e a s t e r n  R--R.  These seismic zones mark t h e  areas o f  p r i n c i p a l  s t r a i n -  
rnl east: w.i Z.hirr .t hc extend3.ng western North Amcr - i  <:an pl at.c+. lmport.ant. 
s e i s m i o i t  y pal-mett?rs  t h a t  c h a r a c t e r i z e  t h i s  reg ion  o f  ex tens ion  a r e :  i 1 ) 
max.in.~um f ' o r r ; ~  l clr!pt.hs t.1-rat seldom exceed 15 km ancl mark t he  maximum dcpt.h of' 
l>rit:t-le tlofor.mat:jon, (2)  t h e  nlaxin~wn magnitudes of - 7 . 7 ,  and ( 3 )  dominant 
down - .s l  .i p ext.cns.i on. 

Tht, r-ece1.1 t Ms7 . 3 ,  .I 983 Rorah Peak, T daho ear t .  hquake has proui <led 
important ills i g h t s  i n t o  t h e  mechanic:al p rocesses  ac:companying h r i  t t  le  
i - l ~ t . c ~ l ~ : l o n .  I)t:t.:r-i [err[  af'tershock d;it,a from th:i s l ~ r g e  eart,hquak.e: t h e  :1959, 

. M7.5 1Iehgt:tt 1 ,  Moatnna; a n d t h e  1954, M7.1 Dix ie  Villlcy, Nevada 
i q u l  show tl.~c fo'l l owing .iinport.snt ch~irac: tcw-ist ic:s: i I ! mainsl.ioc:k 
nucleatj .on ;it 111i.d.-c:r*ustal t iepths o f  -15 kn~; ( 2 )  nuc l ea t i on  a long   noder rate, 
45"- 6FlcJ cI:i.r)p-ing p l etnar Caull. zones; ( 3 )  af t .ershock d i s t r i b u t i o n s  tha.1. are 
c l e a r l y  i3b0ve l h e  depths  o f  t h e  mainshock; ( 4 )  f o r  t h e  Borah Peak 
ear--t.ilqui-lke, cqual  vt.?rt.:i c:a.i and her-izon t,al components of -. 1 m sl i p  
cot-r.espc')ndit~g to 0 dowtv-dip st r a i n ;  and ( 5 )  mainshoc:k/af t e r shock  
(1- i  s.tr.ibui.-ions -that. extend 1 a t .e ra l l  y beyond t.he surPace  f a u l t i n g .  The 
geometry and s t y l e  of' c r u s t a l  f a u l t i n g  i n f e r r e d  from t h e s e  l a r g e  n~agni  tude  
int . t . t tplatc cvollt.s .is a paradox compared t.o f a u l t - - p l a n e  orien.tat:ior~s 
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in fe r red  from the  observed seismic r e f l e c t i o n  d a t a  and modal planes of 
smaller  regional  earthquakes - -  t h e  appearance of low-angle and listric 
f a u l t i n g  with Quaternary-Holocene displacement versus the  through-going 
steeper--dip p lanar  f a u l t s  i n f e r r e d  from t.he l a r g e  earthquakes. 

S t r a i n  indic-ators ( f a u l t  plane s o l u t i o n s ,  i n  s i t u  s t r e s s ,  hydrofrac, 
e t c . )  i n d i c a t e  west, t o  northwest extension along t h e  western por t ion  of t h e  
B-R but genera l ly  east-west extension along the  e a s t e r n  margin. Inversion 
of seismic moment t ensors  f o r  t h e  h i  s t o r i  cn l  earthquake da ta  suggest. 
displacement r a t e s  of up t o  7.5 mm/yr (10-l7 s-1 t o  10-16 s - l !  i n  c e n t r a l  
Nevada but. decreasing t o  very low r a t e s  (<10-17 s - I -  a c ross  t.hc asctismic 
zones of the  c e n t r a l  Great Basin. Toward t h e  eas te rn  margin of t h e  Basin- 
Rcingc! clisp1acc:ment. r a t e s  increase  t o  1.3 mm/yr 110-16 -- lo-"" s- 1 ) . The 
principal.  deformat i o n  is produced by the  magnitude 6+ earthquakes. The 
c:o~li emporary def‘ot-mat ion ,, assoc:i aLed with ,h i  s t o r i c a l  se ismici  t.y (::ompared 
with displacement r a t e s  in fe r red  from Quaternary-sl ip a r e  of the  sane order 
(nlm/yr.) .- -i mpT ying a common dr iv ing  mechanism s-i.ace Late Cenozoic t irne. 
Vector s o l u t i o n s  of i n t r a p l a t e  mot i o n ( = )  and cumulative d i sy  lacements from 
oul- se:ism-icity da ta  arguc! f o r  9 t o  11 mm/yr east.-west opening of t h e  

, northern B-R. This conclusion suggests  t h a t  t h e  p r i n c i p a l  deformat ion is 
r e l a t e d  t c )  b r i t . t l e  r e l e a s e  with smaller  amountsf o f  aseismic: creep. 
S a t e l l i t e -  measurements ac ross  the  region are not ye t  w e l l  enough 
es-t.ab1ishcd t o  :infer long--range r a t e s .  

Ver t ica l  deformation o f  the  Great Basin j.s d i f f i c u l t  t o  a s s e s s ,  but 
int.erprct.at.ic)ns of re- . level  l.ing (1920---1960) , ac:ross t h e  northern H--H, 
suggests  a r e l a t i v e  u p l i f t ,  maximum innorthern Nevada, at r a t e s  a s  l a rge  a s  
3 mn/yi-. Helat-ive clownwarp on the  east and west margins of t.he R---H a r e  
alr;cj t h e  s i tt?s of l a rge  F'1.ei.s tocene Lakes ( Lahonton and Bonneville) t h a t  
wc:t-c inf'l uenced by the compl. iance of t.he 1 i t .  hosphere. 

Rheological models ( p r i n c i p a l l y  thermal and composi t i o n a l l y  
c:olltrol .I r:d) of -tl.it. R -  R l i t hosphere  suggest. a complex s t r u c t u r e .  The upper 
l i thosphere  appears t o  be composed of a 7-10 Itm b r i t t l e  upper--.crust the  
se-i slnog~:rii c l aye!!-. The .i nt-ermedi a t e  and lower crust.  is modeled a s  
interbedded b r i  t t  Le and p l a s t i c  l aye r s  followed by a t h i n ,  b r i t t l e  upper-- 
mant.1~:. 'Pbc lari3;t: magnitude cm-thquakes appear t o  nuclea te  :it. t h e  base of 
the  upper-crustal  b r i t t l e  zone near t h e  peak of  t h e  shea r  s t r e s s  maximum. 
Thc: low.-.angle 1 is t i  c and pl anar f a u l t s  extend througout. t.hc upper cind 
intermediate c r u s t  and only genera l ly  coincide  with t h e  t h e o r e t i c a l  
br-i ttIe.-duc:t.i lc? boundary. 

These da ta  and rheologica1 propert.ies provide input. t o  a t.wu- 
dimensional f ini.te--element , . visco--elast  ic modeling program (Lynch, 1984, 
personal comio. that. is used 1:o :interpret. t i m e  and temperature dependent 
s t r -a in- ra te  models o f  lithospheric: extension.  Results  of the  computations 
wi 1.1 1-)c: <fisc:usr;ed. 

I , i thospheric ve loc i ty  models of  the  Yellowstone hotspot  and its t rack  
the  Snake River Pla in  ( a  youthful volcanic-tectonic a r e a  of  a c t i v e  c r u s t a l  
ext.c!nsi on within t.he northern Basin--Range) shows evidence of thermal 
per turbat ions  of t h e  l i thosphere .  A t  Yellowstone low-velocity upper-crust 
has been up'li -f't cci anrl ext;c~nclc?d h v  thermal cxpansi on. Whereas subsidence . 

associa ted  w i  t h  cooling produces si.gnif i can t  topographic down-warp (- 1 kn~ j 
artcl r if'l. ing of 1.hc Snake Iii ver  P la-in. This modcl r : i tn  be  appl icc-1 t.o an 
extending l i thosphere  i f  s i g n i f i c a n t  magmatic in t rus ion  of  the c r u s t  has 
acc:ompani ecl c!xt.c?ris i on. 
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Mec:tkanisms of B-R ex tens ion  t h a t  have been suggested inc lude :  
(1)  :i i t .hosyheric upwelling (mantle  d i a p i r i s m ) ,  (2 )  b lock  t e c t o n i c s ,  (3) a 
s o f t  San Andreas t ransform f a u l t ,  (4 )  r i d g e  push from t h e  Mid-Atlantic 
r idge ,  (5)  bouyant u p l i f t .  and concomitant ex tens ion ,  and (6 )  advec t ion  at 
t h e  Basin-,Range boundaries .  None of  t h e  mechanisms can ye t  be  c l e a r l y  
denionst.rat.ed. Although c u r r e n t  d a t a  on vcloc:it,y st.1-ucture, s t r a i n  r a t e s ,  
and rheo log ica l  boundaries  sugges t  a model of  bouyant o r  v e r t i c a l l y  dr iven  
up1 :if t. w i  t h  con<:o~n:i t a n t  e x t c n s i  on. 

Tmpctrtant. problems rt?:lative t o  in t . r i ip la te  Iit.hospher:ir: ext.c?ns'lon are: 
1 The observa t ion  of  low--angle 1 i s t r i . c  and s t e e p  p l ana r  f a u l t i n g  i n  t h e  
same sti-ess regi~ne; ( 2  ) The !-&I e and importance of' small  c?;irl.hquakes as 
irlclic:ator-s of  sub-p la te  boun<iar.ies and their-  r e l a t i o n s h i p  t o  s t r u d t u r e ;  
.: ti ! Thermal rheol ogi cal f'ar:-t:ors c o n t r o l 1  i n g  maximum f o c a l  depths and hence 
ttic-1. t h i ckness  of  the  elast ic :  1 i thosphere; i 4 )  Can f u t u r e  l a r g e  ear thquakes 
nur:'l ertt.re on low-angle 01- lis t:~-i r: fau l t s ' ?  I s  there e v i d c ~ n c : ~  of mu1 t . i p l e  
shac:ks assoc:iatt.tl wi th  l a r g e  ear thquakes sugges t ing  shallow--<lip nuc lea t ion  
mc.:rg.i ng 'i nto  -f'lat. detachmen t.s? What perc:ent.ctge of ~3xt.ens.i on is 
acc:onunodated bv earthquakes'! and ( 6 )  What is t h e  d i s t r i b u t i o n  of  b r i t t l e  
and cIuct.i.:le cleformat ion  :in contc?mporary cleformat.ion? Together t h e s e  d a t a ,  
models, and ques t ions  po in t  ou t  t he  problems of understanding c o n t i n e n t a l  
1 i t.I.iospher-ic: ex tens ion  t h a t  should be addressed and compared on a gl  tbal 
s c a l  k?. 

I t e  ferim.-c +; -- - - - - - - 
( 1) Smith, 1 i . B .  and Bruhri, R .  I,. (2984) I ~ ~ t r a p l a t c !  Extensional  'J'er:t.onics 
of t h e  Easter-n Basin-Range: Inf luence  on S t r u c t u r a l  S t y l e  fr-0111 Seismic 
fie f' i t ~ t  i on ])at a ,  liegi anal  Tc.c: t onic:s , and Thermal--Mechani c:al Model s of 
Hrittle-Duct~le Deformatjon. Jz-ur. Geophys. Res., v.89, p.5733-57632. 

! -> 'i 
I . . . t  M-instel-, . J .R .  :and J o ~ d a n ,  H .  (1984) Vector C o n s t r n i n t : ~  on 
Ouster-nary Defor.tnol:ion of the Western United S t a t e s  East anti West of t h e  
San Antli-ea:; F'im.li. . In T g & ~ ~ ~ c ; - ~ n ~ - S e d i  mnqn_tgtL~~g-A_lp_ng~--t f~c! - _(;~~l-~._f'oi-ni :I 
Margin, eds .  Crnuc:tl, J. Ii. and Bachman, S . B . , Pa(-if ic Sec t  ion,  S(x3. Econ. 
Pa:!e?on.~l~c\Mir!.., I5p. 
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simpl e s t  o f  these model s  are 1 ocal l y  one-dimensional and invo l  ve e i t h e r  
uni form 1 i thospher ic  s t r e t c h i n g  o r  d i f f e r e n t  degrees o f  s t r e t c h i n g  f o r  t h e  
c r u s t  and t h e  thermal 1 i thosphere. Accordi ng t o  t h e  two-1 ayer s t r e t c h i n g  
model o f  Tu rco t te  E131, f o r  instance, a c r u s t  o f  th ickness Co and dens i ty  pc 
and a 1 i thosphere o f  th ickness Lo ( i n c l u d i n g  t h e  c r u s t )  i s  s t re tched under 
extension t o  new c rus ta l  and 1 i t hospher i c  thicknesses C and L. There i s  a 
resul  t i ng subs i dence 

where B c  = C/Co and BL = L/Lo are  t h i n n i n g  f a c t o r s  f o r  t he  c r u s t  and 1 i t h o -  
. - sphere, Tm and pm a re  t h e  temperature and dens i ty  o f  t h e  asthenosphere, To i s  

t h e  ru r face  temperature, and a i s  the  volumetr ic  c o e f f i c i e n t  o f  thermal 
expansion f o r  t h e  1 i thosphere. The f i r s t  term i n  (1) represents t h e  i s o s t a t i c  

', r e s u l t  o f  c rus ta l  th inn ing;  t h e  second term represents the  thermal r e s u l t  of 
1 i thospher i  c  th inn ing.  

One simpl e t e s t  o f  t h i s  model i s  t o  examine t h e  imp1 i c a t i o n s  of t he  
topographic re1 i e f  f o r  t he  p r e - r i f t  th ickness o f  t h e  crust .  I f  e i t h e r  t h e  
present  r i f t  s i g n i f i c a n t l y  postdates the  episode o f  extension [12,131 o r  t h e  
w id th  o f  th inned l i t h o s p h e r e  beneath a Venus r i f t  9s considerably greater  than 
t h e  width o f  t h e  region o f  th inned c r u s t  [14], then t h e  t o t a l  r im- to - f l oo r  
re1 i e f ,  excl ud i  ng vol canic construct ion,  across a r i f t  on Venus i s  a measure 
of c rus ta l  th inn ing.  S e t t i n g  t h e  f i r s t  term i n  (1) equal t o  3.5 t o  4 km, and 
assuming pm = 3.4 g/cm3 and pm-pc = 0.4 g/crn3, gives Co(l-Bc) = 30-34 km. 
Since B~ > 0, a minimum th ickness f o r  t h e  p r e - r i f t  h igh l  and c r u s t  on Venus i s  
30 km, a r e s u l t  a t  1 eas t  cons is ten t  w i t h  ava i l  ab le  g r a v i t y  and topographic 
data f o r  Venus h i  ghl ands, p a r t i c u l  a r l y  h i  ghl ands removed f rom the regions w i t h  
t h e  s t rongest  s i  gnature o f  mantl e  dynamics i n  t h e  1 ong-wave1 ength g r a v i t y  and 
topography f i e l d s  [15,16]. A r i f t  developed i n  a region o f  s i g n i f i c a n t l y  
t h i n n e r  crust ,  perhaps i n c l u d i n g  t h e  Venus low1 ands and mid1 and p l a i n s  C71, 
woul d be expected t o  d i  spl ay 1 esser re1 i e f  than do t h e  h i  ghl and chasmata. 

On the  O r i g i n  o f  Raised Rims. A key issue f o r  mechanisms o f  r i f t  -- 
formation and evol u m o n  i s  t h e  o r i g i n  of t h e  ra ised r ims adjacent t o  Venus 
r i f t  v a l l  eys. Whil e 1 ocal i z e d  topographic highs i n  Beta Regio may be 
i d e n t i f i e d  f rom radar images as vol cani c  const ruc ts  C81, t h e  const ruc t iona l  
component o f  r i m  topography e l  sewhere a1 ong Venus chasmata i s  d i f f  i c u l  t t o  
ascerta in.  A s i g n i f i c a n t  component o f  r i m  up1 i f t  appears t o  be genera l ly  
present  i n  t e r r e s t r i  a1 cont inenta l  r i f t  formation, an observat ion t h a t  has 1 ed 
t o  two- layer  extensional models w i t h  t h e  thermal l i t h o s p h e r e  th inned over a 
zone o f  g reater  w id th  than t h e  region o f  c rus ta l  t h i n n i n g  [14]. S t r i c t l y  
k inemat ic  models o f  t h i s  type do not  conserve 1 i t h s p h e r i c  mass; removal o f  t he  
lower  l i t h o s p h e r e  by some mechanism (e.g., s top ing)  must be postulated. More 
complete thermal and dynamical model s, however, y i e l d  r i m  up1 i f t  as a natura l  
consequence o f  the  1 a t e r a l  t ranspor t  o f  heat f o l l  owing i n i t i a l  r i f t i n g ,  e i t h e r  
by l i t h o s p h e r i c  conduct ion [ I 7 1  o r  by t h e  onset o f  convect ion i n  t h e  heated 
1 ower 1 i thosphere C181. 

The simpl e two-1 ayer s t r e t c h i n g  model o f  equation (1)  may be tes ted  
aga ins t  t he  imp l ied  th ickness o f  t he  thermal l i t h o s p h e r e  under the  assumption 
t h a t  t he  ra i sed  r i m  o f  a Venus chasma i s  a response t o  1 i thospheri  c  t h i n n i n g  
and associated thermal up1 i f t  C19). S e t t i n g  t h e  second term i n  (1)  equal t o  1 
t o  1.5 km, and adopt ing a = 3 x 1 0 - s O ~ - l  and Tm-To = l O 3 O K ,  g i  ves L o ( l - 6 ~ )  = 
70 t o  100 km. Since BL 2 0, the  p r e - r i f t  thermal l i t h o s p h e r e  i s  a t  l e a s t  
70 km th i ck .  Adding t h e  th ickness o f  t h e  presumably unthinned h igh l  and c r u s t  
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external  t o  t h e  r i f t  v a l l e y  would g ive  a lower  bound o f  100 km t o  t h e  p r e - r i f t  
thermal l i thosphere .  I t  should be noted t h a t  t h e  u p l i f t  a t t r i b u t e d  here t o  
1 i t h o s p h e r i c  t h i n n i n g  i s  i n  a d d i t i o n  t o  any thermal c o n t r i b u t i o n  t o  t h e  broad 
topographic r i s e  o f  h igh l  and topography i n  areas o f  a c t i v e  r i f t i n g  [20]; i.e., 
t h e  average th ickness o f  t h e  thermal 1 i thosphere  woul d have t o  exceed 100 km, 
perhaps by a considerable amount, i f  a p o r t i o n  o f  t h e  topographic r i s e  of a 
r i f t e d  h igh l  and i s  a t t r i b u t e d  t o  a broad area o f  heat ing  and t h i n n i n g  o f  t h e  
thermal 1 i thosphere. I f  t h e  physical  p roper t i es  governi ng convect ion i n  t h e  
Venus mantle are  s i m i l  a r  t o  those i n  t h e  Ear th ' s  mantle, t h i s  requirement of a 
t h i c k  thermal 1 i thosphere beneath t h e  Venus h i  ghl ands may be s u f f i c i e n t  t o  
r u l e  out  t h i s  simple s t r e t c h i n g  model, a t  l e a s t  f o r  models not  i n c l u d i n g  t h e  
e f f e c t s  o f  1 a t e r a l  heat t ranspor t .  

I t  i s  a1 so important  t o  consider non-thermal explanat ions f o r  up1 i f t  of 
Venus r i f t  v a l l e y  rims. I n  t e r r e s t r i a l  r i f t s ,  e a r l y  thermal u p l i f t  o f  r i f t  
margins may be susta ined we1 1 a f t e r  t h e  hea t ing  event by the  f l e x u r a l  r i g i d i t y  
o f  t he  th i cken ing  e l a s t i c  l i t h o s p h e r e  [21]. Such a process i s  not  l i k e l y  t o  
be important  f o r  Venus, however, because o f  t he  small value of e l a s t i c  
1 i thosphere th ickness expected even i n  t h e  absence o f  extension [1,11]. 
Dynamic model s  o f  extension o f  a d u c t i l  e  1 i thosphere can a1 so y i e l  d up1 i f t e d  
r ims by mater ia l  f l o w  [22]; t he  r e l a t i v e  con t r i bu t i ons  o f  thermal up1 i f t  and 
f l  ow up1 i f t  remain t o  be expl ored f o r  such model s, however. 

Concl u s i  ons. L i  thospher i  c  s t r e t c h i n g  model s  can account a t  1 eas t  broadly 
f o r  t he  topographic c h a r a c t e r i s t i c s  o f  Venus r i f t  s t ruc tures .  With add i t i ona l  
assumptions, such model p rov ide  bounds on the  thicknesses of t h e  c r u s t  and 
thermal 1 i thosphere i n  t h e  Venus h igh l  ands. Unresol ved i s  the  causat ive 
mechanism f o r  r i f t  formation, bu t  t h e  great  1 ength o f  r i d g e  systems po in ts  t o  
gl obal -scal e t e c t o n i c  processes. We f a v o r  t h e  view t h a t  the  up1 i f  t o f  t h e  
margins o f  Venus r i f t  systems invo l  ves a s i g n i f i c a n t  thermal component, which 
would i n d i c a t e  t h a t  these gl obal processes are c u r r e n t l y  act ive.  The 1 ack of 
major r i f t  s t r u c t u r e s  i n  I s h t a r  Terra provides add i t i ona l  support f o r  t h e  
hypothesis [ll] t h a t  t h e  most recent t e c t o n i c  a c t i v i t y  i n  t h a t  h igh l  and area 
has been domi nan t l y  compressi onal . 
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The ex is tence o f  low-angle normal f a u l t s  i n d i c a t e s  t h a t  t h e  r a t i o  o f  
shear s t r e s s  (2 ) t o  normal  s t r e s s  (rN) needed t o  cause s l  i p  on f a u l t s  i s  
s u b s t a n t i a l l y  l e s s  t h a n  w o u l d  be p r e d i c t e d  based on e x p e r i m e n t a l  data. 
Because t h e  t e n s i o n a l  s t r e n g t h  o f  r o c k  a t  a  1  a r g e  s c a l e  i s  exceed i  n g l y  
low, t h e  upper p l a t e  o f  a  low-angle normal f a u l t  cannot be p u l l e d  down t h e  
f a u l t  ramp, b u t  must  be d r i v e n  down i t  by i t s  own weight .  The a c t i v e  o r  
r e c e n t l y  a c t i v e  S e v i e r  D e s e r t  detachment f a u l t  i n  w e s t e r n  U tah  d i p s  
r e g i o n a l l y  a t  12' (1). The r a t i o  o f  shear s t ress  t o  normal s t ress  due t o  
t h e  w e i g h t  o f  t h e  upper  p l a t e  on a  l Z O - d i p p i  ng f a u l t  s u r f a c e  i s  0.2. I n  
contrast ,  l abo ra to ry  experiments i n d i c a t e  t h a t  s l i p  on f r a c t u r e  surfaces 
occu rs  w i t h  a1 most  a1 1  r o c k  t y p e s  when (z /a ) reaches va lues  o f  0.6 t o  
0.85 (Z), corresponding t o  no rma l - fau l t  d ips  o  ? 30° t o  40°. Seismological 
data i n d i c a t e  t h a t  low d e v i a t o r i c  s t resses are  associated w i t h  movement on' 
f a u l t s  o f  o t h e r  g e o m e t r i e s  (3,4) and a r e  n o t  u n i q u e  t o  l o w - a n g l e  normal  
f a u l t s .  I t  t h u s  appears t h a t  a p p r o x i m a t e l y  p l a n a r  f a u l t  zones w i t h  
surface areas o f  hundreds t o  thousands o f  square k i l omete rs  have d i f f e r e n t  
mechanical p roper t i es  than would be p red ic ted  based on 1  aboratory s tud ies  
o f  f r a c t u r e d  rock. 

M o d e l i n g  o f  s t r e s s e s  a s s o c i a t e d  w i t h  f l e x u r e  o f  oceanic l i t h o -  
sphere a t  outer-arc r i s e s  i n d i c a t e s  t h a t  d e v i a t o r i c  stresses g rea te r  than 
5kb e x i s t  and a r e  s u s t a i n a b l e  i n  ocean ic  1  i t h o s p h e r e ,  and t h a t  f a i l u r e  
occu rs  when z /q approaches 0.6 t o  0.85 (5). C o n t i n e n t a l  1  i t h o s p h e r e  
d i f f e r s  f rom oceanic l i t hosphere  i n  t h a t  a  low-s t rength  zone i n  t h e  midd le  
and l o w e r  c r u s t  i s  p r e d i c t e d  t o  s e p a r a t e  s t r o n g  upper  c r u s t  and s t r o n g  
upper m a n t l  e  (6). T h i s  t h r e e - l a y e r  1  i t h o s p h e r e  r h e o l  ogy i s  c o n s i s t e n t  
w i t h  s e i s m i c i t y  d a t a  (7), and i n d i c a t e s  t h a t  s t r e s s e s  o f  up t o  s e v e r a l  
k i l o b a r s  s h o u l d  be s u s t a i n a b l e  i n  t h e  upper  c r u s t .  I n  s i t u  s t r e s s  
measurements s u p p o r t  t h e  app l  i c a b i  1  i t y  o f  l a b o r a t o r y  d a t a  t o  models o f  
c r u s t a l  rheology a t  near-surface l e v e l s  away f rom f a u l t  zones (8). 
4 r 

I t h e r e f o r e  conc lude  t h a t  f a u l t  i n i t i a t i o n  i s  a  m a j o r  t e c t o n i c  
event t h a t  r e s u l t s  i n  fo rma t ion  o f  p lanar  zones o f  weakness w i t h i n  which 
susta inable d e v i a t o r i c  s t resses are  on ly  a  smal l  f r a c t i o n  o f  sus ta inab le  
d e v i a t o r i c  s t r e s s  l e v e l s  i n  r o c k s  t h a t  a r e  f r a c t u r e d  b u t  do n o t  c o n t a i n  
t h r o u g h g o i n g  f a u l t  zones. The t r a n s i t i o n  f r o m  f r a c t u r e d  r o c k  t o  a  
throughgoing, p lanar  f a u l t  zone must r e s u l t  f rom many seismic events o r  
f r o m  a s e i s m i c  processes. I f  i t  o c c u r r e d  d u r i n g  a  s i n g l e  s e i s m i c  event ,  
t h e  s t r e s s  d r o p  wou ld  be v e r y  l a r g e  and wou ld  be r e c o g n i z a b l e  i n  s e i s -  
mological  data; such events a re  not  observed (3). The d e v i a t o r i c  s t resses 
needed f o r  f o rma t ion  o f  low-angl e  normal f a u l t s  and i n i t i  a1 mobi 1  i z a t i o n  
o f  e x t e n s i o n a l  a1 l o c h t h o n s  a r e  f a r  g r e a t e r  t h a n  t h o s e  produced by t h e  
w e i g h t  o f  c r u s t a l  r o c k  on a  g e n t l y  d i p p i n g  su r face .  T h i s  p o i n t s  t o  a  
fundamental mechanical problem: how a r e  such h igh  shear stresses achieved 
on gent ly  d ipp ing  surfaces. 

I propose t h a t  s t r e s s e s  a s s o c i a t e d  w i t h  c r u s t a l  f l e x u r e  a r e  
essent ia l  f o r  i n i t i a l  detachme.nt o f  extensional  a1 1  ochthons, a t  l e a s t  i n  
cases where p r e - e x i  s t i  ng f a u l t s  a r e  n o t  u t i  1 i zed a s  detachment f a u l t  
sur faces.  Low-ang le  normal  f a u l t s  f o r m  as s l i p  s u r f a c e s  t h a t  r e l e a s e  
e l a s t i c  energy associated w i t h  c r u s t a l  f lexure.  F lexure i n  t h e  western 
Un i ted  Sta tes  poss ib l y  r e s u l t e d  f rom a t  1  east two processes: [l] i n i t i a l  
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moderate- t o  hi gh-angl e normal fau l t ing  caused unloading of t h e  footwall 
block, resu l t ing  i n  s l  i ght t o  moderate i s o s t a t i c  up1 i f t  and concave-upward 
f l e x u r e  of t h e  f o o t w a l l  and a s soc i a t ed  development of flexure-generated 
s t r e s s e s .  Sequent i  a1 i n i t i a t i o n  of  p r o g r e s s i v e l y  sha l  lower  f a u l t s  
r e s u l t e d  from cont inued  ex t ens iona l  f au l t i ng  and associated denudation, 
i s o s t a t i c  u p l i f t ,  and f lexure  of t he  footwall. [2] Erosional denudation of 
t h e  over th ickened  and t o p o g r a p h i c a l l y  high,  Mesozoic compress ional  
orogenic  b e l t  caused i s o s t a t i c  up1 i f t  of t h e  b e l t  and f l e x u r e  on i t s  
flanks. In t h i s  case, extensional fau l t ing  began i n  an upper c ru s t  t h a t  
was a l r e a d y  h igh ly  s t r e s s e d  due t o  f l e x u r e  a s s o c i a t e d  w i t h  e ro s iona l  
denudation and i s o s t a t i c  rebound. This second mechani sm f o r  f l  exure i s 
consis tent  with some sediment01 ogical data t h a t  suggest t h a t  subsidence 
over  a broad a r e a  due t o  i n i t i a l  ex t ens ion  on g e n t l y  dipping f a u l t s  i s  
followed by internal  distension and high-angle f au l t i ng  of t h e  upper p la te  
(9), ra ther  than t he  reverse sequence i n  which i n i t i a l  high-angle f au l t i ng  
i s  fol 1 owed by progressi vely Tower angl e faul t i  ng. 

The sense of shear along t he  gently t o  moderately dipping neutral 
surface of a tapered 1 ower pl a t e  undergoing concave-upward f l exure  would 
tend t o  d r ive  rock above t h e  surface down t h e  regional dip of t h e  surface. 
In an ex t ens iona l  environment of reduced 1 a t e r a l  con f in ing  s t r e s s ,  t h e  
weight of t h e  rock above t h e  neu t r a l  s u r f a c e ~ w o u l d  a l s o  tend t o  d r i v e  
overlying rock down the  surface. St resses  or iginat ing from both f lexure  
and g r a v i t y  i n t e r f e r e  c o n s t r u c t i v e l y ,  and t he  resu l tan t  s t a t e  of s t r e s s  
may be essen t ia l  f o r  low-angle normal f a u l t  i n i t i a t i o n  (10). 
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THE EFFECI" OF STRAIN H E A T E  I N  LITHOSPMERIC SlXJBQIING M3DELS 

Mike Stanton 
Dennis Hodge (both a t  Department of Geological Sciences, SUNY a t  Buffalo, 
Amher st, N.Y. 14226) 
Frank Cozzarelli (Department of Civil Engineering, SUNY at  Buffalo, Amherst, 
N.Y., 14226) 

Simple kinemtic models of lithospheric stretching (1) require increased 
heat flow a t  the surface a s  the lithosphere is thinned. In these simple 
stretching models rock in  the lower crust  (material points i n  the 
mathematical models) w i l l  follow a par t ic le  path which curves uward towards 
the surface. A specific rock mass, thus, may actually decrease i n  
temperature due t o  conductive heat loss  even though the surface heat flow is 
increased. Widespread s i l i c i c  igneous act iv i ty  accmpanying stretching 
suggests, however, that  the lower crust  is heated and we suggest that  s t ra in  
heating associated with stretching may be a source of the temperature 
increase i n  the lower crust. Numerical solutions t o  a simple stretching 
model show that  the localization and magnitude of viscous strain heating is 
most significant in the uppermost mantle and lower crust a s  temperature 
i n~ reases  abare i n i t i a l  temperatures for these rocks can be a s  large as 
70 C. It should be noted that  in areas where extensive underplating of 
magmatic material occurs, the effect ~f s t ra in  heating i n  crustal rocks may 
be smdll compared t o  the heat £ram gabbroic intrusions (2). 

The deformation by stretching of a continental type lithosphere has been 
formulated so that  the problem can be solved by a continuum mechanical 
approach. The deformation, s t ress  state,  and temperature distribution are  
constrained t o  sat isfy the physical laws of conservation of mass, energy, 
manenturn, and an experimentally defined rheological response. The 
conservation of energy equation including a term for s t ra in  energy 
dissipation is expressed by: 

where a ~ ; q ~ . i s  the source term due t o  s t ra in  heating. 
The continental lithosphere is assumed t o  have the r h e o l q  of an 

isotropic, incompressible, nonlinear viscous, two layered solid w i t h  the 
following constitutive law: 

where and Q are  material constants for layer 1, the continental 
crust,%hich i& assumed t o  be of a quartz rich canposition and f and Q2 
are material constants for the mantle which is assumed t o  consis of an 
olivine dcsninated material. %e materials a re  further limited by upper 
yield stresses. The defomt ion  f ie ld  is prescribed in  a manner t o  be 
consistent with simple stretching such that the model is two dimensional 
w i t h  an originally rectangular region (parallel t o  the axis) remaining 
rectangular (and parallel) after  stretching.- 

Preliminary results  (see figure 1) show p a t  s t ra in  heating can provide 
significant temperature increases of up t o  70 C for material points in a 
fa i r ly  wide zone in the crust and uppermost mantle. The iz$iiq model was 
assumed t o  have a high i n i t i a l  geologic s t ra in  ra te  of 10 s and a 
nomil  continental crustal thickness of 35 km. Strain energy production is 
centered in  a much narrmer zone in  the uppermost mantle where temperatures 
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i n  the m t l e  which controls the strength of the continental lithosphere (3) 
are  lmest .  Some of the heat produced £ran s t ra in  heating is conducted into 
the crust raising temperatures a t  material points inside the crust. The 
temperature increases i n  these zones may indicate that  the previous 
e s t h t e s  of the  strength of the lithosphere undergoing stretching may have 
been overestimated. Results of temperature response i n  the l m r  crust due 
t o  s t ra in  heating suggests that  large volumes of lower crust my be 
part ial ly melted by s t ra in  heating during stretching without large scale 
heat influx £run the invasion of m t l e  material in to  the crust. 
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Figure 1 Geotherms for stretching with stfain heating ( in  dashed l ines)  for 
different values of stretching,(3 . Temperature paths f ~ r .  particles which 
rise with stretching a re  shown in solid lines. The X mark the crust-mantle 
interface fpi  - different amounts of stretching. The s t ra in  ra te  is given by 
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GEOMETRY OF MIOCENE EXTENSIONAL DEFORMATION, LOWER COLORADO RIVER 
REGION, SOUTHEASTERN CALIFORNIA AND SOUTHWESTERN ARIZONA: EVIDENCE FOR THE 
PRESENCE OF A REGIONAL LOW-ANGLE NORMAL FAULT; R.M. Tosdal and D.R. Sherrod, 
U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025 

The geometry of Miocene extensional deformation changes along a 120 km- 
long, northeast-trending transect from the southeastern Chocolate Mountains, 
southeastern California, to the Trigo and southern Dome Rock Mountains, south- 
western Arizona (fig. 1). Based upon regional differences in the structural 
response to extension and estimated extensional strain, the transect can be 
divided into three northwesterly-trending structural domains. From southwest 
to northeast, These domains are: A) southeastern Chocolate-southernmost Trigo 
Mountains; B) central to northern Trigo Mountains; and C) Trigo Peaks-southern 
Dome Rock Mountains (Fig. 1). All structures formed during the deformation 
are brittle in style; fault rocks (1) are composed of gouge, cohesive gouge, 
and locally microbreccia. Younger high-angle dip-slip and strike-slip(?) 
faults are not discussed. 

In each structural domain, exposed lithologic units are composed of 
Mesozoic crystalline rocks unconformably overlain by Oligocene to Early 
Miocene volcanic and minor interbedded sedimehtary rocks (2-6). Breccia, 
congJomerate, and sandstone deposited synchronously with regional extension 
locally overlie the volcanic rocks. Extensional deformation largely postdated 
the main phase of volcanic activity, but rare rhyolitic tuff and flows inter- 
bedded with the syndeformational clastic rocks suggests that deformation began 
during the waning stages of volcanism. K-Ar isotopic ages indicate that 
deformation occurred in Miocene time, between about 22 and 13 m.y. ago (5,6). 

In the southeastern Chocolate Mountains and southernmost Trigo Mountains 
domain (fig. l), the Tertiary and Mesozoic rocks are broken into numerous 
blocks bounded by curviplanar normal faults. Movement along the faults has 
tilted the rocks gently to the west and southwest. Deformation and rotation 
of each block is typically inde endent of the adjacent block; for example, in 8 one block the beds dip looto 20 , whereas in the adjacent block the identical 
rocks dip as much as 40 . The curviplanar normal faults consist of fault 
segments of contrasting attitudes and displacements. The more continuous 
fault segments are north to northwest-trending, moderately dipping (35-70') 
normal faults. These normal faults abruptly terminate in north to northeast- 
trending, steeply dipping (60-80') faults with inferred strike-slip to 
oblique-slip displacements. These steeply-dipping cross or transfer faults (7) 
commonly extend only short distances beyond the junction of the two fault 
segments. In three dimensions, the geometry of the curviplanar faults at the 
junctions is that of an elongate spoon or trough with its long axis parallel 
to the intersection of the two fault segments. This geometry suggests that 
the relative transport of the upper plate of the faults was parallel to the 
axis of the troughs, that is towards the northeast or east. Assuming a 
listric geometry for the faults, the angular relations between bedding in the 
Tertiary strata and the northwest-striking curviplanar faults (8) suggest 
approximately 10 to 20% extensional strain. 

The trace of the curviplanar block-bounding faults as well as smaller 
faults within individual blocks are commonly controlled by pre-existing planar 
anisotropies such as lithologic and structural contacts. For example, the 
trace of the Gatuna fault (Fig. I), which is the largest and most continuous 
of the curviplanar faults, closely follows the trace of the late Mesozoic 
Chocolate Mountains thrust (2) and the inferred trace of the Sortan fault (3), 
The curviplanar trace of the Gatuna fault may also be in part inherited from 
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a Alluvium (Quaternary)  Volcanic  and sedimentary  rocks  0 (Ol igocene  and Xiocene) 

Conglomerate and sands tone  C r y s t a l l i n e  rocks  
('Late ~ e r t  i a r y )  (Mesozoic and Precambrian)  

/ , Contac t  Tear  f a u l t s  (Yiocene) 

/- 
" F a u l t  (La te  Ter tLzry)  & Low-angle f a u l t  ( L a t e  Mesozoic) 

A'' High- and low-angle f a u l t s  / Thrus t  f a u l t  
(Miocene) ( L a t e  Mesozoic) 

Figure 1. Generalized geologic map of the lower Colorado River region, 
southeastern California and southwestern Arizona. Geology shown in mountains 
range in the southeast part of the map is based on sir phots interpretation. 
CMT-Chocolate Mountains thrust, GF-Gatuna fault; MD-Midway detachment fault; 
MMT-Mule Mountains thrust; SF-Sortan fault; hmt-Hart Mountain mine. 
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open folds of the Chocolate Mountains thrust and planar fabrics of the thrust 
zone. 

The Gatuna fault probably correlates with the Midway detachment fault 
(Fig. 1) (6), located some 20 km to the north. These faults together define 
the southwestern and western margins of the extended terranes. 

The transition from the southeastern Chocolate-southern Trigo Mountains 
domain to the central to northern Trigo Mountains domain occurs over a zone of 
complex deformation about 10 km wide, Within the transition zone, faults 
characteristic of both domains are present. In addition, normal fault-bounded 
blocks, with little internal rotation and deformation of nearly flat-lying 
Tertiary rocks, are juxtaposed against blocks of moderately faulted and 
rotated rocks. 

The Trigo Mountains domain (fig. 1) is composed of numerous northwest- 
trending structural panels ranging in width from ten's of meters to about a 
kikometer. The panels a? bounded by shallowly-dipping normal faults that 
consistently dip 20 and 45 to the southwestward. The Tertiary rgcks and the 
unconformity with the underlying crystalline rocks dip 50 and 70 northeast- 
ward. Listric geometry for the shallowly-dipping normal faults is suggested 
by the presence at higher structural levels of horsetail fault structures (7) 
that converge with depth to define a shallowly-dipping normal fault; this 
structure is best seen in the Hart Mountain mine area. Assuming a listric 
geometry for these faults (8), an extensional strain of approximately 30-40% 
is indicated. 

Steeply dipping faults, which are antithetic to and bounded by the 
shallowly-dipping faults, break the larger panels into smaller blocks ; some 
of the antithetic faults cut shallowly-dipping faults. Many of the antithetic 
faults were initiated along oversteepened, northwest-dipping, lithologic 
contacts. Some of the antithetic faults have been previously interpreted as 
regional low-angle normal faults and cited as evidence for the presence of a 
very shallow, undulating regional low-angle normal or detachment fault now 
exposed in a series of antiformal culminations (10). 

The simple pattern of northeast-tilted structural panels in the central 
to north Trigo Mountains domain extends northward into the Trigo Peaks- 
southern Dome Rock Mountains domain (fig. 1). In this domain, the northwest- 
trending structural panels are cut by several east striking high-angle tear 
faults with dextral strike-slip separation of as much as 5 km. These tear or 
transfer faults (7) formed in reponse to differential displacements between 
the apparently unrotated Dome Rock Mountains to the north and the imbricately- 
faulted Trigo Peaks to the south. (Because Mesozoic deformational fabrics in 
the Dome Rock Mountains are colinear with those in ranges to the west of the 
extended terrane, the range is apparently unrotated and is, therefore, a 
simple fault-bounded block). The transfer faults which separate the rotated 
from unrotated terranes closely follows and modifies segments of the Late 
Mesozoic Mule Mountains thrust (11). Temporal relations between the transfer 
faults and low-angle normal faults are obscure due to younger high-angle 
faults and alluvial cover; the tranfer and low-angle normal faults are 
inferred to be coeval and kinematically related. Estimated extensional strain 
is approximately 40%. 

The observed variations in structural style and extensional strain from 
southeastern Chocolate Mountains to the Dome Rock Mountains suggest that the 
rocks exposed in this region constitutes the upper plate of a regional low- , 
angle fault (fig 2a,b). This regional fault is inferred to be subparallel to 
other large low-angle normal or detachment faults located to the north and 
northeast (12) and thus probably dips gently to the northeast towards the 
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Figure 2. Schematic structural cross section along the transect between the 
southeastern Chocolate Mountains, California, an,d the Trigo Peaks and southern 
Dome Rock Mountains, southwestern Arizona. Syn- and post-extensional clastic 
rocks and younger faults are not shown on the cross section. Cross section are 
not drawn to scale and have a large vertical exageration. A) crossection 
between the southeastern Chocolate Mountains, to southwest, and the Trigo 
Peaks area, to the northeast; and B) cross section with the fault-bounded, 
unrotated Dome Rock Mountains projected into the line of the cross section. 
GF-Gatuna fault; hmt-Hart Mountain mine 

Colorado Plateau. The headwall or breakway zone of the extensional allochthon 
is the Gatuna fault-Midway detachment of the southeasternmost Chocolate 
Mountains. In this model, the exposed southwest-dipping low-angle normal 
faults in the Trigo Mountains-Trigo Peaks-Dome Rock Mountains domains would be 
counter faults (7) and probably intersect the underlying regional sole fault 
at high angles. The lateral transition from the imbricately extended ranges 
of the Trigo Mountains-Trigo Peaks area to the apparently unrotated fault- 
bounded Dome Rock Mountains occurs across a complex zone of dextral transfer 
faults and low-angle normal faults. The Dome Rock Mountains block probably 
was also transported as part of the extensional allochthon. 

This interpretation of the geometry of extensional deformation at depth ' 

in the lower Colorado River region differs significantly from a model which 
proposes a regional set of antiforms and synforms in a low-angle normal fault 
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that formed as a result of anastomozing brittle and ductile shear zones at 
depth (13). The planned CALCRUST seismic reflection profile crosses part of 
this transect and will provide an independent test of both models. 
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SIMILARITIES AND CONTRASTS IN TECTONIC AND VOLCANIC STYLE AND 
HISTORY ALONG THE COLORADO PLATEAUS-TO-BASIN AND RANGE TRANSITION ZONE IN 
WESTERN ARIZONA: GEOLOGIC FRAMEWORK FOR TERTIARY EXTENSIONAL TECTONICS. 
R. A. Young, Department of Geological Sciences, SUNY, Geneseo, NY 14454, 
E. 8. McKee, U.S. Geological Survey, Menlo Park, CA 94025, J. H. Hartman, 
Department of Geology and Geophysics, University of Minnesota, Minneapolis, 
MN 55455, A. M. Simmons, Department of Geological Sciences, SUNY, Buffalo, 
NY 14226 

Recent studies of the Colorado Plateaus-to-Basin and Range transition 
zone in the area from the Hualapai Plateau southeastward to the Mohon and 
Juniper Mountains (figure 1) permit a revised perspective on the early and 
middle Tertiary geology of this region in western Arizona 1 7  The tec- 
tonic events in this region are related to volcanic activity and hence can be 
isotopically dated. The period of middle to late Tertiary volcanism (25 to 
15 m.y. ago) along the margin of the Colorado Plateaus corresponds with the 
ages of volcanism and detachment faulting in the adjacent Basin and Range 
province (12). This contemporaneity suggests a relationship between regional 
magmatic and tectonic events from the Basin and Ranqe province across the 
transition zone and onto the Colorado Plateaus. 

Middle Tertiary volcanism in the Aquarius Mountains beg= about 25 m.y. 
ago and can be divided into two episodes throughout the transition zone (3,4, 
6,7,8). The older episode spanned the interval from 25 to 15 m.y. ago (late 
Oligocene to middle Miocene) and consists mainly of clinopyroxene-bearing, 
alkali-rich basalts and olivine tholeiites with lesser amounts of anaesite, 
rhyodacite, and rhyolite (7,141, This was follobed by an apparent gap in . 
activity from about 15 to 10 m.y. ago. The younger $eriod of volcanism spans 
the interval from 10 to 5 m.y. ago and is typified by the calc-alkaline basalt 
and low silica rhyolite suite exposed at the 8- to 9- m.y.-old Mt. Hope 
volcanic center (7,8). 

The Oligocene and Miocene volcanic rocks rest unconformably on a region- 
al, late Cretaceous and Paleocene (Laramide) erosich surface, recently con- 
firmed by the identification of probable early Eocene fossils in the upper 
"rim gravel" section on the southern Coconino Plateau near Mt. Floyd (9,131. 
The disruption of the early Tertiary, north- to northeast-trending drainages 
across the present plateau margin by deformation along compressional Laramide 
structures permits a distinct separation of the major early and middle Terti- 
ary structures (1,ll). Further information concerning pre- and post-middle 
Miocene deformation is provided by the 17- to 18- m.y.-old Peach Springs Tuff, 
which in some places overlaps major structures and elsewhere is cut by major 
faults (5,6,10,15,16). 

The late Cretaceous and early Tertiary monocli.nes and folds are inferred 
to have been active as late as early Eocene time in northwest Arizona, as de- 
duced from their relations to the Paleocene and Eocene rim gravels (1). Froan 
the Hualapai Plateau to the Juniper Mountains region, Oligocene and middle 
Miocene (25 to 15 m.y.) volcanic centers and vents have close spatial rela- 
tionships to the monoclines and folds. The younger Miocene (10- to 5- m.y.- 
old) volcanic rocks do not have any clear spatial association with the Lara- 
mide structures. 

An outline of the Tertiary magmatic and tectonic history includes: 1) a 
late Eocene and Oligocene period of volcanic quiescence, possibly accompanied 

\ 

by sporadic normal faulting, 2) a late Oligocene to middle Miocene episode of 
extensional faulting and predominantly basaltic volcanism, possibly localized 
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Figure 1. Features referred to in text and localities (numbers) where radio- 
metric ages have been reported in publications by the authors. 1: 65.5 F 3.5 
m.y. granodiorite(?). 2: *18.3 F 0.6 m.y. Peach Springs Tuff. 3: 18.2 F 1.5 
m.y. basalt. 4: 24.5 F 3.5, 24.9 F 0.9 may. basaltic andesites. 5: 8.0 + 0.5 
m.y. rhyolite, 8.5 + 0.9 m.y. basalt (Mt. Hope). 6: *14.0 F 0.6 m.y. basalt. 

* Uncorrected for new 4 0 ~  constants. 
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along preexisting Laramide structures, 31 a middle Miocene interval (15 to 10 
may. ago) of volcanic quiescence, and 4) a late Miocene and Pliocene period of 
predominantly basaltic volcanism. 

The overall temporal and spatial relations between middle Tertiary vol- 
canism and tectonism from the Basin and Range province onto the edge of the 
C~l0rad0 Plateaus province suggest that a single magmatic-tectonic episode af- 
fected the entire region more or less simultaneously during this period. The 
episode followed a post-Laramide (late Eocene through Oligocene) period of 25 
million years of relative stability. Middle Tertiary volcanism did not mi- 
grate gradually eastward in a simple fashion onto the Colorado Plateaus. In 
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Mountains than throughout the adjacent Basin and Range province westward to 
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detachment faulting in the eastern part of the Basin and Range province must 
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transition zone and onto the edge of the Colorado Plateaus. 
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DUCTILE EXTENSION OF PLANETARY LZTHOSPHERES. M.T. Zuber and 
E.M. Parmentier, Department of Geological Sciences, Brown University, Providence, R.I. 02912 

To better understand the mechanics of large-scale extension, we consider the effects of ductile 
stretching of a strength and density stratified planetary lithosphere. On the earth, deformation 
occurs by brittle fracture in the near surface and by ductile flow at greater depths. In our simple 
rheological representation of the lithosphere, the brittle failure region is modeled as  a strong plas- 
tic or power law viscous layer of uniform strength and the ductile flow regime as  a power law 
substrate in which strength is either uniform or- decreases exponentially with depth. Deformation 
occurs due to the growth of necking instabilities which initiate from small perturbations along the 
surface and layerlsubstrate interface. The horizontal length scale of deformation is controlled by 
the strong layer thickness h and by the growth rate spectrum q, which is a function of the 
strength and density stratification and the stress exponents in the layer and substrate. The wav- 
enumber k(=B?rh/X) that corresponds to the maximum growth rate defines the dominant wavel- 
ength of necking. An example of the growth rate spectrum for a strong plastic layer overlying a 
weaker viscous substrate is shown in Figure la. 

If the position of an initial perturbation along the layerlsubstrate interface is prescribed, cor- 
responding to, for example, either a localized thermal anomaly or a pre-existing structural weak- 

+ ness, deformation concentrates into a narrow zone surrounding the perturbation. The resultant 
topography consists of a depression and flanking uplifts, which is'consistent with the morphology 
of terrestrial rift zones. Figure 2 shows the deformation of the strong layer for the growth rate 
spectrum in Figure la.  In this example the only density contrast is at the surface and therefore 
none of the surface topography is isostatically supported by density contrasts a t  depth. The 
dynamically supported surface topography arises in response to the perturbing flow induced as  the 
lithosphere extends and leads to regional compensation of the rift depression. For an  initial per- 
turbation that is narrower than the dominant wavelength, deformation concentrates into a zone 
comparable in width to the dominant wavelength. If the initial perturbation is wider than the 
dominant wavelength, the width of the deformed zone is controlled by the width of the initial per- 
turbation. A surface layer with limiting plastic behavior produces a rift-like structure with a 
width consistent with the widths of continental rifts (1) if the strong layer thickness corresponds to 
the depth of brittle failure of quartz. This width is independent of the layerlsubstrate strength 
contrast. For a power law (n=3) surface layer, rift zone width varies with layerlsubstrate 
strength ratio to the one third power. If the strength of the layer is low compared to p gh then the 
lithosphere is not unstable in extension. Over the range of conditions which result in unstable 
extension, rift zone width is about a factor of two greater than for the plastic layer case. 

Many features with rift-like morphology consisting of linear depressions and flanking 
uplifts have been identified on Venus from Pioneer-Venus altimetry (2). Topographic profiles 
across one such rift zone in Beta Regio for which high resoldtion topography and radar images are 
available (3) are shown in Figure 3. The rift depression has a width greater than 100 km, and is 
bounded by topographic highs that may represent uplifted flanks. Solomon and Head (4) suggest 
that the thickness of the elastic lithosphere on Venus may be only 1-10 km thick on the basis of 
rock strength a t  high surface temperatures and on the spacing of features of presumed tectonic 
origin in the banded terrain. If the width of the rift is controlled by elastic flexure (5) this would 
require an elastic layer thickness in the range 45-60 km (2). If the rift zone formed in response to 
a necking instability, its width would imply a ductile lithosphere thickness of about 30 km if the 
near-surface region exhibits power law behavior. 

If initial disturbances along layer interfaces a r e  randomly distributed, necking of the layer 
develops with a spatial periodicity corresponding to the dominant wavelength, analogous to boudi- 
nage of layered crustal rocks. A model of large-scale continental deformation in which the litho- 
sphere consists of a plastic surface layer of uniform strength ovei a weaker viscous substrate in 
which the strength decreases exponentially with depth has been applied to explain the periodic \ 

spacing of ranges in the Basin and Range Province (6). Recent experimental (7) and seismic (8) 
studies have shown the terrestrial continental lithosphere to consist of a strong upper crust and 
upper mantle separated by a weak lower crust. An extending lithosphere with this strength 
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stratification may produce a growth rate spectrum with two maxima and thus two dominant 
wavelengths of instability (9), as  shown in Figure lb. Shorter and longer wavelengths of defor- 
mation occur due to the presence of strong upper crustal and upper mantle regions, respectively. 
In the Basin and Range Province, the shorter wavelength of deformation correlates with the spac- 
ing of ranges while the longer wavelength disturbance correlates with regional topography and an 
associated Bouguer gravity anomaly as  well as  with alternating regions of consistent fault block 
tilt directions (tilt domains) as mapped by Stewart (10). 

In the present small amplitude, linearized theory, total lithospheric deformation is deter- 
mined from the superposition of the short and long wavelength disturbances. The short and long 
wavelength and the combined deformation fields are shown in Figure 4, which has been plotted 
with arbitrary amplitude to clearly illustrate the styles of deformation. In the short wavelength 
case, deformation is concentrated in the crust. The density and strength contrast a t  the crust- 
mantle boundary results in flat Moho, which is consistent with seismic reflection profiles of the 
Basin and Range (11, 12). In the long wavelength case, the most obvious deformational feature is 
upwarping a t  depth. In the combined case, the transition from brittle to ductile behavior a t  a 
depth approximately midway through the crust is apparent from the change in deformational style 
of initially square area elements. A region of enhanced extension occurs in the upper crust near 
the center of the diagram, where both short and long wavelength extension are maximum. The 
superposition of the deformation fields results in a localized mne of shearing near the base of the 
strong upper crust, which could be a mechanism for the formation of low-angle normal faults. In 
this model the brittle-ductile transition is not an actual surface of mechanical decoupling; instead 
shearing is vertically distributed in the upper part of the ductile lower crust. This model suggests 
that regions of maximum extension a t  depth need not correspond to regions of maximum extension 
a t  the surface. 

We are currently examining models for finite amplitude extension of a strength and density 
stratified continental lithosphere. As suggested by the linearized, small amplitude theory, exten- 
sion in the strong crustal and strong mantle layers may localize at different places along the lay- 
ers. This will result in a horizontal distribution of extension in the mantle that is different from 
that in the upper crust and shearing on horizontal planes within the weak lower crust. This hori- 
zontal shearing may result in the formation of low-angle detatchments that root in areas which 
are horizontally removed from regions of near-surface extension (13,14). 

References: (l)Ramberg, I.B., and Morgan, P. (1984) Physical characteristics and evolutionary 
trends of continental rifts. Pmc. 27th Int. Geol. Cong., 7, 165-2 16. (2)Schaber, G.G. (1982) 
Venus: Limited extension and volcanism along zones of lithospheric weakness. Geophys. Res. 
Lett., 9, 499-502. (3)Campbell, D.B. e t  al. (1984) Venus: Volcanism and rift formation in Beta 
Regio. Science, 226, 167-170. (4)Solomon, S.C., and Head, J.W. (1984) Venus banded terrain: 
Tectonic models for band formation and their relationship to lithospheric thermal structure. J. 
Geophys. Res., 89, 6885-6897. (5)Vening Meinesz, F.A. (1950) Les 'graben' africains resultat de 
compression ou de tension dans la croute terrestre? Koninkl. Belg. Kol. Inst. Bull., 21, 539-552. 
(6)Fletcher, R.C., and Hallet, B. (1983) Unstable extension of the lithosphere: A mechanical model 
for basin-and-range structure. J. Geophys. Res., 88, 7457-7466. (7)Brace, W.F., and Kohlstedt, 
D.L. (1980) Limits on lithospheric stress imposed from laboratory experiments. J. Geophys. Res., 
85, 6248-6252. (8)Chen, W.P., and Molnar, P. (1983) Focal depths of intracontinental and 
intraplate earthquakes and their implications for the thermal and mechanical properties of the 
lithosphere. J. Geophys. Res., 88, 4183-4214. (9)Zuber M.T., et  al. (1984) Extension of continen- 
tal lithosphere: A model for two scales of Basin and Range deformation. Submitted to J. Geophys. 
Res. (lO)Stewart, J.H. (1971) Basin and Range structure: A system of horsts and grabens pro- 
duced by deep-seated extension. Geol. Soc. Am. Bull., 91, 460-464. (ll)Allmendinger, R.W., e t  
al. (1984) Phanerozoic tectonics of the Basin and Range - Colorado Plateau transition from . 
COCORP data and geologic data. Pmc. Int. Symp. Deep Struct. Cont. Crust, AGU Geodynamics 
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Figure 1. (a) Growth rate spectrum 
for an extending strong plastic 
layer over a viscous substrate. 
(b) Growth rate spectrum for 
an extending strong upper 
crust and upper mantle sepa- 
rated by a weak lower crust. 

Figure 2. Strong layer deformation for the growth rate spectrum in 
Figure la .  The surface topography consists of a central depres- 
sion and flanking uplifts, which is consistent with the morphology 
of rift zones. The initial perturbation at the layerlsubstrate inter- 
face is shown by the dashed line. 
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Figure 3. Topographic profiles across rift 'zone in 
Beta Regio, Venus. From Campbell e t  al. 
(1984). 

a> short X 

Moho 
b) long X 

c)combined Moho 

Figure 4 .  (a) Short wavelength, (b) long wavelength, and (c) combined 
deformation fields for the growth rate spectrum in Figure lb. 
Note the presence of enhanced shearing a t  mid-crustal depths in 
(c). 
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