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Abstract 

The Red and Ptedmonti te Hil ls  comprise p o s s i b l y  3,000 
feet  (914 m ) o f  p r e - C r e t a c e o u s ,  c l a s t i c  v o l c a n i c s ,  f lanked 
and over la in  on the nor theas t  and southwest  by more than 
2,000 fee t  (609 m) of Cre taceous  Amole Arkose.  Structures  in 
the p r e - C r e t a c e o u s  v o l c a n i c  core sugges t  two t imes of d i s tu r -  
b a n c e - l a t e  Middle Jurass ic  and Laramide.  The c l a s t i c  v o l -  
can ic  rocks were invaded by magmas at both t i m e s .  

At approximately  150 m . y .  ago,  the o lder  M e s o z o i c  v o l -  
can ic  rocks were upl i f ted to form a no r th -no r thwes t - t r end ing ,  
doubly plunging dome.  During the Laramide,  on the s i te  of 
the Iu r a s s i c  dome, the p r e - C r e t a c e o u s  core rose  and stretched 
as a response to the emplacement of igneous intrusions and 
the accompanying effects of heat and fluids. As a result, the 
Amole Arkose appears, in part, to have sagged, or slipped, 
off the core and, in part, to have been shouldered aside. 
Where the amount of core uplift appears to have been great- 
est, deformation of the adjacent arkose is the most severe. 

No convincing evidence has been found of intense region- 
al compression. On the contrary, at presently exposed levels, 
the area appears to have been in a tensional stress field for 
many millions of years. Moderate compression may have pre- 
vailed at a deeper level during the Laramide, and local com- 
pression was generated by the demand for space to accommo- 
date magmas and certain pre-Cretaceous rocks rising from 
depth. Apparently, compression can exist and operate even in 
an overall tensional stress field. 

Introduction 

Throughout most of the present century various workers have 
postulated the transport of vast thrust sheets over parts of southeastern 
Arizona. With regard to the Tucson Mountains (Fig. l), Brown (1939) 
suggested that during the Laramide orogeny a "great Tucson Mountain 
overthrust" had placed older rocks on younger. Thls overthrust concept 
was challenged by Kinnison (1959) and Mayo (1963), but the overthrust 
is still shown on the latest geologic map of Arizona (Wilson, Moore, and 
Cooper, 1969). Detailed field work in these mountains during the past 18 
years has failed to disclose evidence of an extensive over-thrust. 

I Contribution No. 597, Department of Geosclences, University of 
Arlzona, Tucson, Arizona. 
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P r o b a b l y ,  f ew  l o c a l  g e o l o g i s t s  a c c e p t  the  n o t i o n  o f  s u c h  a n  o v e r t h r u s t  
today. 

According to Brown's tectonic model, the area of this study 
(Pig. I) would constitute part of the autochthonous block. Furthermore, 
the area contains, in the Red Hills, the Gap, and the Piedmontite Hills, 
the best exposures of pre-Cretaceous Mesozoic rocks in the Tucson 
Mountains. In this paper we attempt to evaluate the relative roles of 
compressional crustal shortening and primary vertical tectonics with 
gravitational response in this structurally low, but topographically high 
part of the supposed autochthon. 

The P i e d m o n t i t e  H i l l s  ( a l so  k n o w n  as Brown M o u n t a i n )  and  t he  
Red H i l l s  (Fig .  1) a re  a t  t he  s o u t h w e s t  e d g e  of t he  T u c s o n  M o u n t a i n s ,  
some  1 2 - 1 8  m i l e s  ( 1 9 - 3 0  kin) w e s t - n o r t h w e s t  of T u c s o n ,  A r i z o n a .  The 
g e o g r a p h y  of  t h e s e  h i l l s  and  of  some  of  t he  a d j a c e n t  c o u n t r y  i s  r e p r e -  
s e n t e d  on  t he  t o p o g r a p h i c  map (Fig .  2) .  The h i l l s  form two  g r o u p s  on  a 
r o u g h l y  n o r t h w e s t - t r e n d i n g  a x i s ,  s e p a r a t e d  b y  a r e l a t i v e l y  low gap  in 
w h i c h  i s  t he  w i d e l y  k n o w n  A r i z o n a - S o n o r a  D e s e r t  M u s e u m .  

M a x i m u m  r e l i e f  in  the  P i e d m o n t i t e  H i l l s  i s  n e a r l y  600 f e e t  (183 
m); in  the  Red H i l l s  some  560 f e e t  (174 m); a n d  in  t he  n o r t h e a s t e r n  p a r t  
of  t he  map a r e a  (Fig .  2) a b o u t  770 f e e t  (325 m) .  Along  some  of  t h e  u s u a l -  
ly  dry  s t r e a m  c o u r s e s  ( w a s h e s ) ,  on  r i dge  c r e s t s  a n d  on  s t e e p  s l o p e s ,  e x -  
p o s u r e s  are  u s u a l l y  g o o d ,  bu t  on  t he  g e n t l e r  s l o p e s ,  w h i c h  a re  v e n e e r e d  
w i t h  t he  d e b r i s  of d i s i n t e g r a t i o n  in  a h o t ,  s e m i a r i d  c l i m a t e ,  e x p o s u r e s  
m a y  be  p o o r  or l a c k i n g .  In  g e n e r a l ,  t h e  o u t c r o p s  p e r m i t  s t r u c t u r a l  i n t e r -  
p r e t a t i o n  w i t h  r e a s o n a b l e  c o n f i d e n c e .  

Rock Sequence 

With the exception of small inclusions in certain intrusive 
masses, no pre-Mesozoic rocks crop out in this area. Nor are there any 
Cenozoic rocks if alluvium and Pliocene (?) gravels are ignored. All other 
exposed units appear to be of Mesozoic age. 

Brown (1939) regarded all of the Mesozoic strata as Cretaceous. 
He divided these rocks into three formations: Cretaceous volcanic rocks 
(the oldest), Recreation Redbeds (next higher in the succession), and 
Amole Arkose (youngest). The Cretaceous volcanic rocks comprise most 
of the Piedmontite Hills, the Recreation Redbeds most of the Red Hills. 
The Amole Arkose is extensively exposed on the northeastern side of 
these hills, and limited exposures of the arkose are present on the south- 
western side also (Fig. 3). Colby (1958) recognized that the two older 
Mesozoic formations are interlayered and suggested that they be com- 
bined into one unit, the Recreation Redbeds. In this report we follow his 
suggestion and infer further that volcanic rocks and red beds are facies 
of one large depositional unit (see Fig. 8). 

Damon (1967) published an apparent age of 150 + 5 m.y. ob- 
tained by the K-Ar method from an andesite porphyry intrusion into the 
Recreation Redbeds at N,0-17, 18 (Fig. 3). Apparently, the Recreation 
Redbeds are pre-Cretaceous, possibly Triassic, in age. As will be shown, 
these pre-Cretaceous rocks have been disturbed during at least two intru- 
sive episodes widely separated in time. 

R e c r e a t i o n  R e d b e d s  

The Triassic(?) fragmental volcanic rocks, best displayed in the 
Piedmontite Hills, consist essentially of a sequence of volcanic pebble, 
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c o b b l e ,  and  b o u l d e r  c o n g l o m e r a t e s  a n d  t u f f  b r e c c i a s .  Each  i s  s e v e r a l  
m e t e r s  t h i c k ,  and  m a n y  g r a d e  a b r u p t l y  upward  in to  c o a r s e - g r a i n e d ,  ! i g h t -  
gray, l a m i n a t e d  v o l c a n i c  s a n d s t o n e s  I to  10 or more d e c i m e t e r s  t h i c k .  
T h e s e  l a y e r s  may  r e p r e s e n t  l a h a r s  t h a t  c ame  to  r e s t  u n d e r  w a t e r ,  w i th  
t he  s a n d s t o n e s  in  e a c h  c a s e  t he  l a s t - d e p o s i t e d  " t a i l "  of  t he  s u b a q u e o u s  
f l o w .  

tn  the  s o u t h w e s t e r n  p a r  of  the  P i e d m o n t i t e  H i l l s ,  l i g h t - g r a y ,  
p i n k i s h - b r o w n ,  and  s m o k e - g r a y  s a n d s t o n e s  c rop  ou t  a m o n g  s t r a t a  of  t he  
R e c r e a t i o n  R e d b e d s  of  C o l b y  ( !958} .  i \ loGhward in t h e s e  h i l l s ,  t h i n  b e d s  
and  i s o l a t e d  b l o c k s  of  r ed  m u d s t o n e ,  s i l t s t o n e ,  and  f i n e - g r a i n e d  s a n d -  
s t o n e  b e c o m e  i n c r e a s i n g l y  c o n s p i c u o u s .  A b a n d  of  t h e s e  r ed  r o c k s  e x -  
t e n d s  s o u t h e a s t w a r d  from Juan  S a n t a  Cruz  P i c n i c  .Area p a r a l l e l  to  the  
E a s t e r n  f a u l t  (Fig.  3,  N - 2 0  to  P - 2 S ) .  F o l l o w e d  s o u t h e a s t w a r d ,  t h i s  r ed  
b a n d  i s  s e e n  to b r e a k  up in to  i s o l a t e d  b l o c k s  e m b e d d e d  in t he  c o a r s e r  
c l a s t i c s  (Fig .  3 ,  R - 2 6 ) .  The red  b l o c k s  h a v e  b e e n  i n t e r p r e t e d  as  r e m -  
n a n t s  of  a formerly more e x t e n s i v e  b a n d  t h a t  w a s  disrupted and l a r g e l y  
d i s p e r s e d  by  the  more p e r m e a b l e ,  f ! u i d i z e d ,  c o a r s e - g r a i n e d  c l a s t i c s  
( M a y o ,  1963) .  S e v e r a l  s m a l l  a p o p h y s e s  of  i n t r u s i v e  tu f f  are  e x p o s e d  
w h e r e  the  r ed  b a n d  b r e a k s  u p .  H e a t  from t h e s e  i n t r u s i o n s ,  a c t i n g  on  pore  
w a t e r ,  m igh t  h a v e  b e e n  r e s p o n s i b l e  for f l u i d i z a t i o n  and  a c t i v a t i o n  o f  t he  
c o a r s e r  g r a i n e d  c l a s t i c s .  

The principal_ rocks of the Red Hills are the red mudstones, silt- 
stones,  and fine-grained sandstones which are sparingly present in the 
Piedm3ntite Hills and more abundantly so in the intervening Gap. These 
fine-grained red rocks exist as beds that may reach as much as 4 to 6 
meters in thickness.  The beds are usually devoid of internal strat if ica- 
tion, except at the tops where the ~a in  size coarsens somewhat and lam- 
inae, or e v e n  c r o s s  l a m i n a e ,  are  p r e s e n t .  The o r i g i n  of t h e s e  t h i c k ,  
mostly "massive" red beds is as yet an unsolved problem. 

R e d d i s h - g r a y  or cn'ay s a n d s t o n e  b e d s  as  much  as  8 m t h i c k  are 
no t  rare  in  t he  Red H i l l s ,  a n d  s e v e r e !  b e d s  of  p e b b I e  c o n g l o m e r a t e  or 
b r e c c i a ,  3 to  4 m t h i c k ,  a re  known  (Fig .  3).  T h e s e  c o a r s e - g r a i n e d  c l a s -  
t i c  u n i t s  a p p e a r  to  h a v e  b ¢ e n  d e p o s i t e d  in v e r y  b r o a d ,  s h a l l o w  c h a n n e l s  
e r o d e d  on e x t e n s i v e  r ed  mud f l a t s .  Two d e e p e r ,  s t e e p - w a l l e d ,  f i l l e d  
channels are exposed on the topmost peaks near the easte~n end of the 
Red Hills (Fig. 3, [9, C-]i, ]2, and B-]3-!4), and what appears to be a 
third large felled channel is on a hilltop in the Gap (Fig. 3, H-16). 

I b.e a n d e s i t e  p o r p h y ~ /  ( M u s e u m  po<obyry) ,  r e p o s e d  by  Damon  
{1963) to  be  a b o u t  !50  m . y .  of a g e ,  i n t r u d e s  t he  R e c r e a t i o n  R e d b e d s  a n d  
is  p a ~  of an i n t r u s i v e  c o m p l e x  (Fig .  3, ] ,  P - J 4 ,  ]8)  w h i c h  i n c l u d e s  a p -  
p a r e n t  b a s a l t 2 c  ~nf i e s i t e  and  i n t r u s i v e  r h y o l i t e .  B e c a u s e  of  t he  c l o s e  
a s s o c i a t i o n  of  t h e s e  i g n e o u s  rock  t y p e s ,  we h~_ve a s s u m e d  a l l  m e m b e r s  
of  t h i s  c o m p l e x  to be J u r a s s i c  in a g e .  

The R e c r e a t i o n  R e d b e d s  are a l s o  i n t r u d e d  by s e v e r a l  l a rge  and  
s m a l l  h~d~es  of  r h y o l i t i c  tu f f  [Fig.  3}, a f ew of whicb h a v e  already b e e n  
m e n t i o n e d .  At ~,  S - 3 0 ,  3] (Fig.  3) ,  t h i s  t u f f  i n t r u d e s  Areola A r k o s e .  The 
tu f f  may be  c o w e l a t i v e  w i th  the  C a t  M o u n t a i n  Rhyo l i t e  (Brown, ] 9 3 9 ) ,  
s h o w n  by D a m o n  ( !963)  to  h a v e  b e e n  e m p l a c e d  in e a r l i e s t  M a e s t r i c h t i a n  
or  l a t e s t  C a m p a n i a n  t i m e .  

Apparently related to emplacement of the intrusive tuff are rela- 
tively srnal[ m~sses of volcanic conglomerate or breccia (fragmenta! di- 
apirs, Mayo, 1969) that seem to h~ve risen through and disrupted over- 
!yin7 layers of the Recreation Redbeds. Most careful!y studied of these 
mobi.lized masses is at Q-23, 24 (Fig. 3) in the central part of the Pied- 
montite HElls. The energy for this reaction mfgbt have been supplied by 
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heat, and perhaps fluids, from the intrusive tuff. This appears to be the 
same as the action by which the coarser clastics attacked and partially 
destroyed the red band southeast of luan Santa Cruz Picnic Area. 

Because of limited exposures and disturbances resulting from at 
least two intrusiv~ episodes, there is at present no satisfactory estim- 
mate of the thickness of the Recreation Redbeds sensu Colby and there 
may never be. Brown (1939) measured I, 265 (386 m) of red beds in Mine 
Gulch in the northern part of the map area. Colby (1958) measured 2,290 
feet (699 m) of the same rocks in the Red Hills and 2,635 feet (803 m) of 
fragmental volcanics in the Piedmontite Hills. In no case were both top 
and bottom of the formation exposed, so the measurements are minima. 
Colby thought the Red Hills rocks to be older than the coarserclastics of 
the Piedmontite Hills, but unless our longitudinal section (see Fig. 6) is 
in error, the two units may, as previously suggested, be facies of one 
volcanic formation. Accordingly, we suggest that 3,000 feet of volcanic 
debris may have accumulated on the Paleozoic floor many millions of 
years before the onset of deposition of Amole Arkose. 

Amole Arkose  

A p p a r e n t l y ,  no  l o c a l  g e o l o g i s t  q u e s t i o n s  t he  C r e t a c e o u s  age  of 
t he  Amole A r k o s e ,  a n d  t he  c o n s e n s u s  of  o p i n i o n  a t  p r e s e n t  s e e m s  to  b e  
t h a t  t h i s  f o r m a t i o n  i s  Ea r ly  C r e t a c e o u s .  The e v i d e n c e ,  h o w e v e r ,  i s  no t  
a s  d e f i n i t e  or  a s  c o m p l e t e  a s  c o u l d  be  d e s i r e d .  

The Amole Arkose  c o n s i s t s  of  a t  l e a s t  2 , 2 7 5  f e e t  (690 m) (Brown,  
1939) ,  p .  7 1 8 ) o f  c o a r s e ,  m e d i u m ,  and  f i n e - g r a i n e d  a r k o s e ,  s a n d s t o n e ,  
s i l t s t o n e ,  a n d  s h a l e ,  w i t h  a f ew  t h i n  b e d s  of  c o n g l o m e r a t e  a n d  a r g i l l a -  
c e o u s  l i m e s t o n e .  The u s u a l  a b s e n c e  of  v o l c a n i c  d e b r i s  and  t he  d r a b -  
g r a y ,  b l a c k ,  g r e e n - g r a y ,  and  bu f f  c o l o r s  s e r v e  to  d i s t i n g u i s h  t h i s  f o r m a -  
t i o n  from the  more b r i l l i a n t l y  c o l o r e d ,  v o l c a n i c a l l y - d e r i v e d  R e c r e a t i o n  
R e d b e d s .  

The two  f o r m a t i o n s ,  R e c r e a t i o n  R e d b e d s  and  Amole A r k o s e ,  r e -  
co rd  s t r o n g l y  c o n t r a s t i n g  e n v i r o n m e n t s  of  d e p o s i t i o n - - t h e  r ed  b e d s  r e c o r d  
e x t e n s i v e  c h a n n e l e d  mud f l a t s ,  p e r h a p s  f r e q u e n t l y  i n u n d a t e d ,  t h a t  r e -  
c e i v e d  d r a i n a g e  and  o c c a s i o n a l  ho t  (?) a v a l a n c h e s  f rom an  a d j a c e n t  v o l -  
c a n i c  h i g h l a n d ;  t h e  a r k o s e  r e c o r d s  a n  a l l u v i a l  f l ood  p l a i n  t h a t  r e c e i v e d  
s e d i m e n t s  l a r g e l y  f rom g r a n i t i c  s o u r c e s  and  h a d  m a n y  l o c a l  p o n d s  a n d  
m a r s h e s  in  w h i c h  l imy  muds  and  b l a c k  m u d s  a c c u m u l a t e d .  

Silver Lily Dikes 

The distribution of the Silver Lily dikes of Brown (1939) in the 
map area is shown on the formation map (Fig. 3). The dike material was 
tentatively identified by Brown as quartz latite porphyry. The porphyry 
appears to have filled irregular fissures. Most of the fissures opened 
immediately south of the Mam-a-gah fault zone, yet the dikes do not 
occupy the zone itself. As shown many years ago by Hans C1oos (1939), 
shears usually make poor channels for viscous fluids. 

East of the map area, the Silver Lily dikes transect at least part 
of the Campanian-Mae strichtian Cat Mountain Rhyolite. We consider the 
dikes to be Maestrichtian, but inthe absence of radiometric dates a Pale- 
ocene, or even a mid-Tertiary, age cannot be precluded. 
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S [ ruc tu r a l  G e o l o g y  

S t r u c t u r a l  Setting 

The majo r  s t r u c t u r a l  e l e m e n t s  of  the  map a r e a  ~ i g .  3) a re :  (!) 
t he  v o l c a n i c a l l y  d e r i v e d  core  of  R e c r e a t i o n  R e d b e d s  and v a r i o u s  i n t r u -  
s i o n s  in  the  Red H i l l s ,  G a p ,  and  P i e d m a n t i t e  H i l l s ,  (2) t he  p r e - C r e t a -  
c e o u s  e r o s i o n  su r f ace  fo rmed  by  r e m o v a l  of the  u p p e r  p a ~  of t h i s  co re  
a n d  a p o ~ i o n  of w h i c h  i s  n o w  the  E a s t e r n  f au l t  ~ (3] the  t h i c k  m 9 n t l e  of 
Amole Arkose  w h i c h  w a s  deposited on the  e r o s i o n  s u r f a c e  and  now l i e s  
on either side of the uplifted core, {4) the east-trending Mam-a-gah 
fault zone which separates an intruded and greatly upheaved terrain on 
the north from downfau|ted Amole Arkose on the south, and (5} the Silver 
Li ly  d ike  swarm i m m e d i a t e I y  s o u t h  of  and  p a r a l l e l  to  t he  M a m - a - g a h  
zone. 

W i t h i n  t he  v o l c a n i c  co re  and  t he  Amole m a n t l e ,  t he  f a b r i c  e ! e -  
m e n t s  t h a t  we h a v e  m e a s u r e d  a re  s t r a t i f i c a t i o n  and  p l a n a r  f low l a y e r s ,  
c l e a v a g e ,  m o s t l y  g e n t l y  d i p p i n g ,  s t r i a t e d  s u r f a c e s ,  and  f a u l t s .  

S t r a t i f i c a t i o n  and  F low L a y e r s  in  t he  VoLcanic  Core 

M e a s u r e m e n t s  of  the  a t t i t u d e s  o f  s t r a t i f i c a t i o n  a n d  p l a n a r  f low 
s t r u c t u r e  are  p l o t t e d  (Fig.  4) ,  and  t he  p o l e s  to  s t r a t a  in  t he  p r e - C r e t a -  
c e o u s  core  are s h o w n  on  s t e r e o n e t s  (Fig.  S]. M o d a l  b e d d i n g  o r i e n t a t i o n s  
for  the  P i e d m a n t i t e  H i l l s ,  G a p ,  a n d  Red H i l l s  are  N 20 ° E, 20 ° SE; N 42 ° 
W ,  22 ° NE; and  N 58 ° W ,  22 ° NE, r e s p e c t i v e l y .  F i g u r e s  4 and  5, t o -  
g e t h e r  w i t h  s e c t i o n  A-A' (Fig .  8) and  the  p r o f i l e s  (Fig .  7} g ive  t he  im-  
p r e s s i o n  of  a n o r t h - n o r t h w e s t - t r e n d i n g ,  d o u b l y  p l u n g i n g  a n t i c l i n e ,  or 
d o m e ,  in the  pre-Cretaceous r o c k s .  For e x a m p l e ,  the  s t e r e o g r a p h i c  p lo t  
of po~es  to  b e d d i n g  for the  P i e d m o n t i t e  H i l l s  r e v e a l s  a g r e a t - c i r c I e  d i s -  
t r i b u t i o n  c o r r e s p o n d i n g  to fo Id ing  a b o u t  a n  a x i s  p l u n g i n g  27 ° S 32 ° E. 
The c u l m i n a t i o n  of  the  i n f e r r e d  dome (Fig .  6} is  in t he  Gap  i m m e d i a t e l y  
b e y o n d  the  n o r t h e r n  e n d  o f  the  i n t r u s i v e  c o m p l e x .  

i n e  f a c t  t h a t  R e c r e a t i o n  ~edDeds  s t r a t a  l o c a l l y  a p p e a r  as  t h o u g h  
molded  to  the  form of  the  i n t r u s i v e  c o m p l e x  (Fig.  4 ,  ] ,  P - ! 4 ,  ]7)  s u g -  
g e s t s  t h a t  the  i n t ~ a s i o n s  might  h a v e  f o r c e d  a s i d e  the  s t r a t a  and  t h a t  t h e r e -  
fore a t  l e a s t  pa r t  of the  co re  s t r u c t u r e  migh t  be  of  ] u r a s s i c  a g e ,  M o r e o v e r ,  
a t  n u m e r o u s  p l a c e s  w h e r e  R e c r e a t i o n  s t r a t a  mee t  the  R e c r e a t i o n - A r e o l a  
c o n t a c t  a t  a l a rge  a n g l e  (Fig .  4}, the  core  s t r u c t u r e  is  o b v i o u s l y  p r e -  
Amole .  A p p a r e n t ! y ,  e m p l a c e m e n t  of  t he  i n t r u s i v e  c o m p l e x  and  i n i t i a l  d e -  
f o r m a t i o n  af  the  R e c r e a t i o n  R e d b e d s  c o u l d  w e l l  h a v e  b e e n  j u r a s s i c  e v e n t s .  

The p o s t - A m o ! e  i n t r u s i v e  t u f f  m u s t  h a v e  e n c o u n t e r e d  a s t r u c t u r e  
c r e a t e d  long  be fo re  a n d  h a v e  b e e n  e m p l a c e d  w i t h o u t  d e s t r o y i n g  t he  o ld  
a.wangement. The northernmost large mass of tuff in the Piedmontite Hills 
(Fig.  3, O,  R-2O, 23) is a s i l l - l i k e  or  t a c c o l i t h l i k e  i n t r u s i o n ,  g e n e r a l l y  
c o n f o r m a b l e  w i t h  t he  b e d d i n g  of  the  f r a g m e n t a l  v o l c a n i c s ,  bu t  l o c a l l y  
crosscutting. The same appears to be true of the other sizable mass of 
tuff in these hills (Fig. 3, T, u-ze, 30} and the one in the big wash to 
the southeast (Fig, 3, V, Y-29, 92). A few tuff dikes and other steep- 
sided apophyses seem to be examples of the feeders of the larger, mpstly 
concordant infusions. 

Although the tuff insertions along stratification of the volcanic 
rocks obviously did not cause the overall structure of the Piedmontite 
Hills, they must have modified it. Emplacement of the tuff, of which we 
may now see  o n l y  a = o r t i o n ,  s u r e l y  t h i c k e n e d  the  s t r a t i g r a p h i c  s e c t i o n .  
I n d e e d ,  Gui ]d  (1935)  c o n s i d e r e d  t he  e m p l a c e m e n t  of  t h i s  r o c k ,  w h i c h  he  
c a l l e d  f e l s i t e ,  to be the  c a u s e  of  the  u p l i f t  of  t h e s e  h i l l s .  
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C o n t a c t  b e t w e e n  R e c r e a t i o n  R e d b e d s  
a n d  Amoie Arkose  

At no p l a c e  in t h i s  a r e a  i s  t h e  b a s e  of  t he  R e c r e a t i o n  R e d b e d s  
e x p o s e d ,  hu t  the  c o n t a c t  b e t w e e n  red  b e d s  and  a r k o s e  c a n  be  s t u d i e d  in 
t h e  map a r e a .  P e r h a p s  t he  b e s t  e x p o s u r e s  of  t h i s  s u r f a c e  are  in  t he  w a l I s  
of  a w-zsh at  Y-27 {Fig~ 3}. There  t he  c o n t a c t  a p p e a r s  to  be  a d i s c o n f o r m -  
i t y ,  or a t  mos t  an  a n g u l a r  u n c o n f o r m i t y  w i t h  v e r y  s l i g h t  a n g u l a r  d i s c o r -  
d a n c e .  M o r e o v e r ,  a r ed  l a y e r ,  p e r h a p s  t w o  m e t e r s  t h i c k ,  is  i n t e r b e d d e d  
w i t h  the  a r k o s e  a t  t h i s  p l a c e .  

B e c a u s e  of  t he  a b o v e  r e l a t i o n s ,  i t  w a s  o n c e  a s s u m e d  t he  r e d -  
b e d s  d e p o s i t i o n  p r o g r e s s e d  w i t h  no g r e a t  t ime  l a p s e  i n to  Amole s e d i m e n -  
t a t i o n .  H o w e v e r ,  in  v i e w  of  t he  c o n s i d e r a b l e  age  d i f f e r e n c e - - T r i a s s i c ( ? )  
and  Ear ly (? )  C r e t a c e o u s - - o f  t he  two  f o r m a t i o n s ,  t he  a b o v e  i n t e r p r e t a t i o n  
i s  no t  t e n a b l e .  A p p a r e n t l y ,  a t  t he  o n s e t  of  Amole d e p o s i t i o n ,  some p a r t s  
of the  R e c r e a t i o n  R e d b e d s  were  e r o d e d  and  the  r e s u l t i n g  red  d e b r i s  w a s  
d e p o s i t e d  on  the  b a s a l  Amole s t r a t u m .  

C o n f i r m a t i o n  of t h i s  r e v i s e d  i n t e r p r e t a t i o n  i s  p r e s e n t  at  U ,  V - 2 2 ,  
23 (F igs .  3, 4) w h e r e  the  b a s e  of  the  Amole .~-kose is  s e e n  to  t u r n  w e s t -  
w a r d ,  t r u n c a t i n g  R e c r e a t i o n  s t r a t a  a t  l a rge  a n g l e s .  A p p a r e n t I y  t he  Amoie 
w a s  d e p o s i t e d  on  a s u r f a c e  w i t h  c o n s i d e r a b l e  r e l i e f ,  s u p e r i m p o s e d  on  
p r e v i o u s l y  d i s t u r b e d  red  b e d s ~  E r o s i o n  o f  p re - /~male  h i l l s  c o u l d  h a v e  
r e a d i l y  s u p p l i e d  t h e  red  d e b r i s  i n t e r b e d d e d  w i t h  t he  b a s a l  Amole s t r a t a .  

On the  n o r t h e a s t  s i de  ,of the  P i e d m o n t i t e  H i ! I s ,  t he  u n c o n f o r m i t y  
b e t w e e n  the  ~ e c r e a t i o n  R e d b e d s  and  the  Areola ,~zkose i s  additiona~_ly a 
m o v e m e n t  s u r f a c e ,  n a m e d  by C o l b y  (!958)  t h e  E a s t e r n  f a u l t .  Tha t  t h i s  is 
i n d e e d  a f a u l t  s e e m s  a b u n d a n t l y  a t t e s t e d  by  t he  i n t e n s e  s h e a r i n g  a n d  a l -  
t e r a t i o n  a}ong i t ;  y e t  t h i s  b o u n d a r y  i s  a s u r p r i s i n g  f e a t u r e .  In  t he  n o r t h -  
e rn  part of its trace the Eastern fault is reasonably straight, steep, nor- 
mal, east side down, but at D, E-~_6, ]7 (Fig. 3] this trace becomes 
very strongly cur-v-ed. Farther south the fault trace is locally strongly 
cur-vilinear, and the fault becomes a steep upthrust (Fig. 3, E-9, F, G]. 

S u c h  i r r e g u l a r i t y  of  t he  t r a c e  of  t h i s  s t e e p  s t r u c t u r e  is  enigma_t ic ,  
bu t  it c a n  be u n d e r s t o o d  i f ,  a s  a l r e a d y  n o t i c e d ,  t he  p r e - A m o ! e  e r o s i o n  
s u r f a c e  had  c o n s i d e r a b l e  r e l i e f .  I f  s u c h  an  i n : e g u l a r  s u r f a c e  w e r e  t i l t e d  
s t e e p l y  e a s t w a r d ,  the  h i l l s  or r i d g e s  on t he  o ld  e r o s i o n  s u r f a c e  s h o u l d  
n o w  be e x p r e s s e d  in  p l a n  as  e a s t w a r d l y  c o n v e x  " b u l g e s "  in  t he  t r a c e  of  
t h e  E a s t e r n  f a u l t .  The p r o - C r e t a c e o u s  v a l l e y s ,  on  t he  c o n t r a r y ,  s h o u l d  
a p p e a r  as  e a s t w a r d l y  c o n c a v e  " s a d d l e s "  b e t w e e n  t he  b u l g e s .  Th i s  a c -  
c o r d s  w i t h  o b s e r v a t i o n s .  

If  t h e  a b o v e  i s  no t  id le  s p e c u l a t i o n ,  t h e n  t he  m o d e r a t e l y  t i l t e d  
u n c o n f o r m i t y  on the  s o u t h w e s t  s i d e  of  t he  P i e d m o n t i t e  H i l l s  and  the  s t e e p ,  
or  e v e n  o v e r t u r n e d ,  E a s t e r n  f a u l t  on  t he  n o r t h e a s t  s i d e  are  one  and  t he  
s a m e .  A c c o r d i n g l y ,  in  p r o f i l e ,  t he  form of t he  R e c r e a t i o n - A r e o l a  c o n t a c t  
wou~_d be an  i r r e g u l a r  a r c h ,  s t r o n g l y  a s y m m e t r i c a l  and  l o c a l l y  o v e r t u r n e d  
t o w a r d  t he  n o r t h e a s t  {Fig. 7 ) .  The E a s t e r n  f a u l t  s h o u l d  f l a t t e n  n o r t h e a s t -  
ward  a t  d e p t h .  

D e f o r m a t i o n  of  S t r a t a  in  t he  Areola Arkose  

The structure of the Cretaceous mantle of the volcanic core is 
s u r p r i s i n g l y  c o m p l i c a t e d  (Fig .  4 ) .  T r e e ,  t he  Amole c o v e r  to  t he  s o u t h -  
w e s t ,  so  far  as  i t  is  e x p o s e d ,  is  s i m p l e ,  a s  i t  s h o u l d  be  i f  t he  a r k o s e  
w a s  d e p o s i t e d  on  an  e r o s i o n  s u r f a c e  t h a t  h a s  s i n c e  b e e n  o n ! y  m o d e r a t e l y  
t i l t e d .  Q u i t e  to  t h e  c o n t r a r y ,  the  Amole  M k o s e  n o r t h e a s t  o f  t he  core  i s  

c o m p l e x l y  d e f o r m e d .  In th~ s o u t h e a s t ,  t h e  g e n e r a l  t r e n d  of  Areola s t r a t a  
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is about north-northwest, roughly parallel to the trace of the Eastern 
fault; but this trend becomes increasingly deflected if followed northward 
toward the Mam-a-gah fault zone. So followed, the strata are seen to 
bend westward to parallel the zone (Fig. 4, A, D-15, 18). This observa- 
tion has suggested to some that movement on the Mam-a-gah was mostly 
left-lateral strike-slip. However, a study of the Mam-a-gah fault zone 
disclosed only one left-lateral offset which amounted to as much as 18 
inches, and even that was not demonstrably a result of strike-slip move- 
ment. 

With approach from the south to a large, east-trending normal 
fault, which dips southward, there are four possibilities for changing the 
trend of strata in the hanging wall. Assume that the pre-faulting trend of 
the strata was north-northwest and the dip of the strata was eastward. 
If the hanging wall tilts or slumps toward the fault plane, the strata with 
approach to the fault should turn westward. West-dipping strata, on the 
contrary, should turn eastward (Fig. 4, A, B-29, 31). 

If, instead of tilting or slumping toward the fault plane, the 
hanging-wall strata are dragged upward along the fault, the opposite of 
the above will happen, i.e., east-dipping beds will turn eastward, west- 
dipping ones westward. Study of Figure 4 seems to suggest that tilting 
of the hanging walltoward the Mam-a-gah zone was more important than 
"normal" drag on the faults. A further complication is the presence, 
south of the Mare-a-gab zone, of at least one broad, south-plunging 
syncline (Fig. 4, D, Q-26, 32) with minor anticlines and synclines with- 
in it. Some changes of trend merely express the trough of this syncline. 

In view of the above and of the apparent lack of evidence for 
appreciable strike-slip displacement in the Mam-a-gah fault zone, gen- 
eration of the structure in the northern part of the Amole mostly by nor- 
mal faulting under tension appears to be an attractive possibility. The 
presence of the fissure-filling Silver Lily dike swarm appears to strength- 
en the case for tension. 

A peculiar feature of Amole structure northeast of the volcanic 
core is the presence, opposite the Gap with its Jurassic(?) Culmination, 
of a broad area of Amole Arkose with gentle dips, confused strikes, and 
openfolds,whichplunge in several directions (Fig. 4, E, L-17, 23). 
There, perhaps, a broad, irregular cross warp or ridge in the hidden Tri- 
assic(?) floor extends eastward beneath the Amole cover. If so, the con- 
fused but mild structure may be largely the result of differential compac- 
tion above an uneven floor. 

Southeast of the Gap, beginning at the "picnic area dike" (Fig. 
4, L-20, 25), the Amole trend becomes more uniform and rather tight 
anticlines and syncllnes appear. In this area also, the Eastern fault 
changes trend from S 30 ° E to S 60 ° E, whereas the Amole Arkose under- 
goes no corresponding change of trend. Instead, the arkose appears to 
have been lifted and forced aside to make room for the transgressing core 
(see Fig. 14, profiles 5, 6, 7). Southeast of the second abrupt turn in 
the trace of the Eastern fault (Fig. 4, Q, R-27, 31; Fig. 14, profile 8), 
the Amole strata are intensely squeezed and sheared and fold hinges are 
difficult to locate. Apparently, as the core transgresses ever more east- 
ward, the Amole Arkose becomes the more strongly compressed. As these 
changes take place, the Eastern fault changes from a steep normal fault 
to a steep upthrust. Furthermore, in this southeastern area, the volcanic 
core contains the largest and most abundant insertions of intrusive tuff 
and has presumably been dilated the most. Guild's (1935) suggestion that 
emplacement of the tuff caused the uplift appears to have merit. 
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C l e a v a g e  

A ~ teep  c l e a v a g e  i s  p r e s e n t  a l m o s t  e v e r / w h e r e  ~_n t he  p r e - C r e -  
t a c e o u s  c o r e ,  i n c l u d i n g  e v e n  t he  U p p e r  C r e t a c e o u s ( ? )  i n t r u s i v e  t u f f  and,  
as e x p e c t e d ,  a t  some p l a c e s  in t he  Amole Arkose  (Fig .  8) .  In the  c o a r s e r  
g r a i n e d  f r a g m e n t a l  v o l c a n i c s ,  t h i s  s t r u c t u r e  e l e m e n t  h a s  t he  a p p e a r a n c e  

of fracture cleavage,  hut in the finer grained siltstones and mudstones it 
exhibits some of the characteristics of fl0w cleavage.  At H-] 2 (Fig. 8) 
and at .-.any nearby places,  small calcareous concretions in red siltstones 
are somewhat flattened in the plane of cleavage and slightly elongated 
p a r a l l e l  to  the  d i p ,  w h i c h  is  a l m o s t  v e r t i c a l .  Th i s  s u g g e s t s  t h a t  w h e n  
the  c l e a v a g e  fo rmed  t h e  r o c k s  we re  s h o r t e n i n g  p e r p e n d i c u l a r  to  t he  c l e a v -  
age  p l a n e  and  e l o n g a t i n g  n e a r l y  v e r t i c a l l y .  The a m o u n t  of  h o r i z o n t a l  
s h o r t e n i n g  and  v e r t i c a l  e l o n g a t i o n ,  h o w e v e r ,  s e e m s  to h a v e  b e e n  m o d e s t .  
The f i n e - g r a i n e d  r o c k s  are by  no  m e a n s  s l a t e s ,  and  t he  c l e a v a g e  b a r e l y  
a p p r o a c h e s  t he  p e r f e c t i o n  of  s l a t y  c ! e a v a g e .  

B o n n e y  (1884) w a s  p r o b a b l y  f i r s t  to  p o i n t  ou t  s t r u c t u r e s  in  l a m -  
i n a t e d  s l a t e s  t h a t  d e f i n i t e l y  s u g g e s t  t h a t  f l u i d s  and  m i n e r a l  g r a i n s  
streamed upward as flow cleavage formed. The cleavage planes were 
flow planes. Hills (]963, Fig. X-16, p. 300] illustrated some of these 
structures, which he termed "festooned bedding. " Nothing of the sort 
has yet been found in the Red Hills or Piedmontite Hills, probably be- 
cause most of the fine-grained red rocks are not laminated. Further evi- 
dence cf upward f~ow of fluids and mineral grains at the time of forma- 
tion of flow cleavage was presented by Braddock (]970) and by Maxwell 
(1962) .  T h e s e  a u t h o r s  e m p h a s i z e d  t h a t  f low c l e a v a g e  i s  a r e c o r d  of  u p -  
ward  l a m i n a r  f low.  

An a~_most i d e n t i c a i  v i e w p o i n t  w a s  t a k e n  by  Ki r iHova  [ I 9 5 5 ) ,  
who  s u g g e s t e d  t h a t  c o m p r e s s i o n  a t  r i g h t  a n g l e s  to  c l e a v a g e  migh t  r e s u l t  
from r e h y d r a t i o n  of  c l a y  m i n e r a l s ,  e s p e c i a l l y  m o n t m o r i l l o n i t e ,  by  f l u i d s  
d r i v e n  up ~ o m  d e p t h  by  i n c r e a s i n g  t e m p e r a t u r e  a n d  r e s u l t i n g  m e t a m o r -  
p h i s m ,  The d i r e c t i o n  of  c o m p r e s s i o n  would  be  d e t e r m i n e d  b y  t he  p r e s e n c e  
and  the  a t t i t u d e s  of  " c o n s t r a i n t s , "  s u c h  as  r e s i s t a n t  b e d s . . ~ ,  i m p o r t a n t  
~o in t  f a v o r e d  by  some  R u s s i a n  g e o l o g i s t s  { B e l o u s s o v , I 9 6 2 )  is  t h a t  c o m -  
p r e s s i o n  is no t  a p p l i e d  to  a s e d i m e n t - f i l l e d  t r o u g h  from the  o u t s i d e  but  
i s  g e n e r a t e d  w i t h i n  t he  t r o u g h  i t s e l f .  

The o b s e r v a t i o n  t h a t  c l e a v a g e  is  p r e s e n t  no t  o n l y  in t he  p r e -  
Cretaceous volcanic core but also in the Lower(?) Cretaceous Amo!e 
lrkose as well as in the Upper Cretaceous(?) intrusive tuff points to a 
Laramide, or possibly mid-Tertiary, age of the cleavage. At present,  
a s s i g n m e n t  to t he  La ramide  s e e m s  r e a s o n a b l e .  

The cleavage trend averages about north-northwest in complete 
disregard of most attitudes of stratification in the core (Fig. 8; compare 
F i g s .  5A, 2A). The a v e r a g e  o r i e n t a t i o n  of  the  c l e a v a g e  in r o c k s  in the  
P i e d m o n t i t e  H i l l s  is  N 20 ° W ,  80 ° NE (Fig .  9A). In  t he  Red H i l l s ,  t he  
c l e a v a g e  s t r i k e s  N 44 ° ~,,~ and  d i p s  85 ° NE (Fig .  9B}. The c l e a v a g e  a p -  
p e a r s  to  be  a p p r o x i m a t e l y  p a r a l l e l  to  the  a x i s  of the  I u r a s s i c ( ? )  d o u b l y  
p l u n g i n g  a n t i c l i n e  (F igs .  4,  8 ) . . A n  e x c e p t i o n  is  in  t he  n o ~ h w e s t  c o r n e r  
of  the  map (Fig.  8) w h e r e  t he  c l e a v a g e  i s  s e e n  to  tu rn  w e s t w a r d ,  t h e n  
n o r t h w a r d  a round  the  La ramide  (Damon ,  t967} g r a n i t e  a s  t h o u g h  f o r c e d  
a s i d e  or a s  t h o u g h  m o l d e d  b y  c o m p r e s s i o n  to t he  form of  t he  g r a n i t e .  
South  of t he  s o u t h e r n m o s t  S i l v e r  Li ly  d ike  (Fig.  8 ,  V, "vV-22, 32;  F ig .  4,  
V, ~V-22,  32) ,  t he  c l e a v a g e  c o n t i n u e s  w i t h  d i r e c t i o n  u n c h a n g e d  a c r o s s  
s t r o n g l y  d i s t u r b e d  s t r a t a .  The d i s t u r b a n c e s  s e e m  o l d e r  t h a n  t he  c l e a v a g e  
and  migh t  be J u r a s s i c  in  a g e .  

A p p a r e n t l y ,  t he  c l e a v a g e  e x p r e s s e s  a L a r a m i d e  {or m id -Te r t i a<~  ?) 
r e a c t i v a t i o n  of t he  J u r a s s i c ( ? ]  n o r t h - n o r t h w e s t - t r e n d i n g  a n t i c l i n e .  
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S t r i a t e d  S u r f a c e s  

F l a t  to  m o d e r a t e l y  d i p p i n g  f r a c t u r e s ,  s l i c k e n s i d e d  and  e n g r a v e d  
w i t h  s t r i a e  (Fig .  10) ,  are  e x t r e m e l y  a b u n d a n t  in  t h e  P i e d m o n t i t e  H i l l s ,  
more s p a r i n g l y  d e v e l o p e d  in  t he  Red H i l l s ,  and  e v e n  more so  in t he  G a p  
a n d  the  Amole  Arkose  (Fig .  11) .  The s u r f a c e s  s t r i k e  and  d ip  in  a v a r i e t y  
of  d i r e c t i o n s .  F r e q u e n t l y ,  bu t  b y  no m e a n s  a l w a y s ,  t h e y  c o i n c i d e  w i t h  
s t r a t i f i c a t i o n .  In  m a r k e d  c o n t r a s t  to  s t r i k e s  a n d  d i p s ,  t h e  t r e n d s  of  s t r i a e  
a re  r e m a r k a b l y  u n i f o r m  and  t h e  s t r i a e  p l u n g e  m o s t l y  n o r t h e a s t  bu t  a l s o  
s o u t h w e s t  (Fig .  12) .  T h e s e  e l e m e n t s  are  p r e s e n t  e v e n  in  t he  i n t r u s i v e  
tuff, so that a Laramide age is again suggested. 

Similar surfaces, present along the intrusive contact of the 
Museum andeslte porphyry, are known (Mayo, 1961) to be small thrusts 
that might have helped to provide space for the porphyry. Displacements 
on these little thrusts range from a fraction of an inch to perhaps as much 
as 3 inches. Throughout the mapped area in general, however, exposures 
that reveal direction and amount of movement on the sllckensldes are 
very rare. The few that we have been able to find suggest that these dis- 
placements are all flat to moderately dipping normal faults wlth slips 
measurable in inches. 

S e v e r a l  p o s s i b l e  t h e o r i e s  b e a r  o n  the  o r i g i n  of  t he  s u r f a c e s .  

1 .  P e r h a p s  t h e  L a r a m i d e  (or m i d - T e r t i a r y  ?) u p l i f t  of  t he  v o l c a n i c  
co re  w a s  a c c o m p l i s h e d  b y  f l e x u r a l  s l i p  f o l d i n g .  The o b s e r v a t i o n  t h a t  
m a n y  s l i c k e n s i d e d  s u r f a c e s  are  p a r a l l e l  to  b e d d i n g  w o u l d  s e e m  to  s u p -  
p o r t  t h i s  i d e a .  The s u r f a c e s  f u n c t i o n e d  to  t r a n s p o r t  h i g h e r  s t r a t a  o v e r  
l o w e r  o n e s  in  t h e  d i r e c t i o n  of  t h e  c r e s t  of  the  d o u b l y  p l u n g i n g  a n t i c l i n e .  
The r a t h e r  u n i f o r m  n o r t h e a s t  and  s o u t h w e s t  p l u n g e s  of  t h e  s t r i a e  n e g a t e  
t h i s  t h e o r y .  No s t r i a e  p l u n g e  e i t h e r n o r t h w e s t  or s o u t h e a s t  o f f  t he  e n d s  
of  t h e  s t r u c t u r e .  A l s o ,  a c c o r d i n g  to  t h i s  i d e a ,  a l l  s l i c k e n s i d e d  s u r f a c e s  
s h o u l d  be  t h r u s t s ,  w h i c h  s e e m s  no t  to  be  t h e  c a s e .  

2. If there still are geologists who accept the concept of a great 
"Tucson Mountain overthrust" that traveled across these mountains from 
southwest to northeast, they might suggest that the slickensides formed 
as a drag, or frictional effect, beneath the overthrust as it moved across 
the autochthon. In this case, the surfaces should be most abundant and 
most strongly developed in the upper part of the Amole Arkose which was 
closest to the overriding thrust sheet. As a matter of observation the 
surfaces are most numerous deep in the pre-Cretaceous part of the au- 
tochthon. Moreover, if the surfaces were engendered as suggested above, 
all southwest-dlpping ones should be small thrusts, northeast-dipping 
ones should be normal faults. This does not accord with our observations. 

3. Perhaps, as the pre-Cretaceous core rose, its Cretaceous 
mantle slld off to the northeast and southwest. The striated surfaces 
might then be shears resulting from frictional drag along the Recreation- 
Amole contact. In this case, all of the slickensldes should occur on nor- 
mal faults--just as our data suggest. But this hypothesis cannot be ac- 
cepted either because, if true, the striated surfaces should be mostly 
restricted to the immediate vicinity of the Eastern fault and of the uncon- 
formity on the southwest side of the core (Fig. II). The mapping did not 
reveal such a distribution. Furthermore, one might in this case expect 
the striae near the Eastern fault to plunge more steeply than any that we 
have measured. Apparently, the striated surfaces were not engendered 
by sliding of the Amole cover off the rising core. 

4. Similar surfaces, although probably more extensive than these, 
were first reported from the granite massif of Striegau-Zobten in Silesia 
by Hans Cloos (1922), who explained them as results of stretching in the 



Eigure lO.  Photograph  of s t r i a t ed  s u r f a c e s .  
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arching uppermost shell of the rising, consolidating granite. Although 
strikes and dips of the surfaces varied widely, trends of striae were 
much more uniform and lay in the direction of somewhat older stretching, 
formed during a hotter plastic stage of the rising massif. Cloos called 
these striated surfaces Strekflachen (stretching surfaces). 

The similarities between the surfaces in Silesia and those in 
the area mapped by us suggest to us that the striated surfaces in these 
hills served the same mechanical function as the stretching surfaces in 
the Silesian granite. Accordingly, in Laramide (or mid-Tertiary ?) time, 
on the site of an earlier, Jurassic(?) doubly plunging dome, the volcanic 
floor, beneath its thick Cretaceous cover, began to swell and to rise as 
an elongate, north-northwest-trending welt. In earlier stages, the up- 
lift was to some extent accomplished under moderate compression by 
shear and flow on axial plane cleavage. As the core rose to a higher 
cooler level, the top arched and was extended by shearing on stretching 
surfaces. A dynamic relationship between arching of the strata and the 
development of stretching surfaces and striations is clearly supported by 
the stereographically plotted fabric elements for the Piedmontite Hills. 
Poles to bedding (Pig. 5) and poles to stretching surfaces Big. 12A) de- 
fine common great circles and common ~r-axes of rotation (or in the case 
of the stretching surfaces, apparent rotation) (Fig. 12B). The modal ori- 
entation of striations in the Piedmontite Hills is 18 ° N 52 ° E (Fig. 12B). 
Significantly, the modal striation orientation and the orientations of the 
7r-axes are mutually perpendicular (Fig. 13). 

Faults in the Volcanic Core 

The f a u l t s  mapped  in the  v o l c a n i c  core  (Fig.  3) a r e ,  w i t h  l i t t l e  
d o u b t ,  on ly  a f r a c t i o n  of  t h o s e  t h a t  e x i s t  t h e r e .  The t r e n d s  are :  n o r t h -  
w e s t  to  n o r t h - n o r t h w e s t ,  abou t  p a r a l l e l  to the  a x e s  of  the  J u r a s s i c ( ? )  and  
L a r a m i d e ,  or m i d - T e r t i a r y ( ? ) u p l i f t s ;  n o r t h e a s t  or e a s t - n o r t h e a s t ,  p a r a l l e l  
to  the  p o s t u l a t e d  J u r a s s i c ( ? )  c r o s s  warp ;  and  n o r t h - s o u t h  or s l i g h t l y  e a s t  
of  nor th  and n e a r l y  e a s t - w e s t ,  p a r a l l e l  to  the  S i lve r  Lily d i k e s .  All of  
t h e s e  f a u l t s  a p p e a r  to  be n o r m a l ,  or  g r a v i t y ,  d i s p l a c e m e n t s .  They s u g -  
g e s t  t h a t  at  some t ime(s )  dur ing  the  s t r u c t u r a l  h i s t o r y ,  t h i s  a r ea  h a s  b e e n  
u n d e r  t e n s i o n .  

The northwest-trending faults are oriented about perpendicular 
to the extension that caused the striated surfaces. Furthermore, one of 
these faults displaces intrusive tuff in the Piedmontite Hills (Fig. 3, P, 
Q-22, 23). Perhaps the northwesterly faults are Laramide, if not even 
younger. A north-south fault displaces a Silver Lily dike in the southern 
part of the Piedmontite Hills (Fig. 3, W, X-29), but a north-south quartz 
vein, some 2,000 feet to the west, does not cross the core boundary and 
enter the Amole Arkose. Apparently, meridional fractures were formed at 
times many millions of years apart. 

The n o r t h e a s t e r l y  f r a c t u r e s  have  n o w h e r e  b e e n  o b s e r v e d  to  d i s -  
p l a c e  the  p r e -Amole  u n c o n f o r m i t y  ( inc lud ing  the  E a s t e r n  f a u l t ) .  T h e r e -  
f o r e ,  t h e y  may be J u r a s s i c  in a g e .  On the  c o n t r a r y ,  f au l t s  w i t h  t h i s  
s ame  t r end  h a v e  b e e n  found  in the  Amole A r k o s e .  A d j u s t m e n t  in J u r a s s i c  
t ime  on n e a r l y  e a s t - w e s t  f au l t s  p r o b a b l y  a c c o u n t s  for some of  the  c o m -  
p l i c a t e d  s t r u c t u r e  s o u t h  of  the  s o u t h e r n m o s t  S i l v e r  Li ly  d i k e ,  but  a g a i n ,  
n e a r l y  e a s t - w e s t  f r a c t u r e s  are a l s o  p r e s e n t  in the  Amole A r k o s e .  The 
m o s t  r e a s o n a b l e  i n t e r p r e t a t i o n  may be  t h a t  the  p r i n c i p a l  f r ac tu re  d i r e c -  
t i o n s  were  e s t a b l i s h e d  e a r l y  and  the f au l t s  have  b e e n  r e a c t i v a t e d  from 
t ime to  t i m e .  

The faults appear to add considerably to the testimony of other 
structures in favor of overall tension. Moreover, they suggest that at 
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t he  l e v e l s  n o w  e x p o s e d  t e n s i o n  m ay  h a v e  p r e v a i l e d  s i n c e  M i d d l e  ~ u r a s s i c  
t i m e .  

Effects of Uplift on Adjacent Cover 

In profile, the Red Hills-Piedmontite Hills uplift resembles a 
tilted fault block (Fig. 7), and indeed it seems to be a deeply eroded, 
fault-block mountain. On the southwestern back slope, tilting of Amole 
strata might be the only expectable result of uplift, although at one 
place (Fig. 7, profile D-D; near southwest end) slump folds were formed. 
However, on the northeast steep faulted flank, Amole strata, unless 
firmly consolidated, might be expected to glide or slump off the uplift. 
The greater the amount of uplift, the greater should be the gliding ten- 
dency. Furthermore, as already mentioned, where a prominent hill or 
ridge existed on the pre-Amole surface, the Eastern fault should turn to 
form an eastward-convex bulge in the side of the volcanic core. The 
sides of the bulge should transect and turn, counterclockwise or clock- 
wise, the Amole strata, and in front of the bulge these strata should ap- 
pear to have been compressed as though to make room for the protuber- 
ance. 

No reliable estimate of the amount of core upheaval seems pos- 
sible, but judging from abundance and distribution of striated surfaces, 
the Piedmontite Hills, which incidentally are the site of most of the tuff 
intrusions, were uplifted most, the Red Hills less and the Gap perhaps 
least. 

There is, however, an alternative. If, during Laramide uplift, 
the striated surfaces were formed in an upper tensional shell of the vol- 
canic core and if subsequent erosion lowered the Red Hills more than the 
Piedmontite Hills and the Gap most of all, the resulting distribution of 
striated surfaces might be precisely what we now find and therefore no 
indication of relative uplift. 

In order to test the above alternatlves, eight structure profiles 
(I-1'--8-8', Pigs. 14, 15) were measured across the Eastern fault and 
adjacent Amole Arkose. Profile I-I' is at the northernmost place favor- 
able for making such a section and profile 8-8' is at the southernmost 
favorable locality. 

The d ip  o f  t h e  E a s t e r n  f a u l t  and  t h e  s h a p e s  of  f o l d s  in  t he  Amole 
Arkose  are  s h o w n  on  t h e  p r o f i l e s .  E x c e p t  in  t he  w e s t e r n  p a r t  of  p r o f i l e  
8 - 8 '  w h e r e  m u c h  t h i c k e n i n g  of  s t r a t a  h a s  t a k e n  p l a c e  o n  fo ld  h i n g e s ,  t h e  
p r i n c i p a l  f o ld  m e c h a n i s m  a p p e a r s  to  h a v e  b e e n  f l e x u r a l  f o l d i n g .  A x i a l -  
p l a n e  s l i p  h a s  b e e n  l o c a l  a n d  m i n o r  t h r o u g h o u t  m o s t  of  t h e  p r o f i l e s .  

To compare the eight measured profiles with one another and 
with the inferred relative uplift of the several parts of the volcanic core, 
the data have been assembled in Table I and some have been plotted on 
the graph accompanying Figure 15. To obtain the percent minimum ap- 
parent shortening, the shapes of the folds were sketched above and be- 
low the line of each profile, using the style suggested by the measured 
data. The length of a folded horizon was then measured, using a piece 
of string, and the percent minimum apparent shortening was calculated 
according to the equation 

Wo - W p  x 100 = % m i n i m u m  a p p a r e n t  s h o r t e n i n g ,  
Wo 

w h e r e  W o i s  t he  l e n g t h  o f  t h e  d e f o r m e d  h o r i z o n  a n d  Wp is  t he  p r e s e n t  
w i d t h  of  t he  b e l t  in  w h i c h  t h e  d e f o r m e d  h o r i z o n  w a s  m e a s u r e d .  
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Profile Nature of Inferred Relative 
No. Eastern Fault Style of Folding Uplift of Core 

M i n i m u m  
App are  nt  

S h o r t e n i n g  

] -l ' steep normal 

2-2' steep normal 

3-3'  steep normal 

4-4 '  upthrust 

5-5'  upthrust 
on s l ight  
bulge 

6-6' upthrust 
on moderate 
bulge 

7-7' upthrust 
on flank, 
moderate bulge 

8-8' upthrust 
on strong 
bulge 

"steps" with flat treads and steep, 
NE-facing risers 

broad, gentle, broken arch 

cascade folds 

cascade folds 

broad sync]ine on SW, appressed 
concentric folds on NE 

overturned concentric folds on SW 
appressed concentric folds on NE 

appressed concentric folds 

near-isoc]inal folds with pervasive 
s h e a r i n g  

moderate 

s 1 i g h t  

m o d e r a t e  

moderate 

moderate 

s t r o n g  

s t r o n g  

v e r y  s t r o n g  

1 1 ~  

57 

28% 

28% 

40% 

38% 

52~, 
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The map and graph (Fig. 15) r evea l  an obvious cor re la t ion  b e -  
tween the at t i tude and t race of the Eastern fault  and minimum apparent 
shor ten ing .  There a lso  seems to be a def ini te  corre la t ion be tween  mini-  
mum apparent shortening and inferred re la t ive  upl if t  (Table 1). The a l -  
te rnat ive  sugges t ion  that  d i f ferent ia l  e ros ion  control led  the present  d i s -  
t r ibution and number of p re sen t ly  exposed  s t r ia ted  su r f aces ,  which t he re -  
fore have nothing to do with r e l a t ive  upl i f t ,  is rendered untenable  by 
these  co r re l a t ions .  Likewise  the p o s s i b i l i t y  is prec luded that  the Eastern 
faul t  has merely dropped an a l ready folded Cre taceous  sequence  a long-  
s ide the vo l can i c  core .  We sugges t  that  the deformation in an ad jacent  
she l l  of Amole Arkose is an adjustment  to d i f fe ren t ia l  uplift  of the p re -  
Cre taceous  v o l c a n i c  f loor which had cons iderab le  r e l i e f .  

Tectonic History 

Based on our accumulated data, as we presently interpret them, 
the sequence of tectonic events at this locality might have been as fol- 
lows: 

I. In early Mesozoic time, possibly during the Triassic, this area 
was marginal to a region in which volcanism was in progress. Coarse 
clastic volcanic rocks were deposited there, perhaps largely as sub- 
aqueous avalanches, mud flows, or lahars. These deposits graded into 
and interfingered with finer detritus, now represented by red sandstone, 
siltstone, and mudstone. The finest grained materials probably once 
comprised extensive mud flats on which were eroded shallow but steep- 
walled channels which filled with coarse sand, gravel, and volcanic 
breccia. These deposits accumulated to a thickness probably no less 
than 3,000 feet (914 m). 

2. In late Middle Jurassic time, about 150 m.y. ago, there was 
emplaced in the detrital volcanics an intrusive complex consisting of 
andesite porphyry, andesite, and rhyolite (Fig. 3). At this time, perhaps, 
the older Mesozoic volcanic deposits were uplifted to form a north-north- 
west-trendlng, doubly plunging dome with a culmination immediately be- 
yond the north end of the intrusive complex. With some subsequent 
modification, most of the structure now revealed in the attitudes of strati- 
fication in the volcanic core may date from this time. 

3~ There fo l lowed an in terva l  of e ros ion ,  during which the r e l i e f  
resu l t ing  from Ju ras s i c  d is turbance was grea t ly  changed .  If a h i l l  or a 
mountain once marked the si te of the culminat ion ,  this  was e rased  and 
in its p lace  a v a l l e y  might have formed. The re l i e f  on this Upper Ju ras -  
s i c  (?) surface might have been severa l  hundreds of fee t  (tens of meters) .  

4. In Early(?) Cretaceous time, Amole deposition began. The pre- 
Cretaceous landscape became buried beneath at least 2,275 feet (690 m) 
of mostly arkosic sediments. There was some erosion of hills comprised 
of Recreation Redbeds, and the resulting red debris became interbedded 
in basaiAmole strata. Most of the Amole, however, seems to have been 
derived from granitic uplifts which had never made important contribu- 
tions to the red beds succession. 

5. During the Laramide (or perhaps the mid-Tertlary orogeny?), 
beneath the thick Amole mantle and on the site of the Jurassic dome, the 
pre-Cretaceous floor began to swell. Apparently, later stages of uplift 
were accomplished under tension, thus bringing about the tilted fault 
block character (Fig. 7). Much of this uplift was accomplished by dis- 
placement on the Eastern fault and an unknown but apparently lesser 
amount by sllp on cleavage and by flexing of strata. The extension re- 
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s u l t i n g  from u p - a r c h i n g  of  the  v o l c a n i c  co re  w a s  a c c o m m o d a t e d ,  a t  l e a s t  
in  p a ~ ,  by  " n o r m a l "  m o v e m e n t  on  the  s t r i a t e d  s u r f a c e s .  

Some a d j u s t m e n t  b e t w e e n  core  and  m a n t l e  is  nov,, r e c o r d e d  as  
f o l d s  in  a s h e l l  of the  m a n t l e  a d j a c e n t  to  t he  E a s t e r n  f a u l t .  Appa ren t  
s h o r t e n i n g  in t h i s  s h e l l  a p p e a r s  to  be  r e l a t e d  to  r e l a t i v e  upqif t  of  t he  
s e v e r a l  p a r t s  of the  co re  as  we l i  a s  to  r e l i e f  on t he  p r e - A m o t e  e r o s i o n  
s u r f a c e .  For  e x a m p l e ,  in  the  P i e d m o n t i t e  H i l l s ,  w h e r e  u p l i f t  h a s  b e e n  
greatest, apparent shortening of the Amole ,ackose has been greatest. 

At a b o u t  the  s a m e  t i m e ,  a p p a r e n t l y ,  as  the  a b o v e  u p l i f t ,  t h e  
r e g i o n  i m m e d i a t e l y  nor th  of  the  m a p p e d  a r e a ,  g r e a t l y  d i l a t e d  by  i n t r u s i v e  
m a g m a s ,  r o s e  s t r o n g l y ,  A d j u s t m e n t s  b e t w e e n  t h i s  p r o n o u n c e d  u p h e a v a l  
an~ the  Areola s e q u e n c e  to t he  s o u t h  a p p e a r  to  h a v e  b e e n  made  l a r g e l y  
in the  M a m - a - g a h  f a u l t  z o n e  w h e r e  m o s t  of  the  f a u l t s  a re  n o r m a l ,  s o u t h  
s ide  d o w n .  The r e a c t i o n  of t he  p o o r l y  c o n s o l i d a t e d  Areola s t r a t a  to t h e s e  
d i s p l a c e m e n t s  p r o b a b l y  a c c o u n t s  for  t he  c o n f u s e d  p a t t e r n  of t h e s e  l a y e r s  
a l o n g  and  n e a r  the  n o , b e r n  b o r d e r  of t he  m a p p e d  a r e a  (Fig .  4}. 

6.  P e r h a p s  the  l a t e s t  M e s o z o i c  t e c t o n i c  e v e n t  w a s  t he  o p e n i n g  of  
a swarm of  f i s s u r e s  s o u t h  of  and  p a r a l l e l  to  t he  M a r e - a - g a b  f a u l t  zone  
a n d  the  f i l l i n g  of  t h e s e  c r a c k s  w i t h  q u a r t z  l a t i t e  p o r p h y r y  (the S i l v e r  
Li ly  d i k e s ) .  

Conclusions 

At leve ls  p r e s e n t l y  e x p o s e d  our  o b s e r v a t i o n s  a~.most e x c l u s i v e -  
ly  s u p p o r t  the  t h e s i s  t h a t  t h i s  h a s ,  in  g e n e r a | ,  b e e n  a p l a c e  of  t e n s i o n ,  
u p l i f t ,  a n d  g r a v i t a t i o n a l  r e s p o n s e .  

C o m p r e s s i o n ,  a s  e x p r e s s e d  by s h o r t e n i n g  pe - rgend icu !a r  to  
c l e a v a g e ,  migh t  h a v e  c o n t r o l l e d  t he  d e f o r m a t i o n  a t  a d e e p e r  l e v e l  a t  t he  
b e g i n n i n g  of iLaramide u p l i f t ,  M i n i m u m  a p p a r e n t  s h o r t e n i n g ,  a s  we h a v e  
s e e n ,  i s  r e l a t e d  to  u p l i f t  of the  v o l c a n i c  core  and  p r o b a b l y  e x p r e s s e s  
bo th  s l u m p i n g  of f  t he  core  and  " s h o u l d e r i n g  a s i d e "  by  t he  c o r e .  Even  in 
an environment of overall tension, then, local c0mpressional effects can 
be generated. Rising masses have to win space; s~_umping units may be 
forced to spend their energy in crumpling. The presence of local struc- 
tures formed by c o m p r e s s i o n  is  no t  c o n c l u s i v e  e v i d e n c e  of  i n t e n s e  r e -  
g i o n a l  c o m p r e s s i o n .  

Following Guild's (!835) suggestion we infer that the cause of 
u p l i f t  w a s  the  e m p l a c e m e n t  of  i g n e o u s  i n t r u s i o n s  and  the  a c c o m p a n y i n g  
e f f e c t s  of  h e a t  and  f l u i d s .  
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