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Comparison of 1 inrament, f r a c t u r e  t r ace .  and J o i n t  o r  i r n t a t  i o n s  w i t h  da t  a f roi 
i n  southt-astert? United S t a t e s  shows a s i m i l a r i t v  of o r i e n t a t i o n s  on a l l  

and suggest  a formerly a c t i v e  pervas ive  s t r e s s  f i e l d .  Conversely, a d i sagree -  
n t  of f r;rcture t r a c e  o r  i e n t a i  ions  between t h e  Val les  and Ridge and A1 lt-ghenv P l a t e a u  

rovinces r a i s e s  guest  ions  concerning t h e  ngt- and mechanics of format ion of t h e s e  
f e a t u r e s .  Frac cures  on t h e  t h r e e  s~al t?s  inves t  i g a t r d  were r e l a t e d  gromzt r i c a l l y  : 1 inr.4 

and j o i n t s  werc p l r r t l l l r l  (domiunat peak a t  310°) and f r a c t u r e  t r i l ccs  were obliqul .  
o r i e ~ t t ~ d  u s  cr conjugate  set, about them. I 

4 

m.LI Fie ld  work was combined wi th  satellite imagery and photography t o  s tudy  t h e  
Tyrone - Pkrunt Union lineament i n  Blair and Huntingdon Counties,  c e n t r a l  Pennsylvania. 
Th i s  f e a t u r e ,  expressed as t h e  v a l l e y s  con ta in ing  t h e  L i t t l e  J u n i a t a  and J u n i a t a  River:  
t r a n s g t e s s c s  t h e  nose o f  t h e  southwest-plunging Ni t tany Ant ic l inor ium i n  t h e  western  
ext remity  of t h e  Valley ;~nd Ridge Province. F i e l d  data c o l l r c  t ion involved lliapping 
f a u l t s  and fo lds ;  o r i e n t a t i o n  and d e n s i t y  of j o i n t s ;  and t h e  th ickness ,  a t t i t u d e ,  and 

Tht* tt-chnigue of lineament enhancement crf LANDSA'S image d a t : ~  wi th  a d i g i t a l  
high-pass f i 1 t r r  was evaluated:  1 incauznts  mapped on c n t t ~ n c r d  and tmrnhanced i m g e s  
were "real" topcrgrapt~ic e x y r e s s i o n ~  and t h e i r  dominant or i e n t n t  ion was 310'. ----- 
I ?  k c ~  \\msh I%)rlntcr)  

LANDSAT iokrgr 

&a ? .~ : ' :eldi 

.)&ux r JIIS, SD S ) 1 9 5, 

-: : t3 :1 - : , :by  n!3v be w;bd j f i ~ ~ :  
f r a c t u r e  t r a c e s .  j o i n t s .  i w g a  e n b n c e -  
mcnt 

. 

I 

!B Swrr111v 0 1 m 1 i  tot lhra r-1) t- ?O k w r t v  Cbolt. lot thn prgl) I 

j u x t a p o s i t i o n  of s t r a t i g r a p h i c  u n i t s .  I t  was demonstrated t h a t  t h e  lineament is a zon 
of high f r a c t u r e  d e n s i t y  crossed by nuaerous s t r u c t u r a l  a n o m l i e s  and s t r a t i g r a p h i c  
o f f s e t s .  Increased j o i n t  d e n s i t y  and d i s r u p t  ion  of s t r u c t u r a l  e lements  ex tends  over  41 

zone approximately 3.2 km ( 2  miles)  wide. Bast? ruetal s u l f i d e  d e p o s i t s  aqd a t r a n s v e r s  
b u g u e r  anomaly suggest  ex tens ion  of t h e s e  mani fes ta t ions  tu Precambrian basement rock 1 . 

&C l a m  la. 11- Neu n, k U * - - r  
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An alignment of s t ream and r i v e r  v a l l e y s ,  wind and water  gaps, and t o n a l  
v a r i a t i o n s  on LANDSAT-1 imagery is apparent  f o r  approximately 150 km (90 miles) 
through c e n t r a l  Pennsylvania. Th i s  l i n e a r  f e a t u r e  , known a s  t h e  Tyrone-Mount 
Union lineament (Gold et al.  1974), extends  from t h e  Blue Ridge physiographic 
province northwestward a c r o s s  t h e  Appalachian Fold mountain b e l t  and i n t o  t h e  
Allegheny Pla teau.  The northwestern p o r t i o n  o f  t h i s  l ineament ( s e e  Figs. 1 and 
expressed mainly as v a l l e y s  con ta in ing  t h e  L i t t l e  J u n i a t a  and J u n i a t a  r i v e r s ,  
was s e l e c t e d  f o r  s tudy because of t h e  r e l a t i v e  abundance of ou tc rops  and 
quarry  s i t e s ,  t h e  presence of anomalous s t r u c t u r e s ,  and its a c c e s s i b i l i t y  
from S t a t e  College. The purpose of t h i s  s tudy  was t o  i n v e s t i g a t e  t h e  genera l  
na tu re  of t h i s  l ineament,  c h a r a c t e r i z e  t h e  geologic  f e a t u r e s  a s s o c i a t e d  wi th  
it, and map its ex ten t .  

I n  a d d i t i o n  t o  mapping bedding a t t i t u d e s  and s t r a t i g r a p h i c  c o n t a c t s ,  
and measuring t h e  a t t i t u d e  and frequency of imposed f r a c t u r e s  ( j o i n t s  and 
f a u l t s )  wi th in  and a d j a c e n t  t o  t h e  lineament express ion,  t h i s  s tudy  a t t empts  
t o  c h a r a c t e r i z e  t h e  parameters on a v a s t l y  d i f f e r e n t  s c a l e ,  of a f e a t u r e  
sensed i n  only two dimensions. The parameters t o  be measured were deduced 
mainly from t h e o r e t i c a l  arguments p e r t a i n i n g  t o  t h e  r e l a t i o n s h i p  of s h e a r  
f r a c t u r e s  of d i f f e r e n t  o r d e r s  t o  stress on d i f f e r e n t  s c a l e s .  The importance 
of t h i s  s tudy  is emphasized by t h e  pauci ty  of documented observa t ions  o f  
bedrock f e a t u r e s  a s s o c i a t e d  wi th  l ineaments.  A f i e l d  s tudy  of t h e  Tyrone- 
Mount Union l ineament would y i e l d  informat ion on its bedrock c h a r a c t e r  and 
demonstrate whether o r  n o t  t h e  l ineament e x h i b i t s  a t h i r d  dimension. 

Lvcation and Regional S e t t i n g  

The s tudy a r e a  encompasses a 9 km (5.5 mile)  wide and 16 km (10 mile)  
long swath, centered on t h e  L i t t l e  J u n i a t a  River between Tyrone and Petersburg,  
i n  Blair and Huntingdon C o m t i e s  ( see  Fig. 1 and P l a t e  I ) .  A number of a c t i v e  
q u a r r i e s  a r e  loca ted  wi th in  t h e  v a l l e y  express ion of t h e  l ineament,  and a 
s e r v i c e a b l e  county road network provides  a c c e s s  t o  most of t h e  a rea .  The 
l ineament c r o s s e s  t h e  Sinking Valley a n t i c l i n e ,  a southwest plunging a n t i -  
c l i n a l  domain of t h e  Ni t tany Ant ic l inor ium i n  t h e  westernmost f i r s t - o r d e r  
a n t i c l i n e  of t h e  Valley and Ridge Province of c e n t r a l  Pennsylvania ( see  
P l a t e  2) .  

S t r a t i g r a p h i c  u n i t s  from Cambrian t o  S i l u r i a n  age a r e  exposed. The 
o l d e s t ,  t h e  P leasan t  H i l l  Limestone, is loca ted  near Huntingdon Furnace; t h e  
youngest u n i t ,  t h e  Wills Creek Formation, is loca ted  i n  t h e  e a s t e r n  p a r t  of 
t h e  s tudy  a r e a  near  Petersburg ( see  P l a t e  2 ) .  The s t r a t i g r a p h i c  column 
shown i n  Fig. 3 does n o t  d i s t i n g u i s h  t h e  Lower Ordovician Larke Doloai te ,  
a s  noted by But t s  et a l .  (1939) and Donaldson (1959), nor is i t  mapped a s  
a s e p a r a t e  u n i t  on t h e  geologic  map ( P l a t e  2 ) .  Donaldson, who has  developed 
d e t a i l e d  s e c t i o n s  near  Honest Hollow and Spruce Creek a long t h e  L i t t l e  
J u n i a t a  River,  has  shown t h a t  t h e  Larke Dolomite in te r tongues  wi th  t h e  
Stonehenge Limestone. Discr iminat ing t h e  tongues of the  Larke Dolomite from 
t h e  Mines member of t h e  Catesburg Formation, below t h e  Stonehenge Limestone, 
and tlrc Ni t taqy Dolomite, above, is d i f f i c u l t  and only of ncadcmic i n t e r e s t .  
llccausc i i s  p r c c i s c  p o s i t i o n  lias l i t t l e  bear ing on 1111s 1)clpc.r i t  has bc!cn 
milpped with the  dominant ad jacen t  dolomite u n i t :  e i t h e r  w i t 1 1  t l ~ c  over ly ing  
Ni t tany Dolomite o r  t h e  under lying Mines member of t h e  Catesburg Formation. 



A P P A L A C H I A N  
P L A T E A U  

Figure 1. Location of study area. The Tyrone - Mount Unio;l lineament is shown by the dashed 
l i n e .  Note the echelon segmentP i n  the study area. 
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Figure 3. S t ra t igraphic  column of the Tyrone area. 
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Frac tu re  S t u d i e s  

F r a c t u r e s  a r e  apparent  on LANDSAT-1 imagery, low a l t i t u d e  s e r i a l  photog- 
raphy, and i n  f i e l d  outcrops.  These a r e  r e f e r r e d  t o  a s  mega-, macro-, and 
meso-scopic f r a c t u r e s ,  r e s p e c t i v e l y  . The worldwide pervas iveness  of f r a c t u r e s  
has  been demonstrated by t h e  compi la t ions  of  Cay (1973). The o r thogona l  
f r a c t u r e  p a t t e r n s ,  which Gay termed "pa i r se t s , "  a r e  thought t o  be g e n e t i c a l l y  
r e l a t e d  t o  basement f r a c t u r e s .  Of t h e  s t u d i e s  compiled by Gay, those  per- 
t a i n i n g  t o  t h e  e a s t e r n  United S t a t e s  were of g r e a t e s t  i n t e r e s t  t o  t h e  au thor .  
These included t h e  works of F i sk  (1947). Vernon (1951). Tra ine r  and E l l i s o n  
(1967). Sonderegger (1970). and Powell et  a l .  (1970). Orthogonal f r a c t u r e s  
( p a i r s e t s )  a r e  r epor ted  i n  a11 of  t h e  s t u d i e s ;  some invo lve  l ineaments  and/ 
o r  f r a c t u r e  t r a c e s  i n  a s t r u c t u r a l  s e t t i n g  similar to t h a t  of c e n t r a l  Pennsyl- 
vania.  Therefore,  a comparison of d a t a  from a s t u d y  a r e a  i n  c e n t r a l  Pennsyl- 
vania  t o  t h a t  of t h e  above mentioned a u t h o r s  seems l o g i c a l  and w i l l  be one 
o b j e c t i v e  of  t h i s  paper. 

For tunate ly ,  a  l o c a l  comparison of  d a t a  is p o s s i b l e  because of t h e  
a v a i l a b i l i t y  of  f r a c t u r e  t r a c e  and j o i n t  o r i e n t a t i o n  d a t a  compiled by Matzke 
(1961) i n  western Centre County, only  32 km (20 m i l e s )  n o r t h e a s t  of t h e  
p resen t  s tudy a r e a  i n  the  same v a l l e y  (Ni t tany Val lev) .  I n  a d d i t i o n .  Lattman 
and Nickelsen (1958) measured j o i n t  o r i e n t  i t i o n s  on t h e  Allegheny P l a t e a u ,  
and these  r e s u l t s  have been compared t o  lineament o r i e n t a t i o n s  measured on 
SKYLAB and LANDSAT imagery by Kowalik (1975). 

One of  t h e  s i d e  i s s u e s  of t h i s  s tudy  is  t o  exp lo re  p o s s i b l e  r e l a t i o n s h i p s  
between f r a c t u r e s  on d i f f e r e n t  s c a l e s .  I f  such r e l a t i o n s h i p s  could  be quant i -  
f i e d  then,  us ing c u r r e n t  sens ing  systems, a  method of i n f e r r i n g  small  s c a l e  
s t r u c t u r e s  from l a r g e r  f e a t u r e s  would be a v a i l a b l e  and parameters could perhaps 
be i d e n t i f i e d  and incorporated i n  t h e  des ign of t h e  next  genera t ion  of remote 
sensing devices .  

Previous Work 

With t h e  launching of ERTS-1 (now LANDSAT-1) i n  1972 and SKYLAB i n  1973. 
m u l t i s p e c t r a l  scanner (MSS) images and photographs of l a r g e  a r e a s  of the  
e a r t h  on a  s c a l e  of 1:250,000 and 1:1,000,000 became a v a i l a b l e  f o r  s c i e n t i f i c  
study.  Elany a p p l i c a t i o n s  have been found f o r  t h e s e  d a t a  i n  a  v a r i e d  a s s o r t -  
ment of f i e l d s .  Geological ly ,  t h e  imagery has  been use fu l  i n  providing a  
megascopic view of f e a t u r e s  previously  not v i s i b l e ,  o r  imperfect ly  seen,  on 
mosaics of a e r i a l  photographs. Lineaments of varying leugtil and express ion  
have been de tec ted  on s a t e l l i t e  images and mosaics of Pennsylvania,  and 
have been c l a s s i f i e d  according t o  q u a l i t y  and type of  express inn (Kowalik 
and Gold 1976). Although many such l i n e a r  f e a t u r e s  a r e  apparent  on topo- 
graphic  maps, and have been t h e  s u b j e c t  of debate  s i n c e  t h e  tu rn  of  the  
century  (Hobbs 1904),  t h e i r  s u r f a c e  and subsur face  na tu re  has  nut  been we l l  
understood. 

Geologis ts ,  p a r t i c u l a r l y  i n  the  United S t a t e s ,  a r e  i n t e r e s t e d  i n  t h e s e  
l ineaments,  a s  is shown hp t h e  recen t  inc rease  i n  the  number of r e sea rch  
papers on t h i s  t o p i c  ( r e f e r ,  f o r  example, t o  t h e  1976 Proceedings of the  
F i r s t  111tcrncltion;tl Conferc~rlcc on tht- Ncw B;~scmcnt Tectoti ics held i n  1971). 
I.incamc.~~ts ;ire beiug s tud ied  t o  dcterminc t l ~ e i r  r c l a t i o l ~ s \ ~ i p s  t o  f a c t o r s  
sucll ;IS mineral c ~ c c ~ r r r ~ n c . c s ,  increased w.ltcr v iclds, and ttDrr;lnt> iilstilbi 1 i t y .  
S tud ies  of this type i n  t h c  Appal.?chian region include the  works of Drahovzal 
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et al.  (1973). Drahovzal (1976), Powell e t  al .  (1970), Krohn (1976). Par izek 
(1976), Kowalik and Gold (1976), and Hunter (1977). Others have chosen t o  
i n v e s t i g a t e  t h e  genera l  n a t u r e  of a l ineament,  inc lud ing  o r i g i n ,  e x t e n t ,  
and geometric r e l a t i o n s h i p  t o  f e a t u r e s  on t h e  same and smal le r  s c a l e s .  I n  
West Vi rg in ia ,  Wilson and Wheeler (1974), Wheeler e t  al. (1974), and Werner 
(1976) have been i n v e s t i g a t i n g  t h e  n a t u r e  of s t r u c t u r a l  d i s o n t i n u i t i e s  
( l ineaments)  by a number of methods, inc lud ing  non-parametric s t a t i s t i c a l  
t e s t s  of bedding s t r i k e ,  bedding d i p ,  J a r l a t i o n  from r e g i o n a l  a t t i t u d e  and 
f r a c t u r e  dens i ty .  A s i m i l a r  f i e l d - o r i e n t e d  approach, wi th  a g r e a t e r  emphasis 
on phstogeologic  .napping, has been undertaken by t!~e N e w  York S t a t e  Geological  
Survey (Isachsen e t  a l .  1973, Isachen 1976). 

Many recen t  works on f r a c t u r e  t r a c e s  ( l ineaments l e s s  t h a  i 1.6 Ian long) 
and l ineaments i n  Pennsylvania involve p h o t o i n t e r p r e t a t i v e  techniques (Cold 
et al. 1973, Kowalik and Gold 1976) and a p p l i c a t i o n s  t o  groundwater exp lora t ion  
(Par izek 1976). These s t u d i e s  have been based on e a r l i e r  work by Lattman 
and Nickelsen (1958) and Nickelsen and Hough (1367). Kowalik (1975) mapped 
t h e  reg iona l  d i s t r i b u t i o n  of l ineaments on LANDSAT-1 imagery throughout 
Pennsylvania, address ing problems i n  s e l e c t e d  a reas .  One of these  a r e a s  
was on t h e  Allegheny P la teau ,  where comparison was made between lineament 
s p a t i a l  d a t a  and t h e  j o i n t  o r i e n t a t i o n s  mecjured by Xickelsen and Hough 
(1967). Kowalik' s conclusion,  t h a t  the  lineaments, f r a c t u r e  t r a c e s ,  and 
j o i n t s  were p a r a l l e l  t o  sub-para l l e l  i n  s t r i k e ,  d i d  n o t  support  t h e  hypothesis  
of Gold e t  a 1  (1Q73) t h a t  minor l ineaments ,  and perhaps f r s c t u r e  t r a c e s ,  
were a r e s u l t  of t h e  second and higher-order s h e a r  mechanisms discussed by 
McKinstry (1953) and Moody and H i l l  (1956). 

Perhaps the most prominent t r a n s g r e s s i v e  geomorphic f e a t u r e  i n  c e n t r a l  
Pennsylvania passes  through Tyrone and Mount Union, expressed topographical ly  
as  t h e  v a l l e y s  of the  L i t t l e  J u n i a t a  and J u n i a t a  Rivers.  Although a l i n e a r  
base-metal mineral  t rend had been recognized a long t h i s  v a l l e y  (Smith e t  a l .  
1971), i t  was not  u n t i l  LANDSAT-1 imagery became a v a i l a b l e  i n  1972 t h a t  t h e  
f e a t u r e  was mapped and named the  Tyrone - Mount Union lineament (Gold e t  
a l .  1973). The a r e a  around t h e  nor thern segment of t h i s  lineament has been 
t h e  focus of geo log ica l  i n v e s t i g a t i o n s  f o r  some time. Although t h e  va r ious  
geo log ica l  maps d i f f e r  only i n  d e t a i l ,  i n t e r p r e t a t i o n s  of t h e i r  subsurface  
s i g n i f i c a n c e  d i f f e r  g r e a t l y .  

The h i s t o r y  of work i n  t h i s  a rea  d a t e s  back t o  the  mapping of Rogers 
(1858), followed by P l a t t  (1881), Lesley (1885), But t s  (1918), and But ts  
e t  a l .  (1939). These were reg iona l  s t u d i e s ,  conducted by The Pennsylvania 
Geological Survey. More r e c e n t l y ,  d e t a i l e d  s t u d i e s  of an a r e a  where a 
window exposes I a t e  Ordovician t o  Early S i l u r i a n  u n i t s  near Birmingham, 
have been made by Z e l l e r  (1949j, Fox (1950), Moebs and Hoy (1959), and 
Schmiermund and Palmer (1P73). Besides the  above r e p o r t s ,  i n  vhich c ross -  
s e c t i o n s  a r e  presented by a l l  except Rogers (1858) and But ts  (19181, sub- 
su r face  i n t e r p r e t a t i o n s  have been published by S tose  ( i n  But ts  e t  a l .  1939) 
and Gwinn (1964 and 1970). Each cross-sect ion e x h i b i t s  a d i f f e r e n t  subsurface  
conf igura t ion  and presupposes a d i f f e r ~ n t  kinematic and dynamic model f o r  
t h e  Nittany Arch. 

I t  is &pparent t h a t  the  subsurface  i n t e r p r e t a t i c n s  of geology near 
t h i s  lineament a r e  ambiguous. The present  study was intended to  t e s t  whether 
t l ~ e  s t r u c t u r a l  complexity is r e l a t e d  t o  the  presencc of tllc l ineament.  A 
d e t a i l e d  a n a l y s i s  should c l a r i f y  some of the  ambiguity i n  i n t e r p r e t a t i o n s  of 



t h e  s t r u c t u r e  of t h i s  s ec t i on  of the  N i t a n y  Arch and almo l i v e  some ine ight  
into t h e  uature of linsrarentc. Discordance of s t r u c t u r a l  elements across  
t h e  lineament oone would give credence to t h e  concept that rome lineaments 
are d a m i n  boundaries (eee K o ~ l l i k  and Cold 1976) and tha t ,  a t  l e a s t  i n  t h e  
Appalachian fo ld  b e l t ,  they aray r ep re s sa t  a sone of decoupliag between 
v a t 8  (6- 4). 

DQO i n i t  ions 

A new technology can provide a new perspect ive of a fea ture ,  o f t e n  
c a l l i n g  f o r  the r ede f in i t i on  of e x i s t i n g  terms and/or the  in t roduc t ion  of 
new terms and concepts t o  match the  new s c a l e  of observation. It is not 
su rp r i s ing  then, with so many inves t iga t ions  of t he  appl ica t ion  of remote 
senring da ta  t o  geology, that tlte,e a r e  increasing numbers of vaguely def ined 
and inappropriately used te rn .  Therefore, t he  intended meaning of the  terms 
w e d  i n  t h i s  paper are l i s t e d  below, grouped according t o  topic .  

Photo-linear f ea tu re s  a r e  l i n e a r  f ea tu re s  seen on t e r r a i n  photo- 
graphs o r  on i roges  sensed from airborne o r  s a t e l l i t e  platforms. 
They appear a s  alignments of elements such a s  stream segments, 
sinkholes,  wind gaps, water gaps, and vegetat ion tonal  var ia t ions ,  
o r  as combinations of these,  and a l s o  include c u l t u r a l  f ea tu re s  
such a s  roads, ra i l roads ,  and power l i ne s .  

Fracture  t r aces  a r e  photo-linear f ea tu re s  (exzlusive of c u l t u r a l  
fea tures )  less than 1.6 kin (1 mile) long (Lattman 1958), but longer 
than 600 m (20r30 f t )  (R. R. Parieek, pers.  comm. 1976). In  c e n t r a l  
Pennsylvania they a r e  f requent ly  expressed a s  shallow depressions,  
tones of increased moisture content and more vigorous vegetat ion 
growth, and alignment of spr ings and sinkholes.  Many have been 
shown t o  o v e r l i e  zones of increased f r a c t u r e  densi ty ,  with an a t ten-  
dant  increase i n  t he  porosi ty  and permeabili ty of the rocks beneath 
the f r ac tu re  trace.  

Photo-lineaments a r e  photo-linear f ea tu re s  g rea t e r  than 1.6 Ian (1  
mile) long. Their f i e l d  expression is sub t l e ,  mainly because of the 
s i z e  d i f fe rence  between the observer and the  f ea tu re  being viewed, 
but they appear on the imagery a s  an alignment of stream segments, 
topographic sags, wind gaps, and tonal  var ia t ions .  

Lineaments a r e  alignments of na tu ra l  topographic o r  tonal  expressions 
grea te r  than 1.6 km (1 mile) long. They include photo-lineaments 
t ha t  exhih i t  topographic  expression(^) and l i n e a r  f ea tu re s  apparent 
nn topographic and ra i sed  r e l i e f  maps. 

Fracture r e f e r s  t o  a breakage plane or par t ing i n  a rock, without 
appreciable displacement. Specif ic  terminology is dcvclopcd w i t 1 1  
sca le ,  e.g., j o in t s ,  f r ac tu re  t races  (?), f a u l t s ,  lineaments (?). 



Figure 4. Co~,septual view of a lineament as a domain boundary, 
urith termination or ramping of thrust faults a t  depth. 
(After Kowalik and Gold 1976.) 



J o i n t  r e f e r s  to a s u r f a c e  o f  a c t u a l  or p o t e n t i a l  f r a c t u r e  or p a r t i n g  - 
i n  a rock,  e s s e n t i a l l y  w i thou t  d isp lacement .  The or-ders o f  scale, 
aresoscopic, ~ c r o s c o p i c ,  and  megascopic are used  to i n d i c a t e  t h e  
scales, r e s p e c t i v e l y ,  of t h i r d - a d  four th-order  f o l a s  and j o i n t s ;  
second-order f o l d s ,  f r a c t u r e  traces, and s h o r t  l ineaments ;  and 
f i r s t - o r d e r  f o l d s  and  l i neamen t s  (Turner and Wciss 1963). 

An w e e  is tht photographic  form o f  d a t a  from a m u l t i s p e c t r a l  
s canne r  (USS) senso r .  These d a t a  are reco rded  i n  d i g i t a l  form o n  
magnetic  t ape ,  and are u s u a l l y  machine processed  to remove geoaetric 
d i s t o r t i o n s  and o t h e r  a r t i f a c t s  o f  t h e  s e n s i n g  system. The r e s u l -  
t a n t  product  its marketed as  d i g i t a l  d a t a  on tape;  or as photographic  
t r a n s p a r e n c i e s  and p r i n t s ,  termed images. These K a n d a r d  p r o d u c t s  
are r e f e r r e d  t o  as unenhanced, even  though t h e  d a t a  have been  th rough  
a machine p r o c e s s i n g  s t a g e .  They may b e  processed  f u r t h e r  to  enhance  
s p e c i f i c  f e a t u r e s  (edge enhancement) or a s p e c t s  ( c o n t r a s t  enhance- 
ment).  

Edge enhancement t echn iques  e a p h a s i t e  f e a t u r e  edges  by a computa- 
t i o n a l  procedure  t h a t  compares t h e  b r i g h t n e s s  v a l u e  o f  each  p f x e l  
w i th  t h e  a v e r a g e  v a l u e  o f  nearby  p i x e l s  t o  de t e rmine  edge  p re sence .  
The b r i g h t n e s s  d i f f e r e n c e  of t h o s e  p i x e l s  d e f i n i n g  t h e  edge  is t h e n  
enhanced. 

A p i x e l  is tile r e f l e c t a n c e  valut- i n t e g r a t e d  ove r  a s p e c i f i c  s c a n  
area on  t h e  ground. For LANDSAT sys tems,  t h e  p i x e l  a r e a  is 4,520 m 

2 

(48,400 f t 2 ) .  

Met I~odo logy 

I n  o r d e r  t o  de t e rmine  t h e  bedrock n a t u r e  o f  a  l i neamen t ,  mesoscopic 
and macroscopic f e a t u r e s  a l o - ~ g  t h e  Tyrone - Hounr llnion 1 ine-ment  were 
mapped and a n a l ? z e ~ . l  F i e l d  d a t a  were o b t a i n e d  from road and r a i l r o a d  c u t s ,  
q u a r r i e s ,  and n a t u r a l  ou tc rops .  Each o u t c r o p  wns i n v e s t i g a t e d  f o r  composi- 
t i o n ,  s t r a t i g r a p h i c  p o s i t i o n ,  bedding t h i c k n e s s ,  l o c a t i o n  w i t h  r e s p e c t  to 
second-order  f o l d s ,  and v a r i o u s  s t r u c t u r a l  e l emen t s  o f  i n t e r e s t ,  such  a s  
bedding and j o i n t  o r i e n t a t i o n s ,  j o i n t  d e n s i t  ., f a u l t  p l a n e s  w i t h  a s s o c i a t e d  
s l i c k e n l i n e s ,  s e n s e  of movement on s l i c k e n l i n e s ,  and a t t i t u d e  of f o l d  a x e s  
and a x i a l  p lanes .  S t a t i o n  numbers were a s s i g n e d  t o  t h e  o u t c r o p s ,  t h e  forma- 
t i o n s  exposed a t  each s t a t i o n  were i d e n t i f i e d ,  and t h e  s t r u c t u r a l  e l emen t s  
p re sen t  were measured acco rd ing  t o  t h e  c r i t e r i a  l i s t e d  i n  Table  1. 

I t  can  bc seen  from t h e  t a b l e  t h a t  ti le measurement of j o i n t  d e n s i t y  
imposed some spec  i a l  requi remcnts  not  i nhe ren t  t o  t h e  ot her  d a t a  c o l l e c t e d .  
Because j o i n t  d e n s i t y  v a r i e s  w i t h  bedding t h i c k n e s s  and l i t h o l o g y ,  measurements 

- 
1 

The pho tog rap l~s  and images uscd wcrc a s  f c l  lows-- 
Low A l t i t u d e :  AQ1.-6V 50-53 and AQH-6V 31-35, 54-56, 11 5-124, 138-146, 

206-212, from 7 Junc  1958. 
High A l t i t u d e  U-2: IlSssion 74-060A, Roll  17 ,  Friime 8127. from 25  A p r i l  1974. 
UDSAT-1: Scene 1297-15252, from 16 May 1973. 



Table 1. Criteria for Hsrrsureaent of Scructura1 Elerwntr 

St rucrrir+l Element Parameters 
c. 

Kes t rict ions on Neastrroment 

Joint 

Fault 

Fold 

Or tent at ion None 

Dodnwnca or None 
t Y  Fa 

Density Only in uimilar litholo6;ies 
where orthogonal facer 
could be sampled 

Orientation Norw 

Direction of None 
ion 

Sense of motion None 

New movement None 

Orientation of None 
axial line 

Orientation oi None 
axial plane 

Orrirr None 

Sense of rota- Eioua 
t ion 

Bedding Or lmtat ion One reading for eactr c e l l  at 
each s a q l e  site - 



were made only i n  areas of similar l i t h o l o g i e s  and where two o r  more roughly 
orthogonal c u t s  were ava i l ab l e  f o r  a three-dimensional determination of j o i n t  
spacing. This l a t t e r  c r i t e r i o n  was necessary because it has been shown 
(Turner and Weiss 1963) that t h e  obliqueness of uniformly spaced j o i n t s  t o  
t he  ~ampl ing  face  is proportional t o  the  number of j o i n t s  imposed on t h a t  
face. Therefore, i f  t h e  s t r i k e  of t he  outcrop face  is varied,  a less biased 
j o i n t  dens i ty  can be determined. Quarry faces  are preferred because they 
y i e ld  360° coverage of an area and provide a test f o r  comparing dens i ty  
results from opposi te  walls. The jo inr  dens i t i e s  were determined by applying 
a two-meter-square g r i d  everv 10 meiers t o  the  quarry wall  rock sur face  
(bedding o r  f r ac tu re  plane) and recording the  o r i en t a t ion  and number of  each 
j o i n t  o r  j o i n t  set. Between 5P and 100 s t a t i o n s  were establ ished i n  each 
quarry s i t e ,  providing a meanjngful population f o r  ana lys i s  (Gr i f f i t h s  1967) 
i n  t he  g r i d  area (i.e., 4 m2). 

For frequency determinatioq, the  j o i n t s  were described a s  being systematic 
o r  non-systematic, according t o  a modified version of j o i n t  descr ip t ion  
developed by Hodgson (1961). Although t h i s  terminology is usefu l  i n  describ- 
ing j o i n t  frequencies, i t  w a s  not  p r a c t i c a l  i n  the  j o i n t  o r i en t a t ion  s tud ie s  
here because the  systematic j o i n t s  var ied g rea t ly  i n  d e f i n i t i o n  and frequency. 
Tllus f o r  o r i en t a t ion  data ,  a three-fold c l a s s i f i c a t i o n  was used, where j o i n t s  
were re fe r r ed  t o  a s  dominant, subordinate, and r a re .  This  ord ina l  q u a l i t y  
s ca l e  can be equated t o  t he  systematic and non-systematic terminology by 
considering the dominant and subordinate j o i n t s  as the  former and the  r a r e  
j o i n t s  a s  the  l a t t e r .  The number of j o i n t  o r i en t a t ions  w a s  determined by 
an  intergraded count of frequency from the  e n t i r e  outcrop. This value w a s  
then applied t o  t h e  l o c a l  s e t t i n g  i n  order  to  f i l t e r  out ,  where necessary, 
local ized jo in t  s e t s  induced by blast ing.  By cont ras t ,  the  dominance 
qua l i t y  was determined by inspection of the  e n t i r e  outcrop t o  compensate 
f o r  very local ized zones of high j o i n t  density.  

The se l ec t ion  of j o i n t s  t o  be measured was a s  random a s  possible ,  
considering the b i a s  of outcrop a v a i l a b i l i t y .  Sample points  were located 
a t  equal i n t e rva l s  along the outcrop and a l l  j o i n t s  present a t  each s i t e  
were measured. The presence, a t t i t u d e ,  and sense of calci te-or  quartz- 
f i l l e d  j o i n t s  and tension cracks o r  gashes were a l s o  noted. 

As shown i n  Table 1, the  a t t i t u d e s  of f a u l t s  and associated s l icken-  
l i n e s  were measured. I f  the sense of motion could be determined by inspect ion 
of the jogged s l ickenl ines ,  the  d i r ec t ion  of motion of the hanging wall  was 
given by an arrow s)-mbol i n  the  s tereographic p lo ts .  For many f a u l t s  the  
sense of motion and the  net  s l i p  were not apparent, but both parameters 
were readi ly  observable f o r  wedge f a u l t s 2  (described by Cloos, 1964) on 
the  mesoscopic sca le .  For these, the  sense of motion and amount of s l i p  
were determined from s l i cken l ines  and the geometry of the competent beds 
comprising the wedge (Fig. 5).  Consistent with Cloos' observation, wedge 
f a u l t s  were found t o  occur p re fe ren t i a l l y  i n  the cores  of an t i c l i nes .  The 
a t t i t u d e s  of the a x i a l  planes and a x i a l  l i n e s  were measured f o r  these an t i -  
c l i n e s  a s  well a s  f o r  a l l  other fo lds  observed. To determine the  geometric 
compatibi l i ty  of the  d i f f e r e n t  orders  of fo lds ,  the  s ca l e  and sense of fo lds  
were noted. 

2 ~ o r a l  dupl ies l ion  of beds i n  compressional f a u l t s  a t  r low angle t o  the 
bedding surf ace. 





Six  I:2t ,000 7.5 minute USGS quadrangle amps were compiled f o r  a topo- 
g raph ic  base  map and t h e  Tyrone quadrangle geologic  map by But t s  e t  el. (1939). 
o n  a s c a l e  of  1:65,000, was enlarged t o  1:24,000 to  g i v e  a genera l  geo log ic  
r e f e r e n c e  base. Low a l t i t u d e  aerial photographs (1:20.000), U-2 photographs 
( 1  : 135,000) and LANDSAT-1 imagery ( 1  : 230,000) were used i n  conjunct  i o n  wi th  
t h e  f i e l d  work. P o s i t i o n a l  d a t a  from a l l  scales were p l o t t e d  on t h e  1:24,000 
topographic map t o  produce a f r a c t u r e  t r a c e  m d  l ineament map ( P l a t e  1) and 
s d e t a i l e d  geo log ica l  map ( P l a t e  2) ,  and c r o s s  s e c t i o n  p r o f i l e s  of t h e  s t r u c -  
t u r e  and geology e i t h e r  s i d e  of t h e  Tyrone - Mount Union l ineament were 
drawn ( P l a t e  3). 

The f r a c t u r e  t r a c e  map w a s  developed from l i n e a r  f e a t u r e s  mapped on 
s t e reograph ic  p a i r s  of low a l t i t u d e  photographs (1:20,000), u s i n g  convent ional  
photo-geologic techniques.  The f r a c t u r e  t r a c e s  mapped represen ted  l i n e a r  
f e a t u r e s  from 600 m t o  1600 m (2000 f t  t o  a m i l e )  i n  length .  T h e i r  expres-  
s i o n  took t h e  form of c h a r a c t e r i s t i c s  such as a s a g  i n  topography, a t o n a l  
v a r i a t i o n  due t o  mois ture  a long a more porous tone,  and d i f f e r e n t i a l  growth 
of  vege ta t ion .  Linear f e a t u r e s  less than 600 m (2000 f t )  long were not  mapped, 
f o r  many of  these  represen t  t h e  s u r f a c e  express ions  of j o i n t s  and j o i n t  s e t s  
(R. R. Par izek,  pers.  com. 1976). I n  some p l a c e s  f r a c t u r e  t r a c e s  can be 
shown t o  be s u r f a c e  expressxons o f  f r a c t u r e  zones and/or f a u l t s  (Par izek 
1976). The f r a c t u r e  t r a c e s  were mapped on i n d i v i d u a l  a e r i a l  photographs, 
which were jo ined i n  a n  uncontrol led  mosaic. They were then  p r o j e c t e d  from 
the  phclrtograpl~s on to  t h e  1:24,000 topographic base map. The x and y coordi-  
n a t e s  of t h e  end p o i n t s  of t h e  f r a c t u r e  t r a c e s  were f i n a l l y  d i g i t i z e d  t o  
permit computer c a l c u l a t i o n  of azimuths and f requenc ies  per azimuth c l a s s ,  
us ing t h e  TRANSFORM and AZMAP programs o r i g i n a l l y  w r i t t e n  by Podwysocki 
(1974). The TRANSFORM program processes  the  raw d i g i t i z e d  data,  making i t  
compatible f o r  f i n a l  process ing by t h e  A Z W  program, which g e n e r a t e s  t h e  
histograms of frequency and l eng th  p e r  azimuth c l a s s .  

The megascopic d a t a  were mapped on monoscopic ortho-images, w i t h  a t ime 
l i m i t  s e t  f o r  each map sec t ion .  The LANDSAT image was enlarged and cropped3, 
y i e l d i n g  a 1:230,000 image of c e n t r a l  Pennsylvania,  encompassing t h e  Ni t tany 
Anticl inorium and a p o r t i o n  of t h e  Allegheny I ' lateau and t h e  Broadtop 
Synclinorium (see  Fig. 2 ) .  In o rde r  t o  t e s t  o p e r a t o r  v a r i a b i l i t y ,  photo- 
l i n e a r s  g r e a t e r  than 1.6 b (1 mile)  long were mapped by t h r e e  o p e r a t o r s ,  
t r a n s f e r r e d  t o  a topographic base ( P l a t e  1) .  and processed and analyzed i n  
the  same manner a s  t h e  f r a c t u r e  t r a c e s .  

It was found t h a t  t h e  number of photo- l inears  mapped increased wi th  
t h e  time spen t  on each scene,  and t h a t  t h e  l eng th  v a r i e d  a s  opera to r  objec- 
t i v e s  changed. In  o rde r  t o  reduce b i a s  i n  t h e  s i z e  d i s t r i b u t i o n  analvsis,  
a s e l e c t e d  a r e a  was subjected t o  s a t u r a t i o n  mapping, by removing t h e  time 
l i m i t s  and a l lowing t h e  opera to r  t o  s e t  s p e c i f i c  s i z e  o b j e c t i v e s  each t ime 
he analyzed t h e  scene. These pho to - l inea r s  were measured f o r  o r i e n t a t i o n  
and l eng th ,  making i t  p o s s i b l e  t o  determine i f  d i s c r e t e  l eng th  groupings 
were p resen t .  

3 ~ ~ l n r g c s t ~ a t  pruvidcd by Dr. M. I t .  Pudvysucki, ~ASA/T.odd.trd Sp.tcc Fl igh t  
Center,  Crccnbcl t ,  Maryland. 



4 
I n i t i a l l y ,  only the  LANDSAT MSS-7 image was mapped, but i n  an attempt 

to increase t h e  number of  lineaments perceived the  MSS-5 image was included. 
Both of these images were edge-enhnced by the  d i g i t a l  high-pass f i l t e r  
system described by Podwysocki et al. (1975). A desc r ip t i on  of t h i s  
enhancement process and d iscuss ion  of the r e s u l t s  obtained a r e  presented i n  
t h e  next sect ion. 

4 ~ h e  LANDSAT-1 MSS-7 image represen ts  the  0.8 to  1.1 u wavelength; MSS-5 
is the image of t h e  0.6 t o  0.7 u data .  



LINEAMENT ENHANCEMENT TECHNIQUES: 
AN EVALUATION 

A p o r t i o n  of t h e  d e t a i l e d  s tudy  conducted on t h e  Tyrone - Mount Union 
lineament i n  c e n t r a l  Pennsylvania involved mapping photo-lineaments i n  a 
40 by 48 km (21 by 30 mile) area cen te red  on t h e  L i t t l e  J u n i a t a  River (see 
Fig. 2). The mapping was done on both edge-enhanced and s t andard  LANDSAT-1 
images, at  a n  approximate scale of 1:230,000. Such a l ineament mnp was 
prepared to: 

a )  o b t a i n  a megascopic view of f r a c t u r e  systems and any s t r u c t u r a l  
v a r i a n t s  p resen t  i n  t h i s  a r e a ;  

b) determine whether photo-lineaments, p a r t i c u l a r l y  those  wi ti1 
s u b t l e  or vague express ion,  cauld  be accen tua ted  by high pass  
f i l t e r s  i n  a n  edge enhancement technique;  and 

c )  determine i f  t h e  photo-lineaments apparent  i n  edge-enhanced 
images were "real" o r  a r t i f a c t s  of t h e  enhancement process.  

Procedure 

Computer compatible t a p e s  (CCT's) f o r  HSS bands 5 and 7 of t h e  appro- 
p r i a t e  p o r t i o n  of LANDSAT scene 1297-15252 were processed bv D r .  M. H. 
Podwysocki on t h e  VICAR-SMIPS d a t a  process ing systems a t  NASAIGjddard Space 
F l igh t  Center,  Greenbelt ,  Maryland. In  a d d i t i o n  t o  c o n t r a s t  enhancement 
and geometric c o r r e c t i o n  f o r  each MSS band, t h e  d i g i t a l  d a t a  were processed 
through high-pass f i l t e r s  (as discussed  by Podwysocki et a l .  1975) f o r  edge 
enhancement. Th i s  s tudy  is concerned w i t h  t h e  edge enhancement a spec t  of 
the  d i g i t a l  process ing procedures. Both 1 i n e  and column ( h o r i z o n t a l  and 
v e r t i c a l ,  r e s p e c t i v e l y )  f i l t e r s  were a p p l i e d ,  thus  c r e a t i n g  two edge- 
enl~anced images f o r  each MSS band. The func t ion  of t h e  f i l t e r  is t o  
p r e f e r e n t i a l l y  enhance those  photo-lineaments o r i e n t e d  15-30' to t h e  f i l t e r  
~ i i ~ c  ;ion (Podwysocki e t  a l .  19?5). Although s e v e r a l  o r i e n t a t  ions  o f  t h e  
f i l t e r  a r e  r equ i red  t o  enhance a l l  p o s s i b l e  pl~oto-l ineament d i r e c t i o ~ ~ s ,  
only  two were used i n  t h i s  s tudy.  The d i g i t a l l y  processed,  edge-enhanced, 
d a t a  were recorded on photographic f i l m  by means of a DICOMED d i g i t a l -  
analog recorder .  

To minimize ind iv idua l  b i a s ,  s i x  images were mapped by t h r c e  o p e r a t o r s ,  
us ing t h e  fo l lowing c r i t e r i a :  

Operator  Guidel ines  

I. Aligned l i n e a r  segments e r e  joined i f  the  gap between them 
is s h o r t e r  than t h e  l eng th  of any ind iv idua l  segment. 

2. Known o r  obvious l i t h o l o g i c  c o n t a c t s  a r e  imt mapped; 
ques t ionab le  c o n t a c t s  a r e  mupped and d e l e t e d  i n  s 1atc.r 
comparison w i t h  t h c  geologic  maps. 

3. Obvious c u l t u r a l  f e a t u r e s  a r e  not mapped (ro:\ds, powt*rl lncs ,  
e t c . ) ;  ques t tonab le  f e a t u r e s  a r e  mapped and d e l e t e d  i n  :a 
l a t e r  comparison wi th  the  topographic maps. 



Time Element and Q u a l i t y  Control  

1. Each image is rsapped i n  a one-hour time period.  

2. The mapping per idd is divided i n t o  f o u r  £ i f  teen-minute segments; 
t h e  most obvious photo-lineaments are mapped f i r s t ,  p rogress ing  
wi th  time t o  t h e  least obvious. 

3. Lineaments drawn dur ing  t h e  r e s p e c t i v e  time segments are 
l a b e l l e o  1,2,3,4. 

Af te r  each image was mapped, t h e  and p o i n t s  of t h e  photo-lineaments were 
d i g i t i z e d .  That is, t h e i r  coord ina tes  were punched on c a r d s  i n  a form 
s u i t a b l e  f o r  comGuter a n a l y s i s  of lineament o r i e n t a t i o n ,  frequency, and 
d e n s i t y .  The programs used, TRANSFORM, . A W ,  and ROSE were modified 
a f t e r  Podwysocki (1974). 

TRANSFORM conver t s  t h e  d i g i t i z e d  d a t a  i n t o  a form compatible with AZMAP. 
A t  t h i s  s t a g e  any e r r o r s  p resen t  i n  t h e  punched deck of d i g i t i z e d  d a t a  w i l l  
be f lagged by t h e  computer and c o r r e c t i o n s  can be made. AZMAP c a l c u l a t e s  
t h e  frequency and l eng th  d i s t r i b u t i o n s  of t h e  v e c t o r s  (photo-lineaments) 
with an  o p t i o n  of performing a Chi-square test f o r  randomness o f  d e n s i t y  and 
frequency wi th  r e s p e c t  t o  d i r e c t i o n .  The r e s u l t i n g  d i s t r i b u t i o n s  are d i s -  
played i n  histogram form. (For t h i s  s tudy t h e  category increment of lo0 was 
se lec ted . )  Rose diagrams can be generated us ing  t h e  ROSE program. 

The azimuth o r i e n t a t i o n s  were of primary i n t e r e s t  i n  t h i s  s tudy.  These 
are displayed i n  Figs.  6 and 7, as frequency histograms f o r  t h e  i n d i v i d u a l  
opera to rs ,  and i n  Figs.  8 and 9 ,  as r o s e  diagrams of t h e  combined f requencies .  
The b i a s  imposed by a s i n g l e  opera to r  is minimized i n  t h e  combined frequency 
p l o t ,  y i e l d i n g  a more v a l i d  r e p r e s e n t a t i o n  of the  megascopic f r a c t u r e  p a t t e r n  
i n  c e n t r a l  Pennsylvania. 

To v e r i f y  whether t h i s  p a t t e r n  and t h e  photo-lineaments seen on enhanced 
images were f r e e  of a r t i f a c t s  of machine process ing,  a comparison was made 
with photo-lineaments mapped on s tandard (un-enhanced) LANDSAT-1 images, 
and on a i r c r a f t  photography. Such comparisons minimize t h e  e f f e c t  of scan 
l i n e  and sun azimuth b i a s  (Kowalik 1975) and improve t h e  p lan imet r i c  map 
p l o t  of LANDSAT photo-lineaments. 

It would have been d e s i r a b l e  t o  a l s o  use  l ineaments mapped on SKYLAB 
photography f o r  t h i s  comparison. However, the  SKYLAB coverage f o r  t h i s  a r e a  
was l imi ted .  An a t tempt  was made t o  use  t h e  one a v a i l a b l e  scene by en la rg ing  
j u s t  t h e  por t ion  con ta in ing  t h e  s tudy a r e a ,  but the  q u a l i t y  of t h e  enlargement 
was too poor f o r  photo-lineament recogni t ion  and mapping. Although cloud 
cover posed a problem with  t h e  high a l t i t u d e  U-2 a i r c r a f t  coverage, some 
photo-lineaments could be mapped. None of these  problems were encountered 
wi th  t h e  38 low-al t i tude a e r i a l  photographs a v a i l a b l e .  These were analyzed 
f o r  f r a c t u r e  t r a c e s  by t h e  technique developed by Lattman (1958). The f rac -  
t u r e  t r a c e s  ranged i n  l eng th  from 0.6 'a (2000 f t )  t o  1.6 km (5240 f t ) .  They 
were t h e  dominant l i n e a r  f e a t u r e s  v i s i b l e  on t h i s  s c a l e  (1:20,000) of photo- 
graph. 
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Overlays of the  photo-lineaments mapped on the  low-altitude and U-2 
photographs, and on t h e  MDSAT images, were superimposed and v i sua l ly  eom- 
pared fo r  o r ien ta t ion ,  posi t ion,  and pa t te rn .  Photo-lineaments wi th  up t o  
So ro t a t i on  and 12.7 mm (0.5 in.) t r ans l a t i on ,  a t  a map s c a l e  of 1:24,000, 
were considered a s  coincident.  The tolerance l i m i t s  may seem high, but they 
a r e  i n  l i n e  with the  degree of e r r o r  involved i n  mapping and t r ans fe r r ing  
photo-lineaments from LANDSAT-1 images t o  7.5 minute topographic quadrangle 
maps. The increase i n  s ca l e  by a f ac to r  of 10 means t h a t  an 0.8 mm (0.03 in.)  
e r r o r  of posi t ioning a photo-lineament on the  LANDSAT image, a common e r r o r  
due pa r t l y  t o  t he  "shadowing" e f f e c t  (Wise 1968), magnifies t o  a t  l e a s t  8 mm 
(0.3 in . )  an t he  topographic base map. Optical  d i s t o r t i o n  a l s o  introduces 
e r r o r  i n  t he  t r ans fe r  of data .  These azimuthal e r rors ,  introduced by o p t i c a l  
d i s to r t i on ,  posit ioning, and or ien ta t ion ,  a r e  contained by a 5' r o t a t i o n  t o l e r -  
ance. 

A l l  t he  IANDSAT photo-lineaments were numbered and t h e i r  expression a t  
the th ree  s ca l e s  compared (Table 2). (The numbers on lineaments i n  P l a t e  1 
correspond t o  those i n  Table 2.) Photo-lineaments common i n  a l l  formats 
were given the  same number; t he  presence of the addi t iona l  lineaments w a s  
noted. Of these,  38 photo-lineaments wer,? f i e l d  checked t o  i nves t i ga t e  t h e i r  
nature  and surface expression. An evaluat ion could then be made of each 
photo-lineament i n  terms of degree ( f i e l d  and photographic) and nature  of  
expression of the fea ture .  The degree of expression was re fe r red  t o  a s  
"def ini te ,  I' "probable," o r  "possible," i n  decreasing order of ccnf idence. 
The nature  of expression was described a s  "a small  stream," "a l i n e  of 
trees," etc . ,  with an  addi t iona l  note concerning f r c c t u r e  densi ty ,  i f  pos- 
s i b l e  . 

Results and Discussion 

Histograms of the photo-lineaments mapped a r e  shown i n  Figs. 6 and 7. 
Each histogram shows the  frequency d i s t r i b u t i o n  per azimuth c l a s s  fo r  each 
op.. :ator for  the two LANDSAT images. A s t a t i s t i c a l  comparison of opera tors  
was made using the CHISQUARE o p t i o t ~  ~f MINITAB-2, a l i b r a r y  program a t  The 
Pennsylvania S t a t e  University (Ryan e t  a l .  1974). The Chi-square contingency 
t ab l e  ( 3  by 18) produced a s  o u t p u ~  from MINITAB-2 showed tha t ,  based o n  - 
.05 l eve l  of re jec t ion ,  the  operators  were not mapping the  : ame populat t 3 . i  

of photo-lineaments. The o r i g i n a l  histograms fo r  edge-enhanced images 
demonstrated the e f f e c t  of the  d i r ec t i ona l  f i l t e r s .  The f i l t e r s  were hori-  
zontal  and v e r t i c a l  with respec t  t o  the  edges of the image, Because tnese 
were p a r a l l e l  and perpendicular,  respec t ive ly ,  t o  t he  o r b i t  (which tracked 
approximately 9' e a s t  of north) ,  a cor rec t ion  had t o  be included i n  the  
histograms. 

The combined operator  photo-linear o r i en t a t i ons ,  including the 9" o r b i t  
correct ion,  a r e  presented i n  the  rose  diagrams of Figs. 8 and 9. Figure 8 
shows the maximum number of unenhanced photo-lineaments with a s t r i k e  centered 
approxiniately a t  315'. This o r i en t a t i on  is compatible with t ha t  of the  major 
lineament between Tyrone and Mount Union. It should be noted tha t  a l l  of 
the lineaments or iented a t  315' may not be ~ e e n  on a LANDSAT image due t o  
the sun azimuth bias ,  a s  discussed by Kowalik (1975). On the o ther  hand, 
some c u l t u r a l  fex tures  i n a d v ~ r t e n t l y  were included, but they comprised less 



Table 2. Cround Truth Correlations of Linear Features Mapped from Three 
Scales of Remote Seastag Data 

Lineament Low Altitude Expression 
Number LANDSAT U-2 Aircraft  Degree Nature 

1 N,II ,V~ x x Defini te  Gap on Bald Eagle 
Mountain, alignment 
of hollows, f rac ture  
zone 

Possible Cap on Bald Eagle 
Momtain 

v 0 x Possible Sags and hollows 

Defini te  Sags, hollows, 
f r ac tu re  zones 

Possible Sags i n  Oswego Ridge, 
Canoe Mountain, and 
f i e l d s  

Possible Fracture zones, f a u l t ,  
breccias , alignment 
of sags and hollows 

H ,v - x Possible Sags near Route 453 

Possible A l i m e n t  of hollows, 
pa ra l l e l s  l i thology 

Possible Alignment of sags and 
hollows 

N,H,V - x Defini te  Fault  and stream 

N - x Possible Sags and hollow 

N - x Probable S t r a i @ t  val ley 

Probable Sags in Plrnmner Hallow, 
Omrego Ridge, and 
Grandview H i l l  

N , b V  - x Definite River segment 

H ,V - - Probable River segment 

H - - - Fence l i n e  

H - - Possible Sags 

H - x Possible Hollow with road 

N ,H - Outside mapped Possible Sags, val ley and road 
area 

H - x . Lithologic contact 

(Continued) 
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Table 2 (Continued) 

Lineament L<#r Alt i tude  Expression 
Number LANDSAT U-2 Aircraf t  Degree Nature 

Probable Portion of stream, 
f r ac tu re  zone 

Possible Sag and r i v e r  align- 
ment 

Possible Hollow and sag 
alignment 

24 N,H,V x x - Lithologic  contact  

2 5 H,V - x - Field-woods contact  

Possible  Subtle  swales, frac- 
t u r e  zone, brecc ias  

Probable Fracture zone, stream 
sinking  i n t o  cave, 
brecc ias  

Probable Portion of r i ve r ,  
alignment of holluws 
and sags 

29 H - - Possible  Small hollow 

Telephone l i n e  r ight-  
of -way 

31 N,H,V x - Probable River segment 

32 H,H,V - - - Probably Route 22 

33 H,V x x Probable Hollow alligment 

Possible  Hollow, subpara l le l  
t o  l i tho logy 

35 v - - - Cloud 

Probable Sags, stream al ign-  
ment 

Probable Hollow, f rac tured  
a reas ,  f a u l t s  

38 N9V - - Possible Iiollow 

a~ no f i l t e r ,  H - hor izonta l  f i l t e r ,  V = v e r t i c a l  f i l t e r  - coincidence of lineament with t h a t  mapped on the LANDSAT Imagery. 



than two percent of the  t o t a l  observations.  Tlrerefore, the  peak centered 
around 31S0 is a reasonable representat ion of the  general  trend oE the  mega- 
scopic f r a c t u r e  pattern. The t w o  smaller peaks i n  t he  histogram are a t t r i b u t e d  
t o  scan l i n e s  (at 280') and bedding strike (at 045'), respect ively.  

A s  i n  Figs. 6 and 7, one can see the  e f f e c t  oC the d i g i t a l  f i l t e r s  on  
t h e  perception of l i n e a r  f ea tu re s  i n  Figs. 8b and 8c. For example, i n  Fig. 8b, 
the  f i l t e r  is oriented v e r t i c a l l y  with respec t  t o  t he  image, thus the re  is a 
colnplete suppression of photo-lineaments i n  t h i s  direct ion.  A p a r t i a l  and 
somewhat less obvious suppression occurs i n  a horizontal  d i r ec t ion  with 
respect  t o  the  image. The increase of lineaments measured i n  a zone from 
lo0 t o  30' 2 on e i t h e r  side of t he  v e r t i c a l  f i l t e r  d i r ec t ion  is apparent, 
sus ta in ing  the r a t i ona le  f o r  the  edge-enhancement process. A s i m i l a r  e f f e c t  
f o r  the  horizontal  f i l t e r  is apparent i n  Fig. 8c, where a d e f i n i t e  increase  
i n  photo-lineaments is seen i n  t h e  d i r e c t i o n  of ma~imuta  frequency evident  
i n  Fig. 8a. 

The r e s u l t s  f o r  t h e  HSS-5 data were similar t o  those f o r  the S S - 7  d a t a  
(see Fig. 9 ) .  In  general, more c u l t u r a l  f ea tu re s  can be seen on t h e  NSS-5 
images, therefore a l a rge r  percentage of photo-linear f e a t u r e s  tend t o  be 
non-geologic i n  or ig in .  Even with t h i s  i n  mind, the peak of l i n e a r  fea tures  
is centered around 31S0 and is cons is ten t  with the  o r i en t a t ion  of peaks i n  
Fig. 8. 

The ground t r u t h  da t a  f o r  some photo-linear f ea tu re s  mapped on un f i l t e r ed  
and d i r ec t iona l ly  f i l t e r e d  images a r e  presented i n  Tables 2 and 3. Table 2 
shovs the correspondence of  photo-lineaments mapped on LANDSAT-1 images t o  
those mapped on U-2 and low-altitude photcgraphs. In  the  column headed 
"LAIYDSAT," the letters N, 8, and V represent  "no f i l t e r , "  "horizontal  f i l t e r , "  
and @*ver t ica l  f i l t e r , "  respect ively.  As s t a t e d  previously, only one photo- 
lineament was drawn and numbered f o r  those t h a t  were coincident.  In  t he  
columns headed "U-2" and "Low Altitude," an x ind ica tes  t he  coincidence, 
within the  es tab l i shed  tolerance l imi t s ,  of t he  photo-lineaments mapped on 
the  a i r c r a f t  photography with those mapped on the  LANDSAT iamgery. The 
number of low a l t i t u d e  photo-lineaments w a s  so large, compared t o  those from 
the U-2 photographs, t h a t  a g r e a t e r  chance of coincidence ex is ted  i n  t he  
former case. a s  is evident i n  t he  table.  

The heading, "Expression," i n  Table 2, contains  two sub-headings: 
"Degree" and "Nature." The na ture  of a photo-lineament was detem-ined by 
a f i e l d  check of its geomorphologic and s t r u c t u r a l  cha rac t e r i s t i c s .  A number 
of photo-linear f ea tu re s  were determined t o  be non-geologic i n  o r i g i n  and 
were noted accordingly. For the  na tu ra l  (geologic) l i n e a r  fea tures ,  a corre- 
l a t i o n  of t h e i r  nature with t h e i r  d e t e c t a b i l i t y  i n  the  three  s c a l e s  r e f l e c t s  
t h e i r  degree of expression. For example, LANDSAT Photo-Lineament 1 was found 
t o  have a d e f i n i t e  expression i n  t h e  f i e l d  as well  a s  on the  photographs and 
images. This can be contrasted with LANDSAT Photo-Lineament 13, which has 
good expression on the images and photographs but is not so d e f i n i t e  i n  the 
f i e ld .  Thus, its degree of expression is termed "probable." The term "probable" 
f s  a l s o  applied t o  the inverse s i t ua t ion ,  where the f i e l d  expression is b e t t e r  
than the  r e rn~ te ly  sensed expression. The ;-rm "possible" %as used f o r  photo- 
l i nea r  fea tures  not e a s i l y  recognized i n  the k ie ld  andlor on a l l  three s c a l e s  
of photographs and images. 



Table 3. Time Comparison for Photo-Lineament Plots on Standard and Edge- 
Enhanced Ireages, tSS-7 

Phot o-Lineament 
Number tUo Filter Horizonta! Filter Vertical Filter 

1 3a 2 3 
2 2 2 2 
3 - - 1 
4 1 1 - 
5 2 3 2 

6 4 2 - 
7 - 3 1 
8 1 4 - 
9 1 1 - 

10 1 1 2 

11 1 - - 
12 3 - - 
13 - 2 - 
14 2 1 2 
15 - 2 3 

16 - 3 - 
17 - 4 - 
18 - 4 - 
19 2 2 - 
20 - 4 - 
21  4 3 - 
22 - 4 - 
23 - - 1 
24 2 3 1 
25 - 3 3 

26 - 4 3 
2 7 - 2 - 
28 2 3 1 
29 - 2 - 
30 - - 3 

31 2 1 3 
32 1 1 1 
33 - 2 1 
36 - 4 - 
35 - - 4 

36 - - 2 

3 7 - - 1 
38 2 - 3 

a ~ a c h  time period, 1 through 4, represents t n e  f i r s t ,  second, third, or 
fourtll quarter, respectively, of a one-hour mapping period. 



From Table 2, one can be confident t h a t  a l l  of the  l i n e a r  f ea tu re s  mapped 
on the edge-enhanced images, whether of geolohic o r i g i n  o r  not ,  a r e  not 
a z t i f a c t s  of machine processing, and t h a t  t h i s  is t r u e  of the  l i n e a r  f ea tu re s  
seen on the  standard images a s  w e l l .  These r e s u l t s  do not support t h e  con- 
clusions of G i l l e sp i e  and Goetz (1976), who show t h a t  a r t i f a c t s  are introduced 
i n t o  the f i n a l  image i f  a high pass  f i l t e r  system is used. Their conclusion 
may be t r u e  f o r  other  geographic areas ,  bu t  i t  w a s  not  found t o  be t r u e  f o r  
t h e  area of t h i s  study. 

I n  Table 3, the  time periods (1,2,3, o r  4), i n  which the  LANDSAT-1 photo- 
lineaments were ma~ped are shown f o r  t he  standard and edge-enhanced images. 
Grades of coincidence f o r  photo-lineaments range from mapped on a l l  three  
images t o  mapped on only one image. There w a s  no cons is ten t  trend of improved 
perception r a t e  apparent by enhancing the  images, i.e., there  was no improve- 
ment i n  the  mapping-time category of l i n e a r  f ea tu re s  detected on the  edge- 
enhanced images over t h e  standard image. Although t h e  " ra te  of perception," 
i n  t h i s  case, exh ib i t s  no d e f i n i t e  trend, the  number of photo-lineaments 
perceived has d e f i n i t e l y  increased fo r  the  edge-enhanced images. This  is 
i l l u s t r a t e d  bv the addi t ion  of 21 photo-lineaments mapped so l e ly  on edge- 
enhanced images. 

Conclusions 

The following conclusions can be derived from t h i s  evaluat ion of 
lineament enhancement techniques: 

1. The megascopic lineament pa t t e rn  is dominated by a peak 
or iented a t  315O. 

2. Thz operators  mapped s imi l a r  photo-lineament d i rec t ions .  

3. k b s t  photo-lineaments mapped or. edge-enhanced images a r e  
"real," i.e., not a r t i f a c t s  of the machine processing. 

4. Except for  scan l i nes ,  most of the  photo-linear f ea tu re s  
on standard images a r e  r ea l .  

5 .  Photo-linear fea tures  mapped on edge-enhanced images a r e  
not necessar i ly  perceived more rap id ly  than those on standard 
images. 

6. More photo-linear f ea tu re s  can be mapped on edge-enhanced 
images than on standard images i n  an equal time period. 

7. Because of the orthogonal nature of the  f i l t e r  and the 
l imited t e s t  of d i r ec t ions  conducted here ( v e r t i c a l ,  OOgO, 
and horizontal ,  27g0), the f u l l  po ten t ia l  of the  d i g i t a l  
f i l t e r i n g  technique has not been evaluated. 



A STUDY OF STRUCTURES ALONG THE NORTHWESTERN 
SEGMENT OF T W  TYRONE - MOUNT UNION LINEAMENT 

The writer s t a r t e d  developing a cross-sect ional  p r o f i l e  a long t h e  n o r t h e r n  
p a r t  of t h e  J u n i a t a  River v a l l e y  dur ing  t h e  summer o f  1975. This was followed 
b y - d e t a i l e d  s t r u c t u r a l  and s t r a t i g r a p h i c  mapping along t h e  northwestern p a r t  
of t h e  Tyrone - Mount Union l ineament dur ing  t h e  f a l l  o f  1975 and t h e  w i n t e r  
and s p r i n g  of 1976. 

Procedure 

F i e l d  observa t ions  and measurements were made on a number of s t r a t i g r a p h i c  
and s t r u c t u r a l  parameters (see Table l), and compared f o r  on-lineament and 
off-lineament sites i n  t h e  s tudy  area. The o b j e c t i v e  was t o  determine t h e  
f e a t u r e s ,  and c h a r a c t e r i s t i c s  unique t o  t h e  lineament zone. Most of t h e  
comparisons were made as o r i e n t a t i o n  and frequency diagrams and i n  t a b l e s ;  
some s t a t i s t i c a l  tests f o r  s i g n i f i c a n c e  were also made. New d a t a  on t h e  
geology were recorded on t h e  geo log ica l  map ( P l a t e  2) and i n  d e t a i l e d  maps 
and photographs. 

A l l  o r i e n t a t i o n  d a t a  were p l o t t e d  on a n  equal-area,  lower hemisphere 
s p h e r i c a l  p ro jec t ion ,  and contoured by t h e  SNAP program (Jeran and Mashy 
1970), modified f o r  use on The Pennsylvania S t a t e  Univers i ty  computer system. 
The genera l  contour i n t e r v a l  r;sed was 3, 6, and 9% per 1% area .  However, t o  
accommodate t h e  l a r g e  number o f  observat ions ,  contour va lues  o f  2, 3, 4, and 
6% per  1% a r e a  were used f o r  t h e  synopt ic ,  d e n s i t y  contoured, S-pole diagrams 
of j o i n t  o r i e n t a t i o n s .  Values of 2, 4, and 6% per  1 X  a r e a  were used f o r  
synopt ic  diagrams of  f a u l t  p lanes  and s l i c k e n l i n e s .  

Resul ts  

The S-pole diagram of Fig. 10 con ta ins  a l l  of t h e  j o i n t  o r i e n t a t i o n s  
measured. I t  e x h i b i t s  a point  maximum of 045" and a s u b s i d i a r y  peaked c l u s t e r  
a t  130°C. These maxima correspond, r espec t ive ly ,  t o  a s u b v e r t i c a l  plane set 
cencered on 130" s t r i k e ,  and a predominantly northwest d ipping set s t r i k i n g  
about 045". The former j o i n t  set is g e n e r a l l y  dominant i n  express ion and 
frequency i n  t h e  f i e l d .  However, c h i s  does not  imply t h a t  i t  is t h e  dominant 
j o i n t  o r  j o i n t  set a t  each outcrop.  Var ia t ions  are apparent  i n  t h e  i n d i v i d ~  l i y  
contoured S-pole diagrams f o r  some of t h e  l o c a t i o n s  shown i n  P l a t e  2. These 
diagrams revea l  how j o i n t  o r i e n t a t i o n s  vary wi th  l o c a t i o n  on t h e  second and 
t h i r d  o rder  f o l d s  p resen t ,  as w e l l  a s  a c r o s s  t h e  l ineaments.  

The pole  represen t ing  t h e  mean bedding plane f o r  an  outcrop is included 
on t h e  ind iv idua l  contoured j o i n t  diagrams i n  P l a t e  2. The s t r i k e  o r i e n t a -  
t i o n  is near ly  cons tan t  wi th in  most o f  t h e  outcrops  but t h e  d i p  ang le  v a r i e s .  
Therefore,  t h e  mean bedding plane was determined by f ind ing  t h e  a r i t h m e t i c  
average of d i p  a n g l e s  and us ing t h e  approximate s t r i k e  o r i e n t a t i o n .  I n  view 
of the  con tor ted  na tu re  of t h e  beds, t h i s  pole  could no t  be included f o r  
some l o c a l i t i e s .  The geometry of the  j o i n t s  wi th  r e s p e c t  t o  an assumed 
h o r i z o n t a l  bedding a t t i t u d e  before  fo ld ing  was determined by r o t a t i n g  measurea 
j o i n t  o r i e n t a t i o n s  about t h e  bedding s t r i k e  and through t h e  d i p  ang le  of t h e  
beds t o  a hor izon ta l  a t t i t u d e .  Because j o i n t s  i n  f l a t - l y i n g  s t r a t a  arc 
commonly p a r a l l e l  and perpendicular t o  t h e  bedding p lanes  (De S i t t e r  1956), 



Figure 10. Synoptic S-pole diagram of 2316 joint attitudes, contoured 
at 2, 3, 4, and 6% per 1% area. Planes associated with the 
peak concentrations are indicated at 045' and 130'. 



those sets p a r a l l e l  or orthogonal t o  bedding planes were in te rpre ted  a s  
j o i n t s  inher i ted  from pre-Alleghenian orogenic events,  and the  o thers  were 
in te rpre ted  a s  superimposed. This assumption, however, cannot be used t o  
umnbiguously s o r t  ou t  pre- or post-folding j o i n t  s e t s  nearly perpendicular 
t o  bedding s t r i k e  (i.e., the  a x i s  of rotat ion) .  Determination of t he  age 
of o r i g i n  f o r  each j o i n t  set should be mede i n  an  area of through-going 
jo in ts ,  oblique t o  t he  bedding s t r i k e .  For example, nearly v e r t i c a l  j o i n t s  
or ien ted  a t  103O are observed i n  most outcrops regardless  of t he  bedding 
a t t i t u d e .  From geometric considerations,  the  age of t h i s  j o i n t  set is 
ambiguous f o r  outcrops with a bedding s t r i k e  of 040° but d e f i n i t e l y  is post- 
folding f o r  o ther  bedding or ien ta t ions .  

J o i n t  densi ty  da ta  f o r  four loca t ions  a r e  compiled i n  Table 4, and the  
nature of the beds, formation name, s t a t i o n  number, and l o c a l i t y  are l i s t e d  
i n  Table 5. A comparison of average frequencies f o r  individual  azimuth classes 
(Table 4, l a s t  column), suggests the  presence of four  broadly defined peaks 
(indicated by brackets), two of which coincide with the  130° and 045' preferred 
j o i n t  o r i en t a t ions  apparent from the  synoptic S-pole diagram (Fig. 10).  The 
absence of the  other  two peaks i n  Fig. 10 ind ica tes  t h a t  these  preferred 
o r i en t a t ions  e x i s t  j u s t  f o r  t he  formations sampled a t  t he  four  loca t ions  and 
not f o r  the  e n t i r e  study area. The four  peaks shown i n  Table 4 represent  t he  
sum of the average frequencies per azimuth c l a s s  fo r  systematic and non- 
systematic j o i n t s  from the  four  sampling l o c a l i t i e s  i n  t he  region, and do 
not necessar i ly  represent  the  preferred d i r ec t ions  and densi ty  of j o i n t s  
from individual  quarry sites. For example, only the peaks f o r  the  81°-100°, 
111°-140°, and 151'-170° c l a s s  i n t e rva l s  f o r  Location 18 exhib i t  a general 
coincidence with the regional  frequency d i s t r i bu t ion .  

It w a s  noted during t h i s  study tha t  j o in t  densi ty  decreases with an 
increase of bedding thickness; thus comparisons a r e  v a l i d  only between u n i t s  
of s imi l a r  thickness. I n  order  t o  reduce the v a r i a b i l i t y  due t o  l i tho logy 
and bedding thickness,  a comparison was made between Locations 18 and 25, i n  
which the  bedding aspec ts  and l i tho logy a r e  the  most s imi la r  of the four  
quarr ies .  There is an increase of 24 and 278%, respect ively,  of average 
frequency per c e l l  f o r  systematic and non-systematic j o i n t s  between Locations 
18 and 25 (Table 4, subto ta l s )  and a 44% increase  of t o t a l  frequency per 
c e l l .  An ana lys is  of var iance t e s t  was performed on these da ta  t o  determine 
i f  the difference i n  j o in t  frequency d i s t r i bu t ions  between sampling l o c a l i t i e s  
was s ign i f i can t ,  i. e., i f  the  variance of j o i n t  d i r e c t i o n 4  requency (density) 
between the quarry s i t e s  is grea ter  than between sample sites within any 
given quarry. The AOVONE (Analysis of Variance One Way) opt ion of the MINITAB-2 
l i b r a r y  program a t  The Pennsylvania S t a t e  University (Ryan e t  a l .  1974) was 
used t o  t e s t  the n u l l  hypothesis, , t h a t  no s ign i f i can t  d i f fe rence  i n  j o in t  
dens i ty  e x i s t s  between sample loca t  "n ons. An F-test of these  da t a  re jec ted  
t h i s  hypothesis a t  the .05 l eve l  f o r  a l l  four sampling l o c a l i t i e s ,  and yielded 
a s imi la r  r e s u l t  f o r  a comparison between sampling Locations 18 and 25. The 
indicated 44% increase i n  j o i n t  densi ty  i n  Location 18 over 25 is, therefore,  
s t a t i s t i c a l l y  s ign i f icant .  

Note t h a t  the sub to t a l s  (Table 4) of systematic and non-systematic j o i n t s  
do not decrease systematical ly  away from the  lineaments, even though the  
ove ra l l  t o t a l s  do decrease proportionately with d is tance  from the  lineament. 
This could be due t o  d i f fe rences  i n  l i thology,  bedding thickness,  t ec tonic  



Table 4. Joint  Density Data for  Four Locations 
2 The average f r e q u e n c i d  per 4 a c e l l  f o r  each 10' azimuth 

c lass  are  plotted. Locatioa 18 is on the lineament: the  
other locations are, respectively, 2.5, 3.0, and 3.8 km 
(1.4, 1.9, and 2.4 miles) from it. Brackets indicate 
d i s  t r i b u t i  on peaks. 

Location #: 18 3 24 25 Totals per 
~zimuth Sb NS s NS s NS s NS ~zimuth Class 

Subtotals 12.10 3.20 8.99 2.53 8.48 5.56 9.77 0.89 

Totals 15.30 11.52 14.04 10.66 

a Total oints e r  azimuth c lass  
Average - Nmber'of ce:s 

b~ = systematic :oints, NS 6 .on-systematic jo ints  
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Table 5. Bedding Characteris t ics  of Geologic F c ~ s a t i o n s  a t  Four Jo in t  
Sampling S i t e s  

Location Sampling S i t e  Format ion (s) Bedding Characteris t ics  

Warners Quarry, 18 
Union Furnace 

Narehood Bros . 3 
Quarry, Stover 

Colerain 24 

One mile north 25 
of Colerain 

Black River Predominantly thick- 
formation bedded rocks; some 

thin-bedded s t r a t a  i n  
upper portion 

Upper Black Equal  amounts of th ick  
River forma- and thin-bedded s t r a t a  
t ion;  some 
Lower Trenton 
group 

Trenton group Thin-bedded s t r a t a  

Upper Black Predominantly thick- 
River formation bedded s t r a t a  
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se t t i ng ,  loca l ized  stresses, operator  inconsistency during d a t a  co l l ec t i on ,  
o r  unknown cauees. Whatever t he  reason, t h e  44% increase i n  o v e r a l 1 , j o i n t  
densi ty  is s i g n i f i c a n t  and cannot be a t t r i b u t e d  so l e ly  t o  operator  e r r o r  o r  
t he  other  poss ib le  fac tors .  This  leaves a possible  co r r e l a t i on  between t h e  
increase i n  j o i n t  dens i ty  and t h e  lineament posi t ion.  

The width of anomalous f r a c t u r e  frequency cannot be determined unambig- 
uously from the  da t a  i n  Table 4 because t he  ambient j o i n t  dens i ty  elsewhere 
i n  Nittany Valley is not  known. In addi t ion,  b c a t i o r .  25 is coincident with 
a f r ac tu re  t r a c e  and t h e  o ther  two loca t ions ,  3 and 24, a r e  posit ioned 150 m 
(500 f t) and 300 m (1000 It), respec t ive ly ,  from o ther  f r a c t u r e  t r aces  (see 
P l a t e  1). Therefore, it is not c l e a r  whether t h e  j o i n t  dens i ty  values  a t  
Locations 3, 24 and 25 r e f l e c t  proximity t o  t h e  Tyrone - Mount Union lineament, 
t he  presence of l oca l  f r a c t u r e  t races ,  o r  o ther  fac tors .  Future s tud i e s  of 
j o i n t  d e n s i t i e s  throughout Nittany Valley a r e  needed t o  c l a r i f y  t h i s  point.  

High angle  f a u l t s  with s n a l l  displacements a r e  ubiqui tous throughout t he  
study area,  and some appear t o  form conjugate sets. A synoptic,  contoured 
S-pole diagram of 159 of these f a u l t  o r i en t a t i ons  yielded maxima with s t r i k e s  
of 110' and approximately 14C0 (Fig. 11). I n  conjugate sets of f a u l t s ,  t he  
a a x i s  (intermediate pr inc ipa l  stress axis )  is defined by the  a t t i t u d e  o f  
t i e  l i n e  of in te rsec t ion ,  and the  pos i t ion  of the  maximum p r inc ipa l  stress 
axis ,  a , coincides  geometrically with t he  perpendicular b i s ec to r  of the  acu te  
dihedra! angle between the f a u l t  planes, shown i n  Fig. 11 a s  the l i n e  x-y, 
the b i sec tor  of the  obtuse dihedral  angle  between poles t o  the f a u l t  planes. 
The plunge of the s l i cken l ines  associated with these f a u l t s  forms a broad 
g i r d l e  about the  120' plane, and most of the s l i cken l ines  plunge t o  the 
southeast  and northwest a t  moderate angles  (Fig. 12).  

The po la r i t y  of s l i cken l ines  on the f a u l t  planes from a few w e l l  exposed 
l o c a l i t i e s  along the lineament a r e  portrayed i n  Figs. 13  and 14. The s tereo-  
graphic p l o t s  show not  only the  plunge of t he  s l ickonl ines ,  but a l s o  a s h o r t  
segment of the f a u l t  plane through it and the  sense of motion of the  hanging- 
wal l  block. The sampling loca t ions  a r e ,  Tyrone Gap (Locations 1 and 2 ) ,  a 
roadcut near Union Furnace (Location 17), and two Locations (30 and 31) i n  an 
a r ea  150 m (500 f t )  e a s t  of t he  r a i l road  tunnel i n  Spruce Creek Gap (see P l a t e  
2). The da ta  from Tyrone Gap a r e  p lo t ted  i n  Fig. 1 3  and those from loca t ions  
17, 30, and 31 a t c  p lo t ted  i n  Fig. 14. 

A t  Tyrone Gap, t he  general  t rend of motion t o  the  northwest and southeast 
d i f f e r s  from the  north-south motions recorded i n  the west limb of the  Scotch 
Valley syncl ine near Union Furnace (Location 17 and Diagram 17  on P l a t e  2). 
Most of t h i s  d i f fe rence  can be reconciled i f  the  beds a r e  ro ta ted  t o  a hori-  
zontal  a t t i t u d e ;  the  d i f fe rence  may a l so  be a t t r i b u t e d  t o  r ed i s t r i bu t ion  of 
s t r e s s e s  i n  the  nose of t he  syncline. The former so lu t ion  is favored because, 
by ro t a t i ng  the bedding a t t i t u d e s  a t  Location 17 back t o  hor izonta l  through 
the d ip  angle the  s l i cken l ines  correspondingly r o t a t e  t o  a shallow northwest- 
southeast  plunging or ien ta t ion .  This o r i en t a t i on  is cons is ten t  with those 
measured i n  Tyrone Cap (Fig. 14),  a s  w e l l  a s  with the  ove ra l l  trend i n  the  
synoptic s l i cken l ine  diagram (Fig. 12) .  

The in t e rp re t a t i on  of f a u l t  type from s l i cken l ine  po l a r i t y  r equ i r e s  a 
knowledge of f a u l t  chronology, s ince  the  s i i zken l ines  general ly  represent  
only the l a t e s t  movernent(s). The i n i t i a l  a t t i t u d e  of t he  f a u l t  plane must 
a l s o  be known because i t  may have changed a s  a r e s u l t  of folding. For example, 



Figure 11. Synoptic S-pole diagram of 159 fault  Figure 12, Orientation diagram of 136 sl icken- 
planes, contoured a t  2 ,  4 ,  and 6% inter- l ines  contoured a t  2, 4, and 6% per 
vals per 12 area. The pole mgxima repge- 1% area. 
sent str ike  directions of 110 and 140 , 
respectively. Line X-Y is the perpendicu- 
lar  bisector of the acute dihedral angle 
between the dominant fault  att itudes.  



Figure 13. Stereographic p lo t  of s l i cken l ina  
po la r i ty  i n  Tyrone Gap. F i f t y  seven 
observations a r e  plot ted.  A segment 
of the  f a u l t  plane (--3 and the  sense 
of motion of the  hanging wall  (--) 
a r e  shown. 

Figure 14. Stereographic p l o t  of s l i ckcn l ine  , 

po la r i ty  a t  Locations 1 7 ,  30, and 
31. A segment of the  f a u l t  plane 
(-.-) and the  sense of motion of the 
hanging wal l  (-) a r e  shown. 



many conjugate  f a u l t s  exposed i n  t h e  Tyrone Cap s e c t i o n  e x h i b i t  non-unique 
s l i c k e n l i n e  d i r e c t i o n s  on t h e i r  planes.  Most of t h e s e  f a u l t  s e t s ,  developed 
i n  t h e  sandstone p lanes  and s h a l e  beds of t h e  Oswego formation,  h a v e ' a  .rub- 
h o r i z o q t a l  l i n e  of i n t e r s e c t i o n  o r i e n t e d  about 140'. Other f a u l t  p lanes  i n  
the  same outcrop con ta in  two sets of s l i c k e n l i n e s ,  wi th  a subhorizonta l  s e t  
superimposed on a s t e e p l y  i n c l i n e d  set. 

S l i c k e n l i n e s  on t h e  f a u l t  near t h e  b u t t  of t h e  hammer i n  Fig. 15 a r e  
s u b p a r a l l e l  t o  t h e  near ly  v e r t i c a l  bedding s u r f a c e  ( i n d i c a t i n g  a d i p - s l i p  
movement), whereas t h e  set of subhor izon ta l  s t r i a e  on t h e  f a u l t  near  t h e  
hammer head i n d i c a t e s  t h a t  t h e  f a u l t  is e s s e n t i a l l y  s t r i k e - s l i p  i n  na tu re .  
This v a r i a t i o n  i n  s l . ickenl ine  a t t i t u d e  may have r e s u l t e d  from a southeast -  
northwest d i r e c t e d  stress a c t i n g  i n t e r m i t t e n t l y  on a f a u l t  plane r o t a t e d  by 
fglding.  It may a l s o  be t h e  r e s u l t  of r o t a t i o n  of t h e  stress f i e l d ,  producing 
e a r l y  d ip -s l ip  f a u l t s  and l a t e r  s t r i k e - s l i p  f a u l t s ,  both  wi th  smal l  d i sp lace -  
ments. The former hypothesis  is favored,  mainly because ( a )  d i p  s e p a r a t i o n s  
on e i t h e r  s i d e  of t h e  lineament a r e  not  apparent  from t h e  d e t a i l e d  l i t h o l o g i c  
mapping, and (b) many mesoscopic r i g h t  and l e f t  s t r i k e - s l i p  f a u l t s  wi th  
conrjensating displacements were mapped i n  t h e  lineament zone. Thus t h e  dip- 
s l l p  f a u l t  depicced i n  Fig. 1 5  as near ly  perpendicular  t o  t h e  bedding s u r f a c e  
probably developed as a s t r i k e - s l i p  f a u l t  p r i o r  t c  fo lding,  when ,:he beds were 
subhorizonta l .  React ivat ion of t h e  conjugate  f a u l t  plane a f  t e r  t h e  f o l d i n g  
episode,  by s i m i l a r  compressive stresses, wculd account f o r  its c u r r e n t ,  &I 
s i t u  s t r i k e - s l i p  mode. - 

I n  t h e  a r e a  150 m (500 i t )  east of t h e  r a i l r o a d  tunnel i n  Spruce Creek 
Gap ( S i t e s  30 and 31), t h e  plunge d i r e c t i o n s  of s l i p  l i n e s  vary by a t  l e a s t  
20' from one s i d e  of t h e  gap t o  t h e  o t h e r ,  a d i s t a n c e  of approximately 180 m 
(600 i t ) .  Poss ib le  reasons  f o r  t h i s  v a r i a t i o n  i n  plunge w i l l  be discussed 
l a t e r  i n  t h i s  sec t ion .  

Mesoscopic s c a l e  f o l d s  a r e  ubiqui tous ,  and seem t o  occur p r e f e r e n t i a l l y  
where competen: and r e l a t i v e l y  incompetent u n i t s  a r e  i n t e r c a l a t e d ,  such a s  
t h e  Oswego Sandstone i n  Tyrone Gap and t h e  Mifflintown Formation near  Barree. 
Where the  competent u n i t  is dominant, f o l d s  tend t o  be l a r g e r ,  from 3 t o  over 
30 m (10 t o  over 100 f t ) ,  than i n  t h e  areas where t h e  incompetent u n i t  is 
dominant, where t h e  i o l d s  range from 0.03 t o  3 m (0.1 t o  10 i t ) .  A l l  of t h e  
f o l d  axes  measured a r e  compatible wi th  a northwest d i r e c t i o n  of t r a n s p o r t ,  
which is c o n s i s t e n t  wi th  t h e  o r i e n t a t i o n s  of s: ickenlines and f a u l t  p lanes  
and t h e  general  geometry of t h e  Ni t tany Anticl inorium. Not a l l  of t h e  minor 
f o l d s  a r e  c o n s i s t e n t  i n  drag sense  wi th  t h e i r  l o c a t i o n  on higher o rder  f o l d s .  
These minor f o l d s  may be disharmonic, wi th  sca le - re la ted  decoupling between 
tile t h i r d  and higher-order f o l d s ,  i , e . ,  where a decollemeni i n  t h e  s t r a t i g r a p h i c  
s e c t i o n  s e p a r a t e s  f o l d s  of d i f f e r e n t  s c a l e  and s t y l e  (Nickelsen 1963). For 
examr:e, a fourth-order k ink f o l d  i n  Tyrone Cap is incompatible i n  drag sense  
with i t s  l o c a t i o n  i n  t h e  west limb of a f i r s t - o r d e r  a r l t i c l i v e ,  t h e  Nittany 
.4nticlinorium. S l i c k e n l i n e s  on the  bedding s u r f a c e  perpendicular  t o  t h e  fo ld  
a x i s  suggest  a f l e x u r a l  s l i p  mechanism f o r  t h e s e  kink fo lds .  A nea r ly  v e r t i c a l  
f a u l t  plane,  ob l ique ly  t ransect i r rg  t h e  f o l d ,  con ta ins  subhorizonta l  s l i cken-  
l i n e s .  These r e l a t i o n s h i p s  suggest  t h a t  an e a r l y  f l e x u r a l  s l ip - fo ld ing  event  
preceded t h e  t r ansgress ive  s t r i k e - a l i p  f a u l t s  of small  displacement.  

The e n t i r e  s tudy a rea ,  ? h y l 6  16 (5.5 by 10 mi les ) ,  was covered by photo- 
geologic s t u d i e s  a t  d i f f e r e n t  s c a l e s .  A s t r i p  3.2 km ( 2  mi les )  wide, centered 
on the  Tyrone - Mount 3njnn lineament, was mapped i n  d e t a i l  i n  t h e  f i e l d .  With 





t h e  improved d a t a  base  (aerial photographs and satel l i te  imagery) t h e  au thor  
was a b l e  to  extend coverage o f  unite i n t o  areas of l i m i t e d  o r  poor exposure. 
These mapping methods proved to  be complementary and enabled t h e  au thor  no t  
only  t o  extend in d e t a i l  t h e  geo log ica l  and s t r u c t u r a l  mapping of But t s  et al. 
(1939) wi th  a d d i t i o n a l  f a u l t s  and fo lds ,  but  a l s o  t o  c o r r e c t  t h e  p o s i t i o n s  o f  
subsequently mapped f a u l t s  and l i t h o l o g i c  con tac t s .  This new d a t a  base  has 
spurred new i n t e r p r e t a t i o n s  and n e c e s s i t a t e d  a r e i n t e r p r e t a t i o n  of t h e  earlier 
data .  

The following list of observa t ions  and i n t e r p r e t a t i o n s  are considered to 
be t h e  more important c o n t r i b u t i o n s  o f  t h i s  paper: 

. The t r a c e  o f  t h e  Shoenberger f a u l t ,  which B u t t s  et al. (1939) 
showed t o  terminate  i n  t h e  Mittany Formation. is seen on WlYDSAT 
imagery t o  extend i n t o  a N 80° E t r end ing  lineament t h a t  .,asses 
through Brush Hountain at Skelp Gap. Th is  lineament probably 
r e p r e s e n t s  t h e  t r a c e  of  s f a u l t ,  because r i g h t  l a t e r a l  d isplace-  
ments of t h e  Middle Ordovician s e c t i o n  are apparent  near  Skelp. 
Th is  movement is compatible wi th  t h e  r e v e r s e  sense  proposed by 
But t s  e t  al. (1939) f o r  t h e  Shoenberger f a u l t .  Indeed, t h e  latter 
f a u l t  may terminate  on t h e  former. 

2. The r e v e r s a l  of d i p s  i n  beds o f  t h e  J u n i a t a  Formation exposed i n  
Plunraer Hollow, sou th  of Tyrone Gap ( P l a t e  2). probably r e f l e c t s  
t h e  presence o f  a th i rd -order  f o l d  confined t o  t h i s  formation. 
Th is  fo ld  does n o t  p r o j e c t  a c r o s s  Tyrone Gap t o  t h e  nor th  ( P l a t e  3). 
Its presence would account n o t  on ly  f o r  inc rease  i n  t h e  th ickness  
of t h i s  formation sou th  of t h e  r i v e r ,  but  a l s o  f o r  t h e  development 
of t h e  s t r i k e  v a l l e y  i n  Plummer Hollow. 

3. Nesoscopic s c a l e  s t r i k e  f a u l t s  t h a t  d u p l i c a t e  beds occur s i n g l y  
o r  i n  conjugate p a i r s  i n  t h e  Tyrone Gap exposures (Krohn 1976). 
Although t h e i r  present  a t t i t u d e  r e q u i r e s  them t o  bc c l a s s i f i e d  
as normal d ip -s l ip  f a u l t s ,  they have been i n t e r p r e t e d  a s  pre- 
f o l d i n g  compressive o r  wedge f a u l t s  (Cloos 1964). On some of t h e  
f a u l t s ,  superimposed s l i c k e n l i n e s  a t t e s t  t o  a late s t r i k e - s l i p  
movement, c o n s i s t e n t  wi th  t h e  w t i o n s  on mesoscopic d i p  ar~d ob l ique  
f a u l t s  t h a t  c u t  t h e  e a r l i e r  "wedge" f a u l t s .  The l a t e  s t r i k e - s l i p  
f a u l t s  a l s o  occur i n  c o n j u ~ a t e  s e t s ,  i n  which ad jacen t  f a u l t s  mav 
e x h i b i t  r i g h t  and l e f t  l a t e r a l  displacements,  r e spec t ive ly .  The 
apparent l ack  of o f f s e t  a c r o s s  t h e  lineament i n  Tyrone Gap i n d i c a t e s  
t h a t  the  mesoscopic s c a l e  s t r i k e - s l i p  displacements a r e  compensa- 
tory. 

4. The a r e a  around Birmingham has  long been recognized f o r  its s t ruc -  
t u r a l  complexity (But t s  e t  a l .  1939, Fox 1950), wi th  anomalous 
th inning i n  overturned beds of the  Upper Ordovician and Lower 
S i l u r i a n  formations i n  a l o c a l  f e n s t e r  c a l l e d  t h e  Birmingham 
window. The Knarr window, 2.4 km (1.5 miles)  t o  t h e  n o r t h e a s t ,  
exposes Ordovician rocks wi thin  Cambrian format ions.  Deta i led  
mapping of the  Birmingham window by Moebs and Hoy (1959), 
Schmiermund and Palmer (1973) and t h e  author  ( see  P l a t e  2) show 
t h e  jux tapos i t ion  of overturned Reedsvi l le ,  Oswego, J u n i a t a ,  and 
Tuscarora beds aga ins t  upr ight  Black River-Chazy Group beds south  
of the  r i v e r .  Cross s e c t i o n s  drawn by Moebs and Hoy (1959) from 



d r i l l  c o r e  data ,  imply varying th ickness  or a t t i t u d e  of t h e  
Upper Ordovician J u n i a t a  aad Reedsville u n i t s  beneath t h e  
Sinking Valley f a u l t ,  even though no mention was made of t h e s e  
v a r i a t i o n s  in t h e i r  text. The subsurface  coof i g u r a t i o n  shown 
h e r e  ( P l a t e  3) is i n f e r r e d  f rcm an analysis of t h e  d r i l l  d a t a  
presented by k e b s  and b y  (1959) and from p r o j e c t i o n s  o f  t h e  
ou tc rop  mapping done by t h e  author .  ehe "surpr i s ing  d i f f e r e n c e  
i n  t h e  beds exposedn (Pox 1950) and t h e  absence elsewhere of 
any of  t h e  u n i t s  p resen t  in t h e  Birmingham windw,  even t'tough 
equ iva len t  and lower topography is developed on t h e  southwest 
s i d e  of t h e  r i v e r ,  sugges t s  t h e  presence o f  a ramp i n  t h e  t h r u s t  
p l a t e  co inc iden t  wi th  t h e  river. A f a u l t  o f  s u f f i c i e n t  d isplace-  
ment t o  f i t  t h e  observed geometry is i n c o n s i s t e n t  wi th  t h e  out- 
c rop  p a t t e r n  of t h e  Birmingham and West Hollow f a u l t s .  

. A t h r u s t  f a u l t  of undetermined d i s p l a c e s e n t  is exposed i n  t h e  
n o r t h  wa l l  o f  Warner's k i n  Quarry a t  Union Furnace, and is 
expressed as a f r a c t u r e  trace on aerial photographs (1 : 20,000). 
Its reverse  s e n s e  o f  motion is compatible wi th  t h e  c m p r e s s i o n a l  
regime i n  t h e  c o r e  o f  t h e  Scotch Val ley s y n c l i n e  above t h e  
i n t r a d o s  surface .  

6. The Water S t r e e t  f a u l t  (But t s  et al. 1939), a high ang le  f a u l t  
with a d m t h r o v n  east s i d e ,  may be g e n e t i c a l l y  a s s o c i a t e d  w i t h  
a f r a c t u r e  zone and anomalous bedding o r i e n t a t i o n s  a long  t h e  
L i t t l e  J u n i a t a  River i n  Spruce Creek Cap (Fig. 1 6  and P l a t e  2). 
Fa r the r  e a s t ,  a low a n g l e  t h r u s t  f a u l t  (mrked UT i n  Fig. 16), 
g e n t l y  inc l ined  t o  t h e  northwest,  h a s  a measured s t r a t i g r a p h i c  
s e p a r a t i o n  c f  30 m (100 f t). The photographic i n s e t  i n  Fig. 16 
shovs r o t a t e d  strata i n  a t h r u s t  slice between t h e  main f a u l t  
(lower) and a n  a s s o c i a t e d  s p l a y  f a u l t  (upper). An i n c r e a s e  i n  
the d i p s  of beds c l o s e  t o  t h e  Water S t r e e t  f a u l t  sugges t s  t h a t  
t h e  l o c a l  t h r u s t  f a u l t  (WT) may have fonaed i n  response to 
f l e x u r e s  induced by mvesrent on t h e  Water S t r e e t  f a u l t  (see 
c r o s s  s e c t i o n  i n  Fig. 16). 

The a c u t e  downstream junc t ion  of Spruce Creek wi th  t h e  
L i t t l e  J u n i a t a  River and t h e  d i v e r s i o n  o f  t h e  i v e r  around a 
spur  of Oswego Sandstone are anomalous. High l e v e l  g r a v e l s  
preserved on t h i s  spur  above t h e  r a i l r o a d  tunnel  (But t s  e t  a l .  
1939) i n d i c a t e  t h a t  t h e  r i v e r  i n  Spruce Creek Gap a t  one t i m e  
followed a amre l i n e a r  course,  s u b p a r a l l e l  t o  t h e  Tyrone - Mount 
Union Lineaprent. The sadd le  0.5 krP (0.31 m i l e )  east of t h e  
v i l l a g e  of Spruce Creek ( P l a t e  2), uhich is p a r t  of t h e  Spruce 
Creek Cap, is a t  t h e  same e l e v a t i o n  as t h e  gravel  d e p o s i t s  on 
t h e  o p p o s i t e  spur,  and may represen t  t h e  f o s s i l  course  of t h e  
Spruce Creek. The abrupt  change i n  t h e  L i t t l e  J u n i a t a  River 
course  is probably a r e s u l t  of cap ture  a long t h e  f o s s i l  Spruce 
Creek drainage,  which is c o n t r o l l e d  by a f r a c t u r e  zone through 
t h e  sandstone r i d g e  ( see  t h e  diagram i n  Fig. 16). S t r u c t u r a l  
evidence f o r  a f a u l t  i n  S p r w e  Cteek Gap is seen  (a)  i n  t h e  
alignment of h ighly  f r a c t u r e d  rocks  on t h e  nor thern t i p  of t h e  
Omego Spur,  wit!^ d i s tu rbed  beds e x h i b i t i n g  h igh ly  v a r i n b l c  s l i p  
l i n e  o r i c b ~ t a t i o n s  150 rn (500 f t )  t o  t h e  e a s t  o f  the Spruce Creek 
Cap r a i l r o a d  tunnel;  (b) a s l i g h t  of f s e t  in  the  p r o j e c t i o n  of 





geologic  c o n t a c t s  a c r o s s  t h e  r i v e r ;  and (c) a v a r i a t i o n  In bedding 
a t t i t u d e  i n  t h e  Oswego a n d s t o n e ,  from 70° t o  85' SE on t h e  - spur  
t o  15' t o  2S0 S on  t h e  n o r t h  s i d e  o f  t h e  river. The au thor  i n t e r -  
p r e t s  t h e s e  data t o  i n d i c a t e  t h a t  a f a u l t ,  t h e  Spruce Creek Gap 
f a u l t  (see P l a t e  2), i n t e r s e c t s  t h e  Water S t r e e t  f a u l t  near  Spruce 
Creek and exerts s t r u c t u r a l  c o n t r o l  over  t h e  p resen t  d i v e r s i o n  o f  
t h e  L i t t l e  Juniata River. 

Other mani fes ta t ions  o f  t h e  Water S t r e e t  f a u l t  may be seen  
in t h e  s t e e p  d i p  of t h e  Tuscarora beds exposed i n  t h e  g a n i s t e r  
quarry  on Shor t  Mountain, 1.1 lcm (0.7 mile) nor theas t  of Water 
S t r e e t  (Location 26). Elsewhere, a long Shor t  and Tirssy Nountains 
t h e s e  beds have a d i p  o f  l S O  t o  20° S. Drag f l e x u r e s  a s s o c i a t e d  
wi th  e a s t s i d e  downward movement (Fig. 16b) on t h e  f a u l t  plane 
would account f o r  t h e  anomalous d i p s  i n  t h e  v i c i n i t y  o f  t h e  f a u l t .  

F i e l d  follow-up s t u d i e s  on two f r a c t u r e  traces mapped on aerial 
photographs showed them t o  be under la in  by h igh ly  j o i n t e d  zones 
up t o  45 m (150 f t )  wide. The mesoscopic f r a c t u r e s  i n  one of 
these  zones, exposed i n  t h e  r a i l r o a d  c u t  between Spruce Creek and 
Union Furnace (see P l a t e  2). are seen  t o  d i p  approximately 60' SE. 
However, a v e r t i c a l  d i p  is implied by t h e  e s s e n t i a l l y  l i n e a r  t r a c e  
of t h i s  zone, which suggest  an en echelon d i s p o s i t i o n  of t h e  in- 
c l i n e d  mesoscopic f r a c t u r e s  i n  a v e r t i c a l  macroscopic f r a c t u r e  
zone. The o t h e r  f r a c t u r e  trace is l o c a t e d  on t h e  western limb 
of t h e  Barree syncl ine ,  where t h e  Keefer formation is o f f s e t  by 
a f a u l t  with a v e r t i c a l  throw of approximately 6 m (20 f e e t ) .  
This  f a u l t  zone is exposed on ly  i n  an  abandoned mine p i t ,  and 
no f r a c t u r e  d e n s i t y  s t u d i e s  were attempted. 

8. A curve i n  t h e  t r a c e  of Bald Eagle mountain (Fox 1950) is ev iden t  
on t h e  LANDSAT imagery as a sharp ly  bounded segment from Tyrone 
Gap t o  south  of t h e  v i l l a g e  o f  Bald Eagle. Th i s  s a l i e n t  may 
represen t  t h e  movement of a small  t h r u s t  p l a t e  bounded by t e a r  
zones (Gwinn 1964, b w a l i k  1975). expressed as l ineaments on t h e  
LANDSAT images. (The northernmost o f  t h e s e  two l ineaments is 
o u t s i d e  t h e  s tudy  a rea ,  and t h e r e f o r e  no t  p l o t t e d  on P l a t e  1.) 
These boundaries are envisaged a s  d i f f u s e d  zones of s t r u c t u r a l  
decoupling, i.e., t h e  domain boundary concept o f  Gold and 
Parizek (1976), r a t h e r  than a s  d i s c r e e t  tear f a u l t s .  

9. Landslides which developed dur ing and a f t e r  cons t ruc t ion  of t h e  
Route 220 Bypass near Tyrone appear  t o  be r e l a t e d  t o  lineaments. 
Two slumps f l ank ing  Tyrone Gap, and another  8 km (5  miles)  t o  
t h e  north,  near  Bald Eagle, a r e  on l ineaments mapped by Krohn 
(1976) and Kowalik (1975). An inc rease  i n  pore pressure  along 
t h e  lineament near Bald Eagle was monitored i n  a d r i l l  ho le  in  
t h e  road bed dur ing t h e  s p r i n g  of 1975. Local slumps occurred 
high i n  t h e  road c u t ,  and "quick" cond i t ions  developed near t h e  
base, d i s r u p t i n g  t h e  road bed f o r  approximately 100 m (300 f t )  
and delaying t h e  openicg or t h i s  s e c t i o n  of highway (Gold and 
Krohn, 1976). These observat ions  support  t h e  concept t h a t  some 
l ineaments and f r a c t u r e  t r a c e s  a r e  t h e  s u r f a c e  express ion of 
secondary s t r u c t u r a l  zones of increased poros i ty  and permeabi l i ty  
(Par izek and Gold 1976). 



10. A discordance o f  15' i n  t h e  s t r i k e  of t h e  Tuscarora and Oswego 
beds wi th  t h e  r i d g e  crest t r e n d  of Brush and Bald Eagle mountains 
between Skelp Gap and Vail Gap (John Way and M. Dennis Krohn, 
pers.  comm.) is l a r g e l y  accoammzodated by r i g h t  lateral o f f s e t s  
o f  smal l  displacement (Krohn 1976). Some l a r g e r  f a u l t s  wi th  t h e  
same r i g h t  lateral sense  of displacement have been mapped (see 
P i a t e  2), e.g., t h e  f a u l t  mapped by But t s  et 81. (1939) east o f  
V a i l .  The reason  f o r  t h e  p a t t e r n  o f  s m a l l  displacement f a u l t s  i n  
t h e  competent beds is no t  known, bu t  they appear  t o  be more common 
i n  t h e  v i c i n i t y  o f  l ineaments,  p a r t i c u l a r l y  t h e  Tyrone - Mount 
Union lineament. 

11. The on ly  ou tc rops  o f  t h e  Axemann Limestone i n  t h e  s tudy  area are 
between Union Furnace and Spruce Creek, i n  t h e  c o r e  of t h e  Eden 
H i l l  School A n t i c l i n e  ( P l a t e  2). The genera l  absence of t h i s  u n i t  
i n  t h e  southwestern p o r t i o n  of t h e  N i t  tany Anticl inorium was 
a t t r i b u t e d  by B u t t s  et al. (1939) t o  sedimentary processes  (non- 
depos i t ion  o r  a f a c i e s  change t o  dolomite). 

Discuss ion 

The Tyrone - Mount Union lineament is a c r o s s - s t r i k e  topographic f e a t u r e  
t h a t  appears  t o  be t h e  l o c u s  o f  s t r u c t u r a l  and topographic anomalies such as 
a high d e n s i t y  of mesoscopic s c a l e  f a u l t s  and f r a c t u r e s ,  t r u n c a t i o n  of t e c t o n i c  
windows, terminat ion of f o l d s ,  and j u x t a p o s i t i o n  of beds of c o n t r a s t i n g  
a t t i t u d e  and thickness.  Gold and Par izek (1976) suggested,  from g r a v i t y  and 
seismic da ta ,  t h a t  t h i s  lineament is under la in  by a f r a c t u r e  zone t h a t  a c t s  
as a domain boundary, s e p a r a t i n g  blocks  of d i f f e r e n t  s t r a i n  ( s t r u c t u r a l  
s t y l e )  even though stresses i n  each may have been s i m i l a r .  Conceptually, 
t h i s  zone would a c t  as a buf fe r ,  enabl ing f o l d s  of d i f f e r e n t  magnitude and 
s t y l e  t o  develop i n  neighboring blocks ,or  a t t e n u a t i n g  f o l d  forms a c r o s s  from one 
block t o  another.  For example, t h e  Scotch Valley s y n c l i n e  ex tends  at least 
16 km (10 mi les )  south  of i ts i n t e r s e c t i o n  wi th  t h e  Tyrone - Mount Union 
l ineament,  bu t  it  te rmina tes  j u s t  nor th  of its i n t e r s e c t i o n  wi th  t h e  l ineament,  
as does  t h e  Eden H i l l  School a n t i c l i n e .  Many t h i r d -  and four th-order  f o l d s  
i n  t h e  S i l u r i a n  s h a l e s  n e a r  Alexandria do n o t  extend n o r t h  of t h e  sou thern  
branch of t h i s  lineament. The Shoenberger and Birmingham f a u l t s  a l s o  appear  
t o  t e rmina te  i n  t h e  v i c i n i t y  of t h e  lineament ( see  P l a t e  2). The former 
extends  from Skelp Gap eastward f o r  6.5 km (4 mi les )  and d i e s  o u t  about 1.6 kia 
(1.0 mile)  nor th  of t h e  l ineament,  whereas t h e  l a t t e r  extends  approximately 
48 km (30 miles)  t o  t h e  nor th  i n  Ni t tan)  Valley and t e rmina tes  i n  Sinking 
Valley a n t i c l i n e  2.3 km (1.5 m i l e )  sou th  of t h e  lineament. 

Est imates  of northwestward l a t e r a l  shor ten ing  i n  the  Appalachian f o l d  
b e l t  dur ing  t h e  Alleghenian orogeny range from 32 km (20 mi les )  by Chamberlain 
(1910) t o  80  km (50 miles)  by Gwinn (1970). Manifes ta t ions  of t h e  northwest 
tr .ansport  d i r e c t i o n  a r e  seen  i n  t h e  map a r e a  by (a) a northwest-southeast  
g i r d l e  of s l i c k e n l i n e s  i n  t h e  synopt ic  o r i e n t a t i o n  diagram (Fig. 12) ;  (b) f o l d  
axes  co inc iden t  wi th  t h e  pole  of t h e  s l i c k e n l i n e  g i r d l e ;  (c) a s t r i k e  of 110° 
t o  140° f o r  t h e  s l i c k e n l i n c  plunges o f  most f a u l t s  (Fig.  11);  and (d) t h e  
northwest-southeast  compression implied by the  geometry o f  t h e  Nittany Anti- 
cl inorium. Greater  foreshor tening nor th  of the  lineament than south of i t  
is  ind ica ted  by t h e  p a t t e r n  of t h e  Water S t r e e t  and Yellow Springs  f a u l t s .  



These f a u l t s  extend individual ly f o r  some d is tance  t o  the  south of the l inea-  
ment. However, t o  t he  nor th  they converge with a number of smaller f a u l t s ,  
assoc ia ted  with another t h rus t  and a high angle reverse f a u l t  shown i n  cross- 
s ec t ion  A-A' on P la t e  3. 

Other ind ica tors  of d i f f e r e n t i a l  foreshortening are the  s a l i e n t  i n  Bald 
Eagle mountain north of the Tyrone - Mount Union lineament and the Round Top 
and Leading Ridge a n t i c l i n e s  south of t h e  lineament and e a s t  of Tussey mountain. 
Additional f o l d s  i n  these  second-order a n t i c l i n e s  expose more Tbscarora r i dges  
on the ao r th  s ide,  and imply g rea t e r  c r u s t a l  foreshortening, than on the  south 
s i d e  of the lineament. Much of the  d i f f e r e n t i a l  foreshortening on the north 
s i d e  may have been taken up i n  t he  Scotch Valley syncl ine t o  the  southwest. 
The misalignment of s t r u c t u r a l  f ea tu re s  caused by d i f f e r e n t i a l  foreshortening 
across  pa r t  of the lineament has l ed  t o  t he  domain boundary o r  s t r a i n  boundary 
concept, a zone along which loca l  foreshortened segments o r  displacements i n  
the  c w e r  rocks compensate over a longer distance. This subver t ica l  zone of 
superimposed s t r u c t u r a l  d i scon t inu i t i e s  is in te rpre ted  as a decoupling zone 
t o  Alleghenian deformation as w e l l  as the  locus of l a t e  deformations, such a s  
small displacement r i g h t  and l e f t  l a t e r a l  s t r i ke - s l i p  f a u l t s .  

The formation of wedge f a u l t s  and kink f o l d s  ea r ly  i n  the  deformation 
process has been noted by Cloos (1964) and F a i l l  (1973). The curved f a u l t  
sur faces  and superimposed sets of s l ickenl ines  of mesoscopic wedge f a u l t s  
attest t o  t h e i r  ea r ly  formation. Such f a u l t s  are pa r t i cu l a r ly  abundant i n  
S i lu r i an  shales.  Compressional s l i p  motions a r e  indicated by wedge f a u l t s ,  
and by the  bedding s l i p  l i n e s  i n  the  kink folds .  The Sinking Valley, 
Birminghaat, and Honest Hollow f a u l t s ,  and some kink bands which have a 
sense of ro t a t ion  incompatible with t h e i r  loca t ion  on lower order  fo lds  and/ 
o r  have anomalous plunges, are examples of s t ruc tu re s  formed e a r l y  and geo- 
met r ica l ly  a l t e r e d  a s  deformation continued. 

Evidence f o r  the  addi t iona l  motion of t he  c r u s t a l  block north of the  
lineament was mentioned e a r l i e r .  The mechanism causing ' t h i s  d i f f e r e n t i a l  
motion includes pa r t i c ipa t ion  of the Birmingham f a u l t  i n  the formation of 
the Nittany Anticlinorium. The s a l i e n t  i n  Bald Eagle mountain could have 
been a r e s u l t  of the  overr iding th rus t  p l a t e  of the Birmingham f a u l t ,  north 
of the lineament, moving f a r t h e r  t o  the northwest than i n  the adjacent a r eas  
due t o  basement "uncoupling. " 

Another possible  model (see Fig. 4, a f t e r  Kowalik 1975) involves a ramp 
i n  the  Sinking Valley f a u l t  with d i f f e r e n t i a l  movement of t h rus t  p la tes .  
This model is preferred because a ramp i n  the Sinking Valley f a u l t  is imp!ied 
by the s t r a t i g raph ic  o f f s e t  and s t r u c t u r a l  anomalies present i n  the Birmingham 
window area.  This d i f f e r e n t i a l  motion was followed by continued folding, evi- 
dent i n  the present geometry of the  Nittany Anticlinorium. The l a t e  formation 
of the high angle and/or westerly dipping f a u l t s  is indicated by the  apparent 
t runcat ion of the Birmingham f a u l t  by the  Shoenberger f a u l t  i n  the Sinking 
Valley an t i c l i ne .  

It is cr ncluded t h a t  the  Tyrone - Mount Union lineament or iginated not 
l a t e r  than l a t e  P ~ l e o z o i c  time, and the presence of a dominant pervasive 
j o i n t  s e t  p a r a l l e l  t o  i t  i n f e r s  a continuation of influence of the lineament 
u n t i l  a t  l e a s t  the termination of the ALleghenian orogeny. The 130° jo in t  
o r i en t a t ion  ( p a r a l l e l  t o  the lineament) was noted i n  each outcrop, wit11  j o i n t s  
ranging in number from one or two t o  many per outcrop ( su f f i c i en t  to apply ;I 



qua l i t y  of "subordinate" t o  it), regard less  of  t he  o r i en t a t ion  of the  ro t a t ion  
a x i s  ( s t r i k e  of beds). Therefore, i n  t h e  areas where the  s t r i k e  of t h e  beds 
is present ly ne i ther  p a r a l l e l  nor perpendicular t o  130°, v e r t i c a l  j o in t s ,  
pa r t i cu l a r ly  those or iented at  130°, must be superimposed a f t e r  folding (i.e., 
i n  the  post-Alleghenian orogeny) because it is unl ikely t h a t  t h i s  unique 
geometrv would be preserved through folding ro ta t ions .  Post-tectonic j o i n t s  
may be very young, and may even be forming today as a r e s u l t  of e a r t h  t i d e s  
(Blaochet 1957, Gold et al. 1973) causing various s i z e  blocks, determined 
by the  loca t ion  of lineaments, t o  react with a s l i g h t l y  d i f f e r e n t  amount of 
v e r t i c a l  motion. Such d iu rna l  motions might a c t i v a t e  f r a c t u r e s  i n  f o s s i l  
f r ac tu re  zones (dormant lineamerits) and thus  enhance degradation processes 
and topographic expression of lineaments r e l a t i v e  t o  o ther  s t r u c t u r e s  i n  
rhe area. 

Although the  morphological expression of the Tyrone - btount Union l inea-  
ment is confined t o  a narrow b e l t  between 0.5 t o  2 km (0.35 t o  l. 2 m i l e s )  
wide, its s t r u c t u r a l  manifestat ions may be more extensive. However, its 
l i m i t s  cannot be determined unambiguously from the  da ta  cu r r en t ly  avai lable .  
Not only do the  two segments of the lineament overlap en echelon between 
Alexandria and Barree, but  the  sho r t  lineaments and f r a c t u r e  t r aces  (P la te  11, 
which occur throughout t h e  area, influence the  l o c a l  j o i n t  density.  I n  
addition, some segments bounded by f r a c t u r e  zones within t h e  major lineament 
a r e  e s s e n t i a l l y  f r e e  of deformation e f f ec t s .  It can be seen, therefore t h a t  
the  s i z e  of the  sample a r e a  is important, It is apparent from the  da t a  and 
these discussions t h a t  t he  na ture  of the  s u r f i c i a l  bedrock character  of t h i s  
lineament is d i f f i c u l t  t o  e s t ab l i sh  f o r  th ree  major reasons: 1 )  the lack  of 
continuous exposure ac ros s  t he  lineament; 2) the  s i z e  of the  feature;  and 
3) a lack  of experience with s imi l a r  fea tures .  

The key question, and an  even more d i f f i c u l t  problem on which t o  gather  
data ,  is the  subsurface nature and ex ten t  of the  lineament. However, loca l iza-  
t i o n  of base metals and geophysical da ta  permit some inferences regarding its 
nature a t  depth. The loca t ion  of f i v e  base metal s u l f i d e  occurrences and 
one formerly productive lead-zinc mine ( the  Keystone Xine near Birmingham, 
c i r c a  1795) (Smith e t  a l ,  1971) along the  Q r o n e  - Mount Union lineament, 
suggests the  migration of o r e  f l u i d s  i n  a zone of increased porosi ty  and 
permeability. The Bouguer anomaly gravi ty  map of Pennsylvania, compiled by 
Peter  M. Lavin (pers. cornm., 1976) shows a t runcat ion of the  regional  anomalies 
coinciding with the  Tyrone - Mount Union lineament. A s t eep  gradient  near 
and perpendicular t o  the  lineament implies an involvement of basement rocks 
i n  its loca t ion  and ex?ression. Disturbed contour pa t t e rns  i n  the aeromagnetic 
maps a r e  in te rpre ted  t o  represent  changes i n  the basement topography coincident 
with the Tyrone - Mount Union lineament. A s t r u c t u r a l  l i n k  from the  basement 
s t r u c t u r e  through the Paleozoic cover rocks t o  the surface is suggested by 
the a t tenuat ion  of seismic waves (Alexander and Abriel 1976) across  t h i s  
zone, and by evidence t h a t  the lineament is the  locus of current  microseismic 
a c t i v i t y  (Shelton S. Alexander, pers. comm., 1976). 

Summary and Conclusions 

Field da ta  combined with inves t iga t ion  of the geologic map (Pla te  2), 
supports the domain boundary hypothesis f o r  the Tyrone - Mount Union lineament. 
S t ra t igraphic  o f f s e t s  and s t r u c t u r a l  anomalies e x i s t  along the  lineament and 



the  author  f e e l s  these are gene t ica l ly  l inked t o  an underlying f r a c t u r e  
zone. Thus, t he  lineament is thought t o  represent  the  sur face  expression 
of basement f r a c t u r e s  modified i n  var ious ways through the  s t r a t i g r a p h i c  
column and through time. 

A model of t he  lineament requi res  t h a t  it  (a) be a zone of f r ac tu re s  
but not a f a u l t ,  (b) be cont ro l led  by a f e a t u r e  i n  Precambrian rocks of t h e  
"basement" beneath 3000 t o  4000 m (10,000 t o  13,000 f t )  of sediments, and 
(c) be cu r r en t iy  ac t i ve  ( a t  least seismical ly) .  This  model is cons i s t en t  
with cons t r a in t s  on o the r  lineaments mapped i n  Pennsylvania which t ransgress  
t he  metamorphosed Precambrian and Paleozoic rocks of  t he  Piedmont, Mesozoic 
sediments i n  t he  Triassic Basin, Paleozoic s t r a t a  i n  the  Appalachian fo ld  
be l t ,  and recent  sediments of the  Coastal  P la in  (Gold e t  al. 1973). The 
model accolmsodates a f r a c t u r e  zone through the  Nittany Anticlinorium t h a t  
l o c a l l y  influenced the  "Valley and Ridge" deformation during the  Alleghenian 
orogeny (Root 1974). The sequence of events  during l a t e  Paleozoic Alleghenian 
deformation is envisaged a s  (a) i n i t i a l  compression and l a t e r a l  shortening 
i n  a northwesterly d i r ec t i on  with the  development of wedge f a u l t s  and kink 
folds ,  followed by (b) the  main episode of folding and thrus t ing  and develop- 
ment o r  r eac t iva t ion  of a decoupling zone with l o c a l  d i f f e r e n t i a l  displacement, 
and (c) contemporaneous devtlopment of high angle  f a u l t s  with downthrown e a s t  
s i d e s  along with low angle  werterly-dipping th rus t  f a u l t s  during the  l a t e  
folding s tage ,  and, f i n a i l y ,  (d) development of l a t e  s t r i k e - s l i p  f a u l t s  of 
small displacement i n  the  lineament f r ac tu re  zone. 

The observat ions discussed here lead t o  t he  followmg conclusions: 

1. The dominant j o i n t s  i n  the region (130° and 045') a r e  r e l a t ed  
geometrically t o  t h e  Tyrone - Mount Union lineament. 

2. There is a general  increase i n  f r a c t u r e  dens i ty  as one 
approaches t he  lineament. 

3. The j o i n t  densi ty  is influenced by l i tho logy  and bedding thickness,  
and by proximity t o  f r ac tu re  t races .  

4 .  The al - 02 plane t rends approximately 320° and has been constant 
throughout the Alleghenian orogeny. 

5. The Tyrone - Mount Union lineament is linked t o  a basement 
f r ac tu re ,  acted a s  a domain boundary during the Alleghenian 
orogeny, and may still be a s l i g h t l y  a c t i v e  s t r e s s  r e l i e f  zone. 



GEOMETRIC RELATIONSHIP OF LINEAMENTS, FRACTURE 
TRACES, AND JOINT TRACES 

From a f i e l d  s tudy  o f  j o i n t s ,  from f r a c t u r e  t r a c e  mapping on low a l t i t u d e  
aerial photographs us ing s te reoscop ic  photogeologic techniques  (Lattman 1958), 
and from lineament mapping on enlargements o f  LANDSAT images i n  both normal 
and edge-enhanced modes, o r i e n t a t i o n  d a t a  on t h r e e  d i f f e r e n t  s c a l e s  were col-  
l e c t e d  f o r  l i n e a r  phenomena assumed t o  be  a s s o c i a t e d  wi th  f r a c t u r e s .  I n  t h e  
p o r t i o n  of t h e  s t u d y  desc r ibed  h e r e  t h e  dominant o r i e n t a t i o n s  of t h e s e  f e a t u r e s  
of d i f f e r e n t  s i z e  were compared f o r  p o s s i b l e  geometric r e l a t i o n s h i p s  which 
could have g e n e t i c  s i g n i f i c a n c e  i n  f r a c t u r e  theor ies .  Some of these  d a t a  
were i n  a form t h a t  permitted a d d i t i o n a l  comparisons, e.g., t h e  o r i e n t a t i o n  
and frequency of f e a t u r e s  of similar l e n g t h  ( shor t  l ineaments  and f r a c t u r e  
traces) mapped on bases  developed from d i f f e r e n t  sens ing  systems, and t h e  
d i s t r i b u t i o n  of l ineaments  by s i z e  and d i r e c t i o n .  These r e s u l t s  were compared 
wi th  those  from o t h e r  sites i n  e a s t e r n  United S t a t e s ,  t o  test f o r  r e g i o n a l  
pervasiveness and consis tency i n  o r i e n t a t i o n .  

Resu l t s  and Discussion 

The a t t i t u d e  and d e n s i t y  o f  j o i n t s  were recorded a s  p a r t  of t h e  f i e l d  
work f o r  a s t r u c t u r a l  s tudy  of t h e  Tyrone - Mount Union lineament. Orienta- 
t i o n  diagrams summarizing t h e  r e s u l t s  from 38 sites are p l o t t e d  on P l a t e  2, 
and t h e  s t r i k e  d i r e c t i o n s  were compiled i n t o  a composite histogram (Fig. 17) 
f o r  comparison with t h e  two-dimensional o r i e n t a t i o n  d a t a  on f r a c t u r e  t r a c e s  
and l ineaments.  There are t h r e e  peaks, a t  315', 045', and 06S0, i n  t h e  j o i n t -  
s t r i k e  histogram, wi th  a maximum a t  315'. It is apparent  from t h e  p o s i t i o n  
of concen t ra t ion  of j o i n t  po les  i n  Fig.  10,  t h a t  t h e  06S0 peak is  a c t u a l l y  
p a r t  of t h e  045' peak, and is t h e  r e s u l t  of degrading t h e  combined s t r i k e  
and d i p  d a t a  t o  s t r i k e  alone.  Accordingly, t h e  045O s t r i k e  d i r e c t i o n  is 
used i n  t h e  d i scuss ion  here.  

I n  Fig. 17, t h e  peaks f o r  t h e  s t r i k e  of j o i n t s  and photo-lineaments 
co inc ide  a t  315- and 04S0, whereas t h e  s t r i k e  of f r a c t u r e  t r a c e s  d i f f e r ,  wi th  
t h e  main peak a t  270° and a minor peak a t  352". The minor peaks a t  284' and 
356' i n  t h e  photo-lineament s t r i k e s  coincide ,  r e s p e c t i v e l y ,  wi th  t h e  scan l i n e  
d i r e c t i o n  and a low amplitude swell i n  t h e  f r a c t u r e  t r a c e  s t r i k e s .  The former 
is  discounted as an a r t i f a c t  introduced by t h e  scanning system, and t h e  l a t t e r  
is a t t r i b u t e d  t o  s u b t l e  lineament express ions  t h a t  might prove t o  be more 
numerous i f  more time were a l l o t t e d  i n  t h e  lineament mapping procedure. 

.The r e s u l t s  f o r  t h e  second s t a g e  mapping of l i n e a r  f e a t u r e s  on LANDSAT 
imagery are shown by l eng th  and azimuth i n  Fig. 18. The two longer l ineaments 
occur around 310°, t h e  lineament maximum i n  Fig. 17. The c l u s t e r i n g  o f  t h e  
s h o r t e r  l ineaments  around 270' and 340' nea r ly  matches t h e  peaks f o r  f r a c t u r e  
t r a c e s ,  suggest ing t h a t  these  s u b t l y  expressed s h o r t  l ineaments on t h e  LANDSAT 
M g e r y  over lap  wi th  t h e  f r a c t u r e  t r a c e s  d i sce rnab le  on t h e  low a l t i t u d e  
aerial photographs. 

I f  t h e  above arguments a r e  v a l i d ,  t h e  p a r a l l e l i s m  of j o i n t  t r a c e s  and 
l ineaments a t  315' and 045" and t h e  symmetrical d i s p o s i t i o n  of t h e  f r a c t u r e  
t r a c e  peaks a t  270' and 352' should have geometric s ign i f i cance .  The dominant 
o r i e n t a t i o n s  of l ineaments,  f r a c t u r e  t r a c e s ,  and j o i n t  t r a c e s  from o t h e r  e a s t e r n  
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United S t a t e s  sites a r e  summarized i n  Table 6. Some of these da ta  were gleaned 
from .a secondary source (Gay, 1973) where they were presented i n  his togran 
form. Although the  l i n e a r  f ea tu re s  reported by Powell e t  a l .  (1973) were 
mapped on photographs taken by the  Apollo 9 crew, they ore  included a s  " f rac ture  
t races"  because t he  au thors  s t a t e  t ha t  the east-west t rending l i n e a r s  were 
the "shortest" and those trending north-south were "moderately long t o  rela- 
t i Q e l y  short ," without def in ing  t h e  terms. An estimated s c a l e  of these l a t t e r  
f ea tu re s  would c l a s s i f y  them i n  t he  2-5 km range. Some workers (Powell et a l .  
1970, Kowalik and Gold 1976) have appl ied f i l t e r s  i n  t he  d i r ec t i on  of t he  
dominant fo ld  trend and bedding s t r i k e ,  which suppressed o r  eliminated the  
046' photo-linear o r i en t a t i on  from t h e i r  data.  F:.cept f o r  t he  j o i n t  o r i e n t a t i o n s  
measured by Sonderegger (1970) there  is rernarkasle consistency i n  t he  general  
o r i en t a t i on  of a l l  ca tegor ies  of f ea tu re s  over a wide area.  

The s i m i l a r i t y  i n  o r i en t a t i on  and a 45' angular r e l a t i onsh ip  between frac-  
t u r e  t r a c e s  and j o i n t  t r aces  i~ the  S t a t e  College a r ea  (Matzke 1961) and 
Tyrone a r ea  (discussed e a r l i e r )  apparently does not hold across  t h e  Allegheny 
Front i n t o  the Allegheny Plateau t e r r a i n ,  where the  da t a  of Lattman and 
Nickelsen (1958) and Nickelsen and Hough (1967) indicated a s l i g h t  r o t a t i o n  
of j o i n t  d i r ec t i ons  and a subpara l le l  re la t ionsh ip  between the  j o i n t s  and 
f r ac tu re  t races .  Kowalik (1975) found a 10' t o  20° d i f fe rence  i n  o r i en t a t i on  
between long (315'-325") and sho r t  (325'-335') lineaments mapped i n  t he  Allegheny 
Plateau, but i t  is not c e r t a i n  i f  the  l a t t e r  would qua l i fy  a s  f r ac tu re  t races .  
The dominant d i r ec t i on  of f r ac tu re  t r aces  reported by Matzke (1961 1 co+.;~cides 
with the  minor d i r ec t i on  reported here, and v i ce  versa.  This d i f fe rence  may 
be due t o  operator and f l i g h t  l i n e  biases ,  introduced when more than one f l i g h t  
l i n e  is used. More l i ke ly ,  i t  could be due t o  a preferred o r i en t a t i on  of 
f r ac tu re  t r aces  near a major lineament. The nearly orthogonal d i spos i t i on  
of each category, except t he  j o i n t  o r i en t a t i ons  of Sonderegger (1970), support 
the pervasive orthogonal f r a c t u r e  theory (Gay 1973). 

A possible geometric configurat ion f o r  t h e  th ree  ca tegor ies  of l i n e a r  
f ea tu re s  mapped i n  the  Tyrone - Alexandria a r ea  is shown i n  Fig. 19. This  
implies a he i r a r ch i a l  r e l a t i onsh ip  between lineaments, f r a c t u r e  t races ,  and 
j o i n t  t races .  It a l s o  implies t h a t  j o i n t  zones would give expression t o  
f r ac tu re  t r aces  and t h a t  concentrations of these would be expressed a s  i inea-  
ments. Although the  d i s t r i bu t ion  of sho r t  lineaments and f r a c t u r e  t r a c e s  
is  f a i r l y  uniform i n  t h i s  region (see P l a t e  I ) ,  there  tends t o  be a concentra- 
t ion,  pa r t i cu l a r ly  of 140° sho r t  lineaments, on t he  major lineament. This 
d i s t r i bu t ion  and the  increase i n  j o i n t  densi ty  c lose  t o  t he  lineament is 
i n  keeping with the  concept fo r  the  pervasive development of f r ac tu re s  a t  
d i s c r e t e  sca les  a t  an i n t e rva l  of approximately 0.4 time t h e i r  length (Gold 
e t  a l .  1973). I f  t h i s  concept is va l id  fo r  t h i s  region, the map a rea  should 
cover the  secondary f ea tu re s  associated with the  Tyrone - Mount Union lineament. 
This supposition could be t e s t ed  by mapping the  d i s t r i b u t i o n  of shor t  l inea-  
ments and f r ac tu re  t r aces  i n  an a rea  i n  Nittany Valley not located on o r  near 
a major lineament. 

Deformation Model 

Of a l l  the known theor ies  of f a i l u r e ,  only the second-order shear  theory 
developed by McKinstry (1953) accommodates a h i e r a r c h i a l  s i z e  and d i s t r i b u t i o n  
of f rac tures .  This theory was modified and applied t o  major s t r i k e - s l i p  f a u l t s  
i n  a c l a s s i c a l  paper by Moody and H i l l  (1956). The theory requi res  t h a t  the  
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FT- FRACTURE TRACES 
L - LINEAMENT 

Figure 19. Possible geometric relationship between lineaments, 
fracture traces,and joints in the Tyrone - Alexandria 
area of central Pennsylvania. 



normal stress across  a f i r s t -o rde r  shear p l a n e b e s u f f i c i e n t  to create its own 
set of conjugate f r ac tu re s  i n  t h e  shear mode, i.e., the  second-order shear. 
Likewise, the normal stress across the  second-order shear planes might induce 
even more third-order  shear f rac tures ,  aad possibly continue t o  higher o rde r s  
i f  t h e  stress at this lewel is s u f f i c i e n t  to overcome the  s t r eng th  of t he  
rocks. The number of po ten t i a l  f r a c t u r e s  i n  successively higher order:: i n  
an. i so t rop ic  medium would increase by 22n-1, where n is the  order  number. 
This  has been s h o ~  by Gold et al. (1973). who also showed t b a t  t h e  angular 
r e l a t h n s h i p  between conjugate sets would be 60° and t h a t  alternate order  
shear  . k t s  would h u e  comm d i r ec t iona l  elements. 

Althmgh lineaments, f r a c t u r e  traces, a d  j o i n t  traces f i t  t h e  h ie rarch ica l  
and frequency s e w s  of t he  second-order shear  theory, the  nearly orthogonal 
pa t t e rns  a d  t he  lack  of s t r i k e - s l i p  displacements on t he  f ea tu re s  are 
anomalous. Moody and H i l l  (1956) note  t b a t  a 8antmm of 90° between conjugate 
shear planes is possible  theore t ica l ly ,  but  t h a t  a 60° angle is more typical .  
I n  the  absence of pre-exis t iog planes of weakness t o  influence f r a c t u r e  dewelop- 
ment, the  angle between the  ~riutiemm pr inc ipa l  stress a x i s  and the  shear  plane 
should be 4s0 - 8/2, where 8 is a property of t he  mater ial ,  t emed  t h e  "angle 
of i n t e r n a l  f r ic t ion."  Clear ly t he  smaller  t h e  value of 8, the  g rea t e r  t he  
angle between the  r e su l t i ng  shear  planes. In  na tu ra l  s i t u a t i o n s  these angles  
vary from 60° t o  90° (De S i t t e r  1956). 

Perhaps the  orthogonal f r ac tu re  pa t t e rn  is the  imprint of a r e l i c t  base- 
ment f r ac tu re  pat t e rn  propogated through cover rocks by o s c i l l a t i n g  v e r t i c a l  
motions r e su l t i ng  from g rav i t a t i ona l  forces.  I f  so,  t h e  condition of t he  
ea r ly  c r u s t  could possibly have been one of low ''internal friction, ' '  providing 
a nearly orthogonal second-order shear pat tern.  Such a scheme would account 
f o r  t he  lack of s t r i k e  separat ions on the  features .  However, t h i s  lack could 
a l s o  be  accounted f o r  by f r i c t i o n a l  forces  g rea t e r  than the  shearing stress, 
par t icu lar ly  at high confining pressures,  generating a set of "locked" f rac- 
t u r e s  ( W o l a k i s  1976). The i n i t i a l  low i n t e r n a l  f r i c t i o n  model c a l l s  f o r  
superimposed events, a condition denuanded by the  t ransgression of some l inea-  
ments across  tectonic  province boundaries and t h e i r  persis tence i n  rocks from 
Precambrian t o  Recent (Gold et  al.  1974). The incl ined and p a r a l l e l  d i spos i t ion  
of higher order  f r ac tu re s  (macroscopic f r ac tu re  t r a c e s  and mesoscopic j o i n t s  
and f a u l t s )  within the lineament zone a r e  typ ica l  of a locked o r  aborted 
shear zone (Gramberg 1965, 1966). Perhaps each condition prevailed a t  a 
d i f f e r en t  time, i n  response t o  d i f f e r en t  c r u s t a l  s;ress regimes. 

Regardless of the correctness  of our understanding of these fea tures ,  
t h e i r  pa t te rns  a r e  cons is ten t  and too w e l l  e s tab l i shed  on a world-wide bas i s  
t o  be disregarded. I f  the  conceptual charac te r iza t ion  of lineaments and 
f r ac tu re  t races  a s  zones of f r ac tu re  concentration is inc, r r e c t ,  then the 
geometric r e l a t i onsh ips  i n  s c a l e  would be for tu i tous .  Perhaps some of these 
questions could be resolvcd by addi t iona l  study i n  an a rea  where the pa t te rns  
appear t o  be anomalous. By piecing together a number of independent s tud ie s  
(Lattman and Nickelsen 1958, Nickelsen and Hough 1967, and Kowalik 1975) a 
cqmposite pa t te rn  of subpara l le l  lineaments, f r a c t u r e  t races ,  and jo in t  
t r aces  is apparent f o r  the  r e l a t i v e l y  f la t - ly ing  rocks of the Allegheny 
Plateau. I f  th:s re la t ionship  is not an a r t i f a c t  of da ta  co l lec t ion ,  then 
the cause of the va r i a t i on  i n  pa t te rns  across  the  Allegheny Front from the 
Valley and Ridge province t o  the  Allegheny Plateau s t r u c t u r a l  province could 
supply c lues  t o  t h e i r  o r ig in .  



Conclusions 

Same of the tenta t ive  conclusions from th i s  study of the geometric reLa- 
tioashfp of l i n e a r  features follow: 

1. Linear fea tures  i n  the  Tyrone - Alexandria area exhibi t  nearly 
orthogonal aad bimodal o r i ea ta t ioa  concentratioas at each scale.  

2. Both dominant j o i n t  traces ad linena#rts trend approximately 
i n  the  d i rec t ions  of 31S0 and 045O, whereas f r ac tu re  t r ace  
c r d  peak a t  2?0° and 35Z0. 

3. Linear features have a d i sc re te  (stepped) r a the r  than a 
continwus length distr ibution.  

4. The frequency and s p a t i a l  d i s t r ibu t ion  of linear features of 
d i f f e ren t  sca le  can be accoamdated i n  a second-order shear 
theory, provided specia l  conditions f o r  non-displacive f rac tur ing  
a d  near orthogonality of the  conjugate f rac ture  d i rec t ions  a r e  
invoked. 

5. The reamrkable regional consistency i n  the trends of l inea r  
features a t  d i f f e ren t  scales,  suggests a uniform regiohal stress 
regime over a large portion of the eastern United States. 

6. A test area should be established i n  the  Allegheny Plateau to 
study an apparently anoaialous pat tern of linear features. 



The objec t ives  of t h i s  study were t o  inves t iga te  the  nature of a major 
lineament, charac te r ize  the geological f ea tu re s  associated with i t ,  and 
attempt t o  e s t ab l i sh  c r i t e r i a ,  o ther  than emrphological, t h a t  might give a 
three-dhens ioaa l  man* to  r4ailat l i n e a r  features .  In  order  t o  he lp  solve 
the  problem of applying the  r e s u l t s  of aesoscopic s ca l e  deformation experiments 
to a fea tu re  -re than 150 km (90 miles) long and 1 t o  3 km (0.6 t o  2 miles) 
w i d e ,  mapping was undertaken a t  th ree  d i f f e r en t  scales .  Because of t h e  paucity 
of s imi l a r  s tud ies ,  a noreal  background s i t u a t i o n  has not  been es tab l i shed  
and the  d i s t r i bu t ion ,  lengths,  and or i en ta t ions  of the l i n e a r  fea tures  mapped 
cannot be adequately coslpared f o r  miqueness. Perhaps expanding the map area 
t o  include te r rane  such as Nitcany Valley, t o  t he  north and removed from the  
influence of the Tyrone - b u n t  Union lineament, would he lp  e s t a b l i s h  the 
necessary background parateeters and provide r b e t t e r  base f o r  new in te rpre ta -  
t i ons  of t he  sur face  geology (Hunter and Parizek 1976). . 

This study has shom t h a t  with f i v e  ~ o n t h s  of f i e l d  work and a geological 
base map of the  d e t a i l  published by Butts  et a l .  (1939) subt le  va r i a t i ons  i n  
fo ld  axes, fo ld  form, and s t r a t i g raph ic  thickness can be del ineated.  Nany of 
the  conclusions a r e  based on extrapolat ion i n  s imi l i tude  t o  d i f f e r e n t  sca les .  
They =*st, therefore,  be considered as tentatiwe, pending addi t iona l  f i e l d  
w r k  t o  develop regional  background parameters. Noreover, t he  megascopic 
s c a l e  of the  Tyrone - Hount Union lineament necess i ta tes  t h e  development of 
concepts i n  the synthesis  of the  mesoscopic observations,  and these concepts 
sray not be ameanable t o  t e s t i ng  by experiment. 

A conceptual model has been derived f o r  the  Tyrone - Mount Union lineament. 
In  t h i s  model, the lineaslent is the srorphological expression of a zone of 
f r ac tu re  concentrations which penetrates  basement rocks and may have acted 
as a cu r t a in  t o  regional s t r e s s e s  o r  a s  a domain boundary between uncoupled 
adjacent c r u s t a l  blocks. This model is supported by: 

1) t he  t ransgressive nature of the L i t t l e  Junia ta  River across  
a n t i c l i n a l  s t ruc tu re s  and r e s i s t a n t  beds, i n  a t e r r a i n  of in te r -  
bedded sedimentary rocks of markedly d i f f e r e n t  erosional  
cmpe tency ; 

2) the coincidence with displacements i n  the Bouguer gravi ty  anomaly 
map and with deep-seated magnetic i n t ens i ty  pat terns;  

3) the coincidence with the  locus of microseismic earthquakes; 

4) the coincidence with the  locus of base metal s u l f i d e  occurrences; 

5 )  the termination of third-  and fourth-order folds  and f a u l t s  near 
the lineament; 

6 )  changes not only in  bedding a t t i t u d e ,  but a l s o  loca l ly  i n  thickness  
across  the  lineament; 

7) t he  ramping or  termination of a th rus t  p l a t e  loca l ly  along the 
lineament; 



8 )  the increased densi ty  of  ~ o s c o p i c  f a u l t s  and j o i n t s  in the 
line- t ; 

9) the  similar preferred o r i en t a t ions  of j o i n t  Lraces and lineaments, 
with t he  dominant trend at 315' and the subsidiary t read  at 045*, 
arid the  s p m e t r i c a l  c lu s t e r ing  of f r ac tu re  traces about the  
dominant lineament trend a t  270° and 352O; 

10) the  f a c t  that more l i n e a r  f ea tu re s  can be mapped on edge-enhanced 
Images than on standard images I n  equivalent time; 

11) the  mapping of l i n e a r  fea tures ,  on both "enhanced" and "unenhanced" 
LANDSAT images, which could be character ized ori the  ground a s  
va l l ey  segments, sag alignments, and growth anomalies i n  the  vege- 
t a t i on ;  

12) the  charac te r iza t ion  of some f r ac tu re  t r a c e s  i n  road c u t s  a s  t he  
sur face  expression of narrow zones of increased f r a c t u r e  density; 

13) the  f a c t  t ha t  the frequency and s p a t i a l  d i s t r i b u t i o n  of l i n e a r  
f ea tu re s  of d i f f e r e n t  scales can be accormsodated i n  a second- 
order  shear  model, provided some spec i a l  conditions f o r  f r ac tu r ing  
without displacement and the  near  or thogonal i ty  of the conjugate 
f r ac tu re  d i r ec t ions  are invoked; and 

14) t h e  remarkable regional  consistency i n  the trend of l i n e a r  
fea tures  of d i f f e r e n t  sca les ,  suggesting the  p o s s i b i l i t y  of 
a uniform regional  stress regime over a la rge  port ion of the  
eas te rn  United S ta tes .  
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