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QUATERNARY FAULTING IN EAST TEXAS 

Edward W. Collins, David K.  Hobday, and  Char les  W. Kre i t le r  

ABSTRACT 

Three  closely spaced  oblique-slip f au l t s  d isp lace  a Qua te rna ry  g rave l  and sand 

unit overlying Eocene  Cla iborne  s t r a t a  in t h e  Tr in i ty  River  Valley, Leon  County. 

These  s teeply  dipping faul t s  s t r i k e  eas t -nor theas t ;  t w o  of t h e m  a r e  downthrown toward  

t h e  south,  with a smal ler ,  an t i t he t i c ,  c e n t r a l  f au l t  downthrown t o  t h e  north.  Maximum 

slip on individual f a u l t s  is 118 c m  (46.5 inches), decreas ing  t o  66 c m  (26 inches)  where  

these  f au l t s  displace t h e  overlying Qua te rna ry  gravels .  

The  locat ion and t r end  of t hese  f a u l t s  a r e  cons is ten t  w i t h  t h e  configurat ion of  

t h e  Mt. Enterprise-Elkhart  Graben sys tem;  this  relat ionship i s  verified by subsurface  

d a t a  and ae r i a l  photograph l ineaments .  The  p rec i se  a g e  of t h e  Qua te rna ry  uni t  

involved i s  uncertain.  I t  i s  t en t a t ive ly  co r re l a t ed  with depos i t s  of t h e  Wisconsin 

in ters tad ia l  37,000 B.P., implying l a t e  P le is tocene  o r  Holocene  r eac t iva t ion  of t h e  

f au l t  sys tem.  

Mechanisms responsible fo r  t he  f a u l t  may h a v e  involved f luid ex t r ac t ion  in Long 

Lake  Oil Field t o  t h e  north,  salt movement ,  o r  load-induced c r u s t a l  warping. Coinci- 

dence  of a be l t  of se ismic  ac t iv i ty  w i th  t h e  f a u l t  t rend  sugges ts  t h a t  fau l t ing  w a s  

probably re la ted  t o  hingeline e f f e c t s  be tween  t h e  E a s t  Texas  Basin and t h e  cur rent ly  

a c t i v e  Gulf Basin. 

INTRODUCTION 

T h e  s tab i l i ty  of t h e  Eas t  Texas  Basin has  recent ly  become a n  impor t an t  

considerat ion in t h e  invest igat ion of salt domes  as potent ia l  s i t e s  f o r  s to rage  o f  

rad ioac t ive  nuclear  was te .  T h e  Eas t  T e x a s  a r e a  h a s  been  regarded  a s  s t ab l e ,  al though 

low-in tens i ty  se ismic i ty  and  sporadic minor ea r thquakes  (U.S. Coas t  a n d  Geode t i c  

Survey, 1928-1970) indica te  a "low risk" potent ia l  fo r  d a m a g e  (Algermissen, 1969). 

Previous inves t iga tors  have  found no ev idence  of Qua te rna ry  r eac t iva t ion  of  regional 



s t r u c t u r e s  t h a t  were  a c t i v e  during Mesozoic and  Te r t i a ry  t i m e  (Netherland and o t h e r s ,  

1976), al though Holdahl and  Morrison (1974) sugges ted  t h e  possibility of broad con-  

t empora ry  warping. 

Recen t ,  detai led f ieldwork in t h e  a r e a  around Oakwood, Pa les t ine ,  and K e e c h i  

Domes  provides t h e  f i r s t  positive evidence  of Qua te rna ry  faul t ing  in Eas t  Texas .  

Faul t ing  has impor t an t  implicat ions t o  t h e  assessment  of domes  a s  potent ia l  w a s t e  

repositories. On a broader  sca le ,  f a u l t s  m a y  b e  s igni f icant  in demonst ra t ing  t h e  

in terac t ion  be tween  ea r ly  depocenters  such  as t h e  Tyler  Basin, which a r e  now inac t ive ,  

and t h e  cur rent ly  a c t i v e  Houston Embayment  of t h e  Gulf Basin. 

STRUCTURAL FRAMEWORK 

Major s t ruc tu ra l  e l e m e n t s  bounding t h e  E a s t  Texas  Basin a r e  t h e  Mexia-Talco 

Fau l t  Zone t o  t h e  nor th  and  wes t ,  t h e  Sabine Uplif t  t o  t h e  east, and t h e  Mt. En te rp r i se  

Fau l t  Zone t o  t h e  south  (fig. 1). A rapidly subsiding north-trending be l t ,  t h e  T y l e r  

Basin, received th ick  accumula t ions  of Mesozoic and  lower Te r t i a ry  sediments .  Pos t -  

Eocene  sediments  were  bypassed beyond t h e  southern  basin margin  t o  t h e  younger Gulf 

Basin. 

The  Mexia-Talco F a u l t  Zone originated ear ly ,  and m a y  have  been associated w i t h  

t h e  ea r ly  development of t h e  Gulf of Mexico (Murray, 1961, p. 180). Turk  and o t h e r s  

(1978) point ou t ,  however,  t h a t  basemen t  f au l t s  of t he  Mexia-Talco sys t em did n o t  

undergo post-Jurassic  movement .  Turk and o t h e r s  r e l a t e  Mesozoic and E o c e n e  

d isp lacement  t o  t w o  possible mechanisms t h a t  c a m e  into p lay  at a l a t e r  s tage.  A l i n e  

of grabens m a y  have  developed along t h e  hingeline be tween c r u s t  of no rma l  t h i ckness  

and basinward-at tenuated crust .  Alternat ively,  f au l t  movemen t  m a y  have b e e n  

r e l a t ed  t o  downdip sa l t  f lowage.  

Faul t s  in t h e  Mt. Enterpr i se  sys t em,  including t h e  Elkhar t  Graben,  m a y  r ep resen t  

hingeline e f f e c t s  be tween t h e  Eas t  Texas  Basin and t h e  subsiding Gulf Basin. 

Following in i t ia l  C r e t a c e o u s  movement ,  during Eocene  t i m e ,  ac t iv i ty  on t h e  h4t. 

Enterpr i se  f a u l t s  was pronounced (Eaton,  1956). The genera l  t r e n d  of t h e  Mt. 

Enterpr i se  f a u l t s  i n t e r sec t s  t h e  Oakwood-Palestine-Keechi Dome a r e a ,  and f a u l t s  

cont inue  in t e rmi t t en t ly  t o  t h e  southwest  (Russell, 1957). T h e  Mt. Enterpr i se  s y s t e m  

comprises  contemporaneous  down-to-the-basin normal  f a u l t s  with dips of 35 t o  6 0  

deg rees  s teepening  toward  t h e  sur face .  The  E lkha r t  Graben east of Oakwood D o m e  

shows su r face  d isp lacement  on Eocene  s t r a t a  of up  t o  100 m (300 f t) .  
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Figure  1. Major s t r u c t u r a l  e l emen t s  of t h e  E a s t  Texas  Basin and adjoining area .  



Outcrops  in Leon County  show a c lear ly  defined sequence  of pre-Quaternary  

deformat ional  events .  T h e  ea r l i e s t  e v e n t  is represented  by bedding c l eavage ,  which i n  

s o m e  a r e a s  is slightly d iscordant  t o  s t ra t i f ica t ion .  This  bedding c leavage ,  produced b y  

compact ional  loading, is well  developed in t h e  Claiborne sha l e s  and i s  l e s s  ev ident  i n  

t h e  th in  sandy units. The  bedding c l eavage  and s t r a t i f i ca t ion  a r e  displaced by f r a c t u r e  

c l eavage  t h a t  dips s teeply  toward  ~ 3 0 ' ~  and shows evidence  of strike-slip movement .  

F r a c t u r e  c l eavage  is probably r e l a t ed  t o  regional pa t t e rns  of s imple s h e a r  developed i n  

response t o  d i f ferent ia l  l a t e r a l  extension.  Both t h e  f r a c t u r e  and bedding p l a n e  

c l eavage  a r e  r o t a t e d  or o f f s e t  by t h e  younger oblique-slip f a u l t s  represent ing  the  t h i r d  

phase. These  oblique-slip f au l t s  underwent  pers i s ten t  minor  d isp lacement  ex tending  

in to  t h e  Quaternary .  

QUATERNARY FAULTS 

Descript ion 

Three  closely spaced  oblique-slip fau l t s  wi th  normal d isp lacement  (figs. 2 and  3) 

a r e  visible in an  ou tc rop  of Te r t i a ry  and  Qua te rna ry  sed imen t s  in t h e  Trini ty R i v e r  

Valley, Leon County,  12.5 km nor theas t  of Oakwood D o m e  and 15.5 km south  of 

Pa l e s t ine  Dome  (fig. 4). All t h r e e  f a u l t s  s t r i ke  be tween  ~ 6 0 ' ~  and ~ 8 6 ' ~ .  Two of t h e  

f a u l t s  dip t o  t h e  southeas t  at 75 t o  87 degrees ,  wi th  an a n t i t h e t i c  c e n t r a l  f a u l t  of 

var iab le  dip toward  t h e  nor thwest  and  southeas t ;  t h i s  f a u l t  pa t t e rn  produces a s m a l l  

horst-graben couple. The  principal f a u l t  passes downward i n t o  a duc t i l e  shear z o n e  

wi th  s imilar  d isp lacement .  Dif ferent ia l  movemen t  be tween t h e  f au l t ed  and s h e a r e d  

s t r a t a  and a slightly deformed indura ted  unit  below has  been accommoda ted  by 

de'collement sliding, revea led  by sl ickensides on t h e  bedding sur face .  

T h e  f a u l t s  ex tend through sha le  and  sands tone  of t h e  Eocene Cla iborne  G r o u p  

(uppermost  Reklaw Format ion  or  basal  Queen C i t y  Format ion)  a s  d i sc re t e ,  s l ight ly  

concave  su r f aces  with a maximum oblique slip of 118 c m  (46.5 inches)  toward  ~ 6 3 ' ~ .  

These  faul t s  cont inue  upward into t h e  unconsolidated Qua te rna ry  deposi ts  where t h e y  

b e c o m e  closely spaced ,  mult iple  shea r  su r f aces  (fig. 5). Small s t e p  faul ts  a r e  

developed along t h e  Quaternary-Eocene  c o n t a c t  (fig. 6); t h e  positions of f igures 5 a n d  

6 a r e  shown in f igure  2. T h e  Qua te rna ry  unit displays cumula t ive  t h r o w s  of 5 3  c m  
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Figure 2. Outcrop section displaying Quaternary faulting. Details  of significant 

minor f ea tu res  a r e  shown in figures 5 and 6. 



Figure  3. Ou tc rop  displaying faul t ing  of Eocene  and Qua te rna ry  sediments .  Ar rows  

ind ica t e  f au l t  planes. S c a l e  in 10 c m  intervals .  \x/hite blocks (notebooks) 

l i e  on Qua te rna ry  unit.  

(21 inches), 22 c m  (9 inches), and 66 c m  (26 inches). A backhoe  t rench  approximate ly  

100 m (350 f t )  east of t h e  ou tc rop  conf i rmed t h e  s t r i ke  of t h e  fau l t ,  a n d  a se r i e s  of 

power auger  holes verif ied i t s  l a t e r a l  pers i s tence  over  a d i s t ance  of 115 m (375 f t ) .  T h e  

ve r t i ca l  d isp lacement  of t h e  gravel  layer  (fig. 7) was e s t ima ted  on t h e  basis o f  

auger ing  to  be  be tween 46 and 60 c m  (1.5 and 2 f t ) .  To  t h e  southwest ,  on  t h e  oppos i te  

bank of t h e  r iver ,  a n  e longa te  depression appears  t o  b e  r e l a t ed  t o  a continuat ion of t h e  

f a u l t  t rend.  
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Figure 4. Geologic locali ty map indicating study area. 
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F igure  5. Multiple  shea r  planes in Cla iborne  s h a l e  and Quaternary  s a n d  and g r a v e l  

uni t  ( t r aced  f r o m  photograph). Loca t ions  of shea r  planes a r e  r e f e r enced  to 

l a rge r  d isp lacements  in f i gu re  2. 



pma Pleistocene sand and gravel unit 
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Figure  6. Small  s t e p  f au l t s  in Qua te rna ry  unit ( t r a c e d  f rom photograph). Locations 

of s t e p  f au l t s  a r e  r e fe renced  t o  la rger  d isp lacements  in f igure  2. 

Relat ionship t o  Regional F a u l t  Zones 

Westward project ion of mapped f au l t s  of t h e  Elkhart  Graben,  t r a c e d  across t h e  

Cla iborne  Group t o  t h e  edge  of t h e  Tr in i ty  River  alluvium 6 km t o  t h e  east of t h e  

Qua te rna ry  f a u l t  local i ty,  indica tes  t h a t  t h e  observed d isp lacement  probably 

r ep resen t s  t h e  s u r f a c e  expression of t h e  r eac t iva t ed  Elkhart  Graben  sys tem.  Sel lards 



Figure 7. Displacement of gravel  unit a s  revealed by power auger holes. 



and Hendricks (1946), using contours of t h e  t o p  of t h e  Lower Cre t aceous  Georgetown 

Format ion ,  ex t ended  t h e  nor thern  f a u l t  of t h e  Elkhar t  Graben  d i rec t ly  beneath t h e  

s tudy a rea .  S t enze l  (1938) mentioned a smal l  f a u l t  in t h e  vicinity. Qua te rna ry  s u r f a c e  

l ineaments  visible on ae r i a l  photographs (fig. 8) t rend  eas t -wes t ,  comparable  in  

direct ion t o  t h e  Elkhart  Graben faul ts .  Subsurface  d a t a  (fig. 9)  confirm t h e  extension 

of a f a u l t  sys tem through t h e  prec ise  locat ion of t h e  Qua te rna ry  faul t ing.  This f a u l t  

sys tem cont inues  wes tward  and appears  t o  swing sou th  of Oakwood Dome. 

A g e  of t h e  Fau l t ed  Qua te rna ry  Unit 

Three  t e r r a c e  levels  have  been mapped a long t h e  Tr in i ty  River. T h e  t e r r a c e  

deposi t  discussed herein belongs t o  t h e  middle t e r r a c e  level,  as shown on t h e  Pales t ine  

Shee t  of t he  Geologic At l a s  of Texas  (Barnes, 1967). The th ickness  of t h i s  unit va r i e s  

be tween 10 and 40 c m  (4 and 16 inches). I t s  s t r a t a  compr ise  subangular  t o  rounded 

pebbles of vein qua r t z ,  c h e r t ,  qua r t z i t e ,  silicified wood, and  bone; t h e  bone  was t o o  

a l t e r ed  for  r ad iome t r i c  a g e  de terminat ion .  Dat ing  of Qua te rna ry  depos i t s  in t h e  

nor thern  pa r t  of t h e  Trini ty River  dra inage  basin gives an a g e  of 37,000 B.P. for  t h e  

corresponding t e r r a c e  leve l  (Thurmond, 1968). T h e  faul ted  Quaternary  deposi ts  t h u s  

appea r  t o  c o r r e l a t e  with t h e  l a t e  P le is tocene  Beaumont  Forma t ion  of t h e  Gulf Coas t a l  

Plain, a widespread accumula t ion  r e l a t ed  t o  a \Visconsin in ters tad ia l .  

Relevel ing Prof i le  

Elevat ion relevel ing l ines run by t h e  National  G e o d e t i c  Survey,  extending 

through Jacksonvil le  t o  Nacogdoches (fig. lo), i nd ica t e  t h a t  approximate ly  130 mm of 

d isp lacement  ac ros s  t he  Mt. Enterpr i se  f a u l t  sys t em occurred  be tween 1920 and t h e  

mid 1950's (fig. 11). The  break  in t h e  relevel ing l ine  (Benchmark J 6 9  t o  Benchmark H69)  

occurs  along t h e  southern e d g e  of t h e  f a u l t  system. Benchmark  e levat ions  on e i t h e r  

side of t h e  sha rp  break have  remained re la t ive ly  cons tant .  T h e  rapid d i f ferent ia l  

subsidence be tween  Benchmark  J69  and H69 represents  r e a l  movemen t  and n o t  

measu remen t  e r ror .  The  sharp ,  loca l ized  def lec t ion  (fig. 11) suggests  t h a t  continued 

movemen t  along t h e  regional  f au l t  sys t em was responsible; t h i s  would account  f o r  

nearly a l l  of t h e  c rus ta l  warping observed by Holdahl and Riorrison (1974). Field c h e c k s  

in t h e  a r e a  did not  provide independent  evidence,  in t h e  form of minor s c a r p s  or b reaks  

in t h e  highways, of very r e c e n t  movement .  A d isp lacement  of 130 m m  in  30 y e a r s  

would probably no t  b e  observable because  of cont inual  road maintenance .  



Eocene rocks undifferentiated 

Figure 8. Geologic and aer ia l  photograph lineation map  of study area.  



- 4800 ' Contour at bare of Austin Format~on 

Figure 9. S t ruc tu re  map  of study a r e a  with contours (in f e e t )  at base of Austin 

Formation.  
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Figure 10. Location map  for  releveling profile across Mt. Enterprise f au l t  system. 

See figure 1 1 for  relat ive elevation changes. 
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Figure  11. Relevel ing profi le  across t h e  Mt. En te rp r i se  f a u l t  system. N o t e  r e l a t ive  

e leva t ion  changes  at southern  edge  of f au l t  sys t em,  measured  o v e r  

approximate ly  30-year period. The  prof i le  is composed of t w o  National  

Geode t i c  Survey lines, Benchmark  U-95 t o  W-67, T e x a s  140 (1933 and 1959) 

and Benchmark W-67 t o  S-11, Texas  127 (1920 and  1947-1952). The t w o  

l ines a r e  t ied  at Benchmark \V-67, which i s  north of t h e  fau l t  sys tem.  

Cause  of Faul t ing  

T h r e e  mechanisms migh t  be responsible f o r  t h e  observed  Qua te rna ry  faul t s :  

(I) subsidence d u e  t o  fluid ex t r ac t ion ,  (2) s a l t  movemen t ,  and (3) load-induced c rus t a l  

warping. 

Fluid ex t r ac t ion  is conf i rmed as t h e  cause  of con tempora ry  land subsidence a n d  

faul t ing  in t h e  a r e a  of Houston (Krei t ler ,  1976, and Verbeek, 1979, among others).  T h e  

nea res t  producing well  of Long Lake  Oil Field (fig. 12) is l oca t ed  2.5 km (1.5 mi )  north of  

t h e  fau l t s ;  no producing or  inject ion wells  a r e  l oca t ed  along t h e  faul t .  Fo r  t h i s  reason 

i t  s e e m s  highly unlikely t h a t  fluid ex t r ac t ion  was  a t r igger ing  mechanism. Fur ther -  

more ,  t h e r e  is no  evidence  of pronounced subsidence in t h e  vicinity of Long L a k e  

Oil Field, and t h e  mean  downthrow of t h e  f au l t s  is a w a y  f rom t h e  oil f ield,  r a the r  t h a n  

toward  it. 



Fault ing as a resul t  of s a l t  movemen t  in t h e  a r e a  of E a s t  Texas s a l t  domes (fig. 

4) appears  t o  b e  unlikely. The  Long Lake  Oil Field (fig. 12) i s  on a s t ruc tu ra l  high,  

probably a residual  f e a t u r e  produced by sa l t  wi thdrawal  in ad jacent  a reas .  In t h i s  

a r e a ,  t h e r e  is t o  d a t e  no s t ruc tu ra l  and  geomorphic  ev idence  of Qua te rna ry  m o v e m e n t  

r e l a t ed  t o  s a l t  d o m e  growth  o r  solution col lapse,  a p a r t  f r o m  sinkholes induced by b r i n e  

opera t ions  on Pales t ine  Dome. Downdip sa l t  f lowage  m a y  have  caused  faul t ing e a r l y  

in t h e  development of t h e  basin, but  canno t  b e  regarded  as a l ikely cause  of 

Quaternary  d isp lacement  because t h e  s i tes  of maximum sed imen ta ry  loading a n d  

associa ted  s a l t  movemen t  migra ted  sou th  of t h e  s tudy a r e a  in post-Eocene time. 

Regional  c rus t a l  warping resul t ing f rom di f ferent ia l  r a t e s  of load subsidence i s  

considered t o  b e  t h e  mos t  probable fau l t ing  mechanism. Warping g e n e r a t e s  a tens ional  

s t r e s s  f ield;  f l exu re  f a u l t s  of t h e  hilt. Enterprise-Elkhart  Graben  sys tem formed a l o n g  

t h e  hingeline be tween t h e  Eas t  Texas  Basin and t h e  Gulf Basin. The s h a r p  break in t h e  

subsidence profi le  at t h e  southern edge  of t h e  f a u l t  sys tem (fig. Il), ind ica t ing  uplif t  o f  

t h e  Eas t  Texas  Basin by 130 mm re l a t ive  t o  t h e  Houston Embaymen t ,  f u r t h e r  suppor t s  

t h e  concept  of fau l t ing  r e l a t ed  t o  hingeline e f f e c t s ,  r a the r  t h a n  faul t ing  resulting f r o m  

loca l  hydrocarbon production or  s a l t  f lowage.  Concen t r a t ion  of seismic ac t iv i ty  in t h e  

a r e a  of t h e  Mt. Enterpr i se  f a u l t  sys t em (fig. 13) m a y  ind ica t e  t h a t  t h e  process is s t i l l  

ope ra t ive  and is t i ed  t o  continued sed imen t  accumula t ion  in t h e  Gulf Basin. 

The  only "high damage" ea r thquake  in E a s t  Texas w a s  repor ted  f r o m  Rusk, i n  

1891, and  i t s  occu r rence  has  been quest ioned by Von Hake  (1977). This  even t  c a u s e d  

violent  shaking of buildings and toppled chimneys  in Rusk, but  t h e  f a c t  t h a t  

surrounding towns  were  unaffec ted  h a s  led  t o  t h e  opinion t h a t  t h e  d a m a g e  may h a v e  

been  produced by a s e v e r e  s torm.  On t h e  o the r  hand,  t h e  s h a r p  break in t h e  re leve l ing  

profi le  (fig. 11) i s  only 8 km ( 5  mi) f r o m  Rusk, and  subsequent  t r emors  h a v e  or ig ina ted  

f rom t h e  s a m e  vicinity. This  suggests  t h a t  t h e  Rusk  d is turbance  may indeed have b e e n  

seismic.  Unconfirmed l a r g e  f r a c t u r e s  were  r epor t ed  in 1900 by loca l  inhabi tan ts  of 

Gr imes  County,  approximate ly  100 km south of t h e  f a u l t  local i ty (Russell, 1957). 

Fissures developed along s t r a igh t  l ines  over d i s t ances  of a b o u t  1 km,  wi th  an east- 

no r theas t  s tr ike.  These  t o o  may  have  been  a product  of hingeline e f f ec t s .  

Ten  ear thquakes  of intensi ty V MM have  been  recorded in  East  T e x a s  since 1891. 

On March 19, 1957, four shocks of in tens i ty  V M44 occurred ,  w i th  t h e  ep icen te r  on t h e  

Mt. Enterpr i se  f a u l t s  (fig. 13). Shocks of in tens i ty  I-V were  f e l t  over a n  a r e a  of 26,000 
2 km (10,000 mi ), and t h e  towns of Elkhar t ,  Gladewater ,  Marshall,  Nacogdoches, a n d  

Troup a l l  recorded in tens i ty  V (U.S. Coas t  and Geode t i c  Survey, 1957). 
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Figure 13. Earthquake distribution along M t .  Enterprise f a u l t  system (from U.S. 

Coast  and Geodet ic  Survey, 1957). 



CONCLUSIONS 

In Leon County, Texas, faul ts  previously considered t o  have  been inact ive  s ince  

early Tert iary have been react ivated during t h e  Quaternary.  Maximum th row of 66 c m  

has occurred on one faul t  t h a t  displaces Quaternary  sediments possibly as young as 

37,000 B.P. 

These faul ts  a r e  par t  of the  Mt. Enterprise-Elkhart Graben sys tem,  which is  

located along a zone of crus ta l  warping separating t h e  older Eas t  Texas Basin from t h e  

subsequently ac t ive  Gulf Basin. Grea te r  than normal se ismic  ac t iv i ty  has been 

associated with this  s t ructura l  trend,  suggesting t h a t  t h e  driving mechanism involving 

crus ta l  warping may still  be  operating. This hypothesis is supported by releveling d a t a  

t h a t  show a re la t ive  movement of 130 rnm on another  section of the  Mt. Enterprise 

faul t  system, indicating t h a t  t h e  faul t  sys tem has been act ive  during the  pas t  30 years. 

Although r a t e s  of Quaternary  fau l t  displacement have been low, t h e s e  faults d o  

have important  implications t o  the  evaluation of cer ta in  Eas t  Texas s a l t  domes a s  

repositories for  nuclear waste. Oakwood Dome, one  of the  potential  repository s i tes ,  

is s i tuated 12.5 km t o  the  west-southwest in the  direction of t h e  fau l t  trend. 
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