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SUMMARY 

This repor t  summarizes results  of t h e  East  Texas Waste Isolation (ETWI) program from 

January 1, 1978, t o  March 30, 1983. Having an extensive d a t a  base, t h e  study comprised 33 

dif ferent  lines of research by 67 scientists  and research assistants. The program included both 

basinwide and site-specific (mainly around Oakwood Dome) studies t h a t  used surface  and 

subsurface data. 

Mesozoic opening of t h e  Gulf of Mexico accompanied thermal  processes t h a t  controlled 

sedimentation during filling of t h e  East  Texas Basin. The basin contains a s  much a s  7,000 m 

(23,000 f t )  of shallow-marine and continental  sediments overlying t h e  Louann Salt. Deforma- 

tion in t h e  basin resulted f rom subsidence of i t s  floor and gravitat ional  flow of s a l t  and from 

sa l t  loss in t h e  subsurface and a t  t h e  surface.  Regional studies have defined the  present-day 

distribution of sa l t  s t ructures  and t h e  growth history of domes. The East  Texas Basin is divided 

in to  four provinces on t h e  basis of t h e  shape of sa l t  s tructures.  F ive  fo rces  t h a t  make sa l t  flow 

operated from near surface  t o  t h e  deepest  pa r t s  of t h e  basin t o  form these  structures.  Sal t  

f low began in pre-Gilmer (Late  Jurassic) t i m e  with t h e  growth of sa l t  pillows. Three  groups of 

diapirs can b e  di f ferent ia ted  on t h e  basis of age  and distribution. The growing sa l t  s t ructures  

a f fec ted  topography, thereby influencing depositional f ac ies  and resulting in deposition of low- 

permeability fac ies  around t h e  sa l t  stocks. 

R a t e s  of dome growth declined exponentially with t i m e  t o  r a t e s  of less than 0.6 m/104 yr. 

Geomorphic evidence does not  preclude Quaternary uplift over Oakwood Dome, but  i t s  southern 

f lank may have subsided. All regional f au l t  sys tems in t h e  basin appear  t o  b e  re la ted  t o  slow 

gravitat ional  c reep  of sa l t  downward toward t h e  basin c e n t e r  or upward into sa l t  pillows and 

diapirs. Nevertheless, at leas t  eight  probable ear thquakes  were  recorded near t h e  southern 

margin of t h e  basin in 1981 and 1982, and their  probable focus, t h e  Mount Enterprise f au l t ,  i s  

poorly understood. 

The following conclusions were  drawn f rom geologic study of a c o r e  drilled f rom Oakwood 

Dome: Salt  co re  f rom t h e  dome is more  than 98 percent  pure hal i te  (anhydrite is t h e  only other  

mineral present). The rock sa l t  displays evidence of two  dist inct  periods of recrystallization. 

Geometr ic  analysis and s t ra in  analysis suggest t h a t  t h e  c r e s t  of t h e  dome was truncated,  

probably by ground-water dissolution, during t h e  format ion of anhydrite cap  rock. Diapiric rise 

of sa l t  formed a t igh t  con tac t  between sa l t  and c a p  rock. The c a p  rock formed in a deep saline 

environment and appears t o  be  a low-permeability barrier  t o  dome dissolution. 

Keywords: cap rock, diapirs, East Texas Basin, faults, hydrochemistry, hydrogmlogy, hydradic 
modeling, lineaments, nuclear waste repsitories,  wtroleum, At domes, At tectonics, 
seismicity, stable isotopes, strain analysis 



Two major aquifer systems l ie above and below the  hypothetical repository level in t h e  

dome: t h e  Wilcox-Carrizo fresh-brackish aquifer system above and t h e  Woodbine saline aquifer 

below. Only the  f ive  shallowest domes have saline springs and a r e  thus poor s i tes  for  potential  

repositories. The geochemistry of fa lse  c a p  rock over two  of these  domes suggests t h a t  th is  

a l tera t ion may be due t o  upward discharge of deep-basin brines. 

Of t h e  domes t h a t  penetra te  t h e  Wilcox-Carrizo aquifer system, only Oakwood Dome has 

a slightly brackish plume, possibly caused by salt  dissolution. None of t h e  sa l t  domes shows 

evidence of extensive exposure t o  circulating ground water. The sa l t  domes a r e  isolated at 

leas t  partly by low-permeability c a p  rock and mud-rich facies.  

Regional circulation in t h e  Wilcox-Carrizo aquifer system corre la tes  closely with topogra- 

phy and geologic structure.  A potential  fo r  downward flow prevails except  beneath t h e  Trinity 

and Sabine River drainage systems. Potential  for downward flow between t h e  Wilcox-Carrizo 

and the  Woodbine aquifers is due t o  marked basinwide pressure declines in t h e  Woodbine caused 

by oil and gas production. 

As Wilcox-Carrizo ground water  moves from recharge t o  artesian sections, i t  evolves 

from an acidic, oxidizing, Ca-Mg-HC03-504 water  t o  a basic, reduced, Na-HC03 water.  

Dating of t h e  ground water  by 1% methods indicates ages of lo3  yr in recharge a reas  t o  1.5 x 

lo4 yr in t h e  artesian section. 

Three-dimensional modeling of ground-water flow in t h e  Wilcox-Carrizo aquifer near 

Oakwood Dome shows tha t  t h e  s t ra t i f ied  sand-mud fabr ic  causes  poor vert ical  connection of 

sand bodies and very low ( -  10-3 t o  10-4) rat ios of vert ical  t o  horizontal hydraulic conductivity. 

Ra tes  of vert ical  ground-water flow a r e  only 11 m1104 yr. Ground-water travel  t imes  f rom 

Oakwood Dome t o  potential  discharge a reas  a r e  approximately 104 yr in well-connected 

channel-fill sand bodies and lo5 t o  lo6 yr in poorly connected interchannel facies. These 

interchannel facies  const i tu te  large  potential aquitards. Realist ic modeling of flow ra tes  in t h e  

Wilcox or in similar aquifers requires incorporation of d a t a  on sand-body geometry  and inter-  

connection. 

The Woodbine aquifer is t h e  shallower of t h e  two  deep saline aquifer systems surrounding 

sa l t  domes immediately below t h e  hypothetical repository level. Mixing of deep saline waters  

with t h e  overlying fresh-water system is limited. 



EVALUATION 

According to proposed guidelines from the Nuclear Waste Policy Act of 1982, Oakwood salt 
dome has 23 favorable characteristics, 15 potentially adverse characteristics, and 3 disqualify- 
ing characteristics. We find no characteristic that is generic to salt domes that precludes their 
use as a repository for nuclear waste. 

The East  Texas Waste Isolation project i s  one of th ree  subprograms studying interior sa l t  

basins in the  Gulf Coast  area .  These subprograms const i tu te  par t  of t h e  National Waste 

Terminal Storage program, which is designed t o  assess t h e  suitability of dome salt,  bedded salt,  

basalt,  tuff ,  and crystalline rock a s  host media for  deep underground containment of high-level 

nuclear waste. As with other  projects, t h e  goal of t h e  East  Texas project was a progressive 

screening in which the  best s i t e  (in this case,  a sa l t  s tock in t h e  core  of a salt  dome) was 

selected by eiiminating less favorable sites. 

All 15 shallow sa l t  domes in t h e  East  Texas Basin were examined, and 3 were chosen: 

Keechi, Oakwood, and Palestine. By 1980, Palestine Dome had been eliminated because of 

ongoing subsidence of s t r a t a  above the  dome induced by earl ier  brining operations. By 1981, 

fur ther  screening had eliminated Keechi Dome because i t  was too small  and too shallow (Off ice  

of Nuclear Waste Isolation, 1981). Therefore, f rom this point, research in t h e  ETWH program 

was directed t o  (1) a be t t e r  understanding of Oakwood Dome and vicinity and ( 2 )  supplying 

information generic t o  all sa l t  domes, which could be  applied t o  t h e  other  th ree  candidate 

domes in the  North Louisiana and Mississippi interior sa l t  basins, 

In accordance with t h e  requirements of t h e  Nuclear Waste Podicy Act  of 1982, t h e  

Department of Energy has circulated @@Proposed General Guidelines for Recommendation of 

Si tes  for Nuclear Waste Repositories," which appear in t h e  Federal  Register, P a r t  II, of 

February 7, 1983. On t h e  basis of these guidelines, which a r e  st i l l  being discussed by the  

Depar tment  of Energy and interested parties, t h e  Oakwood D ~ m e  a r e a  is evaluated in table  1. 

Regarding i t s  suitability a s  a repository for  high-level nuclear waste, Oakwood Dome has 23 

favorable characterist ics,  15 potentially adverse characterist ics,  and 3 disqualifying character-  

istics. These th ree  disqualifying characterist ics a r e  related t o  petroleum exploration and a r e  

specific t o  Oakwood Dome. According t o  our survey of t h e  East  Texas Basin, we find no 

character is t ic  generic t o  salt  domes tha t  precludes their  use as a repository for  nuclear waste. 



Tab le  1. Evaluat ion of Oakwood D o m e  as a po ten t i a l  repos i tory  in t e r m s  of proposed guidel ines 
set by Nuclear  Waste  Policy A c t  of 1982. 

Potent ia l ly  
Favorab le  adve r se  Disqualifying 

SITE GEOMETRY (Oakwood ~ o m e )  

Po ten t i a l  reposi tory dep th  >300  m 
Erosional denudation in 104 y r  = 1 t o  2 m 
Thickness and  l a t e r a l  e x t e n t  

HYDROGEOLOGY (Oakwood D o m e  and Regional)  

Predominant ly  downward ve r t i ca l  hydraulic  
g rad ien t  basinwide 

Local  r echa rge  over Oakwood D o m e  t o  shal low 
(Carrizo)  aqui fer  

No ev idence  of i n t e rac t ion  be tween  sa l ine  
and f r e sh  aqui fers  around Oakwood Dome  

Upward d ischarge  of deep-basin f luids 
at Butler  Dome  

Saline p lume a t  Oakwood Dome  
Trave l  t i m e  of ground w a t e r  t o  d ischarge  areas:  

Modeling: connec ted  Wilcox sands  = l o 3  t o  l o 4  y r  
d isconnected  Wilcox sands  = l o 5  t o  lo6  y r  3c 

Carbon-14 dating: Wilcox = 1.6 x 104 yr  j; 

Oakwood Dome  a r e a  modeled wi th  reasonable  * 
accuracy  

Low-permeabil i ty Wilcox f a c i e s  around d o m e  3c 

Low-permeabil i ty c a p  rock above  and pa r t ly  3c 

f lanking d o m e  
Tight  sea l  in c o r e  be tween  rock  s a l t  and c a p  rock  3t 

Vert ica l  ex tens ion  f r a c t u r e s  in anhydr i t e  c a p  rock  
Possible subsidence ove r  sou the rn  p a r t  of Oakwood 

s a l t  s tock  
Infer red  e s c a p e  of br ines  f r o m  f o r m e r  dissolution 

c a v i t y  below c a p  rock  ( infer red  t o  b e  >3 Ma 
[millions of years]  ago) 

S t ruc tu ra l  ev idence  of t runca t ion  of d o m e  c r e s t  
(mainly during t h e  Cre t aceous )  

62 boreholes through s a l t  overhang probably c o n n e c t  
shallow f r e sh -wa te r  aqui fer  and  d e e p  sa l ine  
aqui fer ,  possibly allowing rapid s a l t  dissolution 
by f r e sh  w a t e r  

ROCK CHARACTERISTICS (Oakwood Dome) 

Evidence of self seal ing in anhydr i t e  c a p  rock  
during s t r a in  

Rock-sal t  minera l  a s semblage  unchanged during 
t h e r m a l  loading 



Table 1 (cont.) 

Poten tially 
Favorable adverse Disqualifying 

Recrystal l ization of uppermost 2 m (6 f t )  of rock sa l t  
probably caused by ent ry  of water  from cap-rock 
base (inferred t o  be  > 3  Ma ago) 

In-place concentrat ion of intracrystal l ine fluid 
in foliated (R-1) rock sa l t  at level  of hypothetical 
repository is  unknown because of art if icial  in troduc- 
tion of water  in to  c o r e  

Preferred migration paths of intercrystal l ine fluids * 
a r e  part ly predictable from s t ra in  analysis and 
geometr ic  analysis of rock sa l t  

S t ruc tu re  of rock sa l t  where in tersected by Y 

borehole reasonably well understood 

TECTONIC ENVIRONMENT (Mainly ~ e g i o n a l )  

Fas tes t  uplift r a t e s  over domes is  <0.6 m / l 0 4  yr, es t imated it 

by extrapolation of growth ra tes  f rom 112 t o  48 Ma ago  
Geomorphic evidence does not preclude cur ren t  differential  

uplift over most  of Oakwood Dome 
Geomorphic evidence suggests subsidence of t h e  southern p a r t  

of Oakwood Dome 
No evidence of rapid regional uplift or subsidence * 
Most regional f au l t  sys tems a r e  reasonably well understood * 

and apparently aseismic 
No regional faul ts  within 10 km (6 mi) of dome 3t 

Small Quaternary faul ts  at surface  18 km (10.8 mi) 
f rom Oakwood Dome 

Vertical e x t e n t  of small  post-Queen Ci ty  su r face  fau l t s  
over Oakwood Dome is  unknown 

Historical earthquakes, if repeated,  would not  significantly * 
a f f e c t  Oakwood s i t e  

Seismicity probably due t o  movement on Mount Enterprise 
faul t ,  but  seismic risk cannot  be  reliably assessed 
because reason fo r  fault ing is  not  ye t  understood 

No Quaternary igneous ac t iv i ty  

HUMAN INTRUSION (Oakwood Dome) 

Petroleum reserves below overhang and 4 km (2.4 mi) t o  SE 
Intensive exploratory and production drilling through 

sa l t  overhang, part ly t o  level  of hypothetical repository; 
s i tes  of t h r e e  holes have not been located 

SURFACE CHARACTERISTICS (oakwood Dome) 

Gently rolling ter ra in  
Dikes possibly required fo r  flood protection 





INTRODUCTION TO THE EAST TEXAS BASIN 

The East Texas Waste Isolation Program 

The East Texas Waste Isolation program began on January 1 ,  1998, and ended on March 30, 
1983. The program goals were to  assist in the selection of a suitable salt dome in the East 
Texas Basin through geologic and hydrogeologic characterization of the domes and surrounding 
strata and to  provide generic information applicable to  other salt-dome basins. 

This report  summarizes results of t h e  East  Texas Waste Isolation program from January 1, 

1978, t o  March 30, 1983. As pa r t  of t h e  Area Character izat ion Phase of evaluating U.S. Gulf 

Coast  salt-dome basins, t h e  East  Texas program was designed t o  character ize  the  geology and 

geohydrology of sa l t  domes and surrounding s t r a t a  in t h e  East  Texas Basin and t o  provide 

generic information applicable t o  other  salt-dome basins. The d a t a  base for  this program is 

extensive because t h e  basin is a mature  petroleum province t h a t  contains major fresh-water 

aquifers ( table 2). Table 3 lists t h e  33 principal lines of geologic research, t h e  scale  of 

examination, and t h e  pert inent sections of this repor t  covering these aspects. Most of these 

lines of research a r e  applicable t o  other salt-dome basins a s  well. The most important gener ic  

studies a r e  listed in column 1 of table  3. References  c i ted  at t h e  end of each unit provide 

sources of d a t a  and derivation of conclusions summarized in this report. This approach is a 

compromise between t h e  need for  adequate  documentation and t h e  need t o  avoid producing a 

t e x t  encumbered with multiple c i ta t ions  in each sentence.  Full ci tat ions of al l  these papers a r e  

provided in t h e  references  at t h e  end of this report. 

Kreit ler  (1979); Kreit ler  and others  (1980); Kreit ler  and others  (1981a); Kreit ler  and others  
(1982a) 



Table 2. Da ta  base for  t h e  East  Texas Waste Isolation program. 

Surf ace 

Geologic Atlas of Texas map sheets, scale  1:250,000 

Geologic maps from unpublished theses 

Topographic maps, scales 1:62,500 and 1:24,000 

Texas general highway maps, scales 1:63,360 and 1:253,440 

Aerial photographs, scales 1: 12,000 t o  1:25,500 

Landsat imagery, scale  1:250,000, band-5 

Re-leveling profile of 28 stat ions across Mount Enterprise faul t  zone 

Microseismic monitoring d a t a  from one t o  th ree  seismograph stat ions near Mount Enterprise 
faul t  zone 

Subsurf a c e  

Geophysical logs f rom - 4,600 wells 

Water-level d a t a  from >2,000 water  wells 

Water-chemistry d a t a  f rom - 1,500 water  wells 

29 shallow borings t o  depths of 7 t o  120 m (20 t o  400 f t )  over Oakwood Dome, 9 of which were  
monitored for water  levels 

Hydrologic t e s t  da ta  f rom f ive  production wells, one of which was cored 

TOG-1 412-m (1,352-ft) core  through Oakwood Dome salt,  c a p  rock, and overburden; TOH-2A0 
563-m (1,847-ft) core  through Wilcox Group near Oakwood Dome 

13 cores borrowed f rom Bureau of Economic Geology Well Sample Library and from oil 
companies 

475 km (295 mi) of 6-fold C.D.P. seismic reflection line 

Residual gravity map, scale  1:96,000 



Table  3. Studies  in t h e  Eas t  Texas  Waste Isolation program. Columns 1 th rough 5 r e f e r  t o  t h e  sca l e s  of examina t ion  in 
e a c h  study. L e t t e r s  in e a c h  column r e f e r  t o  s ec t ions  of t h i s  r e p o r t  t h a t  s u m m a r i z e  t h e  r e su l t s  of e a c h  s tudy  (see  
corresponding footnotes) .  

OAKWOOD, 
(3 )  KEECHI, (5) 

(1) (2 )  ALL 15 PALESTINE, LOCAL 
GENERIC BASINWIDE DOMES BUTLER DOMES NON-DOME 

SITE GEOMETRY 

Measuring size and shape of sa l t  domes t o  determine if c r i te r ia  of minimum 
thickness and la tera l  ex t en t  a r e  met. Measurement based on analysis of 
structure-contour maps from gravity, seismic, and well data.  

Measuring depth t o  sa l t  and c a p  rock t o  determine  if minimum-depth cri terion 
is  met. Measurement based on interpretation of well logs and seismic profiles. 

SURFACEGEOLOGY 

Calculating denudation r a t e s  by surveys of suspended-sediment loads and reservoir 
sedimentation t o  assess risk of erosional breaching of dome. 

Measuring s t ream and t e r r ace  profiles t o  de termine  t h e  e f f ec t s  of possible 
dome uplift or collapse. 

Shallow drilling of Quaternary valley fill over Oakwood Dome t o  determine  the  
e f f ec t s  of possible dome uplift or collapse. 

Analyzing slopes above domes t o  recognize possible dome uplift o r  collapse. 

Analyzing link lengths of drainage networks t o  de termine  t h e  existence 
of possible dome uplift o r  collapse. 

Stratigraphic and s t ructura l  mapping, including faul t  zones, over domes 
t o  de termine  t h e  e f f ec t s  of possible dome uplift or collapse. 

Lineament analysis of aer ia l  photographs and Landsat imagery t o  study 
regional and over-dome f r ac tu re  patterns. 

Re-leveling over Mount Enterprise faul t  zone t o  measure elevation changes 
f rom fault ing in t h e  pas t  30 yr. 

Microseismic monitoring of t h e  Mount Enterprise faul t  zone t o  determine magni- 
tudes and locations of earthquakes. 



Table 3. (cont.) 

(4) 
OAKWOOD, 

(3) KEECHI, (5) 
(1) (2) ALL 15 PALESTINE, LOCAL 

GENERIC BASINWIDE DOMES BUTLER DOMES NON-DOME 

SUBSURFACE GEOLOGY 

Interpret ing geophysical logs t o  e luc ida te  lithology, depositional systems,  
s t ruc ture ,  t ec ton ic  evolution, and geomet ry  of sed imentary  units in 
t h e  basin. 

Construct ing 49 s t ra t ig raphic  and s t ruc tura l  regional cross sect ions 
t o  car ry  ou t  basin analysis. 

Construct ing s t ruc tura l  cross sect ions around 15 domes t o  de te rmine  geomet ry  
of near-dome s t ra t ig raphic  units. 

Interpret ing seismic re f lec t ion  d a t a  and time-to-depth conversion of events  
t o  examine  seismic strat igraphy,  especial ly of units below depth  of abundant  
well control. 

Interpret ing residual g rav i ty  t o  define sal t-related structures.  

Analyzing regional f a u l t  sys tems  t o  examine  distribution, geomet ry ,  
displacement history, and origin, especially for  seismic potential. 

Examining subsurface d a t a  around 15 sa l t  domes t o  infer t imes  and 
p a t t e r n s  of sa l t  movement  over 64 Ma. 

Measuring thickness changes around 15 sa l t  domes t o  quantify r a t e s  
of d o m e  growth over 64 Ma t o  predict  f u t u r e  dome growth.  

Oakwood sal t-core studies of lithology, geochemistry,  fluid inclusions, 
s t ruc ture .  and s t ra in  t o  eva lua te  host-rock charac te r i s t ics .  



Table 3. (cont.) 

Studies of Oakwood cap-rock lithology, geochemistry, isotopic chemistry,  
s t ruc ture ,  and origin t o  evaluate  t h e  e f f ec t s  of geologic sealing 
by c a p  rock. 

General  l i te ra ture  review of internal s t ruc ture  of sa l t  glaciers and diapirs 
t o  evaluate  host-rock characterist ics.  

Li tera ture  review of mechanisms for initiating sa l t  flow t o  understand 
s t ructura l  evolution of host rock. 

Synthesizing petroleum potential  of sa l t  domes t o  evaluate 
probability of fu ture  exploration for  resources. 

Documenting petroleum s torage  in sa l t  domes t o  eliminate domes 
with prior economic use. 

Documenting hydrocarbon accumulation patterns.  

GEOHYDROLOGY 

Documenting surface  saline waters  t o  determine their  relation t o  
shallow sa l t  domes. 

Monitoring ground-water levels t o  deduce ground-water flow paths. 

Pumping t e s t s  of producing wells around Oakwood Dome t o  determine  
hydrologic properties of fresh-water aquifers. 

Analyzing water  and existing water-chemistry d a t a  t o  determine 
geochemical evolution of fresh and saline aquifers. 

Isotopic analysis of ground water  t o  de termine  age,  residence t ime, 
and source. 

(4) 
OAKWOOD, 

(3) KEECHI, ( 5 )  
(1) (2) ALL 15 PALESTINE, LOCAL 

GENERIC BASINWIDE DOMES BUTLER DOMES NON-DOME 



Table 3. (cont.) 

Constructing hydrodynamic models around Oakwood Dome t o  evaluate 
t h e  e f f ec t s  of changing several  hydrologic variables on flow pat terns  
around t h e  dome. 

Examining petrography, isotopes, and stratigraphic relations of Butler 
Dome false cap  rock t o  determine  origin and age  of alteration.  

* See Jackson (1983). 
a. Tectonic Evolution (p. 13). 
b. Structural  Framework (p. 15). 
c. Stratigraphic Framework (p. 17). 
d. Regional Hydrogeology (p. 21). 
e. Inventory of Eas t  Texas Salt  Domes (p. 23). 

C 
f. Present Distribution and Geometry of Salt  Structures (p. 27). 

N g. Mechanisms Initiating Salt  Flow (p. 31). 
h. Initiation of Sal t  Flow (p. 33). 
i. Diapirism (p. 35). 
j. Effects  of Dome Growth on Depositional Facies of Enclosing S t r a t a  (p. 39). 
k. Effec ts  of Dome Growth on St ructure  of Enclosing S t r a t a  (p. 45). 
1. Effec ts  of Dome Growth on Surface Processes (p. 47). 

m. Ra te s  of Dome Growth (p. 51). 
n. Fault  Tectonics (p. 53). 
o. Seismicity (p. 57). 
p. Petroleum Potential  of Domes (p. 61). 
q. Ground-Water Hydraulics (p. 65). 
r. Ground-Water Chemistry (p. 69). 
s. Subsurface Salinity near Salt  Domes (p. 71). 
t. Age of Ground Water (p. 75). 
u. Surface Saline Discharge (p. 79). 
v. Saline Aquifers (p. 83). 
w. Lithology of Salt  (p. 87). 
x. S t ructure  of Sal t  (p. 91). 
y. Strain in Salt  (p. 95). 
z. Cap-Rock - Rock-Salt Interface (p. 97). 
a'. C a p  Rock (p. 101). 
b'. Hydrogeologic Monitoring and Testing (p. 105). 
c'. Ground-Water Modeling: Wilcox Multiple-Aquifer System (p. 109). 
d'. Ground-Water Modeling: Flow Rates  and Travel Times (p. 113). 

(4) 
OAKWOOD, 

(3) KEECHI, (5) 
(1) (2) ALL 15 PALESTINE, LOCAL 

GENERIC BASINWIDE DOMES BUTLER DOMES NON-DOME 



Tectonic Evolution 

The character of Mesozoic sedimentary fill in the East Texas Basin reflects underlying 
thermally induced tectonic processes characteristic of initial uplift, rifting, and thinning of 
Paleozoic continental crust. The subsequent tectonic subsidence allowed restricted-marine 
incursions accompanied by rift volcanism. Further subsidence resulted in the accumulation o f  
open shallow-marine deposits followed by progradation of the continental margin by delta- 
dominated systems toward an oceanic-spreading center in the Gulf of Mexico. 

The East  Texas Basin originated during t h e  Triassic a s  an  aulacogenic r i f t  basin north of 

t h e  principal r i f t  zone t h a t  ult imately formed t h e  Gulf of Mexico (fig. 1). During the  pre-rif t  

s tage,  lithospheric expansion and uplift exposed the  Paleozoic Ouachita fold belt t o  erosion. 

After  t h e  onset  of rifting, diverging zones of maximum uplift (upward arrows in fig. 1) migrated 

outward from the  r i f t  axes  a s  the  lithosphere rose and was s t re tched,  probably as a result of a n  

underlying thermal  anomaly. These zones of uplift were  followed by diverging zones of collapse 

(downward arrows). Upper Triassic red beds were  deposited unconformably as continental  r i f t  

fill  on eroded basement. Widespread erosion formed t h e  subsalt angular unconformity across 

Triassic s t r a t a  and Paleozoic basement. 

By the  Middle Jurassic, t h e  basin had subsided sufficiently t o  allow restricted incursion of 

seawater  along the  linear trough and i t s  flanks, depositing t h e  Louann Salt. R i f t  volcanism is 

recorded by lava flows and ash falls immediately above and below t h e  salt. 

In the  L a t e  Jurassic, open shallow-marine deposits accumulated on t h e  subsiding con- 

t inental  shelf in t h e  basin during continental  breakup. The paucity of terrigenous sediment on 

this shelf suggests tha t  t h e  r i f t  margin was still  sufficiently elevated t o  diver t  rivers elsewhere. 

Continued, cooling-induced subsidence of t h e  divergent continental  margin eventually allowed 

progradation of large  volumes of terrigenous c las t ics  in t h e  L a t e  Jurassic and Early Cretaceous,  

when t h e  Gulf of Mexico had completely formed. R a t e s  of basin subsidence and sediment 

accumulation declined throughout t h e  Cretaceous  and had virtually ceased by the  early 

Tertiary.  

Jackson and Seni (1983); Jackson (1981b); Seni and Kreit ler  (1981); Jackson and others (1982) 
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Structural Framework 

The East Texas Basin has been distorted by second-order anticlines, including salt pillows, salt 
diapirs, and turtle structures, formed directly by gravity creep of salt. The basin is bounded by 
the Mexia-Talco fault zone on the north and west, by the Sabine Arch on the east, and by the 
Angelina Flexure on the south. 

The western and northern margins of t h e  East  Texas Basin coincide with other  geologic 

s t ructures  varying from Pennsylvanian t o  Tertiary in a g e  (fig. 2): (1) t h e  Pennsylvanian 

Ouachita fold and thrust  belt beneath Mesozoic cover and (2) the  Triassic r i f t  grabens and half 

grabens parallel t o  the  Ouachita trend. This pa r t  of t h e  basin margin is defined by the  Mexia- 

Talco faul t  zone, a Jurassic t o  Eocene peripheral graben system tha t  coincides with t h e  updip 

limit of the  Louann Salt. 

The Sabine Arch (Uplift) forms t h e  eas tern  margin of the  basin (fig. 3). The southern 

margin of t h e  basin is defined by t h e  Angelina Flexure, a hinge line tha t  is generally monoclinal 

at i t s  ends and anticlinal in t h e  middle. The Elkhart - Mount Enterprise faul t  zone extends f rom 

just north of the  western end of t h e  Angelina Flexure t o  the  cen te r  of t h e  Sabine Arch (fig. 2). 

The gross s t ructure  of t h e  East  Texas Basin consists of regular basinward dips in t h e  east ,  

west, and north and a low rim in the  south along t h e  Angelina Flexure. Deformation within t h e  

basin appears t o  b e  related solely t o  large-scale, gravitationally induced c reep  of sa l t  

(halokinesis). The synclinal East  Texas Basin was distorted by th ree  types of second-order, salt- 

related anticlines: (1) sa l t  pillows--large, low-amplitude, upwarping s t ructures  cored by salt; 

(2 )  sal t  diapirs--subvertical, cylindrical sa l t  s tocks tha t  have pierced t h e  adjacent s t ra ta ;  and 

(3) tu r t l e  structures--salt-free growth anticlines formed by subsidence of their  flanks caused by 

collapse of underlying sa l t  pillows during sa l t  diapirism. 

Jackson (1982); Agagu and others  (1980b) 
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Figure 2. Map showing regional s t ructura l  framework of t h e  East  Texas Basin (from Jackson,  
1982, adapted f rom Martin, 1978). 
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Figure 3. Structura l  cross  sect ion across  East  Texas Basin (from Wood and Guevara, 1981). 



Stratigraphic Framework 

The East Texas Basin contains 5,500 t o  7,000 m (18,000 t o  23,000 f t )  of Mesozoic and Cenozoic 
evaporites, f luvial-del taic sandstones, shales, and shelf carbonates. Apart from certain Upper 
Jurassic shales, deep-water (>300 m; >1,000 ft) facies are absent. 

The basin fill  in East  Texas followed a typical  path  f rom purely continental  (Late  Triassic) 

through res t r ic ted  marine (Early Jurassic)  t o  open shallow marine (Late  Jurassic). This 

sequence was followed by episodes of terrigenous c las t ic  and carbonate  accumulation (Creta-  

ceous), terminating with largely fluvial deposition (Tert iary) (figs. 4, 5,  appendix). During t h e  

L a t e  Triassic r i f t  s tage ,  Eagle Mills red beds were  deposited unconformably on eroded 

basement.  Middle Jurassic marine incursions along t h e  r i f t s  deposited t h e  Werner Formation,  

consisting of red beds and evaporites and t h e  overlying evaporit ic  Louann Salt. 

Open shallow-marine deposits in t h e  Upper Jurassic Smackover, Buckner, and Gilmer 

Formations represent  accumulations during cont inenta l  breakup on t h e  subsiding continental  

shelf. Sand-rich Schuler-Hosston del tas  prograded across t h e  divergent continental  shelf during 

t h e  L a t e  Jurassic and Early Cretaceous.  A rapid marine transgression resulted in t h e  

accumulation of Glen Rose carbonates,  minor evaporites,  and shale. In t h e  Middle and L a t e  

Cretaceous,  del ta ic  and fluvial sequences such a s  t h e  Woodbine and Eagle Ford repeatedly 

prograded and built out  t h e  continental  shelf. By t h e  early Tert iary,  t h e  basin was essentially 

full,  and fluvial sys tems prograded over t h e  southern rim of t h e  basin in to  t h e  Gulf of Mexico. 

N e t  erosion has character ized t h e  l a s t  40 Ma of geologic time. 

Wood and Guevara (1981); Agagu and others  (1980a) 
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Regional Hydrogeology 

The Wilcox-Carrizo fresh-water aquifer system is separated from deeper saline aquifers by 600 
to  1,200 m (2,000 to  4,000 ft) of aquitards and aquicludes. The proposed salt-dome repository 
would Zie at the depth of aquitards and aquicludes between the fresh WiZcox-Carrizo and the 
saline Woodbine systems. 

Major fresh-water aquifers in t h e  East  Texas Basin a r e  (youngest t o  oldest) the  Queen 

Ci ty  Formation, t h e  Carr izo Formation, and t h e  Wilcox Group. The Queen Ci ty  is a water-table 

(unconfined) system in which topographic e f f e c t s  c r e a t e  a series of local ground-water basins. 

Immediately below is t h e  leaky Reklaw aquitard, which causes artesian conditions in par ts  of 

t h e  underlying Wilcox-Carrizo aquifer system. The Wilcox-Carrizo aquifer system includes 

(1) an artesian (confined) section overlain by t h e  Reklaw aquitard and (2) a water-table 

(unconfined) system where t h e  Wilcox-Carrizo crops out  along t h e  west, north, and eas t  margins 

of t h e  basin. The fresh-brackish water  in te r face  (1,000 mg/L) generally lies from 90 t o  150 m 

(300 t o  500 f t )  above t h e  base of t h e  Wilcox Group. The major saline aquifer is t h e  Woodbine 

Group, separated from the  fresh-water systems by 600 t o  1,200 m (2,000 t o  4,000 f t )  of 

aquitards and aquicludes. Deeper saline aquifers include t h e  Paluxy Formation, t h e  Glen Rose 

Subgroup, and t h e  Hosston Formation ("Saline Aquifers," p. 83). A repository at a depth of 600 

t o  900 m (2,000 t o  3,000 f t )  would be  si tuated at t h e  depth of t h e  600- t o  1,200-m (2,000- t o  

4,000-f t )  interval between t h e  Wilcox and Woodbine aquifers. 

Regional ground-water flow pat terns  in t h e  Wilcox-Carrizo system a r e  shown in figure 6. 

Owing t o  a shallow water  table (depth =: 12 m, 40 ft) ,  flow in t h e  large  outcrop a reas  along t h e  

west  and east margins of t h e  basin corre la tes  closely with topography. Ground-water flow lines 

in outcrops emana te  from large  recharge a reas  at watershed divides and either converge on 

s t reams  or veer downdip. Topographic control  on flow is also evident in t h e  confined (artesian) 

section of t h e  basin, where flow lines tend t o  veer away f rom watershed divides and generally 

converge toward t h e  Trinity, Neches, and Sabine Rivers. This indicates tha t  t h e  Reklaw 

aquitard leaks in some a reas  and t h a t  t h e  Wilcox-Carrizo aquifer may discharge upward through 

t h e  Reklaw t o  streams. Both Oakwood and Keechi Domes a r e  located within t h e  ar tes ian 

section. Pressure-depth relations ("Ground-Water Hydraulics," p. 65) indicate tha t  upward 

leakage is confined t o  t h e  a r e a  around t h e  lower Trinity River. 

Fogg and Kreit ler  (1982); Fogg and Kreit ler  (1981); Fogg (1980a); Fogg and others (1982a) 



Figure 6. Map of ground-water flow lines for Wilcox-Carrizo system, East  Texas Basin (from 
Fogg and Kreit  ler, 1981). 



Inventory of East Texas Salt Domes 

A wide range of pertinent geologic and economic data for all 15 shallow salt domes is 
summarized in this report. Salt-stock morphology provides a guide to  structural maturity. 

This program was designed primarily t o  examine the  feasibility of isolating nuclear waste  

in East Texas salt  domes. The program collected pert inent geologic and economic da ta  for al l  

15 shallow domes (fig. 7): location, residual-gravity expression, depths t o  c a p  rock and salt ,  

orientation and la tera l  dimensions, shape, cap-rock thickness and composition, geometry of 

adjacent s t ra ta ,  faulting around dome, growth history, evidence of collapse, topographic 

expression, surface  salines, resources, and uses of t h e  domes. Graphics for each dome include 

s t ructure  contours of t h e  sa l t  s tock on a topographic base, isometric block diagram of t h e  sa l t  

stock, cross sections showing salt-stock shape along major and minor axes, and a cross section 

through the  dome showing adjacent s t ra ta .  

The orientation of precursor Jurassic - Lower Cretaceous  sa l t  ridges controlled t h e  

following aspects  of the  diapirs tha t  evolved f rom them: major-axis orientation, diapir-family 

orientation, and overhang directions (figs. 8, 9). The following variables generally cor re la te  

with increasing s t ructura l  maturi ty in sa l t  stocks: decreasing axial ratio, increasing percentage 

overhang, and increasing planar c res t  area.  The most reliable indications of s t ructura l  matur i ty  

in salt  stocks a r e  axial rat io and percentage overhang (fig. 10). No one variable is total ly 

reliable, and this approach should b e  t r ea ted  with caution, 

Jackson and Seni (1 984); Giles and Wood (1983); Wood and Giles (1982); Giles (1980) 



i .--? 

A Salt structures 

A Faults 

0 10 20mi - 
0 10 20 30km 

- -- 

Figure 7. Map of t h e  sa l t  domes of the  East  Texas Basin. The 15 shallow sa l t  domes (depth t o  
sa l t  < 1,220 m, <4,000 f t )  studied in detail  a r e  shown as tr iangles (af ter  Kreit ler  and others,  
1981a), 
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Figure 8. Map of major-axis orientation and proportional axia l  ra t ios  of sa l t  diapirs. 
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Figure 10. Graph of axial r a t io  versus percentage planar c r e s t  fo r  15 East  Texas diapirs. 
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REGIONAL GEOLOGIC STUDIES 

Present Distribution and Geometry of Salt Structures 

A central province of salt diapirs is surrounded by three other provinces: intermediate- 
amplitude salt pillows (inner), low-amplitude salt pillows, and a salt wedge (outer). These 
provinces reflect increasing thicknesses of the original salt source layer toward the basin 
center. 

The present distribution and morphology of sa l t  s t ructures  in t h e  East  Texas Basin a r e  

portrayed in f igure 11. A zone of undeformed salt ,  2.7 t o  4.6 km (8,800 t o  15,000 f t )  deep  and 

225 km (135 mi) long, encircles an  array of sa l t  s tructures.  In much of t h e  basin center ,  t h e  

Louann Salt  is apparently absent. Salt  s t ructures  (fig. 12) a r e  classified into t h e  following 

provinces. 

(1) An outermost sa l t  wedge consists of apparently undeformed salt  from 0 t o  340 t o  

640 m (0 t o  1,115 t o  2,100 f t )  thick. I ts  updip pinch-out coincides with the  Mexia-Talco faul t  

zone. 

(2) Periclinal sa l t  s t ructures  with low amplitude/wavelength ratios a r e  called low- 

amplitude sa l t  pillows. These pillows a r e  flanked by synclines of Louann Salt.  The Louann Salt  

was originally a t  leas t  550 t o  625 m (1,800 t o  2,050 f t )  thick before  deformation, according t o  

graphical reconstruction by unfolding of t h e  pillows. Overburden thickness was about 500 m 

(1,640 f t )  throughout provinces 1 through 3 a t  t h e  s t a r t  of sa l t  movement. 

(3) Intermediate-amplitude salt  pillows a r e  commonly separated by salt-evacuated 

synclines and a r e  larger than pillows of province 2. Original thickness of t h e  salt  source layer 

here  is es t imated t o  be 550 t o  >760 m (1,800 t o  >2,500 ft) ,  on t h e  basis of graphical 

reconstruction by unfolding of t h e  pillows. 

( 4 )  The sal t  diapirs of t h e  diapir province in t h e  basin cen te r  a r e  t h e  most mature  sa l t  

s tructures.  They have a l l  partly "pierced" their  overburden and have risen t o  within 23 m (75 f t )  

(Steen Dome) t o  about 2,000 m (6,560 f t )  (Girlie Caldwell Dome) of t h e  present surface. 

Jackson and Seni (1983, 1984); Seni and Jackson (1983a,b, in press); Giles and Wood (1983); Giles 
(1980); Giles (1981); Wood and Giles (1982) 
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Figure 11. Isometric block diagram of salt s t ructures  in t h e  East Texas Basin (from Jackson and 
Seni, 1983). 
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Figure 12. Map of sa l t  provinces and sa l t -s t ructure  contours, Eas t  Texas Basin (from Seni and 
Jackson, 1984). 





Mechanisms Initiating Salt Flow 

Salt pillows formed by ( 1 )  differential loading by deltaic sediments over shallow salt; (2) passive 
rise of salt into gravity-glide anticlines; (3) buoyancy at depths ~ 7 0 0  m (<2,300 f t) ,  where salt 
was loaded by dense carbonates; ( 4 )  buoyancy at depths >700 m (>2,300 ft), where salt was 
loaded by compacted terrigenous clastics and most other sediments; and (5) possible thermal 
convection in thick salt masses >1,000 m ( >3,280 f t )  deep. 

For sa l t  t o  undergo steady-state c reep  (rheid flow), several  conditions must be present. 

Many combinations of factors ,  however, promote ducti le behavior, such as  increasing water  

content,  high temperatures,  and low strain rates. Differential  s t ress  (equivalent t o  hydraulic 

gradient in fluids) must exceed t h e  e las t ic  plastic-flow limit of t h e  salt .  Numerous geologic 

variations in thickness, density, viscosity, or t empera tu re  (such as  folds, faults ,  and facies  

changes) provide differential  s t resses  and trigger sa l t  flow. 

In the  case  of a dipping sa l t  layer of uniform thickness overlain by horizontal, parallel 

layers of uniform thickness, sa l t  will flow downhill, regardless of t h e  overburden density. This 

causes updip thinning and downdip thickening of t h e  salt ;  cover extends updip and shortens 

downdip by gravity-glide buckling. Where a dipping layer of uniformly thick sa l t  is overlain by 

progressively thicker, denser cover downdip, updip sa l t  f lows downhill f rom P3, and downdip sa l t  

flows uphill from P i ,  converging at a point, P2, where t h e  gravity head is  balanced by t h e  

pressure head (fig. 13); sa l t  pillows can be nucleated a t  convergence points like P2. 

East  Texas sa l t  pillows initially grew by buoyancy because a density inversion was induced 

by dense Upper Jurassic carbonates overlying less dense sa l t  (fig. 14). Salt  r ise was  probably 

augmented by folding of the  carbonates as  they glided into t h e  basin over t h e  salt  detachment  

zone. Younger, larger pillows grew from sal t  ridges formed by intense differential  loading at 

t h e  leading edge of prograding sand-rich del tas  (fig. 15). In at leas t  one dome (Hainesville), 

erosional breaching of a pillow triggered diapirism. After  deep burial had compacted 

terrigenous sediments, diapir buoyancy was driven by density inversion. Salt  may now be  

thermally convecting in t h e  deepest  pa r t s  of sa l t  stocks. 

Woodbury and others  (1980); Kehle (in preparation); Jackson and Seni (1983); Jackson and Harris  
(1981) 



Figure 13. Schematic cross section showing salt-f low directions in dipping source layer overlain 
by uniform, onlapping overburden (R. 0. Kehle, personal communication, 1982). The density of 
units 1 and 2 is g r e a t e r  than  t h a t  of sa l t ,  and t h e  density of units  3 and 4 is less than  t h a t  of 
salt.  

I Water I 

I F lu id  grad ient  - 2 x 1 0 ~ ~  (p2 12.25, average Gulf Coast sediment) I 
or 2 x 103g (P2 =2.75, anhydrite-carbonate mixture) 

Figure 14. Schemat ic  cross section showing fluid gradient between P2 and P 3  in 10-mi-wide 
sa l t  pillow below denser cover based on hydraulic head and slope of pillow flank (R. 0. Kehle, 
personal communication, 1982). 
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Figure 15. Schematic cross sect ion showing fluid gradient in tabular  sa l t  below P 3  and Pq, 
induced by differential  loading by dense, sand-rich d e l t a  prograding toward viewer (R. 0. Kehle, 
personal communication, 1982). Gradient is 20 or  2 t imes  (for cover of specific gravity 2.25 t o  
2.75, respectively) t h e  buoyancy force  induced by density inversion shown in f igure  14, although 
t h e  size of t h e  heterogeneit ies is t h e  same. 



Initiation of Salt Flow 

Seismic data indicate that the oldest salt structures were low-amplitude pillows. The pillows 
grew beneath the Smackover-Gil mer carbonate platform. Subsequently Schuler-Hosston deltas 
prograded across the platform and formed more-distal salt anticlines. 

The earl iest  record of movement in t h e  Louann Salt  is in t h e  overlying shallow-marine 

interval  below t h e  top of t h e  Upper Jurassic Gilmer Limestone. This seismic unit thins over 

sa l t  pillows of province 2, and overlying units onlap these pillows. Low-amplitude sa l t  pillows 

therefore  grew in pre-Gilmer time. Pillows grew along t h e  western margin of t h e  basin in 

pillow provinces 2 and 3 ("Present Distribution and Geometry of Salt  Structures," p. 27). 

Oakwood Dome and possibly Grand Saline Dome, on t h e  southwestern fringe of the  diapir 

province 4, also began t o  grow a s  pillows in pre-Gilmer time. 

The overlying Upper Jurassic marine s t r a t a  formed an aggrading, slowly prograding, 

carbonate  wedge tha t  loaded t h e  sa l t  fair ly uniformly. The evaporit ic Buckner Anhydrite 

wedges out seaward in pillow provinces 2 and 3 (fig. 16A), possibly because topographic swells 

over pillows restr icted circulation of seawater.  The carbonate  shelf break is inferred from 

abrupt thickening of overlying terrigenous c las t ics  along this line. In Gilmer t ime, t h e  basin was 

still  s tarved and the  slope sediments were  thin (fig. 16A). This accounts for t h e  lack of 

contemporaneous halokinesis in t h e  centra l  basin, despite i t s  having t h e  g rea t  thickness of salt. 

In the  L a t e  Jurassic and Early Cretaceous,  t h e  Schuler-Hosston clast ics prograded rapidly 

across t h e  carbonate  platform a s  coalescing sand-rich deltas. Progradation slowed on crossing 

t h e  shelf break, but the  thick del tas  continued t o  advance as a linear f ront  into t h e  previously 

starved basin (fig. 16B). Subsurface mapping delineates strike-parallel thicks in provinces 3 and 

4, indicating t h e  existence of parallel ridges and troughs. Loading of t h e  pre-Schuler subst ra te  

by t h e  advancing linear depocenters would have squeezed sa l t  ahead a s  a frontal  bulge t o  form 

sa l t  pillows (fig. 16B). An increase in sediment supply o r  progradational r a t e  would have buried 

t h e  f ronta l  pillows, thereby initiating parallel, but more  distal, sa l t  pillows, ridges of sa l t  from 

which t h e  sa l t  diapirs would have grown by budding upward. 

Jackson and Seni (1983); McGowen and Harris  (in press); Jackson and Harris  (1981); Kehle (in 
preparation) 
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Figure 16. Models of L a t e  Jurassic - Early Cretaceous  sa l t  mobilization. (A) Schemat ic  block 
diagram of depositional facies  during Bossier-Gilmer-Smackover t i m e  (af ter  Jackson and Seni, 
1983). (B) Schematic block diagram of depositional facies  during Hosston-Schuler t i m e  (af ter  
Jackson and Seni, 1983). Numbers 1 and 2 refer  t o  primary and secondary peripheral sinks, 
respectively. 



Diapirism 

Group 
Cretac 
diapirs 

1 diapirs grew along the margins of the diapir province in Late Jurassic - Early 
,eous time. Group 2 diapirs grew along the basin axis in the mid-Cretaceous. Group 3 
grew along the northwestern margins of the diapir province in the Late Cretaceous. 

By Glen Rose t i m e  (Early Cretaceous),  sa l t  diapirs were  growing in th ree  a reas  around t h e  

periphery of t h e  diapir province (fig. 17), s tar t ing a t  about 130 Ma ago. Two a reas  coincide 

with known Schuler-Hosston c las t ic  depocenters. The significance of t h e  third a r e a  on t h e  

eas tern  margin of t h e  basin is obscure. These group 1 diapirs thus appear  t o  have been localized 

by loading on t h e  salt-cored pillows in f ront  of t h e  prograding Schuler-Hosston deltas. 

By mid-Cretaceous, when maximum sedimentation was taking place in t h e  basin center,  a 

second generation of diapirs evolved through a pillow s tage  from t h e  thick sa l t  (fig. 18). Sites 

of group 2 diapir initiation migrated from t h e  basin cen te r  northward along t h e  basin axis. 

The group 3 diapirs on t h e  northern and western margin of t h e  diapir province had a 

di f ferent  origin. In t h e  L a t e  Cretaceous,  subsidence of t h e  East  Texas Basin had declined 

exponentially t o  relatively low rates.  Tilting of t h e  basin margins by loading of t h e  basin cen te r  

would have promoted basin-edge erosion, a common process during t h e  end of basin evolution. 

Alternatively, erosion may have been fos tered by t h e  rise of a large  sa l t  pillow, which would 

have caused shoaling and exposure of t h e  overlying s e a  floor. Local unconformities exist over 

Hainesvilie Dome, and 150 t o  200 km3 (37 t o  49 mi3) of salt  a r e  caiculated t o  be missing. The 

precursor salt  pillow was breached by erosion; sa l t  extrusion formed t h e  largest  secondary 

peripheral sink in t h e  East  Texas Basin. Erosional breaching of t h e  faul ted c res t s  of sa l t  pillows 

might also have initiated piercing by t h e  f i rs t  and second generations of diapirs. 

Seni and Jackson (1983a, b, 1984); Jackson and Seni (1983, in press); Giles (1981); Loocke (1978) 
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Figure 17. Map of diapir groups in t h e  East  Texas Basin (from Seni and Jackson, 1983b). 
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Figure 18. Block diagram of  depositional facies  during Washita - Glen Rose and Wilcox t ime  
(a f t e r  Jackson and Seni, 1983). 





Effects of Dome Growth on Depositional Facies of Enclosing Strata 

Studies of paleoenvironments of the East Texas Basin and of modern environments elsewhere 
show that growing salt structures formed topographic mounds and depressions. The topographic 
influence on sedimentation patterns is characteristic of different dome-growth stages and 
sedimentary environments. 

Syndepositional l i thostratigraphic variations in response t o  sa l t  flow highlight t h e  inter- 
dependence between sediment accumulation and dome evolution (fig. 19). These litho- 
strat igraphic variations were primarily controlled by paleotopography. Salt  uplift formed broad 
swells over salt  pillows and small mounds over diapirs. Concurrently, topographic and 
s t ructura l  basins formed over zones of sa l t  withdrawal, leaving saddles with residual elevation 
between the  basins (fig. 20). This salt-related topography influenced sedimentation patterns,  
which, in turn, enhanced continued salt  flow because of increased loading by vertically s tacked 
facies  in t h e  peripheral sink. 

In t h e  East  Texas Basin, salt-pillow growth uplifted and thinned broad a reas  over t h e  cres t  
and flanks of the  pillows, whereas diapir growth uplifted and thinned smaller a reas  (fig. 19). 
During diapirism, t h e  e f f e c t  of t h e  topographic depression in t h e  large  peripheral sink was much 
greater  than the  e f f e c t  of the  diapir mound. Continued domal "piercement" com monly 
destroyed t h e  uplifted s t r a t a  by erosion or by shoving t h e  uplifted units aside. In contrast ,  
much of t h e  broad, thinned zone over pillow c res t s  was preserved when during diapirism t h e  
underlying pillow collapsed and was buried deep below secondary and ter t iary  peripheral sinks 
(fig. 20). The locations of sinks a r e  related t o  evolutionary s tage  and regional dip. Axial t r aces  
of primary peripheral sinks tend t o  be updip of t h e  sa l t  pillow. In contras t ,  secondary and 
ter t iary  peripheral sinks commonly encircle t h e  diapir. This change in position results f rom t h e  
transition from predominantly downdip la tera l  flow in t h e  pillow s tage  t o  a combination of 
centr ipeta l  and upward flow in t h e  diapir stage. 

The sedimentary response of fluvial and del ta ic  environments t o  salt-influenced topog- 
raphy was different from t h e  response of marine and shelf environments. Fluvial systems 
bypassed topographic mounds above domes and pillows (fig. 21). Sediments deposited in uplifted 
areas,  therefore,  tend t o  be thin and sand poor (fig. 22). Subsidence of t h e  peripheral sinks 
promoted aggradation of sand-rich fluvial-channel facies. 

In siliciclastic shelf and shallow-marine carbonate  environments, sand can accumulate  by 
winnowing on bathymetr ic  shoals, so  t h a t  sa l t  domes with sufficient  surface  expression, such as 
those in t h e  modern Persian Gulf, a r e  overlain by sand-rich sediments. Lower Cretaceous  reefs  
have been found in East  Texas on saddles with residual elevation between salt-withdrawal basins 
(fig. 20), Dome-crest reefs  have been recognized in Oligocene sediments of the  Texas Gulf 
Coast ,  in Holocene s t r a t a  in t h e  northwestern Gulf of Mexico, and in t h e  modern Persian Gulf, 

but not in East Texas. 

Seni and Jackson (1984); Jackson and Seni (1983); Seni and Fogg (1982); McGowen and Harris  
(1981); Seni (1981) 



Pillow Uplifted a r e a  Withdrawal basin 

Not to scole Sediments  above pillow a r e  thin 
over broad, equidimensional t o  
e longate  area .  Maximum thinning 
over cres t .  Area  extends  100- 
400 km2 (40-150 mi2), depending 
on  s ize  of pillow. Percentage 
thinning, 10-100%. 

Sediments a r e  thickened in broad 
t o  e longate  primary peripheral 
sink, generally located on updip 
side of s a l t  pillow. Axial t r a c e  of 
sink parallels axial t r a c e  of elon- 
g a t e  uplift; axial t r a c e s  a r e  gen- 
erally separated by 5-20 km (3- 
12  mi). Sink a t t a in s  300 km2 
(120 mi2) in extent ,  depending on 
s ize  of pillow. Percentage thick- 
ening, 10-30%. Recognition of 
primary peripheral sink may be 
hindered by in terference of nearby 
sa l t  structures. 

Pillow 
Stage 

Facies  Facies  

Thin, sand-poor, fluvial-deltaic de- Thick, sand-rich fluvial-deltaic de- 
posits over c r e s t  of pillow include posits in primary peripheral sink 
interchannel and in terdel ta ic  fa-  include channel axes  and del ta ic  
cies. Erosion common. Carbonate  depocenters.  Aggradation common 
deposits on c r e s t  include reef,  in topographically low a r e a  of sink. 
reef-associated, and  high-energy Carbonate  deposits in sink include 
facies.  low-energy facies  caused by in- 

c r ease  in wa te r  depth. 

Diapir Uplifted a r e a  Withdrawal basin 

Not to scole S t r a t a  largely absent  above dome. Sediments a r e  thickened up t o  
An 8- t o  50-km2 (3- t o  20-mi2) 215% in secondary peripheral sink. 
a r e a  around diapir is thinned, de- Sinks up t o  1,000 km2 (390 mi2) in 
pending on  s ize  and dip of f lanks  of ex t en t  a r e  equidimensional t o  elon- 

Topographic mound dome. ga t e  and preferentially surround 
single o r  multiple domes; several  - sinks flank domes; percentage 
thickening, 50-2 15%. 

D~ap~r  
Stoge 

- - Facies  Facies  

Pillow 
Stage Facies  immediately over  dome Expanded sect ion of marine  f ac i e s  - c res t  not preserved because of dominates, including limestones, 

piercing by diapir of a l l  but  t h e  chalks, and mudstones; generally 
youngest s t ra ta .  Sand bodies corn- sink is fil led with deeper  wa te r ,  
monly pinch ou t  agains t  dome low-energy f ac i e s  caused by in- 
flanks. creased wa te r  depth. Elevated 

saddles between withdrawal basins 

Secondary peripheral sink 

Postdiapir Uplifted a r e a  
Not to scale  

1 I Small fopoaraphic mound I 

Tertiary peripheral sink 

S t r a t a  thin o r  absent  in smal l  10- 
50 km2 (6-20 mi2) a r e a  over  c r e s t  
and adjacent  t o  dome; a r e a  de- 
pends on s ize  of dome and dip of 
flanks. 

Facies  

F a c ~ e s  and s t r a t a  over c r e s t  of 
dome  not  preserved in ca ses  of 
complete  piercement.  Modern 
analogs have interchannel and in- 
terdel ta ic  f ac i e s  in uplifted area. 
Mounds above dome include thin 
sands. Carbonate  s t r a t a  include 
reef o r  high-energy deposits; ero- 
sion common. 

a r e  favored s i tes  of reef growth 
and accumulated high-energy ca r -  
bonate  d e ~ o s i t s .  

Withdrawal basin 

Sediments within 20-200 km2 (8- 
80 mi2) of t h e  ter t iary  peripheral 
sink a r e  thickened up t o  50%, com- 
monly by > 30 m (100 ft). Axial 
t r ace  of elongate t o  equidimen- 
sional sink surrounds o r  f lanks  a 
single dome o r  connec t s  a ser ies  of 
domes. 

Facies  

Modern analogs have channel axes  
in sink. Aggradation of thick sands 
common in subsiding sink. Car-  
bonate  s t r a t a  include low-energy 
facies. 

Figure 19. Schematic cross sections showing s tages  of dome growth (from Seni and Jackson, 
1983a). 



SUPRADOMAL 

EXPLANATION 
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I 1 
Figure 20. Block diagram of depositional facies  during Wilcox t i m e  (a f t e r  Jackson and Seni, 
1983). 
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Figure 21. Net-sandstone map, Paluxy Formation, showing decrease  in sandstone thickness over 
c res t s  of pillows (from Seni and Jackson, 1984). 



B 
(West) 

B' 
(East) 

Figure 22. Cross section B-B' through Wilcox Group around Bethel Dome (from Seni and  
Jackson, 1983a). 





Effects of Dome Growth on Structure of Enclosing Strata 

Strata immediately adjacent to diapirs invert from anticlinal to synclinal, whereas interdomal 
strata invert from synclinal to anticlinal, creating a turtle-structure anticline. 

During t h e  pillow s tage  of growth, s t r a t a  over t h e  pillow c res t  and flanks a r e  anticlinal, 

whereas s t r a t a  in t h e  primary peripheral sink over t h e  a r e a  of sa l t  withdrawal a r e  synclinal 

(fig. 23). Sediments over t h e  pillow c res t s  undergo extension, commonly with ant i thet ic  faul ts  

and centra l  grabens, drape compaction, and differential  compaction. Most thinning of s t r a t a  

above pillows, however, is syndepositional and caused by sa l t  flow. 

During t h e  subsequent diapir stage,  t h e  flanks of t h e  pillow def la te  because of sa l t  

withdrawal into t h e  diapir growing from t h e  cen te r  of t h e  pillow. Pillow deflation results in 

collapse of t h e  originally anticlinal s t ra ta ,  forming a synclinal secondary peripheral sink (such 

as Bethel and Hainesville Domes, fig. 23). The c o r e  of t h e  primary peripheral sink remains 

unaffected by collapse. However, t h e  flanks of t h e  sink, which overlie t h e  pillow flanks, 

collapse during diapirism, thereby forming a turt le-structure anticline. St ra ta l  thickening in 

secondary peripheral sinks is due mainly t o  syndepositional sa l t  flow ra the r  than t o  post- 

depositional distortion by folding. Diapiric piercement is commonly assisted by erosional 

breaching of a salt  pillow, as evidenced by angular unconformities centered around diapirs like 

Hainesville Dome. 

Salt  stocks with upward-converging sides (such as Palestine and Boggy Creek Domes) drag 

up adjacent s t ra ta .  In contras t ,  s tocks with upward diverging or vert ical  sides (such as  Bethel 

and Grand Saline Domes) have negligible e f f e c t  on adjacent  s t ra ta .  This suggests t h a t  fr ict ion 

along t h e  sa l t  con tac t  has only a local  e f fec t .  All sa l t  s tocks examined a r e  bounded by ring 

faul ts  along their sides. Ant i thet ic  faul ts  a r e  more  abundant than  homothetic faul ts  over 

diapirs. Thus t h e  e f f e c t s  of la tera l  extension and collapse predominate over uplift. 

Jackson and Seni (1983, 1984); Seni and Jackson (1983a); Jackson (1982); Wood and Guevara 
(1981); Jackson and Harris  (1981); McGowen and Harris  (1981); Wood (1981); Wood and Giles 
(1982) 
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Effects of Dome Growth on Surface Processes 

Anomalous geomorphic features over Oakwood Dome include a central depression, relatively 
steep, incised channels, cut-off channels, and erosional dopes that are steeper than those over 
Keechi and Palestine Domes. These features are equivocal and do not preclude Quaternary 
uplift. Scattered depositional terraces show no evidence of dome-related uplift. On the 
contrary, the southern part of Oakwood Dome may have subsided in Quaternary time. 

Fracturing induced by dome growth is apparently recorded in t h e  pat tern  of l ineaments 

above sa l t  domes. Shallower domes have l ineament distributions with lower degrees of 

preferred orientation than do deeper domes (fig. 24). Southern domes (Bethel, Boggy Creek,  

Butler, Keechi, Oakwood, and Palestine) tend t o  have lower degrees of l ineament preferred 

orientation than do northern domes of t h e  same depth. The lower preferred orientations a r e  

ascribed t o  a higher proportion of radial and concentric f rac tu res  induced by dome growth. 

Southern domes have a significantly higher l ineament density than do t h e  northern domes. 

Channels over t h e  centra l  pa r t  of Oakwood Dome a r e  incised a s  much as 4 m, unlike t h e  

shallow channels over the  dome flanks. Migration of some creek channels away from the  dome, 

leaving cut-off channels, may have been caused by dome uplift. Link-length-distribution 

analysis (Shreve, 1967) of East  Texas drainage networks over various sa l t  domes suggests t h a t  

Oakwood Dome has a less mature  drainage system than do other  domes. 

Morphologic maps of Palestine, Keechi, and Oakwood Domes distinguish between slopes 

formed by erosional processes and slopes formed by depositional processes. Hillside erosional 

slopes above Oakwood Dome a r e  considerably s teeper  than those a b ~ v e  t h e  other two  domes. 

Furthermore,  erosional slopes above Oakwood and Palestine Domes a r e  s teeper  than adjacent 

slopes outside t h e  dome area.  All th ree  domes display depositional slopes, commonly in a 

centra l  depression. Above Palestine Dome, a ring of hills surrounds a man-made lake. In t h e  

south-central par t  of Oakwood Dome, alluvium twice  as thick a s  in adjacent downstream areas  

fills a relatively large  floodplain (fig. 25). Topographic lows suggest subsidence over domes, 

possibly caused by ground-water dissolution of c a p  rock o r  salt. 

Palestine, Keechi, and Oakwood Domes a r e  located in t h e  Trinity River drainage basin, 

where four Quaternary t e r race  levels have been identified. The regional gradient of these  

t e r races  shows no significant domal uplift. On a local scale, outcrop and borehole da ta  from 

Quaternary t e r race  deposits at Oakwood and Palestine Domes show no indication of warping 

owing t o  dome uplift. However, these deposits a r e  of limited extent ,  and determination of 

re la t ive  movement is difficult. 

Extrapolation of suspended-sediment-load d a t a  (Trinity, Neches, and Sabine River basins, 

20-yr mean duration of record) and of sedimentation resurvey d a t a  f rom four reservoirs (13-yr 



mean duration of record) yields average denudation ra tes  of 0.9 m/104 yr (3 f t /104 yr) and 

1.7 m/104 yr (5.6 f t /104 yr), respectively. These r a t e s  a r e  slightly higher than t h e  es t imated  

maximum ra tes  of dome uplift (see  "Rates  of Dome Growth," p. 51). 

Collins and others  (1981); Collins (1982); Dix and Jackson (1981a); Collins and Hobday (1980); 
Dix (1980); Collins (1981a); Dix and Jackson (1981b); Collins (1 981b); Collins ( 1 9 8 1 ~ )  
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Figure 24. Graph showing significant correlation (99-percent confidence level) between depth 
t o  dome and index of preferred orientation of lineaments (from Dix and Jackson, 1981b). 
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Figure 25. Cross section of Quaternary floodplain deposits above Oakwood Dome (from Collins 
and others ,  1981). 
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Rates of Dome Growth 

Three different techniques of calculating dome-growth rates show that growth declined expo- 
nentially from 112 to 48 Ma ago. Extrapolation indicates that none of the East Texas salt 
domes is likely to rise more than 0.6 m (2  ft) in the next 104 yr. 

Syndepositional thickness variations in surrounding s t r a t a  allow measurement of t h e  

volumes and ra tes  of sa l t  flow during t h e  growth of sa l t  pillows and sa l t  domes. 

The concept of gross r a t e  of growth versus net  r a t e  of growth is of fundamental  

importance t o  t h e  potential isolation of nuclear waste  in sa l t  domes. Gross r a t e s  a r e  a function 

of the  volume of sa l t  evacuated from t h e  withdrawal basin and mobilized up the  diapir. Net 

r a t e s  a r e  a function of this process and all o ther  processes t h a t  a f f e c t  diapir growth r a t e  and 

height, such a s  salt  dissolution, extrusion, and la tera l  intrusion. Thus gross ra tes  of growth 

approximate t h e  t r u e  r a t e  of sa l t  flow regardless of t h e  independent motion of t h e  diapir crest .  

On the  other hand, net  r a tes  of growth approximate t h e  actual  movement of t h e  diapir cres t .  

Average growth r a t e s  were  calculated for 16 sa l t  domes for successive periods of 1 t o  17 

Ma and combined t o  yield curves of long-term growth over 64 Ma (fig. 26). Maximum gross 

r a t e s  of dome growth (400 t o  530 m/Ma; 1,310 t o  1,740 ft /Ma) coincided with maximum regional 

r a tes  of deposition in t h e  Early Cretaceous  f rom 112 t o  104 Ma ago. Rapid gross ra tes  of dome 

growth (180 t o  460 m/Ma; 590 t o  1,510 ft /Ma) recurred along t h e  northern and western margins 

of the  diapir province in t h e  L a t e  Cretaceous  f rom 86 t o  56 Ma ago during growth of Hainesville 

and Bethel Domes. 

All th ree  growth-rate curves show t h e  same trend of exponential decline with time, 

regardless of whether they a r e  based on compacted or  decompacted sediment thicknesses. 

Extrapolation of t h e  most recent,  well-documented episode of dome growth 65 Ma ago  indicates 

t h a t  none of t h e  East  Texas domes is likely t o  r ise more  than 0.6 m (2 f t )  in t h e  next 104 yr. 

Seni and Jackson (1983b, 1984); Giles and Wood (1983); Giles (1981); Netherland, Sewell, and 
Associates (1976); Kumar (1977); Trusheim (1960); J a r i t z  (1980) 
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Figure 26. Comparison of long-term r a t e s  of dome growth for  East  Texas, North Louisiana, and 
North German sa l t  domes (from Seni and Jackson, 1983b). 
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Fault Tectonics 

All the regional faults studied ( 1 )  are normal, (2) moved steadily during the Mesozoic and early 
Tertiary, and (3) appear t o  be related to  salt mobilization. 

All the  regional f au l t  systems were  examined in t e r m s  of their  distribution, geometry,  

displacement history, and possible origins. Figure 27 shows their  relation t o  sa l t  s tructures.  

The Mexia-Talco fau l t  zone is  a graben between salt-free s t r a t a  and s t r a t a  underlain by 

mobile sa l t  tha t  allowed overburden c reep  in to  t h e  East  Texas Basin. The Elkhart Graben and 

t h e  central-basin faul ts  formed by c res ta l  s t re tching and collapse of s t r a t a  above sa l t  pillows 

and tu r t l e  s t ructures  (fig. 28). A t  l eas t  one western faul t  in t h e  Mount Enterprise faul t  zone is 

a long-active, listric-normal growth faul t ,  downthrown t o  t h e  north and based in t h e  Louann 

Salt.  Once initiated, i t s  growth would have been perpetuated by loading induced by sediments 

trapped on t h e  downthrown side and by t h e  tensile s t ress  regime near t h e  basin margins. 

The absence of displaced t e r races  suggests t h a t  faulting ceased before the  Quaternary, 

except  for  a westward extension of t h e  north flank of t h e  Elkhart Graben and small faul ts  south 

of t h e  Mount Enterprise faul t  zone. 

Jackson (1982); Jackson and others  (1982); Collins and o thers  (1980) 



'(~86~ 6~~~~ae~ WOJJ) sa~nx~n~~s ayImx pue 'shzo~~~d 
TTes %~lde~p ITeS 01 uojxeTaJ JTaqI pue y1~q3 ujzsny $0 aseq uo sa3e;lJ qnej JO de~ *LZ a~n%d 



VAN -ASH 

N W  
SALT PILLOW 

310" 
t 300" 

SE 

* * - * 

TOP OF PETTET 

Vertical scale = horizontal scale ---.J--'-~~ 7% -.. 
-.- Errors in reflector depths 

1 Nocotoch t 9 0 m  (300f t )  

j Pecon Gap + 9 0 m  (300 f t )  

EXPLANATION Aust~n Chalk tSOm(3OOft) - Reflector I Budo t 9 0 m ( 3 0 0 f t )  - - - Uncerto~n reflector Pettet * 120m (400 f t )  - - Fault trace ! Gilmer t 180m (600 f t )  

Well provid~nq depth control EAST TEXAS 1 Louann 4 180m (600 f t )  * Se~smic depth control 
SALT BASIN '\ 

Louonn Salt i, 
i. 

Location of seismic line 

Fault traces projected to surface on the bas~s 
of Barnes (1965) 
Seismic plcks by D.W. Harris ond C.D. Winker 
Time - to-depth conversion by R. E. Anderson and 
T E. Ewinq based on electric logs and seismic 
velocity analyses 

Figure 28. Time-to-depth-converted seismic sec t ion  showing symmet r i c  buried graben over  
c r e s t  of Van-Ash salt pillow (from Jackson,  1982). 





Seismicity 

At least eight earthquakes were recorded by microseismic stations in the Mount Enterprise 
fault zone, East Texas, from June 1981 to August 1982. The Jacksonville main shock on 
November 6 ,  1981, registered 3.0 t o  3.2 mbLg, Richter magnitude 3.5 to 4.0, Mercalli intensity 
III-V, and was felt over 500 km2 (200 mi2). It is ascribed to normal faulting in the Mount 
Enterprise fault zone. 

The East  Texas Basin is generally considered an  a r e a  of low seismic risk. However, 

historic evidence of apparent earthquakes in 1891 (near Rusk), in 1932 (near Wortham), in 1957 

(near Mount Enterprise), and in 1964 (near Hemphill) suggested t h a t  seismic monitoring should 

be carried out because t h e  a r e a  is a potential  s i t e  for  nuclear waste storage. The f i rs t  s t age  of 

monitoring consisted of a single-channel, smoked-paper seismograph, which operated f rom 

February 1980 t o  May 1981. The second s tage  comprised a three-station, te lemetered network 

f rom June  1981 t o  August 1982. 

The following four earthquakes were  recorded and located: (1) 3.0 mbLg (approximates 

Richter magnitude [mb] by using high-mode Love waves [Lg>], Center ,  Texas, June  9, 1981, 

Universal Corrected Time (UTC); (2) 3.2 mbLg, Jacksonville, Texas, November 6, 1981, UTC; (3) 

1.7 Mcoda(" mbLg) aftershock, Jacksonville, Texas, November 9, 1981, UTC; and (4) 1.8 Mcoda, 

Mount Enterprise, Texas, December 11, 1981, UTC. The following four earthquakes were  

recorded but not precisely located: (1) 2.1 M o d a ,  probable aftershock of Jacksonville, 

November 6, 1981, event, November 6, 1981, UTC; (2) 1.6 Mcoda, possible aftershock of 

Jacksonville, November 6, 1981, event,  January 5, 1982, UTC; (3) 2.3 Mcoda and 1.9 Mcoda, 

May 13, 1982, UTC. 

The Jacksonville main shock was f e l t  over 500 km2 (200 mi21 and t h e  aftershock over 

75 km2 (30 mi2) (fig. 29). This event  is ascribed t o  normal faulting along t h e  Mount Enterprise 

faul t  zone, which surrounds t h e  epicenter (fig. 30). The Mount Enterprise faul t  zone is t h e  leas t  

understood zone in East  Texas because of poor subsurface information. Nevertheless, at leas t  

one seismic profile (fig. 31) indicates that ,  like t h e  Mexia-Talco faul t  zone, the  Mount 

Enterprise fau l t  zone is based in t h e  Louann Salt.  This suggests tha t  the  Mount Enterprise faul t  

zone is also related t o  sa l t  creep,  indicating a low seismic potential. A releveling profile across 

a faul t  immediately south of t h e  Mount Enterprise fau l t  zone indicates approximately 14 c m  

(5.5 inches) displacement in t h e  past 30 yr. 

Pennington and Carlson (1983); Jackson and others  (1982); Collins and others (1980) 
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Figure 29. Seismogram of Jacksonville main shock (left), magnitude 3.2, and aftershock (right) 
f rom Mount Enterprise faul t  zone (from Pennington and Carlson, 1983). 



Figure 30. Composite focal  mechanism for  t h e  located earthquakes and probable aftershocks in 
East  Texas. Projection is lower-hemisphere equal-area; solid symbols represent compressional- 
wave arrivals, open symbols represent  dilational-wave arrivals. Circles, Jacksonville earth- 
quakes; triangles, Mount Enterprise earthquakes; square, Cen te r  earthquake. Da ta  d o  not allow 
discrimination between normal faults ,  thrust  faults, and strike-slip faults ,  but  only t h e  normal- 
faul t  solution has a nodal plane parallel t o  t h e  Mount Enterprise faul ts  striking ENE and is 
consistent  with geologic evidence (af ter  Pennington and Carlson, 1983). 
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Petroleum Potential of Domes 

In the central part of the East Texas Basin, most oil and gas have been produced from anticlines 
over salt pillows because of their large structural closure. In contrast, little oil and gas have 
been produced near salt diapirs because of their much smaller traps. 

Petroleum in the  East  Texas Basin is  produced from th ree  types of salt-related anticlines, 

listed in order of highest production: sa l t  pillows, turt le-structure anticlines, and salt  diapirs 

(fig. 32). Production s ta t is t ics  for  t h e  cen t ra l  pa r t  of t h e  basin a r e  shown in f igure 33. Salt  

pillows have trapped more  hydrocarbons than have turt le-structure anticlines because pillows 

formed earl ier  and uplifted thicker sections, thereby creat ing multiple-zoned fields. 

Only relatively small ( < l o 7  bbl) hydrocarbon reservoirs have been discovered at t h e  

shallow salt  diapirs, despite intense exploration drilling for  t raps  similar t o  those around 

productive shallow sal t  domes in t h e  Gulf Coas t  Basin. The paucity of hydrocarbons is probably 

due t o  t h e  relatively small structural  closure character is t ic  of mature  East  Texas diapirs. 

Boggy Creek Dome, a large, immature,  ridgelike diapir, uplifts a large  strat igraphic section and 

contains the  g rea tes t  known accumulation of oil associated with an  East  Texas dome. 

Additional hydrocarbon reserves might b e  discovered by deep drilling of dome flanks below t h e  

Woodbine Group. Thus t h e  current  apparent scarc i ty  of petroleum around sa l t  domes does not  

necessarily preclude fu tu re  drilling near domes or  through dome overhangs. 

Wood and Ciles (1982); Ciles and Wood (1983); Jackson and Seni (1984) 
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Figure 32. Map of salt-related s t ructures  and petroleum fields in cen t ra l  pa r t  of East  Texas 
Basin (from Wood and Giles, 1982). 
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Figures 33 A and B. Oil (A) and gas (B) production s ta t is t ics  for  centra l  pa r t  of East Texas 
Basin (from Wood and Giles, 19829. (Continued on next page.) 



Deep Salt Anticlines 
( >6000 f t  subsurface ) 
1,679,900,700 Mcf 

7 7 93 O/O 



REGIONAL HYDROGEOLOGIC STUDIES 

Ground-W ater Hydraulics 

Regional ground-water circulation in the Wilcox-Carrizo aquifer system correlates closely with 
topography and geologic structure. A potential for downward vertical flow prevails except 
beneath the major streams and their tributaries. Potential for upward flow is greatest beneath 
the Trinity River floodplain. 

Regional potentiometric surfaces in Eocene aquifers a r e  controlled primarily by topo- 

graphy and structure.  Outcrop flow pat terns  closely follow topography a s  water moves away 

from high recharge a reas  t o  low discharge a reas  (fig. 34). Thus t h e  Queen Ci ty  does not form a 

regionally coherent flow system but, instead, a series of smaller flow cells  of closely spaced 

recharge and discharge areas. In t h e  confined Wilcox-Carrizo system, flow approximately 

follows t h e  s t ructura l  dip a s  ground water  moves eastward in t h e  northern half of t h e  basin and 

southward in t h e  southern half. The ground-water divide l ies in southern Smith County. 

Topography a f fec t s  flow in the  confined Wilcox-Carrizo indirectly through leakage 

between t h e  Queen Ci ty  and Wilcox-Carrizo. The leakage is indicated by a subtle correlation 

between the  Wilcox-Carrizo potentiometric surface  and topography (fig. 35). Analyses of 

vert ical  head differentials and t h e  distribution of flowing wells confirm t h e  occurrence of 

leakage and show i t s  direction. The leakage is  predominantly downward, except  beneath t h e  

Trinity and Sabine Rivers, which appear t o  be  discharge a reas  for t h e  confined section (fig. 35). 

In comparison, t h e  Neches River is not a discharge a rea  because i t  does not incise deeply 

enough t o  in tersect  t h e  Wilcox-Carrizo potentiometric surface. 

Fluid pressure versus depth (P-D) relations in the  Wilcox-Carrizo aquifers (fig. 36), 

measured by well-screen depths and depths t o  water  levels, help loca te  a reas  of hydraulic 

potential for  vert ical  flow. Almost al l  t h e  598 points plot below t h e  hydrostatic pressure line 

(slope <1.0), indicating that ,  on t h e  whole, vert ical  flow is downward (fig. 36). A high 

correlation coefficient  shows tha t  t h e  P-D relationship is predictable. This hydraulic potential  

for  downward flow increases toward higher elevations and f rom t h e  ar tes ian section t o  t h e  

outcrops. 

Fogg and Kreit ler  (1982); Fogg and Kreit ler  (1981); Fogg ( 1 9 8 1 ~ )  
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Figure 34. Map of regional potentiometric surface of Wilcox-Carrizo aquifer i n  East Texas 
(from Fogg and Kreitler, 1982). 
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Figure  36. Graph of fluid pressure versus dep th  in f resh-water  Wilcox-Carrizo aqui fers  (from 
Fogg and Kre i t le r ,  1982). 



Ground-Water Chemistry 

Ground water is fresh in the Wilcox-Carrizo aquifer around most domes in the basin. Analysis 
of Carrizo water indicates recharge over Oakwood and Keechi Domes. 

As ground water flows from recharge a reas  t o  discharge a reas  in t h e  Wilcox-Carrizo 

aquifer, i t  generally is a l tered f rom an  acidic, oxidized calcium-magnesium-bicarbonate-sulfate 

water  t o  a basic, reduced sodium-bicarbonate water  (fig. 37). This change in water chemistry is  

controlled predominantly by calc i te  dissolution and cation exchange with smect i t ic  clays. 

Water tha t  differs from regional chemical  pat terns  indicates anomalous hydrologic conditions 

such as possible dissolution of sa l t  domes or relatively high r a t e s  of recharge t o  t h e  ar tes ian 

par t  of t h e  Wilcox-Carrizo aquifer. 

Water from t h e  Carr izo aquifer at Oakwood Dome characterist ically displays low pH and 

low anion and cation concentrations typical of a recharge zone. This is supported by light 6 1 3 c  

values (derived from soil carbon dioxide) f rom t h e  same waters. Carr izo water at Keechi Dome 

has similar anomalous chemistry, indicating shallow recharge. Water from deeper Wilcox wells 

near t h e  dome does not indicate recharge or  vert ical  mixing with overlying Carr izo waters. The  

continuous rise of pH with depth demonstra tes  t h e  exis tence of a closed carbonate system. 

Deep Wilcox artesian waters  a r e  strongly reducing, probably from coalif ication of organic 

material. Smec t i t e  and kaolinite a r e  common clay minerals in Wilcox c o r e  near Oakwood 

Dome. Ca-smecti te is t h e  most abundant montmorillonite type above -457 m (-1,500 ft) ,  and 

Na-smecti te is common below -457 m (-1,500 ft). Both Na- and Ca-smect i te  a r e  characterized 

by high cation exchange capacity. 

The Wilcox Group is pierced by Oakwood Dome, but Wilcox ground water  around t h e  dome 

is primarily fresh (< 1,000 mg/L tota l  dissolved solids). The same is also t r u e  of most o ther  

domes in t h e  basin, suggesting t h a t  t h e  domes a r e  generally isolated from ground-water 

circulation in the  Wilcox by c a p  rocks or muddy facies  around t h e  domes. 

Fogg and Kreitler (1982); Fogg and Kreit ler  (1981); Fogg and others  (1982a); Krei t ler  and 
Wuerch (1981); Kreitler and Fogg (1980); Fogg (1980b) 



Figure 37. Piper diagram of Widcox-Carrizo water  chemis t ry  (Prom Fogg and Kreitler, 1982). 



Subsurface Salinity Near Salt Domes 

Estimates of  the salinities of formation water in the Woodbine, Nacatoch, and Wilcox 
stratigraphic units have been determined using electric log interpretation (SP and resistivity). 
Three sources of salinity a f f ec t  the Wilcox Group: ( 1 )  upward leakage of deep saline waters 
along faults, (2) incomplete flushing of saline water in muddy areas of  the Wilcox Group, and (3) 
salt-dome dissolution. A high-TDS plume in the Wilcox northeast of Oakwood Dome may 
represent sodium chloride waters formed by dome dissolution. 

Maximum sal ini ty in sands  of t h e  Woodbine Forma t ion  was  mapped f r o m  SP logs according  

t o  methods  outl ined by Keys and MacCary  (1971). Maximum sal ini ty values r ange  f rom 30,000 

t o  300,000 ppm. Sal ini t ies  in t h e  Woodbine Forma t ion  d o  no t  cha rac t e r i s t i ca l ly  i nc rease  toward  

s a l t  domes. Sodium chlor ide  in t h e  Woodbine w a t e r s  probably or ig ina ted  f r o m  dissolution of s a l t  

s tocks,  bu t  n o  evidence  of ongoing dissolution exists .  T h e  Naca toch  Forma t ion  is e i t h e r  

missing, very  thin, o r  t ight ly  c e m e n t e d  eve rywhere  e x c e p t  in t h e  nor thern  p a r t  of t h e  basin. 

The  thin Naca toch  aqui fer  poses a negligible t h r e a t  t o  t h e  s tab i l i ty  of Oakwood and Keechi  

Domes, which a r e  l oca t ed  in t h e  southern  p a r t  of t h e  basin. 

Salinity of t h e  Wilcox Group was  e s t i m a t e d  by a n  empir ica l  relat ionship be tween  e l e c t r i c  

log resis t ivi ty and  t o t a l  dissolved solids (TDS). A m a p  of p e r c e n t a g e  th ickness  of f r e sh  wa te r  

(TDS less  t han  1,000 mg/L) in t h e  Wilcox aqui fer  (fig. 38) indica tes  t h r e e  sou rces  of salinity: (1) 

upward l eakage  of deep,  sal ine w a t e r  along faul t s ,  (2) i ncomple t e  flushing of sa l ine  w a t e r  in 

muddy a r e a s  of t h e  Wilcox Group, and  (3) sa l t -dome dissolution. Fau l t s  m a y  al low upward 

l eakage  in t h e  Mount Enterpr i se  - Elkhar t  Graben  in southern  Anderson and  C h e r o k e e  and 

nor thern  Houston Count ies ,  w h e r e  sa l in i t ies  i nc rease  abruptly.  High sa l in i t ies  f rom sal t-dome 

dissolution could b e  confused wi th  high sa l in i t ies  resul t ing f r o m  upward f low along numerous 

f au l t s  assoc ia ted  wi th  t h e  domes,  T h e  lack  of high sa l in i t ies  around domes  dep ic t ed  in f igure  

38, however,  sugges ts  t h a t  t h e  domes  a r e  ne i the r  dissolving signif icantly nor inducing upward 

leakage.  

Incomple te  flushing o i  sa l ine  w a t e r  in muddy a r e a s  of t h e  Wilcox Group is sugges ted  on 

t h e  sand-percentage  m a p  (fig. 38) by a c lose  co r re l a t ion  be tween  sa l ine  zones  and muddy zones 

in Upshur County,  sou theas t  of Mount Sylvan Dome, and  east of Whitehouse and Bullard Domes. 

The  sal ine in terva ls  nea r  t h e  t h r e e  domes  a r e  n o t  caused  solely by  d o m e  dissolution because  

sa l in i t ies  d e c r e a s e  and f resh-water  thicknesses i nc rease  toward  t h e  domes.  T h e  sa l ine  w a t e r  in 

t h e  muddy sed imen t s  may h a v e  been  der ived  f r o m  sa l t -dome dissolution during t h e  geologic  pas t  

o r  f r o m  s e a s  t h a t  submerged t h e  Wilcox aqui fer  a t l e a s t  t w i c e  s ince  deposi t ion 40 Ma ago. The  

pers i s tence  of sa l ine  w a t e r  in muddy f a c i e s  is possibly enhanced b y  ground-water  f low r a t e s  

t h a t  a r e  probably as low a s  0.0015 t o  0.3150 m/104 yr  (0.0049 t o  3.0020 f t / 104  yr). Maximum 

TDS in t h e  Wilcox w a s  invariably found in muddy sands  nea r  t h e  b a s e  of the aquifer .  In near ly  



every aquifer, these  concentra t ions  a r e  approximately 5,000 ppm (2 1,000 ppm), and in a few 

isolated a reas  appear t o  reach 10,000 ppm. 

Of a l l  t h e  domes, only Oakwood is  associated with a ground-water plume of anomalously 

high TDS (fig. 39). Although i t s  salinity has no t  been verified by wa te r  sampling, t h e  plume is 

assumed t o  be  sal ine owing t o  dome dissolution because i t  f lanks t h e  dome and its configuration 

is  consistent  with ground-water modeling ("Ground-Water Modeling: Flow Ra tes  and Travel 

Times," p. 113). Alternatively, t h e  high-TDS w a t e r  could b e  channeling up from t h e  deep basin 

along dome-related faults. Modeling indicates t h a t  t h e  nor theas t  orientat ion of t h e  plume is 

caused by sand-body distribution and interconnection. Core  study of t h e  c a p  rock ("Cap-Rock - 
Rock-Salt Interface," p. 97, and "Cap Rock," p. 101) indicates tha t ,  where  penetra ted  by t h e  

drill, t h e  anhydrite c a p  rock provides a good hydrologic seal. The possible presence of a sal ine 

plume indicates t h a t  if t h e  dome is dissolving, dissolution is more  likely t o  b e  on t h e  sides of t h e  

sa l t  stock. According t o  t h e  TDS concentra t ion in t h e  brackish plume, if sa l t  were  dissolved 

f rom t h e  en t i r e  surface  of Oakwood Dome, t h e  dissolution r a t e  (linear with respect  t o  t ime)  

would be  approximately 10 m/104 yr (33 f t /104 yr); with localized dissolution over l o 4  m2 

( lo5  ft2) ,  t h e  s a l t  would dissolve a t  a r a t e  of 2,000 m/104 yr (6,600 f t /104  yr). The relat ively 

muddy Wilcox s t r a t a  surrounding Oakwood Dome provide a part ial  barrier  t h a t  promotes 

isolation of t h e  dome f rom t h e  high-permeability, channel-fill sand bodies. 

Fogg and Krei t ler  (1982); Fogg and Kreit ler  (1981); Fogg (1981b); Fogg (1981a) 



P E R C E N T  F R E S H  W A T E R  
IN W I L C O X  G R O U P  

I I 
Figure 38. Map showing relationship of percentage thickness of f resh  wa te r  in Wilcox aquifer t o  
t rends  of high sand percentage (from Fogg and Kreit ler ,  1982). 



Figure 39. Location of possible saiine plume associated with Oakwood Dome (from Fogg and 
others, 1980). 
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Age of Ground Water 

Ground-water 1 4 ~  ages (1,000 to 15,000 yr) near Oakwood Dome increase down the hydraulic 
gradient from the outcrop recharge area toward the Trinity River. Ground-water 1 4 ~  ages also 
increase as the water chemistry evolves. Waters in the shallow Carrizo are younger than 
waters in the deeper Wilcox aquifer. 

Bicarbonate 1 4 ~  ages  in ground water at Oakwood Dome help confirm directions and ra tes  

of ground-water flow, previously determined by hydraulic head data ,  and ra tes  for t h e  chemical  

evolution of t h e  ground water. Ages were corrected fo r  dissolution of carbonates. Ground- 

water  6 1% values and ages  in t h e  Wilcox, Carrizo,  and Queen Ci ty  aquifers near  Oakwood 

Dome indicate tha t  ground water  flows from outcrop toward t h e  Trinity River, possibly 

discharging into Upper Keechi Creek,  a tr ibutary of t h e  Trinity River (fig. 40). Ground-water 

ages  increase from approximately 1,000 t o  4,000 yr in t h e  Carr izo aquifer over Oakwood Dome 

t o  7,000 t o  8,000 yr in t h e  deeper Carrizo-Wilcox aquifers t o  approximately 15,000 yr near 

Upper Keechi Creek.  Thus, t h e  youngest ages a r e  closest  t o  t h e  recharge a r e a  over the  dome; 

ages  generally increase with depth and dis tance away f rom t h e  dome (compare "Ground-Water 

Modeling: Flow Rates  and Travel Times," p. 113). 

Evolution of t h e  ground-water chemistry ("Ground-Water Chemistry," p. 69) f rom a 

Ca-Mg-Cl-SO4 wate r  (recharge water)  t o  a Na-HC03 water coincides with increased 1 4 ~  age  

of t h e  samples ( table 4). 

Fogg and Kreit ler  (1982); Fogg and Kreit ler  (1981); Fogg and others  (1982a); Krei t ler  and 
Wuerch (1981) 



E X P L A N A T I O N  

C a r r t z o - W i l c o x  ou tc rop  

c 5 3 :  C - 4  age (yea rs )  see table 4 for d e t o ~ l s  

Figure 40. Map of 14C ages  of ground water  in Wilcox-Carrizo aquifer near Oakwood Dome 
(from Kreit ler  and Wuerch, 1981). 
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Table 4. Ground-water  1 4 ~  a g e s  in Wilcox-Carrizo aqui fer  near  Oakwood Dome  ( f rom Kre i t l e r  
and Wuerch, 1981)." 

Screened 
intervals [ft] 

Depth [It] 

6 ~ 1 3  

el4 age I 
Corrected 
el4 age 

pH 
Temp. ["C] 

cac2 

Na' 

M g+2 

Kt 

61- 
 SO^-^ 

Well Number on Figure 40 

2 3 4 5 

*AII chemical analyses measured in mg/L 





Surf ace Saline Discharge 

Surface saline features occur above all the shallowest salt domes in the East Texas Basin, most 
of which are located in depressions. Not only are such areas hydrologically unstable, but they 
also make obvious targets for future salt mining. 

Accidental human intrusion is one major concern in t h e  siting of a nuclear waste  

repository. One scenario involves accidental  breachment during exploration for  or exploitation 

of resources associated with sa l t  domes. Because saline springs indicate t h e  possibility of 

subterranean salt--an a t t r a c t i v e  resource--domes associated with surface  saline fea tu res  a r e  

less favorable as  potential  repositories than a r e  other  domes. 

The f ive  shallowest sa l t  domes in t h e  East  Texas Basin have overlying surface saline 

fea tu res  (fig. 41). Except possibly a t  Butler Dome, these  fea tu res  occur within or below well- 

defined depressions, which suggests dissolution-induced collapse (fig. 42). The shallower domes 

(1) tend t o  have been discovered earl ier ,  (2) a r e  t h e  most hydrologically unstable, and (3) a r e  

most likely t o  be breached by fu tu re  exploration for sa l t  resources. Accordingly, shallow domes 

( < I 2 5  m, (400 f t ,  depth t o  salt)  a r e  much less favorable a s  waste  repositories than a r e  deeper 

domes. In t h e  deeper flow systems, the  presence of c a p  rock and muddy facies  around a dome 

and t h e  generally lower flow velocities may be sufficient  t o  reduce dissolution r a t e s  t o  

negligible values. 

Fogg and others  (1982a); Fogg and Kreit ler  (1980) 
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Saline Aquifers 

Hydrodynamic and geochemical data reveal two deep, saline aquifer systems: ( 1 )  generally 
normally pressured, slowly circulating, meteoric sodium chloride waters in Upper Cretaceous 
sands <1,800 m (<6,000 ft) deep and (2) slightly overpressured, slowly circulating, underlying 
meteoric sodium-calcium-chloride waters. The only kmown example of mixing between these 
saline systems and the fresh-water system is at Butler Dome, where pre-Pleistocene false cap 
rock formed by near-surface discharge of deep-basin brines. 

Given a repository depth of 900 m (3,000 f t ) ,  which is below t h e  base of fresh ground 

water,  investigations of deep-basin saline aquifers a r e  necessary t o  determine potential  

pathways for radionuclide migration should a release occur. 

Pressure da ta  from t h e  deep saline aquifers suggest t h a t  two hydrologic systems exist: (1) 

the  generally normally pressured, circulating, Upper Cretaceous  aquifers < 1,800 m (<6,000 f t )  

deep and (2) t h e  partly overpressured, slowly circulating, Lower Cretaceous  and Upper Jurassic 

aquifers > 1,800 m (>6,000 f t )  deep (fig. 43). Basinwide pressures in t h e  extensive, hydrolog- 

ically continuous Woodbine sands have dropped significantly because of oil production in East  

Texas since t h e  1930's. Hydraulic potential  is now inadequate t o  drive fluids from t h e  Woodbine 

aquifer into overlying meteor ic  aquifers. Formation pressure may never recover. 

Saline waters  in t h e  Upper Cretaceous  aquifers a r e  predominantly sodium chloride type 

(fig. 44). The deeper waters  a r e  mainly sodium-calcium-chloride type, having much higher 

to ta l  dissolved solids than t h e  shallower sodium chloride waters  surrounding a repository. Total 

dissolved solids a r e  higher in t h e  deeper waters  because of clay reactions, albitization, and 

other  chemical  reactions in an older, more  closed system. On t h e  basis of 6 2 ~  and 6 1 8 0  

isotopic composition of the  water  (fig. 45), both saline systems have been flushed of their  

original connate waters  and recharged by continental  meteor ic  waters. The presence of 

meteor ic  water,  rather than of connate  seawater ,  implies t h a t  both systems a r e  hydrodynarni- 

cally ac t ive  ra ther  than stagnant. The sodium and chloride in both systems result from 

dissolution of sa l t  in pillows and diapirs. 

Deep basinal waters  have discharged up t h e  flanks of Butler Dome, or a radial faul t  

associated with it, and possibly up the  flanks of Palestine Dome. A fa lse  c a p  rock of calcite-  

cemented Carr izo sandstone has formed at Butler Dome. The 6 l 3 ~  and 6 1 8 0  values of t h e  

calc i te  suggest tha t  the  waters  originated from t h e  deep basin. Butler Dome is located where 

t h e  potentiometric surface  is depressed and t h e  Wilcox aquifer is discharging. Lowering of t h e  

hydraulic head in t h e  shallow aquifers may have permit ted  discharge of deep-basin saline 

waters. In general, sa l t  domes in discharge zones of meteor ic  aquifers have t h e  g rea tes t  

potential for  migration of deep-basin fluids up t h e  flanks of diapirs and diapir-associated faults. 

Fogg and Kreitler (1982); Kreit ler  and others  (1982b) 
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Figure 43. Graph of fluid pressure versus depth  fo r  sal ine aquifers in E a s t  Texas Basin (from 
Kreit ler  and others,  1982b). 
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CORE STUDIES OF OAKWWD DOME, EAST TEXAS 

Liithdogy of Salt 

Sabt core from Oakwood Dome is more than 98 percent pure halite and displays evidence of two 
distinct periods of recrystallization. Deformation and recrystallization during diapir growth 
produced a penetrative schistosity. Later recrystallization of the upper 2 m (6.6 ftd of salt in 
the presence of ground water under conditions of low differential stress produced a granoblastic 
fabric. 

A vertical  drill core,  LETCO TOG-1, was obtained f rom just north of t h e  axis of t h e  

Oakwood Dome sa l t  stock, Frees tone County, East Texas (fig. 46). The borehole in tersects  rock 

sa l t  at 354.5 m (1,163 f t )  and ends at a depth of 411.8 m (1,351 f t ) ,  yielding 57.3 m 6188 f t )  of 

rock-salt c o r e  (fig. 47). The rock-salt c o r e  contains an  average of 1.3 - + 0.7 percent anhydrite, 

Hf all t h e  c a p  rock was derived by residual accumulation and subsequent diagenesis of such low 

concentrations of anhydrite, which seems probable, dissolution of a column of rock sa l t  more  

than 6 km (20,000 f t )  high would be required t o  produce t h e  c a p  rock. 

The lower 55.4 m (181.5 f t )  of rock salt ,  t h e  R-1 'zone, displays a strong schistosity 

induced by diapiric flow of sa l t  (fig. 47). Recrystallization of previously foliated rock sa l t  

produced a granoblastic polygonal texture  in t h e  R-2 and R-3 zones of t h e  upper 2 m (6.5 f t )  of 

sa l t  core. Consideration of homologous temperatures,  geothermal gradients, and present 

erosion ra tes  suggests tha t  this recrystallization occurred at l eas t  3 Ma ago at a minimum depth  

of 760 m (2,493 ft).  Microstructure, fluid inclusions, and bromine concentrations in hali te 

suggest tha t  recrystaliization of t h e  R-1 and R-2 zones was promoted by downward movement 

of intercrystalline brine from t h e  lower con tac t  of t h e  anhydrite c a p  rock. Bromine concentra- 

tions in hali te suggest tha t  rock sa l t  of t h e  recrystallized R-3 zone has been chemically 

recycled by limited re-solution t o  a g rea te r  degree  than has t h e  remainder of t h e  rock salt. 

Intracrystalline fluid inclusions a r e  confined t o  t h e  8 - 3  zone (fig. 48). Their volume increases 

upward from 0.0005 percent 60 c m  (2 f t )  below t h e  c a p  rock t o  0.05 percent  a t  t h e  cap-rock 

contact .  

Dix and Jackson (1982); Dix and Jackson (198la) 
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Figure 48. Photomicrograph of brine inclusions within hali te in R-3 zone at depth of 354.7 m 
(1,163.7 f t )  (from Dix and Jackson, 1982). 



Structure of Salt 

Geometric analysis of the megascopic structure in the Oakwood salt core suggests that the core 
has penetrated the hinge zone and the lower part of a large inclined overthrust antiform 
representing one of the highest and youngest of a series of salt tongues that fed the spreading 
diapir cap. The fold geometry also suggests that at least tens or hundreds of meters of 
overlying salt have been truncated from the top of the diapir, most probably by ground-water 
dissolution. Volumetric calculations based on cap-rock-salt proportions indicate that as much 
as 6 km (20,000 f t )  of salt may have been removed from the diapir crest. 

Geometric synthesis of mesoscopic s t ructures  in t h e  Oakwood sal t  co re  has determined 

t h e  form and orientation of t h e  macroscopic s t ructures  intersected by t h e  vert ical  drill core, 

TOG-1. Nongraded layering, defined by disseminated anhydrite grains in halite, and a tectoni te  

fabr ic  const i tu te  the  basic s t ructura l  e lements  (fig. 49). The fabr ic  has a weak mineral 

lineation and a strong schistosity, defined by t h e  preferred orientation of disk-like hali te grains. 

The s t ructures  were  extrapolated t o  zones adjacent t o  t h e  core  by assuming similar-type 

shear folding. The schistosity is axial planar t o  a series of younger major folds tha t  jointly 

define t h e  lower par t  of a large  inclined antiform within the  dome. The  younger major folds 

refold older minor isoclines, which a r e  t ransected by t h e  fabr ic  (fig. 50). 

The core  has penetrated t h e  hinge zone and lower limb of an  inclined, overturned antiform 

(lobe 5 in f igure 51). This is inferred t o  represent one of several sa l t  tongues t h a t  fed the  diapir 

and rose upward and outward, changing in orientation f rom steeply plunging folds t o  recumbent, 

overthrust folds (fig. 51). Fold s t ructures  tha t  originally formed deep in t h e  diapir have been 

bared by ground-water dissolution and a r e  now juxtaposed against t h e  base of t h e  cap  rock. 

Jackson (1983); Dix and Jackson (1982); Jackson and Dix (1981) 
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Figure  49. Ver t ica l  profi le  showing 
tos i ty  and  anhydr i te - r ich  layers  in 
rock-sal t  c o r e  ( f rom Jackson,  1983). 



Figure 50. Vertical section along TOG-1 
rock-salt core (from Dix and Jackson, 1982). 
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Figure 51. Schemat ic  cross  section showing inferred flow pa t t e rns  within a lateral ly spreading, 
rising diapir fed  by multiple emplacement  of sa l t  tongues as over thrus t  folds (from Jackson, 
1983). 



Strain in Salt 

Strain analysis of 2,400 
predominate; the ratio of 
decreases upward. These 
stock 

halite grains in the TOG-1 core indicates that flattening strains 
flattening to constriction increases upward, whereas strain intensity 
results provide further evidence of truncation of the crest of the salt 

in the past. 

Measurement of t h e  orientations and axial rat ios of 2,400 hali te grains at 8 sample s i tes  

along the  TOG-1 c o r e  has allowed t h e  minimum f ini te  strains t o  be  determined by 3 di f ferent  

methods: t h e  Harmonic Mean method, t h e  Theta  Curve method, and t h e  Shape Fac to r  Grid 

method. All the  strains recorded (fig. 52) a r e  of t h e  f lat tening type (0.544 > k > 0.000), and t h e  

ra t io  of f lat tening t o  constriction increases upward. The s t ra in  intensity decreases upward 

through the  foliated sa l t  f rom 52 t o  37 percent shortening (fig. 53); t h e  unfoliated R-2 sa l t  

underwent about 15 percent shortening. This upward decrease in s t ra in  intensity may mark t h e  

trend toward a "neutral" zone of low s t ra in  (present in some model diapirs), which was 

subsequently removed by dissolution during diapir truncation. 

The orientations of maximum extension directions vary widely even though t h e  foliation 

plane, which contains these  directions, dips uniformly. Thus t h e  preferred directions of sa l t  

c reep  or intergranular fluid flow a r e  also likely t o  vary within t h e  foliation plane. 

Jackson (1 983); Jackson (1 981a) 
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Figure 52. Flinn diagram showing mean strains in Oakwood Dome rock salt.  In a = natural  log 
of X/Y, In b = natural  log of Y/Z, where X>Y>Z a r e  t h e  principal s t ra in  axes. Numbers refer  t o  
depth in f e e t  (from Jackson, 1983). 
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Figure 53. Graph showing stat ist ically significant upward decrease  in percentage shortening 
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Caprock - Rock-salt Interface 

Dissolution of halite at the crest of the salt stock released disseminated anhydrite that 
accumulated as.Zoose sand on the floor of the dissolution cavity. Renewed rise of the salt 
tightly closed the cavity and accreted the anhydrite sand against the base of the cap rock. 

Intracrystalline fluid inclusions in t h e  R-3 rock sa l t  a r e  most concentra ted directly below 

t h e  cap-rock con tac t  ("Lithology of Salt," p. 87), a sign t h a t  fluids moved down from t h e  base of 

t h e  cap  rock. The absence of a cavity between rock salt  and c a p  rock (fig. 54) demonstra tes  

t h a t  t h e  sa l t  s tock is not being dissolved where intersected by t h e  borehole. 

The presence of an  anhydrite-rich lamina across halite-filled extension f ractures  at t h e  

base of t h e  cap  rock indicates t h a t  anhydrite laminae have acc re ted  against  t h e  base of t h e  c a p  

rock a s  residual sand released by hali te dissolution (fig. 55). The microstructure of t h e  

anhydrite indicates t h a t  anhydrite sand grains formed a compact  rock by solid-state recrystalli- 

zation. Horizontal lamination throughout t h e  anhydrite c a p  rock is thought t o  ref lect  t h e  

process of accretion. 

Upward fo rce  f rom t h e  rising sa l t  s tock probably induced t h e  observed vert ical  shortening 

in the  cap  rock just above t h e  contact .  This strain resulted in horizontal, spaced, styloli t ic 

cleavage formed by pressure solution and mass t ransfer  of anhydrite. The styloli t ic cleavage, 

which is marked by a dark, insoluble pyrit ic residue, t ransects  t h e  older lamination. Fur ther  

la tera l  extension and vert ical  shortening in t h e  base of t h e  cap  rock resulted in halite-filled 

vert ical  extension f rac tu res  and inclined shear f rac tu res  (fig. 55). 

Ingress of water  resulted in dissolution of t h e  sa l t  stock, formation of c a p  rock, and 

addition of sodium chloride t o  the  ground water.  These processes a r e  both det r imental  and 

favorable t o  waste isolation (tables 5 and 6). Despite t h e  strong evidence of repeated a t t r i t ion  

and uplift of t h e  sa l t  stock, the  geologic system of rock sa l t  and c a p  rock can  offset ,  a t  leas t  

partly, these negative processes by self-sealing and recovery. 

Dix and Jackson (1982) 



Figure 54. Photograph of t ight  con tac t  between sa l t  and overlying cap  rock (from Dix and 
Jackson, 1982). Core  is 10 c m  (4 inches) wide. 
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Tab le  5. Infer red  processes  at t h e  cap-rock - rock-sal t  c o n t a c t  of Oakwood Dome  t h a t  a r e  favor-  
a b l e  f o r  s t o r a g e  of nuclear  was t e s  (from Dix and  Jackson,  1982). 

OBSERVATION 

1. Tight  s ea l  be tween  rock s a l t  and  
anhydr i t e  c a p  rock. Extension 
f r a c t u r e s  and  spaced  c l eavage  in 
anhydr i t e  c a p  rock. 

2. Hali te-f i l led extens ion  f r a c t u r e s  
in anhydr i te  c a p  rock. 

3. Horizonta l ,  s tylol i t ic ,  spaced  c l eavage  
in anhydr i t e  c a p  rock. 

FAVORABLE SIGNIFICANCE 

Ability of s a l t  f low, driven b y  diapirism, 
t o  c lose  cav i t i e s  and  apply upward pressure 
on c a p  rock t o  k e e p  cav i ty  closed. 

Ability of ha l i t e  t o  g row in opening f r ac -  
tures ,  t he reby  sea l ing  them.  

Abil i ty of anhydr i t e  agg rega te s  t o  respond 
t o  s t r e s ses  by migra t ing  in solut ion t o  
nea rby  pressure  shadows a n d  po re  spaces ,  
t he reby  reducing p'orosity and enhancing 
sea l ing  p rope r t i e s  of t h e  c a p  rock. 

Tab le  6 ,  Infer red  processes  at t h e  cap-rock - rock-sal t  c o n t a c t  of Oakwood Dome  t h a t  a r e  
unfavorable  f o r  s t o r a g e  of nuclear  was t e s  (from Dix and  Jackson,  1982), 

PROCESS O R  OBSERVATION 

I.  S t ruc tu ra l  t runca t ion  of d iapi r ic  c r e s t .  

2. Water-induced recrys ta l l iza t ion  
of uppe rmos t  2 m of rock  sa l t .  

G r e a t e r  abundance  of f luid inclusions in 
rock s a l t  nea r  cap-rock con tac t .  

Accre t ion  of anhydr i t e  l amina  agains t  base  
of c a p  rock. 

Similar  appea rance  of laminat ion  throughout  
anhydr i t e  c a p  rock. 

3. Tight  s ea l  be tween  rock s a l t  and anhydr i t e  
c a p  rock. 

4. Vert ica l  ex tens ion  f r a c t u r e s  in anhydr i t e  
c a p  rock. 

5. Low bromine  c o n t e n t  of ha l i t e  in l ens  of 
rock  s a l t  in anhydr i t e  c a p  rock. 

DETRIMENTAL SIGNIFICANCE 

Considerable  d iapi r ic  uplift .  

In t roduct ion  of w a t e r  t o  diapir ic  c r e s t  
and  des t ruc t ion  of as much as 6 km of rock  
s a l t  b y  r e p e a t e d  episodes  of dissolution. 

Renewed  upl i f t  of s a l t  diapir  a f t e r  m o s t  
r e c e n t  ep isode  of dissolution. 

F rac tu r ing  and  di lat ion of c a p  rock because  
of r i s e  of s a l t  s tock ,  c r e a t i n g  fu r the r  
avenues  f o r  ground w a t e r  t o  e n t e r  and 
w a s t e s  t o  escape.  

Pas sage  of br ines  through f r a c t u r e s  in c a p  
rock, p rec ip i t a t ion  of ha l i t e  in  cavi t ies ,  
and  possible e s c a p e  of br ines  f r o m  c a p  rock  
i n t o  surrounding s t r a t a .  



Cap Rock 

Cap rock at Oakwood Dome consists of low-permeability anhydrite resting in sharp contact on 
the underlying rock salt. A more porous calcite section overlies the anhydrite. The cap rock 
appears to  be an ef fect ive barrier that inhibits dome dissolution. 

Salt-dome c a p  rock in general  may or  may not be  an  e f fec t ive  low-permeability barrier t o  

f u t u r e  dissolution of salt  stocks. Some c a p  rock, such as  t h a t  on Gyp Hill Dome, is currently 

forming by sa l t  dissolution. Other  c a p  rock, such as t h a t  on Oakwood Dome, formed in t h e  

geologic past and appears t o  be an  e f fec t ive  low-permeability seal. C a p  rock on top of 

Oakwood Dome is 137 m (450 f t )  thick in t h e  TOG-1 well. Above a t ight  con tac t  with sa l t  

("Cap-Rock - Rock-Salt Interface," p. 97), t h e  following zones a r e  present: 

(1) Anhydrite zone, 354 t o  277 m (1,163 t o  908 f t )  thick, containing low-porosity, low- 

permeability granoblastic anhydrite devoid of gypsum (table 7). The rock is horizontally 

laminated on a mill imeter scale  by primary variations in organic content  and by stylolitlc 

pressure str ipes induced by diapiric r i se  of t h e  underlying sa l t  (fig. 56). 

(2) Transitional zone, 277 t o  275 m (908 t o  902 f t )  thick, containing porous, perm 

anhydrite partly a l tered t o  ca lc i t e  and gypsum. 

(3) Calci te  zone, 275 t o  217 m (902 t o  713 f t )  thick, consisting of porous, p~ -ne?sbe 

(table 7) layers of al ternating dark-gray, fine-grained ca lc i t e  and younger, white, : carse- 

grained calc i te  tha t  has replaced f rac tu res  and occluded porosity, 

The anhydrite zone is postulated t o  have formed by dissolution or' 6 k r ~  63,& m d  s f  rock 

sa l t  more than 100 Ma ago in a relatively deep, hot, saline environment. The calc i te  zone, 

character ized by extremely depleted 6 1 3 ~  ca lc i t e  and t races  of biodegraa, ! hydrocarbons, 

formed in a similar environment by reduction of anhydrite c a p  rock and oxidation of organics, 

possibly introduced by ground water. In Louisiana, Vacherie Dome c a p  rock, which was also 

investigated in this study, has a similar diagene'lic history. 

In contrast ,  t h e  anhydrite c a p  rock of Gyp Hill in South Texas Is 52 t o  152 percent  snore 

porous than t h a t  of Oakwood (table 7). According t o  F and t s ta t is t ica l  t e s t s  of 25 porosity 

calculations from t h e  anhydrite zone in Gyp Hill and Qakivood c a p  rock, excluding the  

anomalously high porosity value a t  t h e  base of Gyp Hill c a p  rock, t h e  absolute mean porosity of 

t h e  Gyp Hill anhydrite zone exceeds the  absolute mean porosity of t h e  Oakwood anhydrit, ,= zone 

by 0.57 t o  1.67 percent  at t h e  99-percent confidence level. Textural  evidence, chiefly gypsum- 

cemented anhydrite, indicates t h a t  t h e  c a p  rock formed--and probably still  is forming--in a 

shallower, cooler, and less saline environment, a s  is t h e  case for  Rayburn's Dome, Louisiana, 

Kreit ler  and Dutton (1983); Dutton and others  (1982a); Dix and Jackson (1982); Kreit ler  and 
others  (1981b); Dutton and Kreit ler  (1981) 



Figure  56. Photograph of black s ty lo l i t ic  
laminae ,  1. to 2 mm wide, in anhydr i t e  c a p  
rock  f r o m  TOG-1 (from Dix and Jackson,  
1982). 



Table 7. Comparison of porosities and permeabilities of c a p  rock from Oakwood and Gyp Hill sa l t  
domes (from Kreit ler  and Dutton, 1983). 

OAKWOOD CAP ROCK 

Cap-rock 
zones 

Ca lc i t e  

Transition 

Anhydrite 

Depth 
( f t )  

Permeability 
( millidarcys) 

Porosity 
(percent)  

(continued) 



Table 7. (cont.) 

Cap-rock 
zones 

Gypsum 

Anhydrite 

GYP HILL C A P  ROCK 

Depth 
(ft) 

Permeabil i ty 
( millidarcys) 

Porosity 
(percent)  



HYDROGEOLOGIC STUDIES OF OAKWOOD DOME AND VICINITY 

Hydrogeologic Monitoring and Testing 

Results of pumping tests conducted around Oakwood Dome have been used to  calculate 
transmissivity, hydraulic conductivity, and storativity. Distribution of water levels in wells 
directly over the dome delineates a recharge area near the Carrizo outcrop and correlates with 
water-chemistry data from the same wells. Unplugged drillholes through the Oakwood salt 
overhang could initiate rapid salt dissolution by descending fresh water. 

Data  collected from monitor wells help t o  d e t e c t  magnitudes and e f fec t s  of recharging 

over Oakwood Dome. Water levels in all wells were  monitored weekly or biweekly from July 

1979 t o  October 1981. 

The wate r  levels of t h e  Carr izo aquifer were  measured on May 15, 1980 (fig. 57). 

Contours clearly indicate a recharge a r e a  near t h e  Carr izo and Reklaw outcrops, which is 

consistent  with t h e  water-chemistry d a t a  for Oakwood Dome ("Ground-Water Chemistry," 

p. 69). Faults  in t h e  eas t  apparently impede flow, causing t h e  s teeper  hydraulic gradients. 

Short-term water-level f luctuations in al l  t h e  wells r e f l ec t  barometr ic  pressure changes and 

ar tes ian conditions. 

In 1979 and 1980, pumping t e s t s  were  conducted in 14 wells around Oakwood salt  dome. 

Most wells were  screened in t h e  Carr izo Formation and the  Wilcox Group. Each pumping t es t  

lasted 8 t o  24 hours. Values of transmissivity (T), hydraulic conductivity (K), and storativity 

obtained from analysis of test d a t a  f rom production wells a r e  shown in table  8. Laboratory- 

derived K values f rom depths g rea te r  than 305 m (1,000 f t )  and field-derived K values a r e  

related t o  e lect r ic  log resistivity values in the  Wilcox Group (fig. 58). The distributions barely 

overlap, and their  median values di f fer  by a f a c t o r  of about 103. All t h e  field-derived K values 

(except from well TOH-2A) a r e  apparently from thick, channel-fill sand bodies tha t  consistently 

register  high e lect r ic  log resistivities (Ro). The lab-derived values, however, a r e  f rom thinner 

interchannel sand bodies tha t  consistently register  low resistivities. 

Several boreholes through t h e  sa l t  overhang of Oakwood Dome represent a potential  

hazard. The boreholes may connect  t h e  shallow fresh-water aquifer with the  deep saline 

aquifer. Fresh water  with g rea te r  hydraulic head than t h a t  of t h e  saline water  could, therefore,  

descend through these  holes and dissolve t h e  salt.  Some of these  boreholes remain unlocated, 

which intensifies t h e  problem. 

Fogg and Kreit ler  (1982); Fogg and Kreit ler  (1981); Fogg (1981b); Fogg and others  (1981) 



Note Al l  wel ls  top the  Carrlzo, unless 
otherwtse indicated 

Figure 57. Map showing potent iometr ic  surface  of Carr izo aquifer over Oakwood Dome (from 
Fogg, 1981b). C z  = Carr izo Formation; Rk = Reklaw Formation; Q c  = Queen Ci ty  Formation; 
Q t  = Quaternary ter race;  Qal  = modern alluvium. 
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Figure 58. Histogram of e l e c t r i c  log resis t ivi ty values in t h e  Wilcox Group compared  wi th  
Lab-derived K values  (from Fogg a n d  o the r s ,  1982b). 



Table 8. Test data  from monitoring wells around Oakwood Dome (from Fogg, l981b). 

Hydraulic 
conductivity 

Aquifer interval, 
Well screened interval 

158.2-182.6 

155.8-176.2 

TOH-2DO 158.2-176.8 2.2 x 1.7 x 6.7 c m  in 
and 45.7 cm in 

a ~ a c o b  method of analysis inappropriate because u too.large. 

b ~ e c o v e r y  measurements were too  sparse t o  use. 

'F'rom Cooper and Jacob (1946) 

d ~ r o m  Theis (1935) 



Ground-Water Mdeling: Wilcsx Multiple-Wguifer System 

A three-dimensional, steady-state ground-water flow model was constructed with an integrated 
finite-difference mesh for the Oakwood Dome vicinity (fig. 59). The model includes (1 )  regional 
ground-water circulation patterns (fig. 60), (2)  vertical leakage across the Reklaw aquitard, 
(3) recharge over Oakwood Dome, and ( 4 )  large-scale heterogeneity and anisotropy of the 
Wileox-Carrizo aquifer system. Heterogeneity is a volume-averaged distribution of horizontal 
hydraulic conductivity (Kh'). Anisotropy was introduced by lowering the vertical to  horizontal 
ratio (KV'/Khl) until the model simulated observed pressure-depth trends. Sensitivity of the 
model to  vertical and horizontal and sand-body interconnection was tested by simulating 
different distributions of Kh' and KVr/Khr. 

The Wilcox multiple-aquifer system contains channel-fill sand bodies complexly dis- 

tr ibuted in a less permeable matrix of interchannel sands, silts, and clays. Key uncertainties in 

t h e  model a r e  heterogeneity, t h e  degree  of connection between channel-fill sands, and t h e  

hydraulic conductivity (K) of interchannel sands. I t  appears, however, tha t  channel-fill sands 

a r e  laterally disconnected in low-sand-percentage a reas  and laterally interconnected in high- 

sand-percentage areas,  resulting in considerable variations in values of Khq and ground-water 

flux. Sand-body vert ical  interconnection is  generally poor, resulting in an  anisotropy ratio 

(K" ' /K~' )  of at most 10-4 t o  10-3. Vertical flow may be locally large  where relatively 

permeable avenues a r e  vertical. Oakwood Dome apparently l ies in a transition zone between 

dominantly horizontal and vert ical  flow where t h e  hydraulic potential  f o r  vert ical  flow in t h e  

Wilcox-Carrizo is relatively small. 

'The northeast  orientation of t h e  brackish plume associated with Oakwood Dome can b e  

modeled by flow resulting f rom variable sand-body distribution and interconnection. The 

relatively muddy Wilcox s t r a t a  surrounding Oakwood Dome provide a part ial  barrier, in addition 

t o  the  salt-dome c a p  rock, tha t  helps t o  isolate t h e  dome from the  high-permeability, channel- 

fill sand bodies. 

Fogg and others  (1982b); Fogg and Kreit ler  (1982); Fogg and Krei t ler  (1981); Fogg (1981a) 



Oakwood Dome 

Figure 59. Northwest view of upper surface  (top of Wilcox-Carrizo aquifer) of finite-difference 
model o f  ground-water flow, Oakwood Dome a r e a  (af ter  Fogg, 1981a). 
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Figure 60. Cross section showing regional ground-water flow lines in Wilcox-Carrizo aquifer 
near Oakwood Dome (from Fogg, 1981a). 





Ground-water Modeling: Flow Rates m d  Travd Times 

Computed flow rates are 11 m/104 yr (36 ft/104 yr) in the fine-grained Wi'lcox facies enclosing 
the dome and 1,113 m/l04 yr (3,652 f t / l 0 4  yr) in the sandy facies near the dome. 

Model hydraulic-head contours and velocity vectors  demons t ra te  t h a t  local fluxes c a n  

di f fer  significantly f rom regional hydraulic gradients. Ground-water flow r a t e s  computed f rom 

t h e  model a r e  11 m/104 yr  (36 f t /104 yr) in t h e  fine-grained Wilcox facies  around t h e  dome and 

1,113 m / l o 4  yr (3,652 f t l l 0 4  yr) in t h e  high-percentage sand fac ies  near Oakwood Dome 

(fig. 61). These flow r a t e s  may decrease  by a s  much a s  two orders of magnitude from top t o  

bottom of t h e  Wilcox-Carrizo aquifer  system. Thus t h e  model predic ts  a residence t i m e  of 105 

t o  l o 6  yr in the  fine-grained fac ies  and 103 t o  104 yr in t h e  high-percentage sand facies. 

Because Oakwood Dome is a lmost  surrounded by interchannel f ac ies  a s  a result  of 

syndepositional dome growth, the  dome may be  virtually isolated f rom circulating Wilcox 

ground water.  A possible exception is where channel-fill sandy fac ies  abut  against  t h e  

nor theas t  flank, coinciding wi th  a brackish plume t h a t  apparently results  f rom dissolution of 

sa l t  or c a p  rock ("Subsurface Salinity Near Salt  Domes," p. 71). 

Recharge  over Oakwood Dome is  probably minute and a f f e c t s  only shallow ground-water 

conditions directly over t h e  dome, Almost all t h e  recharge  wa te r  is discharged in the  outcrop 

area .  Ground-water flow r a t e s  in t h e  ar tes ian  section a r e  consequently sluggish compared with 

those in t h e  outcrop section. 

Fogg and others  (1982b); Fogg and Krei t ler  (1982); Fogg and Krei t ler  (1981); Fogg (1981a) 



Figure 6 1. Maps of ground-water  veloci ty v e c t o r s  c o m p u t e d  in model  s imula t ion  A (from Fogg 
and o the r s ,  1982b). 
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APPENDIX 

Lithologic descriptions, correlation notes, and se lected references: East Texas Basin 
(from Wood and Guevara, 1981). 

grained sandstone and slder~te near top, thin beds of glau- 

at base of last sand 
way subd~v~des into 



FORMATION 

Gober Chalk 
No definitive strati- 

Thompson and others (1978) 

stratigraphlc and 
facies relat~on- 
sh~ps, as well as 
nomenclature. 



and others (1978). 

'es in southern third of the basln is Walnut Formation and 
ifficult to distinguish from overlying Goodland Limestone. 
uxy grades into Antlers Sandstone in northernextremities 

Rose. In thls report. Walnut is undistingu~shed 

and Pettet (Sligo) Member (medium- to dark-brown-gray, 
dense limestone, interbedded with dark-gray shale). Penet 
is fossiliferous, pelletal, and oolitic to north and west; it is 
transitional with underlying Travis Peak (Hosston) and is 
commonly considered a member of Travis Peak. This report 
includes Pettet with Lower Glen Rose primarily becauseof 
lithology; sands of Travis Peak are easily identified, but top 
of Pettet is difficult to Identify in northern part of basin All 
members of Lower Glen Rose become more terrigenous in 
northern part of basin; James Limestone becomes ~ndistin- 



gray-green, arena 








